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PREFACE

A great deal has changed since Chris BowidRFs Circuit Designwas “rst published, some 25 years ago. In fact, we could just

say that the RF industry has changed quite a bit since the days of Marconi and Tesla,both technological visionaries woven into
the fabric of history as the men who enabled radio communications. Who could have envisioned that their innovations in the late
1800es would lay the groundwork for the eventual creation of the radio,a key component in all mobile and portable communications
systems that exist today? Or, that their contributions would one day lead to such a compelling array of RF applications, ranging
from radar to the cordless telephone and everything in between. Today, the radio stands as the backbone of the wireless industr
Itisin virtually every wireless device, whether a cellular phone, measurement/instrumentation system used in manufacturing, satellite
communications system, television or the WLAN.

Of course, back in the early 1980s when this book was “rst written, RF was generally seen as a defense/military technology. It
was utilized in the United States weapons arsenal as well as for things like radar and anti-jamming devices. In 1985, that image
of RF changed when the FCC essentially made several bands of wireless spectrum, the Industrial, Scienti“c, and Medical (ISM)
bands, available to the public on a license-free basis. By doing so,and perhaps without even fully comprehending the momentum

its actions would eventually create,the FCC planted the seeds of what would one day be a multibillion-dollar industry.

Today that industry is being driven not by aerospace and defense, but rather by the consumer demand for wireless applications th:
allow sanytime, anywhereZ connectivity. And, it is being enabled by a range of new and emerging radio protocols such as®Bluetooth
Wi-Fi (802.11 WLAN), WiMAX, and ZigBe&, in addition to 3G and 4G cellular technologies like CDMA, EGPRS, GSM, and Long
Term Evolution (LTE). For evidence of this fact, one needs look no further than the cellular handset. Within one decade, between
roughly the years 1990 and 2000, this application emerged from a very small scale semiprofessional niche, to become an almos
omnipresent device, with the number of users equal to 18% of the world population. Today, nearly 2 billion people use mobile phones
on a daily basis,not just for their voice services, but for a growing number of social and mobile, data-centric Internet applications.
Thanks to the mobile phone and service telecommunications industry revolution, average consumers today not only expect pervasivi
ubiquitous mobility, they are demanding it.

But what will the future hold for the consumer RF application space? The answer to that question seems fairly well-de“ned as the
RF industry now “nds itself rallying behind a single goal: to realize true convergence. In other words, the future of the RF industry
lies in its ability to enable next-generation mobile devices to cross all of the boundaries of the RF spectrum. Essentially then, this
converged mobile device would bring together traditionally disparate functionality (e.g., mobile phone, television, PC and PDA) on
the mobile platform.

Again, nowhere is the progress of the converged mobile device more apparent than with the cellular handset. It offers the ideal
platform on which RF standards and technologies can converge to deliver a whole host of new functionality and capabilities that, as
a society, we may not even yet be able to imagine. Movement in that direction has already begun. According to analysts with the
IDC Worldwide Mobile Phone Tracker service, the converged mobile device market grew an estimated 42 percent in 2006 for a total
of over 80 million units. In the fourth quarter alone, vendors shipped a total of 23.5 million devices, 33 percent more than the same
quarter a year ago. Thates a fairly remarkable accomplishment considering that, prior to the mid-nineties, the possibility of true RF
convergence was thought unreachable. The mixing, sampling and direct-conversion technologies were simply deemed too clunk
and limited to provide the foundation necessary for implementation of such a vision.
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Regardless of how and when the goal of true convergence is “nally realized, one thing has become imminently clear in the midst of
all the growth and innovation of the past twenty “ve years,the RF industry is alive and well. More importantly, it is well primed
for a future full of continuing innovation and market growth.

Of course, while all of these changes created a wealth of business opportunities in the RF industry, they also created new challenge
for RF engineers pushing the limits of design further and further. Today, new opportunities signal new design challenges which
engineers,whether experts in RF technology or not,will likely have to face.

One key challenge is how to accommodate the need for multi-band reception in cellular handsets. Another stems from the need fo
higher bandwidth at higher frequencies which, in turn, means that the critical dimensions of relevant parasitic elements shrink. As a
result, layout elements that once could be ignored (e.g., interconnect, contact areas and holes, and bond pads) become non-negligil
and in"uence circuit performance.

In response to these and other challenges, the electronics industry has innovated, and continues to innovate. Consider, for examp
that roughly 25 years ago or so, electronic design automation (EDA) was just an infant industry, particularly for high-frequency
RF and microwave engineering. While a few tools were commercially available, rather than use these solutions, most companie:
opted to develop their own high-frequency design tools. As the design process became more complex and the in-house tools to
costly to develop and maintain, engineers turned to design automation to address their needs. Thanks to innovation from a variet
of EDA companies, engineers now have access to a full gamut of RF/microwave EDA products and methodologies to aid them with
everything from design and analysis to veri“cation.

But the innovation doesnst stop there. RF front-end architectures have and will continue to evolve in step with cellular handsets
sporting multi-band reception. Multi-band subsystems and shrinking element sizes have coupled with ongoing trends toward lower
cost and decreasing time-to-market to create the need for tightly integrated RF front-ends and transceiver circuits. These high level
of system integration have in turn given rise to single-chip modules that incorporate front-end “Iters, ampli“ers and mixes. But
implementing single-chip RF front-end designs requires a balance of performance trade-offs between the interfacing subsystems
namely, the antenna and digital baseband systems. Achieving the required system performance when implementing integrated R
front-ends means that analog designers must now work more closely with their digital baseband counterpart, thus leading to greate
integration of the traditional analog...digital design teams.

Other areas of innovation in the RF industry will come from improved RF power transistors that promise to give wireless infrastructure
power ampli“ers new levels of performance with better reliability and ruggedness. RFICs hope to extend the role of CMOS to enable
emerging mobile handsets to deliver multimedia functions from a compact package at lower cost. Incumbents like gallium arsenide
(GaAs) have moved to higher voltages to keep the pace going. Additionally, power ampli“er-duplexer-“lter modules will rapidly
displace separate components in multi-band W-CDMA radios. Single-chip multimode transceivers will displace separate EDGE and
W-CDMA/HSDPA transceivers in W-EDGE handsets. And, to better handle parasitic and high-speed effects on circuits, accurate
modeling and back-annotation of ever-smaller layout elements will become critical, as will accurate electromagnetic (EM) modeling
of RF on-chip structures like coils and interconnect.

Still further innovation will come from emerging technologies in RF such as gallium nitride and micro-electro-mechanical systems
(MEMS). In the latter case, these advanced micromachined devices are being integrated with CMOS signal processing and cond
tioning circuits for high-volume markets such as mobile phones and portable electronics. According to market research “rm ABI
Research, by 2008 use of MEMs in mobile phones will take off. This is due to the technologyes small size, "exibility and performance
advantages, all of which are critical to enabling the adaptive, multifunction handsets of the future.

It is this type of innovation, coupled with the continuously changing landscape of existing application and market opportunities,
which has prompted a renewed look at the conterRih Circuit Design It quickly became clear that, in order for this book

to continue to serve its purpose as your hands-on guide to RF circuit design, changes were required. As a result, this new 25
anniversary edition comes to you with updated information on existing topics like resonant circuits, impedance matching and RF
ampli“er design, as well as new content pertaining to RF front-end design and RF design tools. This information is applicable to
any engineer working in todayes dynamically changing RF industry, as well as for those true visionaries working on the cusp of the
information/communication/entertainment market convergence which the RF industry now inspires.

Cheryl Ajluni and John Blyler
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omponents, those bits and pieces which make up

a radio frequency (RF) circuit, seem at times to,  ExAMPLE 1-1

be taken for granted. A capacitor is, after all, a

capacitofisnst it? A 1-megohm resistor presents

an impedance of at least 1 megohm,doesnst it?
The reactance of an inductor always increases with frequency, Solution
right? Well, as we shall see later in this discussion, things arenst A\wc s50= 1 mil
always as they seem. Capacitors at certain frequencies may not
be capacitors at all, but may look inductive, while inductors may
look like capacitors, and resistors may tend to be a little of both. AWG 38= 2x 2mils= 4 mils
AWG 32= 2x 4 mils= 8mils

Given that the diameter of AWG 50 wire is 1.0 mil (0.001
inch), what is the diameter of AWG 14 wire?

AWG 44= 2 x 1 mil= 2mils

In this chapter, we will discuss the properties of resistors, capac-
itors, and inductors at radio frequencies as they relate to circuit AWG 26= 2x 8 mils= 16 mils

design. But, “rst, letes take a look at the most simple component AWG 20= 2 x 16 mils= 32 mils

of any system and examine its problems at radio frequencies. AWG 14= 2 x 32 mils= 64 mils (0.064 inch)

WIRE

Wire in an RF circuit can take many forms. Wirewound resistors,

inductors, and axial- and radial-leaded capacitors all use a wirghe depth into the conductor at which the charge-carrier current
of some size and length either in their leads, or in the actual bodgensity falls to 1e, or 37% of its value along the surface, is
of the component, or both. Wire is also used in many interconned&tnown as theskin depthand is a function of the frequency and
applications in the lower RF spectrum. The behavior of a wire irthe permeability and conductivity of the medium. Thus, differ-
the RF spectrum depends to a large extent on the wiress diame®dtt conductors, such as silver, aluminum, and copper, all have
and length. Table 1-1 lists, in the American Wire Gauge (AWG ydifferent skin depths.

system, each gauge of wire, its corresponding diameter, anghe net result of skin effect is an effective decrease in the cross-
other characteristics of interest to the RF circuit designer. 1Reactional area of the conductor and, therefore, a net increase in
the AWG system, the diameter of a wire will roughly double e 4¢ resistance of the wire as shown in Fig. 1-1. For copper,
every six wire gauges. Thus, if the last six gauges and thejfe skin depth is approximately 0.85 cm at 60 Hz and 0.007 cm
corresponding diameters are memorized from the chart, all othg 1 pMHz. Or, to state it another way: 63% of the RF current
wire diameters can be determined without the aid of a Cha“"owing in a copper wire will "ow within a distance of 0.007 cm
(Example 1-1). of the outer edge of the wire.

Skin Effect Straight-Wire Inductors

A conductor, atlow frequencies, utilizes its entire cross-sectiondh the medium surrounding any current-carrying conductor, there
area as a transport medium for charge carriers. As the frequeneyists a magnetic “eld. If the current in the conductor is an
is increased, an increased magnetic “eld at the center of thaternating current, this magnetic “eld is alternately expanding
conductor presents an impedance to the charge carriers, thaisd contracting and, thus, producing a voltage on the wire which
decreasing the current density at the center of the conductopposes any change in current "ow. This opposition to change
and increasing the current density around its perimeter. Thiss calledself-inductancend we call anything that possesses this
increased current density near the edge of the conductor is knovguality aninductor. Straight-wire inductance might seem trivial,
asskin effectlt occurs in all conductors including resistor leads,but as will be seen later in the chapter, the higher we go in
capacitor leads, and inductor leads. frequency, the more important it becomes.
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FIG. 1-1. Skin depth area of a conductor.

The inductance of a straight wire depends on both its length a
its diameter, and is found by:

4
L = 0.002 2.3log q S 0.75 pH (Eq. 1-1)

where,

L = the inductance ipH,
| = the length of the wire in cm,
d = the diameter of the wire in cm.

This is shown in calculations of Example 1-2.

EXAMPLE 1-2

Find the inductance of 5 centimeters of No. 22 copper
wire.

Solution

From Table 1-1, the diameter of No. 22 copper wire is
25.3 mils. Since 1 mil equals 2.54 102 c¢m, this equals
0.0643 cm. Substituting into Equation 1-1 gives

4(5)

S0.7
0.0643 S0.75

L= (0.002)(5) 2.3log

= 50 nanohenries

electric current. By de“nition:
1 volt across 1 ohm 1 coulomb per second

= 1 ampere
The thermal dissipation in this circumstance is 1 watt.

P=El
= 1voltx 1 ampere
= lwatt

Resistors are used everywhere in circuits, as transistor bias net-
works, pads, and signal combiners. However, very rarely is there
any thought given to how a resistor actually behaves once we
depart from the world of direct current (DC). In some instances,
such as in transistor biasing networks, the resistor will still per-
form its DC circuit function, but it may also disrupt te&cuites

RF operating point.

nlg . . N

esistor Equivalent Circuit

The equivalent circuit of a resistor at radio frequencies is
shown in Fig. 1-2.R is the resistor value itsell. is the lead
inductance, andC is a combination of parasitic capacitances
which varies from resistor to resistor depending on the resistores
structure. Carbon-composition resistors are notoriously poor
high-frequency performers. A carbon-composition resistor con-
sists of densely packed dielectric particulates or carbon granules.
Between each pair of carbon granules is a very small parasitic
capacitor. These parasitics, in aggregate, are not insigni“cant,
however, and are the major component of the devicess equivalent
circuit.

(@]

-

FIG. 1-2. Resistor equivalent circuit.

Wirewound resistors have problems at radio frequencies too. As
may be expected, these resistors tend to exhibit widely varying
impedances over various frequencies. This is particularly true
of the low resistance values in the frequency range of 10 MHz
to 200 MHz. The inductot., shown in the equivalent circuit

of Fig. 1-2, is much larger for a wirewound resistor than for
a carbon-composition resistor. Its value can be calculated using
the single-layer air-core inductance approximation formula. This

The concept of inductance is important because any and all coffrmula is discussed later in this chapter. Because wirewound
ductors at radio frequencies (including hookup wire, capacitofesistors look like |.nductors, their impedances will “rstincrease
leads, etc.) tend to exhibit the property of inductance. Inductords the frequency increases. At some frequerky, however,

will be discussed in greater detail later in this chapter.

RESISTORS

the inductancel() will resonate with the shunt capacitan€® (
producing animpedance peak. Any further increase in frequency
will cause the resistores impedance to decrease as shown in
Fig. 1-3.

Resistance is the property of a material that determines the ratefatmetal-“Im resistor seems to exhibit the best characteris-
which electrical energy is converted into heat energy for a givetics over frequency. Its equivalent circuit is the same as the
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FIG. 1-3. Impedance characteristic of a wirewound resistor.

carbon-composition and wirewound resistor, but the values of the
individual parasitic elements in the equivalent circuit decrease.

The impedance of a metal-“Im resistor tends to decrease with
frequency above about 10 MHz, as shown in Fig. 1-4. This is
due to the shunt capacitance in the equivalent circuit. At very
high frequencies, and with low-value resistors (under ydead
inductance and skin effect may become noticeable. The lead
inductance produces a resonance peak, as shown for the 5
resistance in Fig. 1-4, and skin effect decreases the slope of the
curve as it falls off with frequency.
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FIG. 1-4. Frequency characteristics of metal-PIm vs. carbon-composition
resistors. (Adapted fromHandbook of Components for Electronics
McGraw-Hill)

Many manufacturers will supply data on resistor behavior at
radio frequencies butit can often be misleading. Once you under-
stand the mechanisms involved in resistor behavior, however, it
will not matter in what form the data is supplied. Example 1-3
illustrates that fact.

The recent trend in resistor technology has been to eliminate or
greatly reduce the stray reactances associated with resistors. This
has led to the development of thin-“Im chip resistors, such as

Resistors

EXAMPLE 1-3

In Fig. 1-2, the lead lengths on the metal-bPIm resistor are
1.27 cm (0.5 inch), and are made up of No. 14 wire. The
total stray shunt capacitance ) is 0.3 pF. If the resistor
value is 10,000 ohms, what is its equivalent RF impedance
at 200 MHz?

Solution

From Table 1-1, the diameter of No. 14 AWG wire is 64.1

mils (0.1628 cm). Therefore, using Equation 1-1:

4(1.27) .
7

0.1628 S0.75

L= (0.002)(127) 2.3log

= 8.7 nanohenries
This presents an equivalent reactance at 200 MHz of:
Xi= L
2 (200x 10°)(8.7 x 10°9)
10.93 ohms

The capacitor C) presents an equivalent reactance of:

%= 1
- C
_ 1
~ 2 (200x 106)(0.3 x 10312)
= 2653

The combined equivalent circuit for this resistor, at 200
MHz, is shown in Fig. 1-5.

j10.93 j10.93

10K

1L
LA}

j2653

FIG. 1-5. Equivalent circuit values for Example 1-3.

From this sketch, we can see that, in this case, the lead
inductance is insignibcant when compared with the 18
series resistance and it may be neglected. The parasitic
capacitance, on the other hand, cannot be neglected.
What we now have, in effect, is a 2653 reactance in
parallel with a 10,000 resistance. The magnitude of the
combined impedance is:

_RX
R+ X2

(10K)(2653)

Z=

(10K)? + (2653)
2564.3 ohms

Thus, our 1K resistor looks like 2564 ohms at 200 MHz.
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those shown in Fig. 1-6. They are typically produced on aluminddowever, the farad is much too impractical to work with, so
or beryllia substrates and offer very little parasitic reactance amaller units were devised.

frequencies from DC to 2 GHz. <
1 microfarad= 1pF = 1x 10°° farad

1 picofarad= 1 pF= 1x 10512 farad

As stated previously, a capacitor in its fundamental form consists
of two metal plates separated by a dielectric material of some
sort. If we know the aread) of each metal plate, the distance
(d) between the plate (in inches), and the permittivitydf the
dielectric material in farads/meter (f/m), the capacitance of a
parallel-plate capacitor can be found by:

_ 0.2249A

C
do

picofarads (Eq. 1-2)

where

o = free-space permittivity 8.854x 10512 f/m.

In Equation 1-2, the area\] must be large with respect to the
distance d). The ratio of to ¢ is known as the dielectric con-
stant (k) of the material. The dielectric constant is a number that
provides a comparison of the given dielectric with air (see Fig.

FIG. 1-6. Thin-PIm resistorsCpurtesy of Vishay Intertechnology) 1-7). The ratio of / ¢ for air is, of course, 1. If the dielectric
constant of a material is greater than 1, its use in a capacitor as
CAPACITORS a dielectric will permit a greater amount of capacitance for the

Capacitors are used extensively in RF applications, such &me dielectric thickness as air. Thus, if a materialss dielectric
bypassing, interstage coupling, and in resonant circuits and “lconstant is 3, it will produce a capacitor having three times the
ters. Itis important to remember, however, that not all capacitoréapacitance of one that has air as its dielectric. For a given value
lend themselves equally well to each of the above-mentione@f capacitance, then, higher dielectric-constant materials will
applications. The primary task of the RF circuit designer, withproduce physically smaller capacitors. But, because the dielec-
regard to capacitors, is to choose the best capacitor for his pdfic plays such a major role in determining the capacitance of
ticular application. Cost effectiveness is usually a major facto® capacitor, it follows that the in"uence of a dielectric on
in the selection process and, thus, many trade-offs occur. In th@gpacitor operation, over frequency and temperature, is often
section,wesll take a look at the capacitores equivalent circuitimportant.

and we will examine a few of the various types of capacitors

used at radio frequencies to see which are best suited for certain Dielectric K

applications. But “rst, a little review. églystrene 2?5
Paper 4
Parallel-Plate Capacitor Mica 5
. . . . . . Ceramic (low K) 10

A capacitor is any device which consists of two conducting Ceramic (high K) 100 10,000

surfaces separated by an insulating material or dielectric. The
dielectric is usually ceramic, air, paper, mica, plastic, “Im, glass,
or oil. The capacitance of a capacitor is that property which pefrig_ 1.7, Dielectric constants of some common materials.
mits the storage of a charge when a potential difference exists

between the conductors. Capacitance is measured in units of

farads. A 1-farad capacitorss potential is raised by 1 volt when iReal-World Capacitors

receives a charge of 1 coulomb. The usage of a capacitor is primarily dependent upon the char-
_Q acteristics of its dielectric. The dielectrices characteristics also
RV determine the voltage levels and the temperature extremes at

which the device may be used. Thus, any losses or imperfections
where, in the dielectric have an enormous effect on circuit operation.

C= capacitance in farads, The equivalent circuit of a capacitor is shown in Fig. 1-8, wi@re

Q= charge i_n coulombs, equals the capacitand; is the heat-dissipation loss expressed
V = voltage in volts. either as a power factoPFE) or as a dissipation factobf), R,
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is the insulation resistance, ahds the inductance of the leads \\\
and plates. Some de"“nitions are needed now. Rs R
Power Factofln a perfectcapacitor, the alternating current Frequency
will lead the applied voltage by 90This phase angle { will
be smaller in a real capacitor due to the total series resistance
(Rs+ Rp) that is shown in the equivalent circuit. Thus, FIG. 1-9. Impedance characteristic vs. frequency.
PF = cos
The power factor is a function of temperature, frequency, an@ 14,F capacitor may not be as good as a 300-pF capacitor
the dielectric material. in a bypass application at 250 MHz. In other words, the clas-
Insulation Resistang&his is a measure of the amount of DC ~ sic formula for capacitive reactancke= -, might seem to

current that "ows through the dielectric of a capacitor with aindicate that larger-value capacitors have less reactance than
voltage applied. No material is a perfect insulator; thus, somémaller-value capacitors ata given frequency. At RF frequencies,
leakage current must "ow. This current path is representehby however, the opposite may be true. At certain higher frequen-

in the equivalent circuit and, typically, it has a value of 100,00ccies, a 0.14F capacitor might present a higher impedance to
megohms or more. the signal than would a 330-pF capacitor. This is something that

must be considered when designing circuits at frequencies above

100 MHz. Ideally, each component that is to be used in any VHF,

or higher frequency, design should be examined on a network

analyzer similar to the one shown in Fig. 1-10. This will allow

ESR= E (1% 10°) the d(_asigner tq kn(_)w exactly what he is working with before it
C goes into the circuit.

Effective Series Resistanédbreviated ESR, this resistance
is the combined equivalent &t andR,, and is the AC resis-
tance of a capacitor.

where
=2 f

Dissipation Factor... Th®F is the ratio of AC resistance to the
reactance of a capacitor and is given by the formula:

DF = E—SRX 100%
Xe

Q ... Th& of a circuit is the reciprocal dDF and is de“ned as
the quality factor of a capacitor.

Thus, the larger th®, the better the capacitor.

The effect of these imperfections in the capacitor can be seen
in the graph of Fig. 1-9. Here, the impedance characteristic gfig. 1-10. Agilent E5071C Network Analyzer.

an ideal capacitor is plotted against that of a real-world capaci-

tor. As shown, as the frequency of operation increases, the lead

inductance becomes important. Finally, Fat the inductance Capacitor Types

becomes series resonant with the capacitor. Then, dhotee  There are many different dielectric materials used in the fab-
capacitor acts like an inductor. In general, larger-value capacrication of capacitors, such as paper, plastic, ceramic, mica,
tors tend to exhibit more internal inductance than smaller-valupolystyrene, polycarbonate, te”on, oil, glass, and air. Each
capacitors. Therefore, depending upon its internal structure, raaterial has its advantages and disadvantages. The RF designer
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is left with a myriad of capacitor types that he could use intolerances as small as15ppm/C. Because of their excel-
any particular application and the ultimate decision to use &nt temperature stability, NPO ceramics are well suited for
particular capacitor is often based on convenience rather tharscillator, resonant circuit, or “lter applications.

good sound judgment. In many applications, this approack/loderately stable ceramic capacitors (Fig. 1-11) typically vary

simply cannot be tolerated. This is especially true in manuy 15% of their rated capacitance over their temperature range.

Lagltéjrlng enr:nrontrnents wrlere motre thl‘.”mbeSt one un|_t IS tto bﬁ"his variation is typically nonlinear, however, and care should
ulft and where In€y must operate refiably over varying teMyq 1ayen in their use in resonant circuits or “lters where stability

perature extremes. It is often said in the engineering world th% important. These ceramics are generally used in switching

anyone can de3|gn something and m_ake it worke but it circuits. Their main advantage is that they are generally smaller
takes a good designer to develop a unit that can be producedﬂgan the NPO ceramic capacitors and, of course, cost less.

guantity and still operate as it should in different temperature
environments. High-K ceramic capacitors are typically termed general-purpose

capacitors. Their temperature characteristics are very poor and
their capacitance may vary as much as 80% over various tem-
Ceramic Capacitors perature ranges (Fig. 1-11). They are commonly used only in

Ceramic dielectric capacitors vary widely in both dielectricPyPass applications at radio frequencies.
constant (k= 5 to 10,000) and temperature characteristics. AThere are ceramic capacitors available on the market which are

good rule of thumb to use is: *The higher the k, the worse ispeci“cally intended for RF applications. These capacitors are
its temperature characteristic.Z This is shown quite clearly igypically high-Q (low ESR) devices with "at ribbon leads or

Fig. 1-11. with no leads at all. The lead material is usually solid silver or
silver plated and, thus, contains very low resistive losses. At
g 30 | = VHF frequencies and above, these capacitors exhibit very low
o . . .
g ig T~ L lead inductance due to the "at ribbon leads. These devices are, of
5 o >/ PPN Envelope course, more ex_pensive and reguire special printed-circuit board
; 10 - ] , areas for mounting. The capacitors that have no leads are called
& 20 CTO e”r:‘p'fnf;‘t’ifq ~_ chip capacitors. These capacitors are typically used above 500
% ] (NPO) | T MHz where lead inductance cannot be tolerated. Chip capacitors
and "at ribbon capacitors are shown in Fig. 1-12.
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FIG. 1-11. Temperature characteristics for ceramic dielectric capacitors.

As illustrated, low-k ceramic capacitors tend to have lineak g 1.12. chip and ceramic capacitorsCourtesy of Wikipedia
temperature characteristics. These capacitors are generally man-

ufactured using both magnesium titanate, which has a positive

temperature coef‘cient (TC), and calcium titanate which has #ica Capacitors

negative TC. By combining the two materials in varying pro-Mica capacitors typically have a dielectric constant of about 6,
portions, a range of controlled temperature coef‘cients camvhich indicates that for a particular capacitance value, mica
be generated. These capacitors are sometimes called temperapacitors are typically large. Their low k, however, also pro-
ture compensating capacitors, or NPO (negative positive zer@uces an extremely good temperature characteristic. Thus, mica
ceramics. They can have TCs that range anywhere d®0  capacitors are used extensively in resonant circuits and in “lters
to S4700 ppm/C (parts-per-million-per-degree-Celsius) with where PC board area is of no concern.
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Silvered mica capacitors are even more stable. Ordinary miaased extensively in RF design in resonant circuits, “Iters, phase
capacitors have plates of foil pressed against the mica dieleshift and delay networks, and as RF chokes used to prevent, or
tric. In silvered micas, the silver plates are applied by a processt least reduce, the "ow of RF energy along a certain path.

calledvacuum evaporatiowhich is a much more exacting pro-
cess. This produces an even better stability with very tight angeal-WorId Inductors

reproducible tolerances of typically20 ppm/C over a range As we have discovvered in previous sections of this chapter,
360 Cto+89 C. there is no eperfectZ component, and inductors are certainly no

exception. As a matter of fact, of the components we have dis-

The problem with micas, however, is that they are becoming,ssed, the inductor is probably the component most prone to
increasingly less cost effective than ceramic types. Therefore, Uery drastic changes over frequency.

you have an application in which a mica capacitor would seem

to work well, chances are you can “nd a less expensive NP®19. 1-14 shows what an inductor really looks like at RF fre-
ceramic capacitor that will work just as well. quencies. As previously discussed, whenever we bring two

conductors into close proximity but separated by a dielectric,

) ] ) and place a voltage differential between the two, we form a
Metalized-Film Capacitors capacitor. Thus, if any wire resistance at all exists, a voltage
Metalized-ImZ is a broad category of capacitor encompassdrop (even though very minute) will occur between the wind-
ing most of the other capacitors listed previously and whichngs, and small capacitors will be formed. This effect is shown
we have not yet discussed. This includes te"on, polystyrenan Fig. 1-14 and is called distributed capacitan€g)( Then, in
polycarbonate, and paper dielectrics. Fig. 1-15, the capacitanc€q) is an aggregate of the individual
Metalized-“Im capacitors are used in a number of applicationsParasitic distributed capacitances of the coil shown in Fig. 1-14.
including “Itering, bypassing, and coupling. Most of the poly- The effect ofCq4 upon the reactance of an inductor is shown in
carbonate, polystyrene, and te’on styles are available in vergig. 1-16. Initially, at lower frequencies, the inductorss reactance
tight (+ 2%) capacitance tolerances over their entire tempelparallels that of an ideal inductor. Soon, however, its reactance
ature range. Polystyrene, however, typically cannot be usegeparts from the ideal curve and increases at a much faster
over+85 C as it is very temperature sensitive above this pointrate until it reaches a peak at the inductorss parallel resonant

Most of the capacitors in this category are typically larger thafrequency E,). Above F;, the inductorss reactance begins to
the equivalent-value ceramic types and are used in applications
where space is not a constraint. c,

INDUCTORS

An inductor is nothing more than a wire wound or coiled in
such a manner as to increase the magnetic "ux linkage between
the turns of the coil (see Fig. 1-13). This increased "ux linkage
increases theviress self-inductance (or just plain inductance)
beyond that which it would otherwise have been. Inductors are

FIG. 1-14. Distributed capacitance and series resistance in an inductor.

FIG. 1-13. Simple inductors.Gourtesy of Wikipedig FIG. 1-15. Inductor equivalent circuit.
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FIG. 1-16. Impedance characteristic vs. frequency for a practical and an

ideal inductor.

EXAMPLE 1-4

To show that the impedance of a lossless inductor at
resonance is inPnite, we can write the following:

X Xc
= Eql-3
T (Eq1-3)
where
Z = the impedance of the parallel circuit,
X, = the inductive reactance | L),
Xc = the capacitive reactance %c .
Therefore,
Z= b %C Eql-4
- jL+ (Eq1-4)

Multiplying numerator and denominator byj C, we get:

Z= It
(G LG o+1
jL
= - - Egl-5
j? 2Lc+ 1 (Eq1-5)
From algebra,j2 =S 1; then, rearranging:
S N ]
2= 18 2c (Eq1-6)

If the term  2LG in Equation 1-6, should ever become
equal to 1, then the denominator will be equal to zero
and impedanceZ will become inbnite. The frequency at
which 2LCbecomes equal to 1 is:

’Lc=1

|~

LC=

[

LC=

— 1
2 LC= -
f

EXAMPLE 4-4,Cont

1
2 LC
which is the familiar equation for the resonant frequency
of a tuned circuit.

= f (Eq1-7)
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FIG. 1-17. Chip inductors. Courtesy of Wikipedig

decrease with frequency and, thus, the inductor begins to look
like a capacitor. Theoretically, the resonance peak would occur at
in“nite reactance (see Example 1-4). However, due to the series
resistance of the coil, some “nite impedance is seen atresonance.

Recent advances in inductor technology have led to the develop-
ment of microminiature “xed-chip inductors. One type is shown
in Fig. 1-17. These inductors feature a ceramic substrate with
gold-plated solderable wrap-around bottom connections. They
come in values from 0.01H to 1.0 mH, with typicalQs that
range from 40 to 60 at 200 MHz.

It was mentioned earlier that the series resistance of a coil is
the mechanism that keeps the impedance of the coil “nite at
resonance. Another effect it has is to broaden the resonance peak
ofthe impedance curve of the coil. This characteristic of resonant
circuits is an important one and will be discussed in detail in
Chapter 3.
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FIG. 1-19. Single-layer air-core inductor requirements.

-

Frequency

Single-Layer Air-Core Inductor Design

Every RF circuit designer needs to know how to design inductors.
It may be tedious at times, but itess well worth the effort. The

formula that is generally used to design single-layer air-core
The ratio of aninductorss reactance to its series resistance i§1ductors is given in Equation 1-8 and diagrammed in Fig. 1-19.

often used as a measure of the quality of the inductor. The larger

FIG. 1-18. TheQ variation of an inductor vs. frequency.

2N2
the ratio, the better is the inductor. This quality factor is referred = 0.394°N (Eq. 1-8)
to as theQ of the inductor. o + 10
_X where
Q=& o
Rs r = the coil radius in cm,
If the inductor were wound with a perfect conductorQtesould | = the coil length in cm,

be in“nite and we would have alossless inductor. Of course, there the induct in microhenri
is no perfect conductor and, thus, an inductor always has sonjre‘ € Inductance in micronenries.

hite Q. However, coil length must be greater than 0.67This formula
At low frequencies, th& of an inductor is very good because is accurate to within one percent. See Example 1-5.

the only resistance in the windings is the dc resistance of the

wire,which is very small. But as the frequency increases, skin

effect and winding capacitance begin to degrade the quality of

the inductor. This is shown in the graph of Fig. 1-18. At low| EXAMPLE 1-5

frequencies,Q will increase directly with frequency because
its reactance is increasing and skin effect has not yet become
noticeable. Soon, however, skin effect does become a factor.
The Q still rises, but at a lesser rate, and we get a gradually Solution

deCI’eaSing Slope in the curve. The "at portion of the curve in For optimum Q, the length of the coil should be equal to
Fig. 1-18 occurs as the series resistance and the reactance [arejts diameter. Thus) = 0.635cm, r = 0.317 cm, and
changing atthe same rate. Above this point, the shunt capacitance | = 0.1pH.

and skin effect of the windings combine to decreaseé}ioéthe
inductor to zero at its resonant frequency.

Design a 100 nH (0.3uH) air-core inductor on a 1/4-inch
(0.635 cm) coil form.

Using Equation 1-8 and solving foN gives:

29L
0.394r
where we have takenl= 2r, for optimum Q.

Some methods of increasing tQeof an inductor and extending N=
its useful frequency range are:

1. Use a larger diameter wire. This decreases the AC and Substituting and solving:
DC resistance of the windings.

o ) ) ] _ 29(0.1)
2. Spread the W|nd|ng§ apart. Air has a Iowe_r dielectric N= (0.394)(0.317)
constant than most insulators. Thus, an air gap between A8t
= 4.8turns

the windings decreases the interwinding capacitance.
Thus, we need 4.8 turns of wire within a length of
0.635cm. A look at Table 1-1 reveals that the largest
diameter enamel-coated wire that will allow 4.8 turns in a
length of 0.635cm is No. 18 AWG wire which has a
diameter of 42.4 mils (0.107 cm).

3. Increase the permeability of the "ux linkage path. This
is most often done by winding the inductor around a
magnetic-core material, such as iron or ferrite. A coil
made in this manner will also consist of fewer turns for a
given inductance. This will be discussed in a later section
of this chapter.
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Wire Dia Dia Ohms/ Area Wire Dia Dia Ohms/ Area
Size in Mils in Mils 1000 ft. Circular Size in Mils in Mils 1000 ft. Circular
(AWG) (Bare) (Coated) Mils (AWG) (Bare) (Coated) Mils

1 289.3 0.124 83690 26 15.9 17.2 41.0 253

2 257.6 0.156 66360 27 14.2 15.4 51.4 202

3 229.4 0.197 52620 28 12.6 13.8 65.3 159

4 204.3 0.249 41740 29 11.3 12.3 81.2 123

5 181.9 0.313 33090 30 10.0 11.0 104.0 100

6 162.0 0.395 26240 31 8.9 9.9 131 79.2

7 144.3 0.498 20820 32 8.0 8.8 162 64.0

8 128.5 131.6 0.628 16510 33 7.1 7.9 206 50.4

9 114.4 116.3 0.793 13090 34 6.3 7.0 261 39.7
10 101.9 104.2 0.999 10380 35 5.6 6.3 331 31.4
11 90.7 93.5 1.26 8230 36 5.0 5.7 415 25.0
12 80.8 83.3 1.59 6530 37 4.5 5.1 512 20.2
13 72.0 74.1 2.00 5180 38 4.0 4.5 648 16.0
14 64.1 66.7 2.52 4110 39 35 4.0 847 12.2
15 57.1 59.5 3.18 3260 40 3.1 35 1080 9.61
16 50.8 52.9 4.02 2580 41 2.8 31 1320 7.84
17 45.3 47.2 5.05 2050 42 2.5 2.8 1660 6.25
18 40.3 42.4 6.39 1620 43 2.2 2.5 2140 4.84
19 35.9 37.9 8.05 1290 44 2.0 2.3 2590 4.00
20 32.0 34.0 10.1 1020 45 1.76 1.9 3350 3.10
21 28.5 30.2 12.8 812 46 1.57 1.7 4210 2.46
22 25.3 27.0 16.2 640 47 1.40 1.6 5290 1.96
23 22.6 24.2 20.3 511 48 1.24 1.4 6750 1.54
24 20.1 21.6 25.7 404 49 1.11 1.3 8420 1.23
25 17.9 19.3 324 320 50 .99 11 10600 0.98

1mil= 2.54% 1053 cm

TABLE 1-1. AWG Wire Chart

Keep in mind that even though optimughis attained when the
length ofthe coill) is equal to its diameter (2, this is sometimes

not practical and, in many cases, the length is much greater than
the diameter. In Example 1-5, we calculated the need for 4.8
turns of wire in a length of 0.635 cm and decided that No. 18
AWG wire would “t. The only problem with this approach is that
when the design is “nished, we end up with a very tightly wound
coil. This increases the distributed capacitance between the turns
and, thus, lowers the useful frequency range of the inductor by
lowering its resonant frequency. We could take either one of the
following compromise solutions to this dilemma:

decrease the interwinding capacitance. It also, however,
increases the resistance of the windings by decreasing the
diameter of the conductor and, thus, it lowers e

2. Extend the length of the inductor (while retaining the use
of No. 18 AWG wire) just enough to leave a small air gap
between the windings. This method will produce the
same effect as Method No. 1. It reduces @heomewhat
but it decreases the interwinding capacitance
considerably.

Magnetic-Core Materials
1. Use the next smallest AWG wire size to wind the inductorin many RF applications, where large values of inductance
while keeping the lengtH Y the same. This approach will are needed in small areas, air-core inductors cannot be used
allow a small air gap between windings and, thus, because of their size. One method of decreasing the size of a coil



while maintaining a given inductance is to decrease the nurn
ber of turns while at the same time increasing its magnetic "u»
density. The "ux density can be increased by decreasing th
ereluctanceZ or magnetic resistance path that links the winding
of the inductor. We do this by adding a magnetic-core material
such as iron or ferrite, to the inductor. The permeability ¢f
this material is much greater than that of air and, thus, the may
netic "ux isnst as sreluctantZ to "ow between the windings. The
net result of adding a high permeability core to an inductor is th
gaining of the capability to wind a given inductance with fewer
turns than what would be required for an air-core inductor. Thus
several advantages can be realized.

1. Smaller size,due to the fewer number of turns needed
for a given inductance.

2. Increased),fewer turns means less wire resistance.

3. Variability,obtained by moving the magnetic core in
and out of the windings.

There are some major problems that are introduced by the use
magnetic cores, however, and care must be taken to ensure tl
the core that is chosen is the right one for the job. Some of th
problems are:

1. Each core tends to introduce its own losses. Thus, adding
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a magnetic core to an air-core inductor could possibly
decreaseahe Q of the inductor, depending on the material
used and the frequency of operation.

FIG. 1-20. Toroidal core inductor.Gourtesy of Allied Electronics

TheQ of a toroidal inductor is typically high because the toroid
can be made with an extremely high permeability. As was dis-
[cussed in an earlier section, high permeability cores allow the
designer to construct an inductor with a given inductance (for
example, 3 H) with fewer turns than is possible with an air-
core design. Fig. 1-21 indicates the potential savings obtained in
. The higher the permeability of the core, the more number of turns of wire when coil design is changed from air-
sensitive it is to temperature variation. Thus, over wide core to toroidal-core inductors. The air-core inductor, if wound
temperature ranges, the inductance of the coil may vary for optimumQ, would take 90 turns of a very small wire (in order
appreciably. to “tall turns within a 1/4-inch length) to reach 384; however,
. The permeability of the magnetic core changes with the toroida_ll inductorvvpuld only need 8turns to'reach the design
applied signal level. If too large an excitation is applied, goal. Obwou_sly, this is an ex'Freme case .bUt It serves a useful
purpose and illustrates the point. The toroidal core does require
fewer turns for a given inductance than does an air-core design.

. The permeability of all magnetic cores changes with
frequency and usually decreases to a very small value a
the upper end of their operating range. It eventually
approaches the permeability of air and becomes
sinvisibleZ to the circuit.

saturation of the core will result.

These problems can be overcome if care is taken, in th&hus, there is less AC resistance and @ean beincreased

design process, to choose cores wisely. Manufacturers now sug@matically.

ply excellent literature on available sizes and types of cores,
complete with their important characteristics.

| 67

TOROIDS

A torqid, very sim.ply, is a ring or'doughn'ut-shaped magnetic 35mH 35 mH
material that is widely used to wind RF inductors and trans- 8 turns 90 turns
formers. Toroids are usually made of iron or ferrite. They come W 2500 A-inch coil form
in various shapes and sizes (Fig. 1-20) with widely varying char- (A) Toroid inductor (B)Air-core inductor

acteristics. When used as cores for inductors, they can typically
yield very highQs. They are self-shielding, compact, and best

of all, easy to use. FIG. 1-21. Turns comparison between inductors for the same inductance.
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The self-shielding properties of a toroid become evident when B

Fig. 1-22 is examined. In atypical aircore inductor, the magnetic- B

"ux lines linking the turns of the inductor take the shape shownin =

Fig. 1-22A. The sketch clearly indicates that the air surrounding -~ 4

the inductor is de“nitely part of the magnetic-"ux path. Thus, ~ /

this inductor tends to radiate the RF signals "owing within. A / ’

toroid, on the other hand (Fig. 1-22B), completely contains the / /

magnetic "ux within the material itself; thus, no radiation occurs. / /

In actual practice, of course, some radiation will occur but it is ’ K Hsat H
minimized. This characteristic of toroids eliminates the need /A / (ampere turns/meter)
for bulky shields surrounding the inductor. The shields not only / /
tend to reduce available space, but they also reduc® tifehe / /
inductor that they are shielding. / y

FIG. 1-23. Magnetization curve for a typical core.

=/ 7 o : : . o
N o2 "ux. The better it is at this transformation, the higher is its
Magnetic Flux permeability.
(A) Typical inductor As mentioned previously, initially the magnetization curve is lin-

ear. Itis during this linear portion of the curve that permeability is
usually speci“ed and, thus, it is sometimes called initial perme-
ability (i) in various core literature. As the electrical excitation
increases, however, a pointis reached at which the magnetic-"ux
intensity does not continue to increase atthe same rate as the exci-
Magnetic Flux tation and the slope of the curve begins to decrease. Any further
(B)Toroidal inductor increase in excitation may causaturationto occur.Hsg; is the
excitation point above which no further increase in magnetic-"ux
density occursBsa). The incremental permeability above this
FIG. 1-22. Shielding effect of a toroidal inductor. point is the same as air. Typically, in RF circuit applications, we
keep the excitation small enough to maintain linear operation.

Core Characteristics Bsat varies substantially from core to core, depending upon the

Earlier, we discussed, in general terms, the relative advantage¥® and shape of the material. Thus, it is necessary to read

and disadvantages of using magnetic cores. The following disa-nd understand the mamgtureres literature that describes the

cussion of typical toroidal-core characteristics will aid you in particular core you are using. OnBgyis known for the core,

specifying the core that you need for your particular applicationit IS @ Very simple matter to determine whether or not its use
_ _ . o _ In a particular circuit application will cause it to saturate. The
Fig. 1-23 is a typical magnetization curve for a magnetic corejn_circuit operational "ux densityBop) of the core is given by

The curve simply indicates the magnetic-"ux densiB) (hat  the formula:

occurs in the inductor with a speci‘c magnetic-“eld intensity

(H) applied. As the magnetic-“eld intensity is increased from Ex 108

zero (by increasing the applied signal voltage), the magnetic- Bop= (Eq. 1-10)
"ux density that links the turns of the inductor increases quite (4.44)f NAe

linearly. The ratio of the magnetic-"ux density to the magnetic-

“eld intensity is called the permeability of the material. This haswhere,

already been mentioned on numerous occasions. Bop= the magnetic-"ux density in gauss

E = the maximum rms voltage across the inductor in volts,
f = the frequency in hertz,

N = the number of turns,

Aq= the effective cross-sectional area of the core if.cm

Wi = B/ H(webers/ampere-turn) (Eq. 1-9)

Thus, the permeability of a material is simply a measure of
how well it transforms an electrical excitation into a magnetic
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Thus, if the calculatedByp for a particular application is less Now, as if all of this isnet confusing enough, we must also keep
than the published speci“cation f@s;;, then the core will not  in mind that the additional loss introduced by the core is not con-
saturate and its operation will be somewhat linear. stant, but varies (usually increases) with frequency. Therefore,

Another characteristic of magnetic cores that is very importantpe designer must have a complete S et of manufacturer-s data
to understand is that of internal loss. It has previously been meﬁ-heets for every core he is working with.

tioned that the careless addition of a magnetic core to an air-cofi@roid manufacturers typically publish data sheets which contain
inductor could possiblyeducethe Q of the inductor. This con- all the information needed to design inductors and transformers
cept might seem contrary to what we have studied so fdetso  with a particular core. (Some typical speci“cation and data sheets
examine it a bit more closely. are given in Figs. 1-25 and 1-26.) In most cases, however, each
The equivalent circuit of an air-core inductor (Fig. 1-15) js manufacturer presents the information in a gnique manner a_nd
reproduced in Fig. 1-24A for your convenience. Thef this care must be taken in order to extract the information that is

inductor is needed without error, and in aform that can be used inthe ensuing
design process. This is not always as simple as it sounds. Later
XL in this chapter, we will use the data presented in Figs. 1-25 and
Q= Rs (Ea. 1-11) 32610 design a couple of toroidal inductors so that we may see
some of those differences. Table 1-2 lists some of the commonly
where used terms along with their symbols and units.
XL= L,

Rs = the resistance of the windings.
Powdered Iron vs. Ferrite

In general, there are no hard and fast rules governing the use
of ferrite cores versus powdered-iron cores in RF circuit-design
applications. In many instances, given the same permeability
R L Rs L and type, either core could be used without much change in
o AMA—TTTTTN o o MA— TN performance of the actual circuit. There are, however, special
applications in which one core might outperform another, and it
A is those applications which we will address here.

(A) Air core (B)Magnetic core

O
O

-
=
P

Powdered-iron cores, for instance, can typically handle more RF
power without saturation or damage than the same size ferrite
core. For example, ferrite, if driven with a large amount of RF
power, tends to retain its magnetism permanently. This ruins the
core by changing its permeability permanently. Powdered iron,
If we add a magnetic core to the inductor, the equivalent circuipn the other hand, if overdriven will eventually return to its initial
becomes like that shown in Fig. 1-24B. We have added resigermeability (1;). Thus, in any application where high RF power

tanceR, to represent the losses which take place in the core itselfevels are involved, iron cores might seem to be the best choice.

These losses are in the formhofsteresisHysteresis is the power . . . .
fois Y powe g'n general, powdered-iron cores tend to yield higher-Q inductors,

within the material with changes in excitation, and the eddy curf—fjlt higher frequencies, than an equivalent size ferrite core. This

rents that "ow in the core due to the voltages induced within 'S due to the inherent core characteristics of powdered iron cores
which produce much less internal loss than ferrite cores. This

These two types of internal loss, which are inherent to som¥ L . i :
haracteristic of powdered iron makes it very useful in narrow-

degree in every magnetic core and are thus unavoidable, co R L .
bine to reduce the efciency of the inductor and, thus, increas and or tuned-circuit applications. Table 1-3 lists a few of the

its loss. But what about the ne@ufor the magnetic-core induc- common powdered-iron core materials along with their typical
tor? This question isnst as easily answered. Remember, Whenagphcaﬂons.

magnetic core is inserted into an existing inductor, the value oAt very low frequencies, or in broadband circuits which span
the inductance is increased. Therefore, at any given frequenape spectrum from VLF up through VHF, ferrite seems to be the
its reactance increases proportionally. The question that must lgeneral choice. This is true because, for a given core size, ferrite
answered then, in order to determine the 1i@wf the inductor, cores have a much higher permeability. The higher permeability
is: By what factors did the inductance and loss increase? Obvis needed at the low end of the frequency range where, for a given
ously, if by adding a toroidal core, the inductance were increaseidductance, fewer windings would be needed with the ferrite
by a factor of two and its total loss was also increased by a factaore. This brings up another point. Since ferrite cores, in general,
of two, theQ would remain unchanged. If, however, the totalhave a higher permeability than the same size powdered-iron
coil loss were increased to four times its previous value whileore, a coil of a given inductance can usually be wound on a
only doubling the inductance, th@ of the inductor would be much smaller ferrite core and with fewer turns. Thus, we can
reduced by a factor of two. save circuit board area.

FIG. 1-24. Equivalent circuits for air-core and magnetic-core inductors.
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® Values measured at 100 KHz, T = 25°C.

8 Temperature Coefficient (TC) = 0 to +0.75% /°C max.,

40 to +70°C.

@ Disaccommodation (D) = 3.0% max.,
10-100 min., 25°C.

BROAD BAND-RATED FERRAMIC COMPONENTS

m Hysteresis Core Constant (ni) measured at 20 KHz to
30 gauss (3 milli Tesla).

a For mm dimensions and core constants, see page 30.

MECHANICAL SPECIFICATIONS

Nom. u, 2500

PART NUMBER
AA-01 | AA-02 | AA-03 | AA-04 | ToL |UNITS
dy 0.135| 0.155 | 0.230 | 0.100 [.0.005| in.
d, 0.065 | 0.088 | 0.120 | 0.050 |.0.005| in.
h 0.055 | 0.051 | 0.060 | 0.050 |.0.005| in.

ELECTRICAL SPECIFICATIONS

PART NUMBER

AA-01 AA-02 AA-03 AA-04 TOL UNITS
AL 510 365 495 440 +20% nH/turn?
Xp/N? 0.320 0.229 0.310 0.276 +20% ohm/turn?
Rp/N? 104 75 100 8.9 min. ohm/turn?
Q 54 54 54 54 min.
Vems 79 71 13.6 5.1 max. mv
m; 1,480 1,400 0,920 2,150 max. VSA2ZH3/2

TYPICAL CHARACTERISTIC CURVES — Part Numbers: AA-01, AA-02, AA-03 and AA-04

Inductance Factor vs.

Inductance Factor

inductance Factor vs.

RMS Volts/Area Turn vs. Temperature DC Polarization
100 100
T 100 T T
— e —
o g o oy
60 |3 60 3 60— 3
.
40 40 /ﬁ 40
st
20 20 20
P
0 [} 0 03
/
.20 .20 20 \ N N 02
\ \\\/r
40 40 -40 01
-60 60 04
N
80 80 0 \\b;/ |
-100 -100 -100
008918 26 3544 52 62708089 40 0 40 80 120 160 2 o 5 o 5003 5 3 5 710

Vrms/AN (X 10°%) Volts mm?

TEMPERATURE °C

D.C. MILLIAMP TURNS

4

FIG. 1-25. Typical data sheet B with generic part numbers D for ferrite toroidal coreSogrtesy of Indiana Genergl




Toroids

IRON-POWDER TOROIDAL CORES

PHYSICAL DIMENSIONS
Outer Inner Heiaht Cross Mean
Core size Diam., Diam. g Sect. 2 Length
(in) (in) (in) Area (cm) (cm)
T-225A - - 2.250 1.400 1.000 2.742 14,56
T-225 - - 2.250 1.400 .550 1.508 14,56
T-200 - - 2,000 1.250 .550 1.330 12,97
T-184 - - 1.840 .960 710 2,040 11,12
T-157 - - 1.570 .950 .570 1.140 10.05
T-130 - - 1.300 .780 437 .930 8.29
T-106 - - 1.060 .560 437 .706 6.47
T- 94 - - .942 .560 .312 .385 6.00
T- 80 - - 795 495 .250 .242 5.15
T- 68 - - .690 .370 .190 .196 4,24
T- 50 - - .500 .303 .190 .121 3.20
T- 44 - - 440 .229 .159 .107 2,67
T- 37 - - 375 .204 .128 .070 2,32
T- 30 - - .307 .150 .128 .065 1.83
T- 25 - - .255 .120 .096 .042 1.50
T- 20 - - .200 .088 .070 .034 1.15
T- 16 - - .160 .078 .060 .016 0.75
T- 12 - - .120 .062 .050 .010 0.74

IRON - POWDER MATERIAL vs. FREQUENCY RANGE

Higher Q will be obtained in the upper portion of a materials frequency range when
smaller cores are used, Likewise, in the lower portion of a materials frequency range,
higher Q can be achieved when using the larger cores.

MATERIAL

#3 (gray) I—L—l
#15 (red&Jvh) —I-_'—
#1 (blue) '—J—ﬁ—-|
2 e e

# 6 (yellow) *
#10 (black) —4—;—9

#12 (grn & wh) S ——(—
#0 (tan)
MHz, = ,05 o1 ] 1. 3. 5. 10, 30. 50, 100 200 300

FIG. 1-26. Data sheet for powdered-iron toroidal coresQourtesy Amidon Associates

15
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IRON-POWDER TOROIDAL CORES

FOR RESONANT CIRCUITS

MATERIAL # 0 permeability 1 50 MHz to 300 MHz Tan
Core number  Outer diam. Inner diam. Height AL value

(in.) (in.) (in.) vh /100 t
T-130-0 1,300 .780 437 15.0
T-106-0 1.060 .560 437 19.2
T- 94-0 .942 .560 .312 10.6
T- 80-0 795 495 .250 8.5
T- 68-0 .690 .370 .190 7.5
T- 50-0 .500 .303 .190 6.4
T- 44-0 .440 .229 .159 6.5
T- 37-0 375 205 .128 4.9
T- 30-0 .307 .151 . 128 6.0
T- 25-0 .255 .120 .096 4.5
T- 20-0 .200 .088 .067 3.5
T- 16-0 .160 .078 .060 3.0
T- 12-0 125 .062 .050 3.0
MATERIAL # 12 permeability 3 20 MHz to 200 MHz  Green & White
Core number  Outer diam. Inner diam. Height AL value

(in.) (in.) (in.) uh / 100 ¢
T-80-12 795 .495 .250 22
T-68-12 .690 .370 .190 21
T-50-12 .500 .300 .190 18
T-44-12 .440 .229 159 18
T-37-12 .375 .205 .128 15
T-30-12 .307 151 .128 16
T-25-12 .255 .120 .096 12
T-20-12 .200 .088 .067 10
T-16-12 .160 .078 .060 8
T-12-12 .125 .062 .050 7

T emee——— 200 ——m—meem 2

Key to part numbers for : AN \
IRON POWDER TOROIDAL CORES Toroid Outer diameter  Material

Number of turns = 100 desired inductance ( uh )

AL values 5% AL value ( uh per 100 turns )
- %

FIG. 1-26.

(Continued)




Toroids

IRON-POWDER TOROIDAL CORES

FOR RESONANT CIRCUITS

MATERIAL # 10 permeability 6 10 MHz to 100 MHz Black
Core number  Outer_diam. Inner diam., Height AL value
(in.) (in.) (in.) vh /100 ¢

T-94-10 .942 .560 .312 58

T-80-10 795 495 .250 32

T-68-10 .690 .370 .190 32

T-50-10 .500 .303 .190 31

T-44-10 .440 .229 .159 33

T-37-10 375 .205 .128 25

T-30-10 .307 .151 .128 25

T-25-10 .255 .120 096 19

T-20-10 .200 .088 .067 16

T-16-10 .160 .078 .060 13

T-12-10 .125 .062 .050 12

NUMBER OF TURNS vs. WIRE SIZE and CORE SIZE
Approximate number of turns of wire - single layer wound - single insulation
wire size

g;‘: 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10
T-12 47 37 29 21 15 n 8 5 4 2 1 1 1 0 0 0
T-16 63 49 38 29 21 16 n 8 5 3 3 1 1 1 0 0
T-20 72 56 43 3 25 18 14 9 6 5 4 3 1 1 1 0
T-25 101 79 62 48 37 28 21 15 n 7 5 4 3 1 1 1
T-30 129 101 79 62 48 37 28 21 15 11 7 5 4 3 1 1
T-37 177 140 110 87 67 53 41 31 23 17 12 9 7 5 3 1
T-44 199 157 124 97 76 60 46 35 27 20 15 10 7 6 5 3
T-50 265 210 166 131 103 81 63 49 37 28 21 16 n 8 6 5
T-68 325 257 205 162 127 101 79 61 47 36 28 21 15 1 9 7
T-80 438 347 276 219 172 137 108 84 66 51 39 30 23 17 12 8
T-94 496 393 313 248 195 156 123 96 75 58 45 35 27 20 14 10
T-106 496 393 313 248 195 156 123 96 75 58 45 35 27 20 14 10
T-130 693 550 439 348 275 220 173 137 107 83 66 51 40 30 23 17
T-157 846 672 536 426 33 270 213 168 132 104 82 64 50 38 29 22
T-184 846 672 536 426 338 270 213 168 132 104 82 64 50 38 29 22
T-200 1115 886 707 562 445 357 282 223 176 139 109 86 68 53 41 31
T-225 1250 993 793 631 499 400 317 250 198 156 123 98 77 60 46 36

FIG. 1-26.

(Continued)
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Q—CURVES

IRON-POWDER TOROIDAL CORES

"% 20 MHz to 200 MHz
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Symbol | Description Units Material Application/Classi“cation
Ac Available cross-sectional area. The area | cn? Carbonyl C | A medium-Q powdered-iron material at
(perpendicular to the direction of the wire) 150 kHz. A high-cost material for AM tuning
for winding turns on a particular core. applications and low-frequency IF transformers
Ae Effective area of core. The cross-sectional | cm? Carbonyl E | The most widely used of all powdered-iron
area that an equivalent gapless core materials. Offers high@Q and medium
would have. permeability in the 1 MHz to 30 MHz frequency
AL Inductive index. This relates the inductancé nH/turn2 range. A medium-cost material for use in

IF transformers, antenna coils, and general-

to the number of turns for a particular core. -
purpose designs.

Bsat Saturation Rux density of the core. gauss

Carbonyl J A high-Q powdered-iron material at 40 to
100 MHz, with a medium permeability. A high-
cost material for FM and TV applications.

Bop Operating Rux density of the core. gauss
This is with an applied voltage.

le Effective length of the Bux path. cm Carbonyl SF | Similar to carbonyl E, but with a betterQ up
Wi Initial permeability. This is the effective numeric through 50 MHz. Costs more than carbonyl E.
permeability of the core at low excitation Carbonyl TH | A powdered-iron material with a higher Q than

in the linear region.

carbonyl E up to 30 MHz, but less than carbony
SF. Higher cost than carbonyl E.

TABLE 1-2. Toroidal Core Symbols and Depnitions Carbonyl W | The highest cost powdered-iron material.
Offers a highQ to 100 MHz, with medium
permeability.

TOROIDAL INDUCTOR DESIGN Carbonyl HP | Excellent stability and a good) for lower

For a toroidal inductor operating on the linear (nonsaturating frequency operationNto 50 kHz.

portion of its magnetization curve, its inductance is given by the A powdered-iron material.

following formula: Carbonyl GS6 For commercial broadcast frequencies. Offers

good stability and a highQ.

0.4 N2p;A: x 1052

L (Eq. 1-12) IRN-8 A synthetic oxide hydrogen-reduced material
le with a good Q from 50 to 150 MHz. Medium
priced for use in FM and TV applications.
where
L= the |nductance in nanohennesl TABLE 1-3. Powdered-Iron Materials

N = the number of turns,
Ki = initial permeability,

A. = the cross-sectional area of the core irfem Thus, the number of turns to be wound on a given core for a
le = the effective length of the core in cm. speci“c inductance is given by:

In order to make calculations easier, most manufacturers have N = L (Eq. 1-14)
combinedu;, A, le, and other constants for a given core into a A '

single quantity called thenductance indexA, . The inductance
index relates the inductance to the number of turns for a particulgthis is shown in Example 1-6.

core. S _ The Q of the inductor cannot bealculatedwith the informa-
This simpli“cation reduces Equation 1-12 to: tion given in Fig. 1-25. If we look at th&p/ N2, Ry/ N2 vs.
Frequency curves given for the BBR-7403, however, we can
L = N2A_ nanohenries (Eq. 1-13) make a calculated guess. At low frequencies (100 kHz)tbe
the coil would be approximately 54, where,
2
where Q= Ro/N
— ; ; ; Xp/ N2
L = the inductance in nanohenries, P
N = the number of turns, Ro

— Eg. 1-15
A = the inductance index in nanohenries/furn Xp (Ea )
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EXAMPLE 1-6

Using the data given in Fig. 1-25, design a toroidal inductor

toroid is the limiting factor in determining the maximum
number of turns for a given wire diameter.

with an inductance of 50puH. What is the largest AWG wire
that we could possibly use while still maintaining a single-layer
winding? What is the inductorOg at 100 MHz?

Solution

There are numerous possibilities in this particular design since
no constraints were placed on us. Fig. 1-25 is a data sheet for
the Indiana General Series of ferrite toroidal cores. This type of

core would normally be used in broadband or low-Q
transformer applications rather than in narrow-band tuned
circuits. This exercise will reveal why.

The mechanical specibcations for this series of cores indicate a

fairly typical size for toroids used in small-signal RF circuit
design. The largest core for this series is just under a quarter
of an inch in diameter. Since no size constraints were placed
on us in the problem statement, we will use the AA-03 which
has an outside diameter of 0.0230 inch. This will allow us to
use a larger diameter wire to wind the inductor.

The published value forA, for the given core is 495 nH/turr?.
Using Equation 1-14, the number of turns required for this
core is:

50,000 nH
495 nH/ turn?

= 10turns

Note that the inductance of 50 H was replaced with its
equivalent of 50,000 nH. The next step is to determine the
largest diameter wire that can be used to wind the
transformer while still maintaining a single-layer winding. In
some cases, the data supplied by the manufacturer will
include this type of winding information. Thus, in those cases,
the designer need only look in a table to determine the
maximum wire size that can be used. In our case, this
information was not given, so a simple calculation must be
made. Fig. 1-27 illustrates the geometry of the problem. It is
obvious from the diagram that the inner radius () of the

Wire RadiusR  d/2

FIG. 1-27. Toroid coil winding geometry.

The exact maximum diameter wire for a given number of turns
can be found by:

(Eq. 1-15)

where

d = the diameter of the wire in inches,

r1 = the inner radius of the core in inches,
N = the number of turns.

For this example, we obtain the value of; from Fig. 1-25
(d2 = 0.120inch).

2 0.120

d= £ 2
10+

28.69 x 10%3inches

28.69 mils

As a practical rule of thumb, however, taking into account the
insulation thickness variation among manufacturers, it is best
to add a Ofudge factorO and take 90% of the calculated value,
or 25.82 mils. Thus, the largest diameter wire used would be
the next size below 25.82 mils, which is AWG No. 22 wire.

As the frequency increases, resistaRgalecreases while reac- PRACTICAL WINDING HINTS

tanceX; increases. At about 3 MH2; equalsR, and theQ

Fig. 1-28 depicts the correct method for winding a toroid. Using

becomes unity. Th@then falls below unity untilabout 100 MHz  the technique of Fig. 1-28A, the interwinding capacitance is min-
where resistancefbegins to increase dramatically and causesmized, a good portion of the available winding area is utilized,
theQto again pass through unity. Thus, due to losses in the coignd the resonant frequency of the inductor is increased, thus
itself, theQ of the coil at 100 MHz is probably very close to 1. extending the useful frequency range of the device. Note that by
Since theQ is so low, this coil would not be a very good choice ysing the methods shown in Figs. 1-28B and 1-28C, both lead

for use in a narrow-band tuned circuit. See Example 1-7.

capacitance and interwinding capacitance will affect the toroid.



EXAMPLE 1-7

Using the information provided in the data sheet of Fig. 1-26,
design a high-Q (Q> 80), 300 nH, toroidal inductor for use at
100 MHz. Due to PC board space available, the toroid may not
be any larger than 0.3inch in diameter.

Solution

Fig. 1-26 is an excerpt from an Amidon Associates
iron-powder toroidal-core data sheet. The recommended
operating frequencies for various materials are shown in the
Iron-Powder Material vs. Frequency Range graph. Either
material No. 12 or material No. 10 seems to be well suited for
operation at 100 MHz. Elsewhere on the data sheet, material
No. 12 is listed as IRN-8. (IRN-8 is described in Table 1D3.)
Material No. 10 is not described, so choose material No. 12.

Then, under a heading of Iron-Powder Toroidal Cores, the
data sheet lists the physical dimensions of the toroids along
with the value of A, for each. Note, however, that this
particular company chooses to specifA_ in pH/100 turns
rather than pH/100 turns®. The conversion factor between
their value of A_ and A in nH/turn? is to divide their value of
A, by 10. Thus, the T-80-12 core with anA_ of 22 ©H/100
turns is equal to 2.2 nH/turr?.

30°  40°

(A) Correct (B)Incorrect

Practical Winding Hints 21

Next, the data sheet lists a set 0Q-curves for the cores listed
in the preceding charts. Note that all of the curves shown
indicate Qs that are greater than 80 at 100 MHz.

Choose the largest core available that will bt in the allotted PC
board area. The core you should have chosen is the number
T-25-12, with an outer diameter of 0.255inch.

AL = 12puH/ 100t
= 1.2nH/turn?

Therefore, using Equation 1-14, the number of turns
required is
n
N= —
AL
300

1.2
15.81

16turns

Finally, the chart of Number of Turns vs. Wire Size and Core
Size on the data sheet clearly indicates that, for a T-25 size

core, the largest size wire we can use to wind this particular
toroid is No. 28 AWG wire.

Interwinding
Capacitance
} Lead \
Capacitance

(C)Incorrect

FIG. 1-28. Practical winding hints.
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n this chapter, we will explore the parallel resonant circuitFig. 2-2 is a diagram of what a practical “lter response might
and its characteristics at radio frequencies. We will examineesemble. Appropriate de“nitions are presented below:

the concept of loade@ and how it relates to source and

load impedances. We will also see the effects of component 1. Decibel,In radio electronics and telecommunications,

losses and how they affect circuit operation. Finally, we
will investigate some methods of coupling resonant circuits to
increase their selectivity.

SOME DEFINITIONS

The resonant circuit is certainly nothing new in RF circuitry. It
is used in practically every transmitter, receiver, or piece of test
equipment in existence, to selectively pass a certain frequency
or group of frequencies from a source to a load while attenuat-
ing all other frequencies outside of this passhand. The perfect
resonant-circuipassbandwould appear as shown in Fig. 2-1.

Here we have a perfect rectangular-shaped passband with in“- 2,

nite attenuation above and below the frequency band of interest,
while allowing the desired signal to pass undisturbed. The real-
ization of this “Iter is, of course, impossible due to the physical
characteristics of the components that make up a “lter. As we
learned in Chapter 1, there is no perfect component and, thus,
there can be no perfect “Iter. If we understand the mechanics of
resonant circuits, however, we can certainly tailor an imperfect
circuit to suit our needs just perfectly.

3.

the decibel (dB) is used to describe the ratio between two
measurements of electrical power. It can also be
combined with a suf‘x to create an absolute unit of
electrical power. For example, it can be combined with
emZ for emilliwattZ to produce the «dBmZ. Zero dBm is
one milliwatt, and 1 dBm is one decibel greater than
0dBm, or about 1.259 mW.

Decibels are used to account for the gains and losses of a
signal from a transmitter to a receiver through some
medium (e.g., free space, wave guides, coax, “ber optics,
etc.) using a link budget.

Decibel WattgThe decibel watt (dBw) is a unit for the
measurement of the strength of a signal, expressed in
decibels relative to one watt. This absolute measurement
of electric power is used because of its capability to
express both very large and very small values of power in
a short range of number, e.g., 10 watt$0 dBw, and
1,000,000 W& 60 dBw.

Bandwidth The bandwidth of any resonant circuit is

most commonly de“ned as being the difference between
the upper and lower frequenc§(S f1) of the circuit at
which its amplitude response is 3 dB below the passband

Passband response. It is often called the half-power bandwidth.
—_——
OBr————————
0dBf ) —
é _________ RlpPIe Insertion Loss
g 3 dB{ -
g A A — |
£ = i Ultimate
< S ! )
= ! i 60dB Atrenuation
2 I i
g | |
< A ! ! | hV
fs f; fe f, 4
fy Frequency f2 Frequency
FIG. 2-1. The perfect blter response. FIG. 2-2. A practical blter response.



24

RF CIRCUIT DESIGN

0dB
3dB

T

Attenuation

60 dB

I
|
[
[
I
|
I
1

f, f,

Frequency

f1fs

FIG. 2-3. An impossible shape factor.

4. Q,The ratio of the center frequency of the resonant
circuit to its bandwidth is de“ned as the circy

fe
fS 1
This Q should not be confused with componé&ntvhich
was de“ned in Chapter 1. Componddtdoes have an
effect on circuitQ, but the reverse is not true. Circitis
a measure of the selectivity of a resonant circuit. The
higher itsQ, the narrower its bandwidth, the higher is the
selectivity of a resonant circuit.

Q= (Eq. 2-1)

VOUI
Rs > To High
Impedance
Load
Vin ZP ZP
l out ﬁ(vin)

FIG. 2-4. Voltage division rule.

some of the signal from the generator is absorbed in
those components due to their inherent resistive losses.
Thus, not as much of the transmitted signal is transferred
to the load as when the load is connected directly to the
generator. (I am assuming here that no impedance
matching function is being performed.) The attenuation
that results is callethsertion lossand it is a very

important characteristic of resonant circuits. It is usually
expressed in decibels (dB).

Ripple,Ripple is a measure of the "atness of the
passband of a resonant circuit and it is also expressed in
decibels. Physically, it is measured in the response
characteristics as the difference between the maximum

5 Shgpe FactqThe shape factor OT aresonant circuitis attenuatiorin the passbandnd the minimum attenuation
typ|callly de’ned as being the _rat|o of the 60-dB - in the passband. In Chapter 3, we will actually design
bandwidth to the 3-dB bandwidth of the resonant circuit. “lters for a speci‘c passband ripole
Thus, if the 60-dB bandwidthfg S f3) were 3 MHz and pecrep ppie.
the 3-dB bandwidth§, S f;) were 1.5 MHz, then the
shape factor would be: RESONANCE (LOSSLESS COMPONENTS)

= w In Chapter 1, the concept of resonance was brie”y mentioned
1.5MHz when we studied the parasitics associated with individual com-
=2 ponent elements. We will now examine the subject of resonance
Shape factor is simply a degree of measure of the in detail. We will (_jetermine what causes resonance to occur and
steepness of the skirts. The smaller the number, the ~ NOW We can use it to our best advantage.
steeper are the response skirts. Notice that our perfect The voltage division rule (illustrated in Fig. 2-4) states that when-
“lter in Fig. 2-1 has a shape factor of 1, which is the ever a shunt element of impedarxgs placed across the output
ultimate. The passband for a “Iter with a shape factor  ofagenerator with an internal resistamethe maximum output
smaller than 1 would have to look similar to the one voltage available from this circuit is
shown in Fig. 2-3. Obviously, this is a physical .
impossibility. Vout = - +pz (Vin) (Eq. 2-2)

6. Ultimate AttenuatioflUltimate attenuation, as the name so P
implies, is Fhe .na|m|n|mumatt'enuat|on that th“e Thus, Vout Will always be less thavi,. If Z, is a frequency-
resonant circuit presents outside of the specied dependent impedance, such as a capacitive or inductive reac-
passband. A perfect resonant circuit would provide tanpce therV, pWiII aIso, be frequenc ge endent and the ratio
in“nite attenuation outside of its passband. However, due ’ out T == 9 y dep
to component imperfections, in“nite attenuation is Of Vour 10 Vin, which is the gain (or, in this case, loss) of the
s : . T , circuit, will also be frequency dependehetes take, for exam-
in“nitely impossible to get. Keep in mind also, that if the le. a 25-pF capacitor as the shunt element (Fig. 2-5A) and
circuit presents response peaks outside of the passban ! . S :
as shown in Fig. 2-2, then this of course detracts from th\g;vlgth?\/:functlon OfVou/ Vin in dB versus frequency, where
ultimate attenuation speci“cation of that resonant circuit. '

7. Insertion LosgWhenever a component or group of Vout _ Xc (Eq. 2-3)

components is inserted between a generator and its load,

n
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25

VOut VDth
Rs To High : To High
50 Impedance Impedance
Load Load
Vin Xc 25 pF Vin X 2005 H
(A) Simple circuit (A) Simple circuit
[ra)
°
z g
3 6 dB/octave <<
> ~
5 6 dB per octave
>O
Frequency

(B)Response curve

FIG. 2-5. Frequency response of a simple RC (resistor-capacitor)

low-pass blter.

where
o = the loss in dB,

Rs= the source resistance,

Xc = the reactance of the capacitor.
and, where

1

Xc = .
CjC

Frequency

(B)Response curve

FIG. 2-6. Simple high-pass Plter.

and, where
XL = ] L.
Here, we have formed a simplégh-pass “Iter (e.g., a “lter
that passes high frequencies well, but attenuates (or reduces) fre-

guencies lower than the cutoff frequency) with a “nal attenuation
slope of 6 dB/octave.

Thus, through simple calculations involving the basic volt-
age division formula (Equation 2-2), we were able to plot the

The plot of this equation is shown in the graph of Fig. 2-5B.greqency response of two separate and opposite reactive com-

Notice that the loss of this RC (resistor-capacitor) circuit

ponents. But what happens if we place both the inductor and

increases as the frequency increases; thus, we have formed gacitor across the generator simultaneously, thereby creating
simple low-pass “lter (€.g., a “lter that passes low frequency o ¢ (inductor-capacitor) circuit? Actually, this case is no more
signals but attenuates (or reduces the amplitude of) signals Wigfl¢cyt to analyze than the previous two circuits. In fact, at any
frequencies .h|gher than the cutoff frequency). Notice, also, th"ﬂequency, we can simply apply the basic voltage division rule as
the attenuation slope eventually settles down to the rate of 6 dgafore. The only difference here is that we now have two reactive
for every octave (doubling) increase in frequency. This is due t%omponents to deal with instead of one and these components

the single reactive element in the circuit. As we will see later

are in parallel (Fig. 2-7). If we make the calculation for all fre-

this attenuation slope will increase an additional 6 dB for eadauencies of interest, we will obtain the plot shown in Fig. 2-8.

signi“cant reactive element that we insert into the circuit.

If we now delete the capacitor from the circuit and insert a
0.054H inductor in its place, we obtain the circuit of Fig. 2-6A
and the plot of Fig. 2-6B, where we are plotting:

VOUt

Vout L
— = 20lo Eq. 2-4
Vi, G0 5 X, (Eq )
where Y
v ) XroTAL
= the loss in dB,
Rs = the source resistance,
X_ = the reactance of the caoil. FIG. 2-7. Resonant circuit with two reactive components.
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FIG. 2-8. Frequency response of an LC (inductorbBcapacitor) resonant
circuit.

The mathematics behind this calculation are as follows:
Xtotal

Vout= ————(V,; Eqg. 2-5
out Rs+ X’[o'[al( m) ( q )
where
Xe XL
Xtotal = X+ X'
and, where
e = 1
C — J C!
XL = J C
Therefore, we have:
Y
Xtotal— 1
et L
L
- C
l .
reti b

Multiply the numerator and the denominatorjbyC. (Remember
thatj?=S 1.)

X :j—L
TIHG DG O
oL
- 18 2cC

Thus, substituting and transposing in Equation 2-5, we have:

jL

Vout _ 13 7c
T 5 . L
Vi Rs+ 157
Myltiplying the numerator and the denominator through by
1S 2LCyields:
Vour _ j L

Vin (RS 2RLC)+j L

Thus, the loss at any frequency may be calculated from the above
equation or, if needed, in dB.

Vout j L

— = 20lo < -

Vin %0 RS ZRIC)+] L
where| | represents the magnitude of the quantity within the
brackets.

Notice, in Fig. 2-8, that as we near the resonant frequency of
the tuned circuit, the slope of the resonance curve increases
to 12 dB/octave. This is due to the fact that we now have two
signi“cant reactances present and each one is changing at the
rate of 6 dB/octave and sloping in opposite directions. As we
move away from resonance in either direction, however, the
curve again settles to a 6-dB/octave slope because, again, only
one reactance becomes signi“cant. The other reactance presents
a very high impedance to the circuit at these frequencies and
the circuit behaves as if the reactance were no longer there.

Unlike the high-pass or low-pass “Iters discussed here, the RLC
circuit (also known as aresonant or tuned circuit) does something
different. As an electrical circuit consisting of a resist&®),(

an inductor ), and a capacitor®), connected in series or in
parallel, the RLC circuit has many applications, particularly in
radio and communications engineering. They can be used, for
example, to select a certain narrow range of frequencies from
the total spectrum of ambient radio waves. In this next section,
we will take a closer look at what the RLC circuit can do for the
RF engineer.

LOADED Q

TheQ of a resonant circuit was de“ned earlier to be equal to the
ratio of the center frequency of the circuit to its 3-dB bandwidth
(Equation 2-1). This ecircui,Z as it was called, is often given
the labelloaded Qbecause it describes the passband character-
istics of the resonant circuit under actual in-circuitloaded
conditions. The loade@ of a resonant circuit is dependent upon
three main factors. (These are illustrated in Fig. 2-9.)

1. The source resistancBy).
2. The load resistancex().
3. The componen® as de“ned in Chapter 1.

Rs

3
c R
ROSS I

FIG. 2-9. Circuit for loaded® calculations.
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FIG. 2-10. The effect ofR; and R_ on loaded Q.

FIG. 2-11. The equivalent parallel impedance across a resonant circuit.

Effect of Rsand R_on the Loaded Q

Letes discuss brie"y the role that source and load impedancegquation 2-6 illustrates that a decreasdRiywill decrease the
play in determining the loade@ of a resonant circuit. This Q of the resonant circuit and an increaséRipwill increase the
role is probably best illustrated through an example. In Fig. 2-8gircuit Q, and it also illustrates another very important point.
we plotted a resonance curve for a circuit consisting offhe same effect can be obtained by keepRygconstant and

a 50-ohm source, a 0.0bH lossless inductor, and a 25-pF loss- varying X,,. Thus, for a given source and load impedance, the
less capacitor. The load€lof this circuit, as de“ned by Eq. 2-1  optimumQ of a resonant circuit is obtained when the inductor
and determined from the graph, is approximately 1.1. Obviouslyis a small value and the capacitor is a large value. Therefore,
this is not a very narrow-band or higp-design. But now, letss in either caseX; is decreased. This effect is shown using the

replace the 50-ohm source with a 1000-ohm source and agadircuits in Fig. 2-12 and the characteristics curves in Fig. 2-13.

plot our results using the equation derived in Fig. 2-7 (Equa: - .
tion 2-5). This new plot is shown in Fig. 2-10. (The resonancaérhe circuit designer, therefore, has two approaches he can follow

curve for the 50-ohm source circuit is shown with dashed Iine'sn designing a resonant circuit with a particula(Example 2-1).

for comparison purposes.) Notice that fgor selectivity of the )
resonant circuit, has been increased dramatically to about 22.1- He can select an optimum value of source and load
Thus, by raising the source impedance, we have increased the ~impedance.

Q of our resonant circuit. 2. He can select component valued.ofindC that

Neither of these plots addresses the effect of a load impedance ~ OPtimizeQ.
on the resonance curve. If an external load of some sort were
attached to the resonant circuit, as shownin Fig. 2-11A, the effect
would be to broaden or «d€Z the response curve to a degree
that depends on the value of the load resistance. The equivalent
circuit, for resonance calculations, is shown in Fig. 2-11B. The
resonant circuit sees an equivalent resistancBsah parallel

with R_, as its true load. This total external resistance is, by
de“nition, smaller in value than eithé®¥; or R_, and the loaded

Q must decrease: If we put this observation in equation form, it ®*) Largé inductor, (B)Small i‘nductor,
becomes (assuming lossless components): small capacitor large capacitor

1.1,f 142.35MHz Q 224,f 142.35MHz

50nH ==25pF 250 2.5nH =<500pF 50

_R
Q= X_p (Eq. 2-6)

FIG. 2-12. Effect ofQ vs.X, at 142.35 MHz.
where

Ry = the equivalent parallel resistanceRyfandR., Often there is no real choice in the matter because, in many
Xp = either the inductive or capacitive reactance. (They are equatstances, the source and load are de“ned and we have no control

at resonance.) over them. When this occurs, is automatically de“ned for
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Rs  Component Losses I
FIG. 2-13. Plot of loaded® curves for circuits in Fig. 2-12.
FIG. 2-14. A series-to-parallel transformation.
EXAMPLE 2-1 the following transformation equations:
. . . — 2
Design a resonant circuit to operate between a source Ro= (Q°+ 1)Rs (Eq. 2-7)

resistance of 150 ohms and a load resistance of where
1000 ohms. The loadedQ must be equal to 20 at the
resonant frequency of 50 MHz. Assume lossless
components and no impedance matching.

Ry = the equivalent parallel resistance,
Rs = the series resistance of the component,
Q = Qs which equalgQ, which equals th&) of the component.

Solution q
an
The effective parallel resistance across the resonant circuit
is 150 ohms in parallel with 1000 ohms, or Xp = & (Eq. 2-8)
R, = 130 ohms _ R
If the Q of the component is greater than 10, then,
Thus, using Eq. 2-6: )
LR Ro QR (Eq. 2-9)
"9 and
_ 130
© 20 Xo Xs (Eg. 2-10)
= 6.50hms
These transformations are valid at only one frequency because
and they involve the component reactance which is frequency depen-
X, = L= ic dent (Example 2-2).

Example 2-2 vividly illustrates the potential drastic effects that
can occur if poor-quality (lov®) components are used in highly
selective resonant circuit designs. The net result of this action is
that we effectively place alow-value shunt resistor directly across
the circuit. As was shown earlier, any low-value resistance that

. . shunts a resonant circuit drastically reduces its loa@exhd,
a givenQ and we usually end up with component values tha}hus increases its bandwidth

are impractical at best. Later in this chapter, we will study some

Therefore,L= 20.7 nH, and C= 489.7 pF.

methods of eliminating this problem. In most cases, we only need to involve tQeof the inductor
in loaded@ calculations. Th& of most capacitors is quite high
The Effect of Component Q on Loaded Q over their useful frequency range, and the equivalent shunt resis-

Thus far in this chapter, we have assumed that the componeﬂ?snce they present to the circuit is also quite high and can usuglly
used in the resonant circuits are lossless and, thus, produce ,Wca) neglected. Care must be taken, however, to ensure that this is

degradation in loade@. In reality, however, such is not the case indeed the case.

and the individual componeflss must be taken into account. In

alossless resonantcircuit, theimpedance seen across the circllSERTION LOSS

terminals at resonance is in“nite. In a practical circuit, howeverjnsertion loss (de“ned earlier in this chapter) is another direct
due to component losses, there exists some “nite equivalent paffect of componen®. If inductors and capacitors were perfect
allel resistance. This is illustrated in Fig. 2-14. The resistancand contained no internal resistive losses, then insertion loss for
(Rp) and its associated shunt reactansg) Can be found from LC resonant circuits and “Iters would not exist. This is, of course,



EXAMPLE 2-2

Given a 50-nH coil as shown in Fig. 2-15A, compute it®
at 100 MHz. Then, transform the series circuit of

Fig. 2-15A into the equivalent parallel inductance and
resistance circuit of Fig. 2-15B.

50 nH
108.7

10

(B)Equivalent
parallel circuit

(A) Series circuit

FIG. 2-15. Example of a series-to-parallel transformation.

Solution
The Q of this coil at 100 MHz is, from Chapter 1,

Xs
R
_ 2 (100x 10%)(50% 1059)
B 10
=3.14

Then, since theQ is less than 10, use Equation 2-7 to
PndR,.

R= @+ IR
= [(3.14)* + 1]10
= 108.7 ohms

Next, we PndX, using Equation 2-8:

- B
P

_ 1087

T 314

= 34.62

Thus, the parallel inductance becomes:

=22
~ 34.62
~ 2 (100x 10°)
=55.1nH

These values are shown in the equivalent circuit of
Fig. 2-15B.
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1000
R <1000
V; 05V)

(A) Source connected directly to the load

oV.
1000 !
O 05 H 25 pF
j|i R 31000
(B)Insertion of a resonant circuit
oV; 0.45V,
000 (0.9 dB loss

compared to
R»$4.5K R $1000 circuit A)

(C) Equivalent circuit at resonance

FIG. 2-16. The effect of componentQ on insertion loss.

not the case and, as it turns out, insertion loss is a very critical
parameter in the speci“cation of any resonant circuit.

Fig. 2-16 illustrates the effect of inserting a resonant circuit
between a source and its load. In Fig. 2-16A, the source is con-
nected directly to the load. Using the voltage division rule, we
“nd that:

V1= 0.5V

Fig. 2-16B shows that a resonant circuit has been placed between
the source and the load. Then, Fig. 2-16C illustrates the equiva-
lent circuit at resonance. Notice that the use of an inductor with a
Qof 10 atthe resonant frequency creates an effective shunt resis-
tance of 4500 ohms at resonance. This resistance, combined with
R_, produces an 0.9-dB voltage losd/atwhen compared to the
equivalent point in the circuit of Fig. 2-16A.

An insertion loss of 0.9 dBloesnet sound like much, but it can
add up very quickly if we cascade several resonant circuits. We
will see some very good examples of this later in Chapter 3. For
now, examine the problem given in Example 2-3.

IMPEDANCE TRANSFORMATION

As we have seen in earlier sections of this chapter, low values of
source and load impedance tend to load a given resonant circuit
down and, thus, tend to decrease its loa@ednd increase its
bandwidth. This makes it very dif‘cult to design a simple LC
high-Q resonant circuit for use between two very low values of
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EXAMPLE 2-3

Design a simple parallel resonant circuit to provide a 3-dB
bandwidth of 10 MHz at a center frequency of 100 MHz. The
source and load impedances are each 1000 ohms. Assume the
capacitor to be lossless. Th® of the inductor (that is available
to us) is 85. What is the insertion loss of the network?

Solution

From Equation 2-1, the required loaded) of the resonant
circuit is:
fe
fz S fl
_ 100 MHz
~ 10MHz
10

Q

To bnd the inductor and capacitor values needed to complete
the design, it is necessary that we know the equivalent shunt
resistance and reactance of the components at resonance.
Thus, from Equation 2-8:
x- B

Qo

where

X, = the reactance of the inductor and capacitor at resonance,
R, = the equivalent shunt resistance of the inductor,

Qp = the Q of the inductor.

Thus,
Ro = (85)% (Eq 2-11)
The loadedQ of the resonant circuit is equal to:
_ |%otal
Q= X,
10 = I:%otal
Xp
where

Rotal = the shunt resistance, which equal®, R R.
Therefore, we have:

Ry (500)
Ry + 500

Xp

10 = (Eq 2-12)

We now have two equations and two unknowns Ky, Ry). If
we substitute Equation 2-11 into Equation 2-12 and solve for

Xp, We get:

Xp = 44.1ohms

Plugging this value back into Equation 2-11 gives:

R, = 3.75K

Thus, our component values must be

= ﬁz 70nH
1
C= — = 36pF
Xp

The Pnal circuit is shown in Fig. 2-17.

oV
1000

I R
70nH I 36 pF 3750 1000

FIG. 2-17. Resonant circuit design for Example 2-3.

The insertion-loss calculation, at center frequency, is now very
straightforward and can be found by applying the voltage
division rule as follows. Resistandg, in parallel with resistance
R_is equal to 789.5 ohms. The voltage aV, is, therefore,

789.5
789.5 + 1000 (Vs)
= 44V,

L:

The voltage atV, without the resonant circuit in place, is
equal to 0.5 Vs due to the 1000-ohm load. Thus, we have:
0.44 Vs

0.5Vs

Insertion Loss= 2010910

=1.1dB

source and load resistance. In fact, even if we were able to conoeuld present an impedanci) of 500 ohms to the resonant
up with a design on paper, it most likely would be impossiblecircuit, when in reality there is an impedand&) of 50 ohms.
to build due to the extremely small (or negative) inductor value€onsequently, by utilizing these transformers, both ¢hef

that would be required.

One method of getting around this potential design proble
is to make use of one of the impedance transforming circuit
shown in Fig. 2-18. These handy circuits fool the resonant cir?

the resonant tank and its selectivity can be increased. In many

ngases, these methods can make a previously unworkable prob-

gem workable again, complete with realistic values for the coils
and capacitors involved.

cuitinto seeing a source or load resistance thatis much larger thaihe design equations for each of the transformers are presented
what is actually present. For example, an impedance transformer the following equations and are useful for designs that need
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(A) Tapped-C circuit

473pF
63.6nHIL
250 6 pF,

(C) Equwalent mrcun (D) Final circuit

Rs n: ]n Cl

(B)Tapped-L circuit

R 32000

FIG. 2-18. Two methods used to perform an impedance transformation.

EXAMPLE 2-4

Design a resonant circuit with a loaded) of 20 at a center
frequency of 100 MHz that will operate between a source
resistance of 50 chms and a load resistance of 2000 ohms.
Use the tappedC approach and assume that inductoQ is
100 at 100 MHz.

Solution

We will use the tapped-C transformer to step the source
resistance up to 2000 ohms to match the load resistance for
optimum power transfer. (Impedance matching will be
covered in detail in Chapter 4.) Thus,

R, = 2000 ohms

and from Equation 2-13, we have:

S1

D0
1
o
@ 0|0 |

o,

C. = 5.3G, (Eq 2-16)

Proceeding as we did in Example 2-3, we know that for the
inductor:

R
Q = L =
P X,
Therefore,
R, = 100X, (Eg 2-17)

We also know that the loadedQ of the resonant circuit is
equal to:

I:{otal

Q= X
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loadedQes that are greater than 10 (Example 2-4). For the tapped-
C transformer (Fig. 2-18A), we use the formula:
C, 2
Rs 1+ —
Rs=Rs C
The equivalent capacitanc€«) that will resonate with the
inductor is equal t&; in series withC,, or:
C.Co
Cr= —— Eq. 2-14
T Ci+ G (Eq )
For the tapped-L network of Fig. 2-18B, we use the following
formula:

(Eq. 2-13)

Ro=Rs — (Eq. 2-15)
Ny

As an exercise, you might want to rework Example 2-4 with-
out the aid of an impedance transformer. You will “nd that the

where

Rotal = the total equivalent shunt resistance,

=R R R
1000 R,

and, where we have takenR; and R_to each be 2000 ohms, in
parallel. Hence, the loadedQ is
1000R,

Q= {2000+ R)%, (Bq 2-18)

Substituting Equation 2-17 (and the value of the desired
loaded Q) into Equation 2-18, and solving forX,, yields:
X, = 40ohms

And, substituting this result back into Equation 2-17 gives

R, = 4000 ohms
and
L= ﬁ
= 63.6nH
1
CT: —_—
Xp
= 39.78 pF

We now know what the total capacitance must be to resonate
with the inductor. We also know from Equation 2-16 that
C, is 5.3 times larger thanC,. Thus, if we substitute
Equation 2-16 into Equation 2-14, and solve the equations
simultaneously, we get:

C, = 47.3pF

C, = 250.6 pF

The Pnal circuit is shown in Fig. 2-18D.
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inductor value which results is much more dif‘cult to obtain and

control physically because it is so small. 0dBF Over Coupling
COUPLING OF RESONANT CIRCUITS 5 Critical Coupling
In many applications where steep passband skirts and small g Under Coupling
shape factors are needed, a single resonant circuit might not 2 | 18dB/octave

<

be suf‘cient. In situations such as this, individual resonant cir-
cuits are often coupled together to produce more attenuation at
certain frequencies than would normally be available with a sin-
gle resonator. The coupling mechanism that is used is generally
chosen speci“cally for each application, as each type of cou-
pling has its own peculiar characteristics that must be dealt with.
The most common forms of coupling are: capacitive, inductive;

transformer (mutual), and active (transistor). FIG. 2-20. The effects of various values of capacitive coupling on
passband response.

6 dB/octave

Frequency

Capacitive Coupling

Capacitive coupling is probably the most frequently used method .
of linking two or more resonant circuits. This is true mainly Seem contrary to what we have studied so far, but remember, the

due to the simplicity of the arrangement but another reason {fain purpose ofthe two-resonator passively _coupled fteris not
that it is relatively inexpensive. Fig. 2-19 indicates the circuitto provide a narrower 3'_dB bandwidth, but to Increase the steep-
arrangement for a two-resonator capacitively coupled “lter. ness of the stopband skirts and, thus, toreach an ultimate attenua-
tion much faster than a single resonator could. This characteristic
is shown in Fig. 2-21. Notice that the shape factor has decreased
Rs %2 _ for the two-resonator design. Perhaps one way to get an intuitive
v feel for how this occurs is to consider that each resonator is itself
J_ a load for the other resonator, and each decreases the IQaded
L QI CzI Ly R of the other. But as we move away from the passband and into

the stopband, the response tends to fall much more quickly due
1 to the combined response of each resonator.

The value of the capacitor used to couple two identical resonant
circuits is given by

FIG. 2-19. Capacitive coupling.

Cio= (Eq. 2-19)

The value of the capacitor that is used to couple each resonator
cannot be just chosen at random, as Fig. 2-20 indicates. If capaghere

itor Cq2 of Fig. 2-19 is too large, too much coupling occurs andc,, = the coupling capacitance.

the frequency response broadens drastically with two responsec = the resonant circuit capacitance.
peaks in thélterss passband. If capacitd;, is too small, not Q= the loaded of a single resonator.
enough signal energy is passed from one resonant circuit to the

other and the insertion loss can increase to an unacceptable level.

The compromise solution to these two extremes is the point of
critical coupling where we obtain a reasonable bandwidth and
the lowest possible insertion loss and, consequently, a maximum
transfer of signal power. There are instances in which overcou-
pling or undercoupling might serve a useful purpose in a design,
such as in tailoring a speci“c frequency response that a critically
coupled “Iter cannot provide. But these applications are gener-
ally left to the multiple resonator “lter. The multiple resonator
“Iter is covered in Chapter 3. In this section, we will only con-
cern ourselves with critical coupling as it pertains to resonant
circuit design.

0dB[

o8]

Single Resonator

Attenuation

Two Resonators

The loadedQ of a critically coupled two-resonator circuit is Frequency
approximately equal to 0.707 times the loadraf one of its res-

onators. Therefore, the 3-dB bandwidth of a two-resonator cir-
cuitis actually wider than that of one of its resonators. This mightiG. 2-21.  Selectivity of single- and two-resonator designs.
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One other important characteristic of a capacitively coupled rednductive Coupling

onant circuit can be seen if we take another look at Fig. 2-20rwo types of inductively coupled resonant circuits are shown
Notice that even for the critically coupled case, the responsg Fig. 2-23. One type (Fig. 2-23A) uses a series inductor or
curve is not symmetric around the center frequency but igoil to transfer energy from the “rst resonator to the next, and
skewed somewhat. The lower frequency portion of the responsge other type (Fig. 2-23B) uses transformer coupling for the
plummets down at the rate of 18-dB/octave while the uppesame purpose. In either case, the frequency response curves
slope decreases at only 6-dB/octave. This can be explained if wgill resemble those of Fig. 2-24 depending on the amount of
take a look at the equivalent circuit both above and below resqoupling. If we compare Fig. 2-24A with Fig. 2-20, we see
nance. Below resonance, we have the circuit of Fig. 2-22A. Thehat the two are actually mirror images of each other. The
reactance of the two resonant-circuit capacitors (Fig. 2-19) hagsponse of die inductively coupled resonator is skewed toward
increased, and the reactance of the two inductors has decreasegH® higher end of the frequency spectrum, while the capacitively
the point that only the inductor is seen as a shunt element and tgupled response is skewed toward the low frequency side. An
capacitors can be ignored. This leaves three reactive compone$gamination of the equivalent circuit reveals why. Fig. 2-25A
and each contributes 6-dB/octave to the response. indicates that below resonance, the capacitors drop out of the

equivalent circuit very quickly because their reactance becomes
3 (;'1@ Rs Ciz
L L R c I C I R

arrangement of three inductors which can be thought of as a sin-
gle tapped inductor and which produces a 6-dB/octave rolloff.

Above resonance, the shunt inductors can be ignored for the
same reasons, and you have the circuit of Fig. 2-25B. We now
have three effective elements in the equivalent circuit with each
contributing 6-dB/octave to the response for a combined slope
of 18-dB/octave.

much greater than the shunt inductive reactance. This leaves an

(A) Below resonance (B)Above resonance

0dB[
FIG. 2-22. Equivalent circuit of capacitively coupled resonant circuits. Over Coupling
5 6 dB/octave Critical Coupling

. . . . . § Under Coupling
On the high side of resonance, the equivalent circuit approaches g
the con“guration of Fig. 2-22B. Here the inductive reactance has <
increased above the capacitive reactance to the point where the 18 dB/octave
inductive reactance can be ignored as a shunt element. We now

have an arrangement of three capacitors that effectively looks
like a single shunt capacitor and yields a slope of 6-dB/octave.

Frequency
(A) Inductive coupling

(A) Series inductor

Magnetic Coupling
Y

(B) Transformer

FIG. 2-23. Inductive coupling.

Over Coupling
Critical Coupling

Under Coupling

Attenuation

Frequency

(B)Transformer coupling

FIG. 2-24. The effects of various values of inductive coupling on
passband response.

The mirror-image characteristic of inductively and capacitively
coupled resonant circuits is a very useful concept. This is espe-
cially true in applications that require symmetrical response
curves. For example, suppose that a capacitively coupled design
exhibited too much skew for your application. One very simple
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R Lo have a pronounced effect on the degree of coupling attained in
Ig1121 )0 any design.
Probably the best way to design your own transformer is to use
L L R the old trial-and-error method, but do it in an orderly fashion and
be consistentltes a very sad day when one forgets how he got

from point A to point B, especially if point B is an improvement
in the design. Remember:

(A) Below resonance
L 1. Decreasing the spacing between the primary and
Rs - secondary increases the coupling.

2. Increasing the permeability of the magnetic path
R increases the coupling.

C
I I 3. Shielding a transformer decreases its loaQezhd has
1 the effect of increasing the coupling.

C

(B)Above resonance Begin the design by setting the load@dof each resonator to
about twice what will be needed in the actual design. Then,
slowly decrease the spacing between the primary and secondary
FIG. 2-25. Equivalent circuit of inductively coupled resonant circuits. until the response broadens to the loadgdhat is actually
needed. If that response canst be met, try changing the geometry

way to correct the problem would be to add a etop-L2 cou—Of the windings or the permeability of the magnetic path. Then,

) e ) vary the spacing again. Use this as an iterative process to zero-
gltfcgr:etct?)osnkg\)/vt:]hee?)e(lss,tg]r?sre]eilgvrr?;kc; Thss?&péhgg?gglggé’vxgﬁin on the response that is needed. Granted, this is not an exact
P P pp ...process, but it works and, if documented, can be reproduced.
therefore, tend to counteract any skew caused by the capacitive
coupling. The net result is a more symmetric response shape.There are literally thousands of commercially available trans-

. . . formers on the market that just might suit your needs perfectly.
T.he yalue of the inductor used to couple two identical resonarﬁo before the trial-and-error method is put into practice, try a
circuits can be found by

little research, it just might save a lot of time and money.

b2 = QL (Eq. 2-20) Active Coupling
where It is possible to achieve very narrow 3-dB bandwidths in cas-
L12= the inductance of the coupling inductor, caded resonant circuits through the use of active coupling. Active
Q= the loaded) of a single resonator, coupling, for this purpose, is de“ned as a transistor, at least

theoretically, which allows signal "ow in only one direction
(Fig. 2-26). If each of the tuned circuits is the same and if each

A little manipulation of Equations 2-19 and 2-20 will reveal has the same load& the total loade@ of the cascaded circuit

. . . . i roximatel It
a very interesting point. The reactance@f, calculated with S approximately equat o

L = the resonant circuit inductance.

Equation 2-19 will equal the reactance lof, calculated with Quotal = Q (Eq. 2-21)
Equation 2-20 for the same operati@g@nd resonant frequency. 2Ung ]

The designer now has the option of changing any stop-CZ couyhere
pled re?sonaForto a.top—L design simply by replacing the couplinga%total = the totalQ of the cascaded circuit,

capacitor with an inductor of equal reactance at the resonan

frequency. When this is done, the degree of coupl@gand Q= theQ of each individual resonant circuit,

resonant frequency of the design will remain unchanged while  n= the number of resonant circuits.

the slope of the stopband skirts will "ip-"op from one side to

the other. For obvious reasons, top-L coupled designs work beShe “rst step in any design procedure must be to relate the
in applications where the primary objective is a certain ultimateequiredQtal Of the network back to the individual load€l
attenuation that must be met above the passband. Likewise, topf-each resonator. This is done by rearranging Equation 2-21 to
C designs are best for meeting ultimate attenuation speci“catiorsolve forQ. As an example, with= 4 resonators, and given that
below the passband. Qtotal Of the cascaded circuit must be 50, Equation 2-21 tells us

Transformer coupling does not lend itself well to an exact desigmat th‘_eQ of the |nd|V|_duaI resoqator need only be about 22,2
procedure because there are so many factors that in"uence tﬁ’érly simple and realizable design task.

degree of coupling. The geometry of the coils, the spacindctive coupling is obviously more expensive than passive cou-
between them, the core materials used, and the shielding, gling due to the added cost of each active device. But, in some



FIG. 2-26. Active coupling.

EXAMPLE 2-5

Design a top-L coupled two-resonator tuned circuit to meet
the following requirements:

1. Center frequency= 75MHz

2. 3-dB bandwidth= 3.75 MHz

3. Source resistance 100 ohms

4. Load resistance 1000 ohms
Assume that inductors are available that have an unloade@
of 85 at the frequency of interest. Finally, use a tapped-C

transformer to present an effective source resistanc&{) of
1000 ohms to the Plter.

Solution

The solution to this design problem is not a very difbcult one,

but it does involve quite a few separate and distinct
calculations which might tend to make you lose sight of our
goal. For this reason, we will walk through the solution in a
very orderly fashion with a complete explanation of each
calculation.

Rs c Lio
100

c I L L G ]l: R $1000

FIG. 2-27. Circuit for Example 2-5.

The circuit we are designing is shown in Fig. 2-27. LetOs begin

with a few debnitions.
Qotal = the loaded Q of the entire circuit
Qp = the Q of the inductor

Qr= the loaded Q of each resonator

Summary 35

applications, there is no real trade-off involved because passive
coupling just might not yield the required load@dExample 2-5
illustrates some of the factors you must deal with.

SUMMARY

This chapter was meant to provide an insight into how resonant
circuits actually perform their function as well as to provide you
with the capability for designing one to operate at a certain value
of loadedQ. In Chapter 3, we will carry our study one step further
to include low-pass, high-pass, and bandpass “lters of various
shapes and sizes.

From our discussion on coupling and its effects on bandwidth,
we know that

- Qtotal

Qr= 5707

and,
f
Qiotal = é
_ 75MHz
~ 3.75MHz

=20

SO,
20
Qr= 5707

=283

Thus, to provide a total loadedQ of 20, it is necessary that the
loaded Q of each resonator be 28.3. For the inductor,

Q= %
=85
or
R, = 85X, (Eq 2-22)
The loadedQ of each resonant circuit is
Q= e (Eq 2:23)

where,

Rotal = the total equivalent shunt resistance for each resonator
and

= RS Rp

= R_ R3
since both circuits are identical. Remember, we have already
taken into account the loading effect that each resonant
circuit has on the other through the factor 0.707, which was
used at the beginning of the example. Now, we have:

RPe
R+ R

Continued on next page

Rotal =
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EXAMPLE 2-5,Cont

Substituting into Equation 2-23:

_ Rk
Or R+ R)Xp

and,
xo= BB
(R + R)Qr
_ 1000R,
" (1000 + R,)28.3
We can now substitute Equation 2-22 into Equation 2-24 and
solve forX,.

(Eq 2-24)

__ (1000)(85%p)
P~ (1000 + 85X,)28.3

= 23.57 ohms

and,
R, = 85X,
= 2003 ohms
To Pnd the component values

Ll: |_2: ﬁ

=50nH
and,
1
Xp
90 pF
Now all that remains is to design the tapped-C transformer
and the coupling inductor. From Equation 2-12:

c 2
= 1+ —
R=FR C

Cs:

or,

Q1O
I

5 A0 |
(0p8
[EEN

1
N

and,

C = 2.16C, (Eq 2-25)

We know that the total capacitance that must be used to
resonate with the inductor is 90 pF and
GG
G+ C
Substituting Equation 2-25 into Equation 2-26 and taking
Ciotal t0 be 90 pF yields:

Cotal =

(Eq 2-26)

s0F= Jic
and,
C,= 132pF
Ci = 285pF

To solve for the coupling inductance from Equation 2-20:
Lio= QrL

(28.3)(50 nH)

1.415uH

The design is now complete. Notice that the tapped-C
transformer is actually serving a dual purpose. It provides a DC
block between the source and load in addition to its
transformation properties.
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iters occur so frequently in the instrumentation and
communications industries that no book covering the
reld of RF circuit design could be complete without at
least one chapter devoted to the subject. Indeed, entire
books have been written on the art of “lter design alone,
so this single chapter cannot possibly cover all aspects of all types
of “Iters. But it will familiarize you with the characteristics of
four of the most commonly used “lters and will enable you to
design very quickly and easily a “Iter that will meet, or exceed,
most of the common “Iter requirements that you will encounter.

tion

enual

Att

We will cover Butterworth, Chebyshev, and Bessel “Iters in all
of their common con“gurationdow-pass, high-pass, bandpass,
andbandstopWe will learn how to take advantage of the atten-
uation characteristics unigue to each type of “Iter. Finally, we
will learn how to design some very powerful “lters in as little
as 5 minutes by merely looking through a catalog to choose a
design to suit your needs.

Attenuation

BACKGROUND

In Chapter 2, the concept of resonance was explored and we
determined the effects that component value changes had on
resonant circuit operation. You should now be somewhat famil-
iar with the methods that are used in analyzing passive resonant
circuits to “nd quantities, such as load€y insertion loss, and
bandwidth. You should also be capable of designing one- or
two-resonator circuits for any loaded desired (or, at least,
determine why you cannot). Quite a few of the “Iter applica-
tions that you will encounter, however, cannot be satis“ed with
the simple bandpass arrangement given in Chapter 2. There are
occasions when, instead of passing a certain band of frequen-§
cies while rejecting frequencies above and below (bandpass), wes
would like to attenuate a small band of frequencies while pass-
ing all others. This type of “Iter is called, appropriately enough,
abandstop “Iter Still other requirements call for a low-pass or
high-pass response. The characteristic curves for these responses
are shown in Fig. 3-1. The low-pass “lter will allow all signals
below a certain cutoff frequency to pass while attenuating all
others. A high-pasHterss response is the mirror-image of the

c
Q

Att

Frequency

(A) Low-pass

f3a8

Frequency
(B)High-pass

fauB

fauB

Frequency

low-pass response and attenuates all signals below a certain cut-

off frequency while allowing those above cutoff to pass. Thes&IG. 3-1. Typical blter response curves.
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types of response simply cannot be handled very well with th&he loadedQ of this “lter is dependent upon the individual
two-resonator bandpass designs of Chapter 2. Qes of the series leg and the shunt leg where, assuming perfect

In this chapter, we will use the low-pass “Iter as our workhorse,componems'

as all other responses will be derived from it.|8®s take a quick XL

look at a simple low-pass “Iter and examine its characteristics. Q= Re (Eq. 3-2)
Fig. 3-2 is an example of a very similgo-pole orsecond-order and,

low-pass “lter. The order of a “Iter is determined by the slope =3

of the attenuation curve it presents in the stopband. A second- Q2= X (Eq. 3-3)
order “lter is one whose rolloff is a function of the frequency

squared, or 12 dB per octave. A third-order “Iter causes a rollofin the totaR is:

that is proportional to frequency cubed, or 18dB per octave. 0:1Q;

Thus, the order of a “Iter can be equated with the number of Qrotal = ot O (Eq. 3-4)
signi“cant reactive elements that it presents to the source as the ! 2

signal deviates from the passband. If the total Q of the circuit is greater than about 0.5, then for

The circuit of Fig. 3-2 can be analyzed in much the same mann@Plimum transfer of power from the source to the lo@gshould
as was done in Chapter 2. For instance, an examination of tffuaQz. In this case, at the peak frequency, the response will
effects of loaded) on the response would yield the family of approach 0-dB insertion lOS_S' If the towl OT the network is
curves shown in Fig. 3-3. Surprisingly, even this circuit con“g- €SS than about 0.5, there will be no peak in the response and,
uration can cause a peak in the response. This is due to the fAf OPtimum transfer of poweRs should equak, . The peaking

that at some frequency, the inductor and capacitor will becomgf the *lterss response is co.mmonly called rieple (de.“ned in
resonant and, thus, peak the response if the logléihigh Chapter 2) and can vary considerably from one “Iter design to the

enough. The resonant frequency can be determined from next depgnding on the application. As shown, the two-element
“Iter exhibits only one response peak at the edge of the passband.

1
r = — (Eg. 3-1) It can be shown that the number of peaks within the passband is
2 LC directly related to the number of elements in the “Iter by:
For low values of loade®, however, no response peak will be Number of Peaks N $ 1

noticed.
where

N = the number of elements.

Thus, the three-element low-pass “Iter of Fig. 3-4 should exhibit
two response peaks as shown in Fig. 3-5. This is true only if the

FIG. 3-2. A simple low-pass blter.

0 =
10 \\
5 | L —1] o FIG. 3-4. Three-element low-pass blter.
S N\, )
g 20 ‘R
g Q’R 0dB
E 30 N \4 3dB
2 3 c
” S
40 \ | N §
\‘4?0\ g
50 | g
0.1 0.2 0.5 1.0 2.0 5.0 10
Frequency {/f,) Frequency

FIG. 3-3. Typical two-pole blter response curves. FIG. 3-5. Typical response of a three-element low-pass Plter.
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o

== profound effect on th€ of the “Iter and, therefore, on
_\N — the passband ripple and shape factor of the “lter. If a
\\\ “Iter is inserted between two resistance values for which
it was not designed, the performance will suffer to an
N extent, depending upon the degree of error in the
< terminating impedance values.

=
o
N

N}
(=]

e

0

4. The“nal attenuation slope of the response is dependent
\ uponthe order of the networkr he order of the network

Attenuation (dB)
w
o
P
A
O 7

g 3
,
Ny
e
//

) N is equal to the number of reactive elementthe
I(%\ \ low-pass “Iter Thus, a second-order network
002 05 10 2.0 to 10 (2 elements) falls off at a “nal attenuation slope of

12 dB per octave, a third-order network (3 elements) at
the rate of 18 dB per octave, and so on, with the addition
of 6 dB per octave per element.

Frequency f/f¢)

FIG. 3-6. Curves showing frequency response vs. load€dfor
three-element low-pass blters.

MODERN FILTER DESIGN
loadedQ is greater than one. Typical response curves for variouslodern “lter design has evolved through the years from a subject
values of loade® for the circuit given in Fig. 3-4 are shown in known only to specialists in the “eld (because of the advanced
Fig. 3-6. For all odd-order networks, the response at DC and amathematics involved) to a practical well-organized catalog of
the upper edge of the passband approaches 0 dB with dips in theady-to-use circuits available to anyone with a knowledge of
response between the two frequencies. All even-order networlesghth grade level math. In fact, an average individual with abso-
will produce an insertion loss at DC equal to the amount ofutely no prior practical “lter design experience should be able
passband ripple in dB. Keep in mind, however, that either ofo sit down, read this chapter, and within 30 minutes be able to
these two networks, if designed for low values of loa@ed¢an  design a practical high-pass, low-pass, bandpass, or bandstop
be made to exhibit little or no passband ripple. But, as you caliter to his speci“cations. It sounds simple and itis,once a few
see from Figs. 3-3 and 3-6, the elimination of passband ripplbasic rules are memorized.
can be made only at the expense of bandwidth. The smaller the,o 550r0ach we will take in all of the designs in this chap-
ripple that is allowed, the wider the bandwidth becomes and[

heref lectivi & Onti - i th b r will be to make use of the myriad of normalizkdv-pass
therefore, selectivity suffers. Optimum "atness in the pass anBerototypesthat are now available to the designer. The actual

occurs when the lloadefild of the Lhrge-lelemﬁnt circuit 'IIT equal design procedure is, therefore, nothing more than determining
to one (1). Any value of loade@ that is less than one will cause - vequirements and then “nding a “Iter in a catalog that satis-
the response to roll off noticeably even at very low frequenciesyg yhese requirements. Each normalized element value is then
within the de‘ned passband. Thus, not only is the selectivity., et the frequency and impedance you desire, and then trans-
poorer but thg passband insertion Ioss_ is too. In an applicatig ed to the type of response (bandpass, high-pass, bandstop)
where the.re '_S not much signal to beg'” with, an even furthe{hatyou wish. With practice, the procedure becomes very simple
decrease in signal strength could be disastrous. and soon you will be de“ning and designing “Iters.

Now that we have taken a quick look at two representative |°WThe concept of normalization may at “rst seem foreign to the
pass “lters and their associated responkxss discuss “lters in person who is a newcomer to the “eld of “Iter design, and the
general: idea of transforming a low-pass “Iter into one that will give one
of the other three types of responses might seem absurd. The best
advice | can give (to anyone not familiar with these practices and
who might feel a bit skeptical at this point) is to press on. The only
nWay to truly realize the beauty and simplicity of this approach
is to try a few actual designs. Once you try a few, you will be
Shooked, and any other approach to “lter design will suddenly
éeem tedious and unnecessarily complicated.

1. High-Q “lters tend to exhibit a far greater initial slope
toward the stopband than their Io@€ounterparts with
the same number of elements. Thus, at any frequency i
the stopband, the attenuation will be greater for a ggh-
“Iter than for one with a loweRQ. The penalty for this
improvement is the increase in passband ripple that mu
occur as a result.

2. Low-Q “Iters tend to have the "attest passband response
but their initial attenuation slope at the band edge is NORMALIZATION AND THE
small. Thus, the penalty for the reduced passband ripplel. OW-PASS PROTOTYPE
Is a decrease in thaitial stopband attenuation. In order to offer a catalog of useful “Iter circuits to the elec-
3. As with the resonant circuits discussed in Chapter 2, thetronic “Iter designer, it became necessary to standardize the
source and load resistors loading a “Iter will have a presentation of the material. Obviously, in practice, it would
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be extremely dif‘cult to compare the performance and evalu-

ate the usefulness of two “Iter networks if they were operating 45
under two totally different sets of circumstances. Similarly, the
presentation of any comparative design information for “Iters, if
not standardized, would be totally useless. This concept of stan-
dardization onormalization then, is merely a tool used by “Iter
experts to present all “Iter design and performance information
in a manner useful to circuit designers. Normalization assures
the designer of the capability of comparing the performance of .
any two “lter types when given the same operating conditions. Frequency )

w
Q
sy}

Attenuation

All of the catalogued “Iters in this chapter are low-pass “I-

ters normalized for a cutoff frequency of one radian per second
(0.159 Hz) and for source and load resistors of one ohm. A chaf!G- 38 The Butterworth response.
acteristic response of such a “lter is shown in Fig. 3-7. The circuit

used to generate this response is calleddtepass prototype ~ Since the Butterworth response is only a medi@niker, its
initial attenuation steepness is not as good as some ‘“Iters but

it is better than others. This characteristic often causes the

0dB - Butterworth response to be called a middle-of-the-road design.

c ! The attenuation of a Butterworth “lter is given by
S
g | 2n
g 1 Agg= 10log 1+ — (Eq. 3-5)
< v 1 c

|

i where

Frequency ¥) = the frequency at which the attenuation is desired,

¢ = the cutoff frequency (3gg) of the “lter,
n= the number of elements in the “lter.

FIG. 3-7. Normalized low-pass response.
If Equation 3-5 is evaluated at various frequencies for various
Obviously, the design of a “Iter with such a low cutoff frequency numbers of elements, a family of curves is generated which will
would require component values much larger than those we atgive a very good graphical representation of the attenuation pro-
accustomed to working with; capacitor values would be in faradsided by any order of “Iter at any frequency. This information
rather than microfarads and picofarads, and the inductor valugsillustrated in Fig. 3-9. Thus, from Fig. 3-9, a 5-element (“fth
would be in henries rather than in microhenries and nanohenriesrder) Butterworth “Iter will provide an attenuation of approxi-
But once we choose a suitable low-pass prototype from the catgrately 30 dB at a frequency equal to twice the cutoff frequency
log, we can change the impedance level and cutoff frequency of
the “Iter to any value we wish through a simple process called 0

scaling The net result of this process is a practical “lter design ~
with realizable component values. N —
p o4 NN —— noo,
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O |
Many of the “lters used today bear the names of the men whoZ 48 | N i
. . . S N N N
developed them. In this section, we will take a look at threex 60 ‘ i\ \\
such “lters and examine their attenuation characteristics. Thei% 72 \\ NS
relative merits will be discussed and their low-pass proto-% N
“ H H 84 6
types presented. The three “lter types discussed will be the N
Butterworth, Chebyshev, and Bessel responses. 96 N BN N
108
The Butterworth Response 120 \
The Butterworth “Iter is a mediun@® “Iter that is used in designs 10 15 20 25 303540 5 6 7 8910
that require the amplitude response of the “lter to be as "at Frequency Ratiof(f;)

as possible. The Butterworth response is the "attest passband
response available and contains no ripple. The typical response
of such a “lter might look like that of Fig. 3-8. FIG. 3-9. Attenuation characteristics for Butterworth blters.
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of the “lter. Notice here that the frequency axis is normalize
to / ¢ and the graph begins at the cutocf3 dB) point. This 1 L Ly
graph is extremely useful as it provides you with a method of ces
determining, at a glance, the order of a “Iter needed to meet ja
given attenuation speci“cation. A brief example should illustrate G G 1
this point (Example 3-1). 1l 1 l 1
n C]_ Ly C3 La CS Ls C7

EXAMPLE 3-1 2 (1414 |1.414

How many elements are required to design a Butterworth 3 | 1.000 |2.000 |1.000

pblter with a cutoff frequency of 50 MHz, if the Plter must 4 |0.765 | 1.848 | 1.848 | 0.765

i | B of i 150 MHz?

provide at least 50 dB of attenuation at 150 MHz 5 0618 11618 | 2000 | 1618 | 0.618

Solution 6 (0518 1414 |1.932 |1.932 |1.414 |0.518

The brst step in the solution is to nd the ratio of 710445 |1.247 | 1.802 | 2.000 | 1.802 | 1.247 | 0.445

/ c= f/fc n Ly Cz Ls C4 Ls CG Ly

f _ 150 MHz
fe  50MHz 1 L Ls
=3 XX

Thus, at three times the cutoff frequency, the response G Cy 1

must be down by at least 50 dB. Referring to Fig. 3-9, it is 1 1 1 1

seen very quickly that a minimum of 6 elements is ] ) ]

required to meet this design goal. At anf/f; of 3, a

6-element design would provide approximately 57 dB of TABLE 3-1. Butterworth Equal Termination Low-Pass Prototype Element

attenuation, while a 5-element design would provide only Values R = R)

about 47 dB, which is not quite good enough.

1 1.848 0.765
e TTTTIL_
The element values for a normalized Butterworth low-pass “lter l l
operating between equal 1-ohm terminations (source and load) 0.765 1.848 1
can be found by I I
(kS 1
Ay = 23|n%, k=1,2,...n (Eq. 3-6) + + - +

where

. FIG. 3-10. A four-element Butterworth low-pass prototype circuit.
nis the number of elements,
Ay is thekth reactance in the ladder and may be either an

; : of the prototype ladder network. The 1-ohm load resistor is then
inductor or capacitor.

placed directly across the output of the “Iter.

Theterm (XS 1) /2nis in radians. We can use Equation 3-6 to Remember that the cutoff frequency of each “Iter is 1 radian per
generate our “rst entry into the catalog of low-pass prototypesecond, or 0.159 Hz. Each capacitor value given is in farads, and
shown in Table 3-1. The placement of each component of theach inductor value is in henries. The network will later be scaled
“Iter is shown immediately above and below the table. to the impedance and frequency that is desired through a simple
énultiplication and division process. The component values will

The rules for interpreting Butterworth tables are simple. Th o
then appear much more realistic.

schematic shown above the table is used whenever thé&x#Ro
is calculated as the design criteria. The table is read from th@ccasionally, we have the need to design a “Iter that will operate
top down. Alternately, whe®_/Rs is calculated, the schematic between two unequal terminations as shown in Fig. 3-11. In this
below the table is used. Then, the element designators in tlwase, the circuit is normalized for a load resistance of 1 ohm,
table are read from the bottom up. Thus, a four-element lowwhile taking what we get for the source resistance. Dividing both
pass prototype could appear as shown in Fig. 3-10. Note hetke load and source resistor by 10 will yield a load resistance of
that the element values not given in Table 3-1 are simply left out ohm and a source resistance of 5 ohms as shown in Fig. 3-12.
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. Filter i R/R G L Cs Ly
50 0.300 1.838 0.440 5.363
J R0 0200 |2669 | 0284 | 7.910
L = = 0.100 5.167 0.138 15.455
1.500 1.333 0.500
o 4 1.111 0.466 1.592 1.744 1.469
FIG. 3-11. Unequal terminations.
1.250 0.388 1.695 1.511 1.811
R Filter 1.429 0.325 1.862 1.291 2.175
5 1.667 0.269 2.103 1.082 2.613
l Rg? 2.000 |0.218 2.452 0.883 3.187
1 L L 2.500 0.169 2.986 0.691 4.009
3.333 0.124 3.883 0.507 5.338
5.000 0.080 5.684 0.331 7.940
FIG. 3-12. Normalized unequal terminations.
10.000 0.039 11.094 0.162 15.642
. o . 1.531 1.577 1.082 0.383
We can use the norma!|ze(_j terminating resistors to help us nd RIR. L c, L Cs
a low-pass prototype circuit.
Table 3-2 is a list of Butterworth low-pass prototype values R L L
for various ratios of source to load impedané®/R.). The
OzI C4I R
ClI Csj[ R TABLE 3-2A. (Continued)
? _ _ i schematic shown above the table is used wR¢R_ is cal-
R/ R C1 L Cs L culated, and the element values are read down from the top of
2 1.111 1.035 1.835 the table. Alternately, wheR| /Rs is calculated, the schematic
1.250 0.849 5191 below the table is used while reading up from the bottom of the
: : : table to get the element values (Example 3-2).
1.429 0.697 2.439 . . . .
Obviously, all possible ratios of source to load resistance could
1.667 0.566 2.828 not possibly “t on a chart of this size. This, of course, leaves
2.000 0.448 3.346 the potential problem of not being able to “nd the ratio that you
5500 0.342 4.095 need for a particular design task. The solution to this dilemma
is to simply choose a ratio that most closely matches the ratio
3.333 0.245 5.313 you need to complete the design. For ratios of 100:1 or so, the
5.000 0.156 7.707 best results are obtained if you assume this value to be so high
10.000 0.074 14.814 for practical purposes as to be in“nite. Since, in these instances,
1214 0707 you are only approximating the ratio of source to load resistance,
i : the “lter derived will only approximate the response that was
3 0.900 0.808 1.633 1.599 originally intended. This is usually not too much of a problem.
0.800 0.844 1.384 1.926
0.700 0.915 1.165 2.277 The Chebyshev Response
0.600 1.023 0.965 2.702 The Chebyshev “Iter is a higkp “Iter that is used when: (1) a
0.500 1.181 0.779 3.261 steeper initial descent into the stopband is required, and (2) the
0.400 1425 0604 4.064 passband response is no longer required to be "at. With this type

TABLE 3-2A. Butterworth Low-Pass Prototype Element Values

of requirement, ripple can be allowed in the passband. As more
ripple is introduced, the initial slope at the beginning of the stop-
band is increased and produces a more rectangular attenuation
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ClI G I C%% QJI' R
R/R. C1 L Cs L Cs Ls Cr
0.900 0.442 1.027 1.910 1.756 1.389
0.800 0.470 0.866 2.061 1.544 1.738
0.700 0.517 0.731 2.285 1.333 2.108
0.600 0.586 0.609 2.600 1.126 2.552
0.500 0.686 0.496 3.051 0.924 3.133
0.400 0.838 0.388 3.736 0.727 3.965
0.300 1.094 0.285 4.884 0.537 5.307
0.200 1.608 0.186 7.185 0.352 7.935
0.100 3.512 0.091 14.095 0.173 15.710
1.545 1.694 1.382 0.894 0.309
1.111 0.289 1.040 1.322 2.054 1.744 1.335
1.250 0.245 1.116 1.126 2.239 1.550 1.688
1.429 0.207 1.236 0.957 2.499 1.346 2.062
1.667 0.173 1.407 0.801 2.858 1.143 2.509
2.000 0.141 1.653 0.654 3.369 0.942 3.094
2.500 0.111 2.028 0.514 4.141 0.745 3.931
3.333 0.082 2.656 0.379 5.433 0.552 5.280
5.000 0.054 3.917 0.248 8.020 0.363 7.922
10.000 0.026 7.705 0.122 15.786 0.179 15.738
1.553 1.759 1.553 1.202 0.758 0.259
0.900 0.299 0.711 1.404 1.489 2.125 1.727 1.296
0.800 0.322 0.606 1.517 1.278 2.334 1.546 1.652
0.700 0.357 0.515 1.688 1.091 2.618 1.350 2.028
0.600 0.408 0.432 1.928 0.917 3.005 1.150 2.477
0.500 0.480 0.354 2.273 0.751 3.553 0.951 3.064
0.400 0.590 0.278 2.795 0.592 4.380 0.754 3.904
0.300 0.775 0.206 3.671 0.437 5.761 0.560 5.258
0.200 1.145 0.135 5.427 0.287 8.526 0.369 7.908
0.100 2.257 0.067 10.700 0.142 16.822 0.182 15.748
1.558 1.799 1.659 1.397 1.055 0.656 0.223
R/Rs L C, Ls Cq Ls Ce L7
RS Ll L3 L7
G % Cy fl[' G % R

TABLE 3-2B. Butterworth Low-Pass Prototype Element Values

43
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EXAMPLE 3-2

Find the low-pass prototype value for am= 4
Butterworth pblter with unequal terminations:
Rs= 50 ohms, R_= 100 ohms.

Solution

Normalizing the two terminations for R_.= 1 ohm will yield
a value of Rs= 0.5. Reading down from the top of

Table 3-2, for ann = 4 low-pass prototype value, we

see that there is noRy/R_= 0.5 ratio listed. Our second
choice, then, is to take the value ofR /Rs= 2, and read up
from the bottom of the table while using the schematic
below the table as the form for the low-pass prototype
values. This approach results in the low-pass prototype
circuit of Fig. 3-13.

0.218 0.883

05 Ie121120

[

FIG. 3-13. Low-pass prototype circuit for Example 3-2.
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FIG. 3-14. Comparison of three-element Chebyshev and Butterworth
responses.

curve when compared to the rounded Butterworth response. This
comparisonis made in Fig. 3-14. Both curves arenfer3 “Iters.
The Chebyshev response shown has 3 dB of passband ripple an
produces a 10-dB improvement in stopband attenuation over the _

Butterworth “lter.

n Chebyshev Polynomial
1 =
2
2 2 — S1
3 .
3 4 — S3 —
4 2
4 8 — S8 — +1
5 3
5 16 — S20 — +5 —
6 4 2
6 32 — S48 — +18 — S1
7 5 3,
7 64 — S112 — +58 — S7 —

TABLE 3-3. Chebyshev Polynomials to the Order

The attenuation of a Chebyshev “lter can be found by making a
few simple but tiresome calculations, and can be expressed as:

Agg = 10log 1+ 2C2 — (Eq. 3-7)
Cc
where
Cﬁ — isthe Chebyshev polynomial to the ordezvaluated
C
at

C

The Chebyshev polynomials for the “rst seven orders are given
in Table 3-3. The parameteiis given by:

= 10R®/10§ 1 (Eq. 3-8)
where
Ryp is the passband ripple in decibels.
Notethat — isnotthe same as— . The quantity —
can be founé by de“ning another pacrameter: ¢
B= %coshé‘l 1 (Eq. 3-9)

where
n= the order of the “lter,
= the parameter de“ned in Equation 3-8,
cosi¥l = the inverse hyperbolic cosine of the quantity in
parentheses.

Fiaally, we have:

— coshB
C C

(Eg. 3-10)
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Frequency Ratiof(f.)
Frequency Ratiof(f,)

- . - FIG. 3-16. Attenuation characteristics for a Chebyshev Plter with 0.1-dB
FIG. 3-15. Attenuation characteristics for a Chebyshev blter with 0.01-dB

. ripple.
ripple
0
T —
where 12 % — n
24 N \ —— i‘ 1
— = the ratio of the frequency of interest to the cutoff ~ 36 \\\ \\ <3 — -
¢ frequency, g NN N T —
cosh= the hyperbolic cosine. § 60 \\\\\ N I~
g 2 \\\\ \\ s \\\ ™
If your calculator does not have hyperbolic and inverse hyper- ﬁ ! \\\\ \\
bolic functions, they can be manually determined from the 84 NN N m
following relations: 96 N
S 108 \\7 h
coshx = 0.5(¢* + e>*
( ) 120 \\ ™
and 1.0 15 20 25303540 5 6 7 8 910

Frequency Ratiof(f,)
cosiPlx=In(x+x x2S1)

The preceding equations yield families of attenuation curved|G. 3-17.  Attenuation characteristics for a Chebyshev Plter with 0.5-dB
each classi‘ed according to the amount of ripple allowed irfiPple.
the passband. Several of these families of curves are shown in

Figs. 3-15 through 3-18, and include 0.01-dB, 0.1-dB, 0.5-dB, 0 l
and 1.0-dB ripple. Each curve begins dt ;= 1, which is the 12 $\ ~ j
normalized cutoff, or 3-dB frequency. The passband ripple is, 24 < \l\
therefore, not shown. . 36 \\\\ ~13 T~

m T
If other families of attenuation curves are needed with different % 48 AN ~¢ ™ i
values of passband ripple, the preceding Chebyshev equation% 60 \ L N \L\
can be used to derive them. The problem in Example 3-3 g 7 \\\ \\5 S —
illustrates this. 2 o NN Y N
Obviously, performing the calculations of Example 3-3 for % \ > N N
various values of / ¢, ripple, and “lter order is a very time- \ S S
consuming chore unless a programmable calculator or computer 108 \ ~
is available to do most of the work for you. 1201.0 15 20 25 30 3.543 = é 778910
The low-pass prototype element values corresponding to the Frequency Ratiof(f,)

Chebyshev responses of Figs. 3-15 through 3-18 are given in
Tables 3-4 through 3-7. Note that the Chebyshev prototype
values could not be separated into two distinct sets of tablg3G. 3-18. Attenuation characteristics for a Chebyshev plter with 1-dB
covering the equal and unequal termination cases, as was dofmple.
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EXAMPLE 3-3

Find the attenuation of a 4-element, 2.5-dB ripple,
low-pass Chebyshev blter at/ .= 2.5.

Solution

First evaluate the parameter:

= 1025/10§ 1
= 0.882
Next, bndB.
5 1
B= = cost’! 0882
= 0.1279
Then, (I ) is:

= 2.5cosh1279

o

= 2.5204
Finally, we evaluate the fourth orderif = 4) Chebyshev
polynomial at ( / () = 2.52.
4 2

c2 — =8 — 8§8 — +1

n
[+ C C
= 8(2.5204)" § 8(2.5204) + 1
= 273.05

We can now evaluate the bnal equation.

Ags= 10log;p 1+ °Ch —

C

10log;,[1 + (0.882)*(273.05)°]
47.63dB

Thus, atan / ., of 2.5, you can expect 47.63 dB of
attenuation for this plter.

1.429 0.759 2.344
1.667 0.609 2.750
2.000 0.479 3.277
2.500 0.363 4.033
3.333 0.259 5.255
5.000 0.164 7.650
10.000 0.078 14.749
1.412 0.742

3 1.000 1.181 1.821 1.181
0.900 1.092 1.660 1.480
0.800 1.097 1.443 1.806
0.700 1.160 1.228 2.165
0.600 1.274 1.024 2.598
0.500 1.452 0.829 3.164
0.400 1.734 0.645 3.974
0.300 2.216 0.470 5.280
0.200 3.193 0.305 7.834
0.100 6.141 0.148 15.390
1.501 1.433 0.591
4 1.100 0.950 1.938 1.761 1.046
1.111 0.854 1.946 1.744 1.165
1.250 0.618 2.075 1.542 1.617
1.429 0.495 2.279 1.334 2.008
1.667 0.398 2.571 1.128 2.461
2.000 0.316 2.994 0.926 3.045
2.500 0.242 3.641 0.729 3.875
3.333 0.174 4.727 0.538 5.209
5.000 0.112 6.910 0.352 7.813
10.000 0.054 13.469 0.173 15.510
1.529 1.694 1.312 0.523

TABLE 3-4A. Chebyshev Low-Pass Element Values for 0.01-dB Ripple.

n RL/ Rs Ly C, L3 Cy
R, L L R Ly Ls
G I G I R C I 041 R
RJ/R. Cy L Cs L4
2 1.101 1.347 1.483 TABLE 3-4A.  (Continued)
1.111 1.247 1.595
1.250 0.943 1.997 for the Butterworth prototypes. This is because the even order

(n=2,4,6,...) Chebyshev “lters cannot have equal termina-
tions. The source and load must always be different for proper
operation as shown in the tables.



R L L
ClI G I G I G I R
R/R. Cy Lo Cs Ly Cs Ls Cy
5 1.000 0.977 1.685 2.037 1.685 0.977
0.900 0.880 1.456 2.174 1.641 1.274
0.800 0.877 1.235 2.379 1.499 1.607
0.700 0.926 1.040 2.658 1.323 1.977
0.600 1.019 0.863 3.041 1.135 2.424
0.500 1.166 0.699 3.584 0.942 3.009
0.400 1.398 0.544 4.403 0.749 3.845
0.300 1.797 0.398 5.772 0.557 5.193
0.200 2.604 0.259 8.514 0.368 7.826
0.100 5.041 0.127 16.741 0.182 15.613
1.547 1.795 1.645 1.237 0.488
6 1.101 0.851 1.796 1.841 2.027 1.631 0.937
1.111 0.760 1.782 1.775 2.094 1.638 1.053
1.250 0.545 1.864 1.489 2.403 1.507 1.504
1.429 0.436 2.038 1.266 2.735 1.332 1.899
1.667 0.351 2.298 1.061 3.167 1.145 2.357
2.000 0.279 2.678 0.867 3.768 0.954 2.948
2.500 0.214 3.261 0.682 4.667 0.761 3.790
3.333 0.155 4.245 0.503 6.163 0.568 5.143
5.000 0.100 6.223 0.330 9.151 0.376 7.785
10.000 0.048 12.171 0.162 18.105 0.187 15.595
1.551 1.847 1.790 1.598 1.190 0.469
7 1.000 0.913 1.595 2.002 1.870 2.002 1.595 0.913
0.900 0.816 1.362 2.089 1.722 2.202 1.581 1.206
0.800 0.811 1.150 2.262 1.525 2.465 1.464 1.538
0.700 0.857 0.967 2.516 1.323 2.802 1.307 1.910
0.600 0.943 0.803 2.872 1.124 3.250 1.131 2.359
0.500 1.080 0.650 3.382 0.928 3.875 0.947 2.948
0.400 1.297 0.507 4,156 0.735 4.812 0.758 3.790
0.300 1.669 0.372 5.454 0.546 6.370 0.568 5.148
0.200 2.242 0.242 8.057 0.360 9.484 0.378 7.802
0.100 4.701 0.119 15.872 0.178 18.818 0.188 15.652
1.559 1.867 1.866 1.765 1.563 1.161 0.456
n R/Rs L C Ls Cq Ls Cs L

TABLE 3-4B. Chebyshev Low-Pass Element Values for 0.01-dB Ripple.
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I

C4;[ R_‘

n R/ R (] Lo Cs Ly
2 1.355 1.209 1.638
1.429 0.977 1.982
1.667 0.733 2.489
2.000 0.560 3.054
2.500 0.417 3.827
3.333 0.293 5.050
5.000 0.184 7.426
10.000 0.087 14.433
1.391 0.819
3 1.000 1.433 1.594 1.433
0.900 1.426 1.494 1.622
0.800 1.451 1.356 1.871
0.700 1.521 1.193 2.190
0.600 1.648 1.017 2.603
0.500 1.853 0.838 3.159
0.400 2.186 0.660 3.968
0.300 2.763 0.486 5.279
0.200 3.942 0.317 7.850
1.100 7.512 0.155 15.466
1.513 1.510 0.716
4 1.355 0.992 2.148 1.585 1.341
1.429 0.779 2.348 1.429 1.700
1.667 0.576 2.730 1.185 2.243
2.000 0.440 3.227 0.967 2.856
2.500 0.329 3.961 0.760 3.698
3.333 0.233 5.178 0.560 5.030
5.000 0.148 7.607 0.367 7.614
10.000 0.070 14.887 0.180 15.230
1.511 1.768 1.455 0.673
n R/Rs Ly (o) Lg Cy
Ll L3
(T,

TABLE 3-5A. Chebyshev Low-Pass Prototype Element Values for 0.1-dB

Ripple

The rules used for interpreting the Butterworth tables apply here
also. The schematic shown above the table is used, and the
element designators are read down from the top, when the ratio
R¢/R_ is calculated as a design criteria. Alternately, WiHhRs
calculations, use the schematic given below the table and read
the element designators upwards from the bottom of the table.
Example 3-4 is a practice problem for use in understanding the
procedure.

EXAMPLE 3-4

Find the low-pass prototype values for am= 5, 0.1-dB
ripple, Chebyshev Plter if the source resistance you are
designing for is 50 ohms and the load resistance is

250 ohms.

Solution

Normalization of the source and load resistors yields an
R/R_= 0.2. A look at Table 3-5, for a 0.1-dB ripple blter
with an n= 5 and anR/R_= 0.2, yields the circuit values
shown in Fig. 3-19.

0.295 0.366

FIG. 3-19. Low-pass prototype circuit for Example 3-4.

It should be mentioned here that equations could have been pre-
sented in this section for deriving the element values for the
Chebyshev low-pass prototypes. The equations are extremely
long and tedious, however, and there would be little to be gained
from their presentation.

The Bessel Filter

The initial stopband attenuation of the Bessel “lIter is very poor
and can be approximated by:

Agg=3 — (Eq. 3-11)

This expression, however, is not very accurate above/ag
that is equal to about 2. For values of . greater than

2, a straight-line approximation of 6 dB per octave per ele-
ment can be made. This yields the family of curves shown in
Fig. 3-20.



R 2 PNy
T T 7 T
n| R/R Cy Ly Cs Ly Cs Ls Cy
5 1.000 1.301 1.556 2.241 1.556 1.301
0.900 1.285 1.433 2.380 1.488 1.488
0.800 1.300 1.282 2.582 1.382 1.738
0.700 1.358 1.117 2.868 1.244 2.062
0.600 1.470 0.947 3.269 1.085 2.484
0.500 1.654 0.778 3.845 0.913 3.055
0.400 1.954 0.612 4.720 0.733 3.886
0.300 2.477 0.451 6.196 0.550 5.237
0.200 3.546 0.295 9.127 0.366 7.889
0.100 6.787 0.115 17.957 0.182 15.745
1.561 1.807 1.766 1.417 0.651
6 1.355 0.942 2.080 1.659 2.247 1.534 1.277
1.429 0.735 2.249 1.454 2.544 1.405 1.629
1.667 0.542 2.600 1.183 3.064 1.185 2.174
2.000 0.414 | 3.068 0.958 3.712 0.979 2.794
2.500 0.310 3.765 0.749 4.651 0.778 3.645
3.333 0.220 4.927 0.551 6.195 0.580 4.996
5.000 0.139 7.250 0.361 9.261 0.384 7.618
10.000 0.067 | 14.220 0.178 18.427 0.190 15.350
1.534 1.884 1.831 1.749 1.394 0.638
7 1.000 1.262 1.520 2.239 1.680 2.239 1.520 1.262
0.900 1.242 1.395 2.361 1.578 2.397 1.459 1.447
0.800 1.255 1.245 2.548 1.443 2.624 1.362 1.697
0.700 1.310 1.083 2.819 1.283 2.942 1.233 2.021
0.600 1.417 0.917 3.205 1.209 3.384 1.081 2.444
0.500 1.595 0.753 3.764 0.928 4.015 0.914 3.018
0.400 1.885 0.593 4.618 0.742 4.970 0.738 3.855
0.300 2.392 0.437 6.054 0.556 6.569 0.557 5.217
0.200 3.428 0.286 8.937 0.369 9.770 0.372 7.890
0.100 6.570 0.141 17.603 0.184 19.376 0.186 15.813
1.575 1.858 1.921 1.827 1.734 1.379 0.631
n| R/Rs L Cz Ls Cq Ls Ce L7

TABLE 3-5B. Chebyshev Low-Pass Prototype Element Values for 0.1-dB Ripple
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TABLE 3-6A. Chebyshev Low-Pass Prototype Element Values for 0.5-dB

Ripple

But why would anyone deliberately design a “Iter with very

0
L L
R
20 QL\
1 1 1 4 \ \ \ \
40 NS
n R/ R Cy Lo Cs Ly \ \\ \
2 1.984 0.983 1.950 ) . \
2.000 0.909 2.103 =t \ \\
2.500 0.564 3.165 g 60 \\ AN
o fow | : XN
3.333 0.375 4.411 I 6
5.000 0.228 6.700 < \ \
10.000 0.105 13.322 80
1.307 0.975 \
3 1.000 1.864 1.280 1.834 \
0.900 1.918 1.209 2.026 100 N
0.800 1.997 1.120 2.237
0.700 2.114 1.015 2,517
0.500 2.557 0.759 3.436 120
1 2 3 4 5 6 8 10
0.400 2.985 0.615 4.242
Frequency f/f.)
0.300 3.729 0.463 5.576
0.200 5.254 0.309 8.225
0.100 9-890 0.153 16.118 FIG. 3-20. Attenuation characteristics of Bessel blters.
1.572 1.518 0.932 . . o . . .
phase nonlinearity results in distortion of wideband signals due
4 1.984 0.920 2.586 1.304 1.826 ; e . . .
to the widely varying time delays associated with the different
2.000 0.845 2.720 1.238 1.985 spectral components of the signal. Bessel “Iters, on the other
2.500 0.516 3.766 0.869 3121 hand, with their maximally "at (constant) group delay are able
3.333 0.344 5.120 0.621 4.480 to pass wideband signals with a minimum of distortion, while
5.000 0.210 7.708 0.400 6.987 still providing someselectivity.
10.000 0.098 15.352 0.194 14.262
1.436 1.889 1521 0.913 The onv—pass prototype element values for the Bessel “lter are
N RUR L C L Ca given in Tablg 3-8. Table 3-8 tabulates the prototype element
values for various ratios of source to load resistance.
R L L
-~ (T¥NL FREQUENCY AND IMPEDANCE SCALING
_J_ _l_ Once you specify the “Iter, choose the appropriate attenuation
G Cs R response, and write down the low-pass prototype values, the
I I next step is to transform the prototype circuit into a usable “I-
= = = = ter. Remember, the cutoff frequency of the prototype circuit is

0.159Hz ( = 1rad/sec), and it operates between a source and
a load resistance that are normalized so Baat 1 ohm.

The transformation is effected through the following formulas:

poor initial stopband attenuation characteristics? The Bessel «gnd

ter was originally optimized to obtain maximally "at group

delayorlinear phasecharacteristic in thdterss passband. Thus,
selectivity or stopband attenuation is not a primary concern
when dealing with the Bessel “Iter. In high- and medi@n-

Cn

= Eq. 3-12
2 TR (Eq. 3-12)
RLs

L= Eq. 3-13
21 (Eq )

where

“lters, such as the Chebyshev and Butterworth “Iters, the phas€ = the “nal capacitor value,
response is extremely nonlinear over the “lteres passband. This = the “nal inductor value,
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R/R. C1 L Cs L4 Cs Ls Cs
5 1.000 1.807 1.303 2.691 1.303 1.807
0.900 1.854 1.222 2.849 1.238 1.970
0.800 1.926 1.126 3.060 1.157 2.185
0.700 2.035 1.015 3.353 1.058 2.470
0.600 2.200 0.890 3.765 0.942 2.861
0.500 2.457 0.754 4.367 0.810 3.414
0.400 2.870 0.609 5.296 0.664 4.245
0.300 3.588 0.459 6.871 0.508 5.625
0.200 5.064 0.306 10.054 0.343 8.367
0.100 9.556 0.153 19.647 0.173 16.574
1.630 1.740 1.922 1.514 0.903
6 1.984 0.905 2.577 1.368 2.713 1.299 1.796
2.000 0.830 2.704 1.291 2.872 1.237 1.956
2.500 0.506 3.722 0.890 4.109 0.881 3.103
3.333 0.337 5.055 0.632 5.699 0.635 4.481
5.000 0.206 7.615 0.406 8.732 0.412 7.031
10.000 0.096 15.186 0.197 17.681 0.202 14.433
7 1.000 1.790 1.296 2.718 1.385 2.718 1.296 1.790
0.900 1.835 1.215 2.869 1.308 2.883 1.234 1.953
0.800 1.905 1.118 3.076 1.215 3.107 1.155 2.168
0.700 2.011 1.007 3.364 1.105 3.416 1.058 2.455
0.600 2174 0.882 3.772 0.979 3.852 0.944 2.848
0.500 2.428 0.747 4.370 0.838 2.289 0.814 3.405
0.400 2.835 0.604 5.295 0.685 5.470 0.669 4.243
0.300 3.546 0.455 6.867 0.522 7.134 0.513 5.635
0.200 5.007 0.303 10.049 0.352 10.496 0.348 8.404
0.100 9.456 0.151 19.649 0.178 20.631 0.176 16.665
1.646 1.777 2.031 1.789 1.924 1.503 0.895
n| R/R L Cz Ls Cq Ls Cs L7
R L L Ls L
o VUL, (TN
% % cﬁ% .

TABLE 3-6B. Chebyshev Low-Pass Prototype Element Values for 0.5-dB Ripple
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EXAMPLE 3-5
R L L
Scale the low-pass prototype values of Fig. 3-19
(Example 3-4) to a cutoff frequency of 50 MHz and a load
(o} o R resistance of 250 ohms.
1 l l 1 Solution
Use Equations 3-12 and 3-13 to scale each component as
R/R. C, L, Cs Ly follows:
2 | 3.000 0.572 3.132 C = _ 8546
i i ; 17 2 (50 105)(250)
4.000 0.365 4.600 = 45pF
8.000 0.157 9.658 .- 9.127
1.213 1.109 ~ 2 (50x 106)(250)
3 | 1.000 2.216 1.088 2.216 = 116 pF
0.500 4.431 0.817 2.216 = 7.889
0.333 6.647 0.726 2.216 2 (50x 10°)(250)
0.250 8.862 0680 | 2216 = 100pF
0.125 17.725 0.612 2.216 , = (250)(0295)
6
1.652 1460 | 1.108 2 (50x10°)
= 235nH
4 | 3.000 0.653 4411 0.814 2.535
L = (250)(0.366)
4.000 0.452 7.083 0.612 2.848 ~ 2 (50% 10°)
8.000 0.209 17.164 0.428 3.281 = 291nH
1.350 2.010 1.488 1.106 The source resistance is scaled by multiplying its
n|R/R Ly C, Ls Cy normalized value by the bPnal value of the load resistor.
Ry(pnay = 0.2(250)
L Ls
R t11) = 50 0hms
J_ _|_ The Pnal circuit appears in Fig. 3-21.
G I C4I R
= = = = 50 v

TABLE 3-7A. Chebyshev Low-Pass Prototype Element Values for 1.0-dB
Ripple

Cn = alow-pass prototype element value, o
FIG. 3-21. Low-pass bilter circuit for Example 3-5.

L= alow-pass prototype element value,
R= the “nal load resistor value,

fc = the “nal cutoff frequency. 2. Normalize the frequencies of interest by dividing them
The normalized low-pass prototype source resistor must also be by the cutoff frequency of the “lter. This step forces your
transformed to its “nal value by multiplying it by the “nal value data to be in the same form as that of the attenuation
of the load resistor (Example 3-5). Thus, the ratio of the two ~ curves of this chapter, where the 3-dB point on the
always remains the same. curve s
The process for designing a low-pass “Iter is a very simple one f_ -1
which involves the following procedure: fc

1. De“ne the response you need by specifying the required 3. Determine the maximum amount of ripple that you can
attenuation characteristics at selected frequencies. allow in the passband. Remember, the greater the amount
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n|R/R C1 Ly Cs Ly Cs Le Cy
5| 1.000 2.207 1.128 3.103 1.128 2.207
0.500 4.414 0.565 4.653 1.128 2.207
0.333 6.622 0.376 6.205 1.128 2.207
0.250 8.829 0.282 7.756 1.128 2.207
0.125 17.657 0.141 13.961 1.128 2.207
1.721 1.645 2.061 1.493 1.103
6 | 3.000 0.679 3.873 0.771 4.711 0.969 2.406
4.000 0.481 5.644 0.476 7.351 0.849 2.582
8.000 0.227 12.310 0.198 16.740 0.726 2.800
1.378 2.097 1.690 2.074 1.494 1.102
7 | 1.000 2.204 1.131 3.147 1.194 3.147 1.131 2.204
0.500 4.408 0.566 6.293 0.895 3.147 1.131 2.204
0.333 6.612 0.377 9.441 0.796 3.147 1.131 2.204
0.250 8.815 0.283 12.588 0.747 3.147 1.131 2.204
0.125 17.631 0.141 25.175 0.671 3.147 1.131 2.204
1.741 1.677 2.155 1.703 2.079 1.494 1.102
n| R/Rs L C Ls Cy Ls Ce L7
R L L Ls L

TABLE 3-7B. Chebyshev Low-Pass Prototype Element Values for 1.0-dB Ripple

of ripple allowed, the more selective the “Iter is. Higher

values of ripple may allow you to eliminate a few
components.

Example 3-6 diagrams the process of designing a low-pass “Iter
using the preceding steps.

. Match the normalized attenuation characteristics (Steps 1

and 2) with the attenuation curves provided in this

chapter. Allow yourself a small sfudge-factorZ for good HIGH-PASS FILTER DESIGN

measure. This step reveals the minimum number of
circuit elements that you can get away with...given a
certain “lter type.

5. Find the low-pass prototype values in the tables.

“nal design.

Once you have learned the mechanics of low-pass “Iter design,
high-pass design becomes a snap. You can use all of the atten-
uation response curves presented, thus far, for the low-pass
“Iters by simply inverting the will produce an attenuation of
about 60dB at ari/fc of 3 (Fig. 3-16). If you were working

6. Scale all elements to the frequency and impedance of thinstead with ahigh-pass “Iter of the same size and type, you

could still use Fig. 3-16 to tell you that at dif. of 1/3 (or,
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n| R/R Cy L Cs Ly

2| 1.000 | 0.576 2.148

1.111 | 0.508 2.310

RR |G L s L
1.501 0.978 0.613 0.211
RIR |L | C L Ce
R M1 ks

1.250 | 0.443 2.510

1.429 | 0.380 2.764

1.667 | 0.319 3.099

2.000 | 0.260 3.565

2.500 | 0.203 4.258

3.333 | 0.149 5.405

5.000 | 0.097 7.688

10.000 | 0.047 14.510

1.362 0.454

3| 1.000 | 0.337 0.971 2.203

0.900 | 0.371 0.865 2.375

0.800 | 0.412 0.761 2.587

0.700 | 0.466 0.658 2.858

0.600 | 0.537 0.558 3.216

0.500 | 0.635 0.459 3.714

0.400 | 0.783 0.362 4.457

0.300 | 1.028 0.267 5.689

0.200 | 1.518 0.175 8.140

0.100 | 2.983 0.086 | 15.470

1.463 0.843 0.293

4| 1.000 | 0.233 0.673 1.082 2.240
1.111 | 0.209 0.742 0.967 2.414
1.250 | 0.184 0.829 0.853 2.630
1.429 | 0.160 0.941 0.741 2.907
1.667 | 0.136 1.089 0.630 3.273
2.000 | 0.112 1.295 0.520 3.782
2.500 | 0.089 1.604 0.412 4.543
3.333 | 0.066 2.117 0.306 5.805
5.000 | 0.043 3.142 0.201 8.319

10.000 | 0.021 6.209 0.099 15.837

TABLE 3-8A. Bessel Low-Pass Prototype Element Values

TABLE 3-8A. (Continued)

EXAMPLE 3-6

Design a low-pass blter to meet the following
specibcations:

fc = 35MHz,

Response greater than 60dB down at 105 MHz,
Maximally Rat passbandNno ripple,

R;= 50 ohms,
R = 500 ohms.

Solution

The need for a maximally Rat passband automatically
indicates that the design must be a Butterworth response.
The brst step in the design process is to hormalize
everything. Thus,

R _ 50
R~ 500
=01

Next, normalize the frequencies of interest so that they
may be found in the graph of Fig. 3-9. Thus, we have:

f60dB _ 105 MHz
fags  35MHz
=3

We next look at Fig. 3-9 and bnd a response that is down
at least 60dB at a frequency ratio off /f.= 3. Fig. 3-9
indicates that it will take a minimum of 7 elements to
provide the attenuation specibed. Referring to the catalog
of Butterworth low-pass prototype values given in
Table 3-2 yields the prototype circuit of Fig. 3-22.

Continued on next page
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FIG. 3-22. Low-pass prototype circuit for Example 3-6.

We then scale these values using Equations 3-12 and
3-13. The brst two values are worked out for you.

c = 2.257
2 (35x 106)500
= 21pF
_ (500)(0.067)
2 (35x 106)
= 152nH
Similarly,
G = 97pF,
Gs = 153pF
C; = 143pF,
Ly = 323nH,
Ls = 414 nH,
Rs= 50 ohms,
R = 500 ohms.

The Pnal circuit is shown in Fig. 3-23.

FIG. 3-23. Low-pass Plter circuit for Example 3-6.

fo/f = 3) a 5-element, 0.1-dB-ripple Chebyshkigh-pass “I-

High-Pass Filter Design 55

After “nding the response that satis“es all of the require-
ments, the next step is to simply refer to the tables of low-pass
prototype values and copy down the prototype values that are
called for. High-pass values for the elements are then obtained
directly from the low-pass prototype values as follows (refer to
Fig. 3-24):

(A) Low-pass prototype circuit

0.549
1 S
IL
v "
0.847 0.847 1
L Ls

(B)Equivalent high-pass prototype circuit

FIG 3-24. Low-pass to high-pass blter transformation.

Simply replace each “lter element with an element of the
opposite type and with a reciprocal value. Thus,of Fig. 3-

24B is equal to XZ; of Fig. 3-24A. Likewise,C,= 1/L, and

L3z = 1/C3. Stated another way, if the low-pass prototype indi-
cates a capacitor of 1.181 farads, then use an inductor with
a value of 1/1.18% 0.847 henry, instead, for a high-pass
design. However, the source and load resistors should not be
altered.

The transformation process results in an attenuation character-
istic for the high-pass “Iter that is an exact mirror image of the
low-pass attenuation characteristic. The ripple, if there is any,
remains the same and the magnitude of the slope of the stopband
(or passband) skirts remains the same. Example 3-7 illustrates
the design of high-pass “lters.

A closer look at the “Iter designed in Example 3-7 reveals that it
is symmetric. Indeed, all “lters given for the equal termination
class are symmetric. The equal termination class of “Iter thus

ter will also produce an attenuation of 60 dB. This is obviouslyyields a circuit that is easier to design (fewer calculations) and,
more convenient than having to refer to more than one set df most cases, cheaper to build for a high-volume product, due

curves.

to the number of equal valued components.



L
C I G ]: CSI < I
R/R Cy Ly Cs Ly Cs Le Cy
5 1.000 0.174 0.507 0.804 1.111 2.258
0.900 0.193 0.454 0.889 0.995 2.433
0.800 0.215 0.402 0.996 0.879 2.650
0.700 0.245 0.349 1.132 0.764 2.927
0.600 0.284 0.298 1.314 0.651 3.295
0.500 0.338 0.247 1.567 0.538 3.808
0.400 0.419 0.196 1.946 0.427 4.573
0.300 0.555 0.146 2.577 0.317 5.843
0.200 0.825 0.096 3.835 0.210 8.375
0.100 1.635 0.048 7.604 0.104 15.949
1.513 1.023 0.753 0.473 0.162
6 1.000 0.137 0.400 0.639 0.854 1.113 2.265
1.111 0.122 0.443 0.573 0.946 0.996 2.439
1.250 0.108 0.496 0.508 1.060 0.881 2.655
1.429 0.094 0.564 0.442 1.207 0.767 2.933
1.667 0.080 0.655 0.378 1.402 0.653 3.300
2.000 0.067 0.782 0.313 1.675 0.541 3.812
2.500 0.053 0.973 0.249 2.084 0.429 4.577
3.333 0.040 1.289 0.186 2.763 0.319 5.847
5.000 0.026 1.289 0.123 4.120 0.211 8.378
10.000 0.013 3.815 0.061 8.186 0.105 15.951
1.512 1.033 0.813 0.607 0.379 0.129
7 1.000 0.111 0.326 0.525 0.702 0.869 1.105 2.266
0.900 0.122 0.292 0.582 0.630 0.963 0.990 2.440
0.800 0.137 0.259 6.652 0.559 1.080 0.875 2.656
0.700 0.156 0.226 0.743 0.487 1.231 0.762 2.932
0.600 0.182 0.193 0.863 0.416 1.431 0.649 3.298
0.500 0.217 0.160 1.032 0.346 1.711 0.537 3.809
0.400 0.270 0.127 1.285 0.276 2.130 0.427 4,572
0.300 0.358 0.095 1.705 0.206 2.828 0.318 5.838
0.200 0.534 0.063 2.545 0.137 4.221 0.210 8.362
0.100 1.061 0.031 5.062 0.068 8.397 0.104 15.917
1.509 1.029 0.835 0.675 0.503 0.311 0.105
n R/Rs L C> Ls Cy Ls Ce Ly
R L L Ls L
G I Cs I CGI R

TABLE 3-8B. Bessel Low-Pass Prototype Element Values
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THE DUAL NETWORK

Thus far, we have been referring to the group of low-pass pro- EXAMPLE 3-7

totype element value tables presented, and then we choose the pegign an LC high-pass blter with afi, of 60 MHz and a
schematic that is located either above or below the tables for ,inimum attenuation of 40 dB at 30 MHz. The source and
the form of the “lter that we are designing, depending on the |54 resistance are equal at 300 ohms. Assume that a
value ofR_/Rs. Either form of the “Iter will produce exactly the 0.5-dB passband ripple is tolerable.

same attenuation, phase, and group-delay characteristics, and _

each form is called théual of the other. Solution
First, normalize the attenuation requirements so that the

Any “lter network in a ladder arrangement, such as the ones }
low-pass attenuation curves may be used.

presented in this chapter, can be changed into its dual form by

application of the following rules: f  30MHz
f. ~ 60MHz
1. Change all inductors to capacitors, and vice-versa, =05

without changing element values. Thus, 3 henries

becomes 3 farads. Inverting, we get:

fe
f

Now, select a normalized low-pass blter that offers at least

) ] 40-dB attenuation at a ratio of f ;/f = 2. Reference to
3. Change all shunt branches to series branches, and vice|  Fjg. 3.17 (attenuation response of 0.5-dB-ripple

2. Change all resistances into conductances, and vice-versa, =2
with the value unchanged. Thus, 3ohms becomes

3 mhos, or§ ohm.

versa. Chebyshev plters) indicates that a normalizen= 5
4. Change all elements in series with each other into Chebyshev will provide the needed attenuation. Table 3-6
elements that are in parallel with each other. contains the element values for the corresponding

network. The normalized low-pass prototype circuit is
shown in Fig. 3-25A. Note that the schematic below
Table 3-6B was chosen as the low-pass prototype circuit
rather than the schematic above the table. The reason for
Fig. 3-26 shows a ladder network and its dual representation.|  doing this will become obvious after the next step. Keep in
mind, however, that the ratio of R/R_is the same as the
ratio of R/Rs, and is unity. Therefore, it does not matter
which form is used for the prototype circuit.

5. Change all voltage sources into current sources, and vice
versa.

Dual networks are convenient, in the case of equal terminations,
if you desire to change the topology of the “Iter without changing
the response. It is most often used, as shown in Example 3-7, to
eliminate an unnecessary inductor which might have crept into  Next, transform the low-pass circuit to a high-pass

the design through some other transformation process. Inductors network by replacing each inductor with a capacitor, and
are typically more loweR devices than capacitors and, there-  vice versa, using reciprocal element values as shown in
fore, exhibit higher losses. These losses tend to cause insertion Fig. 3-25B. Note here that, had we begun with the

loss, in addition to generally degrading the overall performance low-pass prototype circuit shown above Table 3-6B, this
of the “Iter. The number of inductors in any network should,  transformation would have yielded a Plter containing

therefore, be reduced whenever possible. three inductors rather than the two shown in Fig. 3-25B.
The object in any of these Pblter designs is to reduce the

number of inductors in the bnal design. More on this later.
The bnal step in the design process is to scale the network

din both impedance and frequency using Equations 3-12
and 3-13. The brst two calculations are done

A little experimentation with dual networks having unequal ter-
minations will reveal that you can quickly get yourself into
trouble if you are not careful. This is especially true if the load
and source resistance are a design criteria and cannot be change
to suit the needs of your “Iter. Remember, when the dual of a net-

. L . o for you.
work with unequal terminations is taken, then the terminations
must by de“nition, change value as shown in Fig. 3-26. Flw
7 2 (60 x 10%(300)

BANDPASS FILTER DESIGN = 4.9pF
The low-pass prototype circuits and response curves given in this 1
chapter can also be used in the design of bandpass “Iters. This 300 ——
is done through a simple transformation process similar to what L= _ 13803
was done in the high-pass case. 2 (60 10°)

= 611nH

The most dif‘cult task awaiting the designer of a bandpass “lter,
if the design is to be derived from the low-pass prototype, is in
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6
Example 3-7.,Cont 4 T 5
The remaining values are: {—
5
C; = 3.3pF 2 —— ;
5
Cs = 4.9pF
3
L= 611nH il I il 1
(A) A reprsentative ladder network
1.807 2.691 1.807
1 3
R Ls Ls L
2
It
LA

(A) Normalized low-pass filter circuit

1 1/1.807 1/2.691 1/1.807
c G G
RS L IL dL
\ in 1A}
1/1.303 1/1.303 1

(:‘ % 1/4 {

(B)lts dual form

FIG. 3-26. Duality.

atafrequency or bandwidth of 4 kHZ{; = 2), thenthe response
of the bandpass network would be down 30 dB at a bandwidth of
4 kHz. Thus, the normaliz€fdf; axis of the low-pass attenuation

L Ly R

(B)High-pass transformation

curves becomes a ratio of bandwidths rather than frequencies,

~

BW,

BW,

Rs G G Gs
i 1t
\ LAY
300 4.9pF 3.3 pF 4.9 pF 0
3dB
L g611nH L 611 nH R.g300
(C)Frequency and impedance-scaled filter circuit 30dB -
FIG. 3-25. High-pass blter design for Example 3-7.
The Pnal blter circuit is given in Fig. 3-25C. 0
3dBf

specifying the bandpass attenuation characteristics in terms of
the low-pass response curves. A method for doing this is shown s 4g|-
by the curves in Fig. 3-27. As you can see, when a low-pass

(A) Low-pass prototype response

BW—

7 o \

design is transformed into a bandpass design, the attenuation
bandwidth ratios remain the same. This means that a low-pass
“Iter with a 3-dB cutoff frequency, or a bandwidth of 2 kHz,

would transform into a bandpass “Iter with a 3-dB bandwidth of

(B)Bandpass response

2KkHz. If the response of the low-pass network were down 30 dBIG. 3-27.

Low-pass to bandpass transformation bandwidths.
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such that:

BW f 3dB
= _ Eq. 3-14
BV T (Eq )

where

40 dB
BW= the bandwidth at the required value of attenuation,

BW. = the 3-dB bandwidth of the bandpass “Iter.

Often a bandpass response is not speci“ed, as in Example 3-8.

Instead, the requirements are often given as attenuation values

at speci‘ed frequencies as shown by the curve in Fig. 3-28. Iff!C- 3-28. Typical bandpass speciPcations.
this case, you must transform the stated requirements into infor-

mation that takes the form of Equation 3-14. As an example, 3 3
consider Fig. 3-28. How do we convert the data that is given into ——/T70T0 L , (YT
the bandwidth ratios we need? Before we can answer that, we
have to “ndfs. Use the following method.

2

t——) ——

EXAMPLE 3-8

Find the Butterworth low-pass prototype circuit which,
when transformed, would satisfy the following bandpass
blter requirements:

FIG. 3-29. Low-pass to bandpass circuit transformation.

frequency of the response curve shown in Fig. 3-28 must be
BWsyg = 2MHz

BW4OdB = 6 MHz fO

(45)(75) MHz
581 MHz

Solution

Note that we are not concerned with the center frequency
of the bandpass response just yet. We are only concerned
with the relationship between the above requirements

We can use Equation 3-15 again to “fd

and the low-pass response curves. Using Equation 3-14, 581=f3(125)
we have:
BW _f _ BWijoam or,
BW, fc BWags fa = 27 MHz
_ 6MHz
~ 2MHz Now thatfs is known, the data of Fig. 3-28 can be put into the
. form of Equation 3-14.
Therefore, turn to the Butterworth response curves shown BWiodgs _ 125MHzS 27 MHz
in Fig. 3-9 and Pnd a prototype value that will provide BWsgs "~ 75MHzS 45 MHz
40dB of attenuation at anf/f.= 3. The curves indicate a =327
5-element Butterworth plter will provide the needed
attenuation. To “nd a low-pass prototype curve that will satisfy these require-

ments, simply refer to any of the pertinent graphs presented in

this chapter and “nd a response that will provide 40 dB of atten-
The frequency response of a bandpass “lter exhibits geometrigation at arf /fc of 3.27. (A fourth-order or better Butterworth
symmetry. That is, it is only symmetric when plotted on a loga-‘lter will do quite nicely.)

rithmic scale. The center frequency of a geometrically symmetrighe actual transformation from the low-pass to the bandpass con-

‘lter is given by the formula: “guration is accomplished by resonating each low-pass element
fo= Tofp (Eq. 3-15) with an element of the opposite type and of the same value. All
shunt elements of the low-pass prototype circuit become parallel-
wheref, andf, are any two frequencies (one above and one belowesonant circuits, and all series elements become series-resonant
the passband) having equal attenuation. Therefore, the cenigfcuits. This process is illustrated in Fig. 3-30.
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BAND-REJECTION FILTER DESIGN

Band-rejection “lters are very similar in design approach to the
bandpass “Iter of the last section. Only, in this case, we want to
rejecta certain group of frequencies as shown by the curves in
Fig. 3-30.

The band-reject “lter lends itself well to the low-pass prototype
design approach using the same procedures as were used for the
bandpass design. First, de“ne the bandstop requirementsin terms
of the low-pass attenuation curves. This is done by using the
inverse of Equation 3-14. Thus, referring to Fig. 3-30, we have:

) - BW, f4Sf;
FIG. 3-30. Typical band-rejection Plter curves. BW fa 3 f,

50 dB

To Comp|ete the design' the transformed “Iter is then frequencyThiS sets the attenuation characteristic that is needed and allows
and impedance-scaled using the following formulas. For th&ou toread directly off the low-pass attenuation curves by substi-

para||e|_resonant branches, tuting BWL/BW for fc/f on the normalized frequency axis. Once
the number of elements that are required in the low-pass proto-
_ Cn (Eq. 3-16) type circuit is determined, the low-pass network is transformed
2 RB ' into a band-reject con“guration as follows:

_ _RB (Eq. 3-17) Each shunt element in the low-pass prototype circuit is replaced

2 foan by a shuntseries-resonant circuitand each series-element is
replaced by a seriggarallel-resonant circuit

and, for the series-resonant branches, This is shown in Fig. 3-31. Note that both elements in each of

the resonant circuits have the same normalized value.

B
C= ——— Eg. 3-18
2 f¢CiR (Ea )
6
R
L= Z—L” (Eq. 3-19) 6 T
where, in all cases, l > 3 I 6 9 I
R= the “nal load impedance, 3 9 I
B= the 3-dB bandwidth of the “nal design, I I 3 o
fo = the geometric center frequency of the “nal design, 1 1 | 1

Ln = the normalized inductdsandpas®lement values,
Cn = the normalized capacitdrandpas®lement values.

Example 3-9 furnishes one “nal example of the procedure fof'G- 3-31.  Low-pass to band-reject transformation.
designing a bandpass “Iter.

Once the prototype circuit has been transformed into its band-
reject con“guration, itis then scaled in impedance and frequency

SUMMARY OF THE BANDPASS using the following formulas. For all series-resonant circuits:
FILTER DESIGN PROCEDURE c
1. Transform the bandpass requirements into an equivalent c= -2 (Eq. 3-20)
low-pass requirement using Equation 3-14. 2 RB
2. Refer to the low-pass attenuation curves provided in order L= R_E (Eq. 3-21)
to “nd a response that meets the requirements of Step 1. 2 fgln
3. Find the corresponding low-pass prototype and write it o, o] parallel-resonant circuits:
down.
B
4. Transform the low-pass network into a bandpass C= o0t (Eq. 3-22)
con“guration. 2 fgRGy
5. Scale the bandpass con“guration in both impedance and L= RLy (Eq. 3-23)

frequency using Equations 3-16 through 3-19. 2B



Example 3-9
Design a bandpass Plter with the following requirements:
fo= 75MHz Passband Ripple 1dB
BWsgg = 7MHz R;= 500hms
BW,sqg = 35MHz R = 1000hms

Solution

Using Equation 3-14:

BWisgs _ 35
BWagg 7
=5

Substitute this value forf/f ; in the low-pass attenuation
curves for the 1-dB-ripple Chebyshev response shown in
Fig. 3-18. This reveals that a 3-element blter will provide
about 50 dB of attenuation at anf/f.= 5, which is more
than adequate. The corresponding element values for this
blter can be found in Table 3-7 for anR/R_= 0.5 and an
n= 3. This yields the low-pass prototype circuit of

Fig. 3-32A which is transformed into the bandpass
prototype circuit of Fig. 3-32B. Finally, using

Equations 3-16 through 3-19, we obtain the bnal circuit
that is shown in Fig. 3-32C. The calculations follow. Using
Equations 3-16 and 3-17:

) 4.431

~ 2 (100)(7x 108)

= 1007 pF

_ (100)(7x 10°)

1T 2 (75x 108Y(4.431)
= 4.47nH

C

Using Equations 3-18 and 3-19:
7 x 108
2 (75x 108)?(0.817)100
2.4pF
(100)(0.817)
2 (7x 108)
1.86uH

C2 =

L2 =

Similarly,
Cs = 504 pF
L3 = 8.93nH

where, in all cases,

B = the 3-dB bandwidth,

R= the “nal load resistance,

fo = the geometric center frequency,
Cn = the normalized capacitor band-reject element value,
L= the normalized inductor band-reject element value.
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0.817

0.500

(A) Low-pass prototype circuit

0.500 0.817 0.817

T

4.431I 4.431 2216% 2.216 g 1.000

(B)Bandpass transformation

50 2.4 pF 1.86mH |
I1007 pF R 4.47 nH 504 pF 28.93n§100

%

——

(C)Final circuit with frequency and impedance scaled

FIG. 3-32. Bandpass blter design for Example 3-9.

THE EFFECTS OF FINITE)

Thus far in this chapter, we have assumed the inductors and
capacitors used in the designs to be lossless. Indeed, all of
the response curves presented in this chapter are based on that
assumption. But we know from our previous study of Chapters 1
and 2 that even though capacitors can be approximated as hav-
ing in“nite Q, inductors cannot, and the effects of the “nige-
inductor must be taken into account in any “lter design.

The use of “nite element) in a design intended for loss-
less elements causes the following unwanted effects (refer to
Fig. 3-33):

1. Insertion loss of the “Iter is increased whereas the “nal
stopband attenuation does not change. The relative
attenuation between the two is decreased.

2. Atfrequencies in the vicinity of cutofff{), the response
becomes more rounded and usually results in an
attenuation greater than the 3 dB that was originally
intended.

w

Ripple that was designed into the passband will be
reduced. If the elemei@ is suf‘ciently low, ripple will
be totally eliminated.

P

For band-reject “Iters, the attenuation in the stop-band
becomes “nite. This, coupled with an increase in
passbandnsertion loss, decreases the relative
attenuation signi“cantly.
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Filter Type Minimum Element Q Required
= Ideal Bessel 3
Insertion Los$
- Butterworth 15
Low Q 0.01-dB Chebyshev 24
0.1-dB Chebyshev 39
0.5-dB Chebyshev 57
1-dB Chebyshev 75

TABLE 3-9. Filter Element&)-Requirements

FIG. 3-33. The effect of bPniteQ elements on blter response.

Regardless of the gloomy predictions outlined above, howevet{h.e ideal response 1o a degree depending upon thg eI@mgnt
L . o . ) . 1tis, therefore, highly recommended that you make it a habit to
it is possible to design “lters, using the approach outlined in thlsu e only the highes components available
chapter, that very closely resemble the ideal response of eath y 9 P '

network. The key is to use the highe&3tnductors available for The insertion loss of the “Iters presented in this chapter can be
the given task. Table 3-9 outlines the recommended minimurpalculated in the same manner as was used in Chapter 2. Simply
element@ requirements for the “Ilters presented in this chapterreplace each reactive element with resistor values corresponding
Keep in mind, however, that any time a ld@component is to theQ of the element and, then, exercise the voltage division

used, the actual attenuation response of the network strays fromle from source to load.
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mpedance matching is often necessary in the design of REACKGROUND

circuitry to provide the maximum possible transfer of powerThere is a well-known theorem which states that, B cir-

between a source and its load. Probably the most viviguits maximum power will be transferred from a source to its

example of the need for such a transfer of power occurfpad if theload resistancequals thesource resistancel sim-

in the front end of any sensitive receiver. Obviously, anyple proof of this theorem is given by the calculations and the
unnecessarjoss in a circuit that is already carrying extremely sketches shown in Fig. 4-1. In the calculation, for convenience,

small signal levels simply cannot be tolerated. Therefore, in moshe source is normalized for a resistance of one ohm and a source
instances, extreme care is taken during the initial design of sugjpltage of one volt.

a front end to make sure that each device in the chain is matched

to its load. In dealing with AC or time-varying waveforms, however, that

In this chapter, then, we will study several methods of matching aame theorem states that the maximum transfer of power, from
given source to a given load. This will be done numerically, witha source to its load, occurs when tload impedancdz,) is
the aid of the Smith Chart, and by using software design toolsqual to thecomplex conjugatef the source impedanc&€om-
In all cases, exact step-by-step procedures will be presenteolex conjugate simply refers to a complex impedance having the

making any calculations as painless as possible. samereal part with an opposite reactance. Thus, if the source
Ry 1 Proof that P,y MAX occurs whenR_= R, in the circuit of
Vy Fig. 4-1A, is given by the formula:
R
Vs R Vi = m(\/S)

SetVs= 1 and R;= 1, for convenience. Therefore,

(A) Circuit
V1 = R_
1+R
|
} Then, the power into R_is:
[
o |
| .
{ R
l R 2
{ _ 1+ R
1 | -
0.1 1.0 10 R
R . R
(B)Graph (a+ R-)Z

If you plot P; versusR,, as in the preceding equation, the
FIG. 4-1. The power theorem. result is shown by the curve of the graph in Fig. 4-1B.
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ZS. 5 j10 Impedance
Matching

W > Network
j6
L iX, E;> :
a % R @% RL* l—. 2
_L_ | | L 5 j10

FIG. 4-3. Impedance transformation.

|

—WW—y]

FIG. 4-2. Source impedance driving its complex conjugate and the
resulting equivalent circuit.

Z Zs

impedange wergs= R+ jX, then its complex conjugate would
beZs= RS jX. c

4 c 4
If you followed the mathematics associated with Fig. 4-1, then it I I
should be obvious why maximum transfer of power does occur = = = = =
when the load impedance is the complex conjugate of the source.
This is shown schematically in Fig. 4-2. The sourgg)(with
a series reactive component-ofX (an inductor), is driving its
complex conjugate load impedance consisting &jX reac- C

C
tance (capacitor) in series wifR . The+jX component of the < ~
source and th8 X component of the load are in series and, thus,
cancel each other, leaving o, andR,_, which are equal by L A L Z
de“nition. SinceRs andR_ are equal, maximum power transfer

will occur. So when we speak of a source driving its complex
conjugate, we are simply referring to a condition in which any
sourcereactance is resonated with an equal and oppteste (C)High-pass (D) High-pass
reactance, thus leaving only equal resistor values for the source

and the load terminations.

(A) Low-pas (B)Low-pass

The primary objective in any impedangetchingscheme, then, G- 44 The L network.

is to force a load impedance to «look likeZ the complex con-

jugate of the source impedance so that maximum power My, aly well. The remainder of this chapter is devoted to provid-
be transferred to the load. This is shown in Fig. 4-3 where g, yoy with an insight into a few of those in“nite possibilities.

load impedance of 8 j6 ohms is transformed by the impedancefier studying this chapter, you should be able to match almost
matching network to a value of$6j10 ohms. Therefore, the any two complex loads with a minimum of effort.

source sseesZ a load impedance of A0 ohms, which just
happens to be its complex conjugate. It should be noted here

that because we are dealing witBactances which are fre- THE L NETWORK

guency dependent, tiperfectimpedance match can occur only Probably the simplest and most widely used matching circuit
atone frequency. That is the frequency at whichitli@¢ compo- is the L network shown in Fig. 4-4. This circuit receives its
nent exactly equals th&jX component and, thus, cancellation name because of the component orientation, which resembles
or resonance occurs. At all other frequencies removed frorthe shape of an L. As shown in the sketches, there are four pos-
the matching center frequency, the impedance match becomsible arrangements of the two L and C components. Two of the
progressively worse and eventually nonexistent. This can bearangements (Figs. 4-4A and 4-4B) are in a low-pass con“gura-
problem in broadband circuits where we would ideally like totion while the other two (Figs. 4-4C and 4-4D) are in a high-pass
provide a perfect match everywhere within the broad passbandon“guration. Both of these circuits should be recognized from
There are methods, however, of increasing the bandwidth of thehapter 3.

match and a few of these methods will be presented later in th

Before we introduce equations which can be used to design the
chapter.

matching networks of Fig. 4-4detes “rst analyze an existing
There are an in“nite number of possible networks that could benatching network so that we can understand exactly how the
used to perform the impedance matching function of Fig. 4-3impedance match occurs. Once this analysis is made, a little
Something as simple as a 2-element LC network or as elaboraté the «black magicZ surrounding impedance matching should
as a 7-element “Iter, depending on the application, would worksubside.
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FIG. 4-7. Equivalent circuit of Fig. 4-6.

FIG. 4-5. Simple impedance-match network between a 100-ohm source
and a 1000-ohm load. j300 | =

i300
100
100
1000 % 1 Z

FIG. 4-8. Completing the match.

j333

——ty

Now that we have aapparentseries 10& j300-ohmimpedance
for a load, all we must do to complete the impedance match to
the 100-ohm source is to add an equal and opposited0 ohm)

Fig. 4-5 shows a simple L network impedance-matching Circui{eactgnce in series with the network of Fig. 4-7. Ihe addition of
between a 100-ohm source and a 1000-ohm load. Without tH8€ *1300-ohm inductor causes cancellation of 8§800-ohm
impedance-matching network installed, and with the 100_0hrﬁapa0|tor'lea\./mg only an a}pparent 100-ohm load resistor. This
source driving the 1000-ohm load directly, about 4.8 dB of the® shown in F'_g' 4-8. Keep in mind here that the actual net\_/vork
available power from the source would be lost. Thus, roughl)}OpOIOgy of Fig. 4f5 has not changed. All we have done is to
one-third of the signaavailablefrom the source is gone before analyze §mal| portions of the network so that we can understand
we even get started. The impedance-matching network eIirr]ihe function of each component.

inates this loss and allows for maximum power transfer to th&o summarize then, the function of tseuntcomponent of the
load. This is done by forcing the 100-ohm source to see 100 ohnihpedance-matching network is to transform a larger impedance
when it looks into the impedance-matching network. But how?down to a smaller value with areal part equal to the real part of the

If you analyze Fig. 4-5, the simplicity of how the match occursother terminating impedance (in our case, the 100-ohm source).
will amaze you. Take a look at Fig. 4-6. The “rst step in theThe series impedance-matching element then resonates with or

analysis is to determine what the load impedance actually |00|§anpels any reactive component presept, thus leaving the source
like when theSj333-ohm capacitor is placed across the 1000~ riving an apparently equal load for optimum pgwertransfer. So
ohm load resistor. This is easily calculated by you see, the impedance maishst sblack magicZ at all but can

be completely explained every step of the way.

FIG. 4-6. Impedance looking into the parallel combination oR_and X.

Z= xR Now, back to thedesignof the impedance-matching networks
Xe+ R of Fig. 4-4. These circuits can be very easily designed using the

_ $j333(1000) following equations:

~ §j333+ 1000 Ry

= 315_87158 Q=Q= 7Sl (Eq. 4-1)

= 100S j300 ohms X

= Qs= = (Eq. 4-2)

Thus, the parallel combination of tl8§333-ohm capacitor and Rs
the 1000-ohm resistdpoks likean impedance of 108 j300 Qy = Ro (Eq. 4-3)
ohms. This is aseriescombination of a 100-ohm resistor and P Xp 9

a Sj300-ohm capacitor as shown in Fig. 4-7. Indeed, if YOUyhere, as shown in Fig. 4-9:
hooked a signal generator up to circuits that are similar to Figs. .

4-6 and 4-7, you would not be able to tell the difference betweef?s = theQ of the series leg,
the two as they would exhibit the same characteristics (except & = the Q of the shunt leg,
DC, obviously). Ry = the shunt resistance,
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Qs XJRs
Rs EXAMPLE 4-1
X
° Design a circuit to match a 100-ohm source to a
1000-ohm load at 100 MHz. Assume that a DC voltage
N Xp Re must also be transferred from the source to the load.
Solution
= _;.,_Ez The need for a DC path between the source and load
Q Q@ yr 1 & RX dictates the need for an inductor in the series leg, as
shown in Fig. 4-4A. From Equation 4-1, we have:
1000 «
FIG. 4-9. Summary of the L-network design. Qs=Qp= 100 S1
= 9
Xp= the shunt reactance, =3
Rs = the series resistance, From Equation 4-2, we get:
Xs= the series reactance. Xs= QsRs
The quantitiesX, andXs may be either capacitive or inductive = (3)(100)
reactance but each must be of the opposite type. O@de _ . .
chosen as a capacitor, for exampte must be an inductor, and = 3000hms (inductive)
vice versa. Example 4-1 illustrates the procedure. Then, from Equation 4-3,
Ro
X, = —
"7 Qp
DEALING WITH COMPLEX LOADS _ 1000
The design of Example 4-1 was used for the simple case of match- 3

ing two real impedances (pure resistances). It is very rare when 333 ohms (capacitive)
such an occurrence actually exists in the real world. Transistor

) . Thus, the component values at 100 MHz are:
input and output impedances are almost alwegsplex that

is they contain both resistive and reactive componeRis jX). L= %s
Transmission lines, mixers, antennas, and most other sources
and loads are no different in that respect. Most will always have _ 300
some reactive component which must be dealt with. It is, there- 2 (100 x 10°)
fore, necessary to know how to handle these stray reactances = 477nH
and, in some instances, to actually put them to work for you. c= 1
There are two basic approaches in handling complex Xp
impedances: _ 1
~ 2 (100x 106)(333)
1. Absorption, To actually absorb any stray reactances into = 4.8pF
the impedance-matching network itself. This can be done
through prudent placement of each matching element This yields the circuit shown in Fig. 4-10. Notice that what

such that element capacitors are placed in parallel with | You have done is to design the circuit that was previously
stray capacitances, and element inductors are placed in  9iven in Fig. 4-5 and then analyzed.

series with any stray inductances. T8teny component
values are then subtracted from ttedculatedelement
values, leaving new element valu&s (L ), which are 100
smaller than the calculated element values.

2. Resonance,To resonate any stray reactance with an
equal and opposite reactance at the frequency of interest.
Once this is done the matching network design can
proceed as shown for two pure resistances in Example 4-1.

Of course, it is possible to use both of the approaches F'C-4-10- Finalcircuitfor Example 4-1.

outlined above at the same time. In fact, the majority of



impedance-matching designs probably do utilize a little of both.
Letes take a look at two simple examples to help clarify matters.

Notice that nowhere in Example 4-2 wasanjugatematch even
mentioned. However, you can rest assured that if you performthe
simple analysis outlined in the previous section of this chapter,
the impedance looking into the matching network, as seen by the
source, will be 10& j126 ohms, which is indeed the complex
conjugate of 108 j126 ohms.

Obviously, if thestray element values are larger than the cal-
culated element values, absorption cannot take place. If, for
instance, thestray capacitance of Fig. 4-11 were 20 pF, we
could not have added shuntelement capacitor to give us the
total needed shunt capacitance of 4.8 pF. In a situation such as
this, when absorption is not possible, the concept of resonance
coupled with absorption will often do the trick.

Examples 4-2 and 4-3 detail some very important concepts in
the design of impedance-matching networks. With a little plan-
ning and preparation, the design of simple impedance-matching
networks between complex loads becomes a simple number-
crunching task using elementary algebra. Any stray reactances
present in the source and load can usually be absorbed in the
matching network (Example 4-2), or they can be resonated with

Three-Element Matching

EXAMPLE 4-2

Use the absorption approach to match the source and
load shown in Fig. 4-11 (at 100 MHz).

Solution

j126
ZMatch

2pF 1000
100 j126 I

100

FIG. 4-11. Complex source and load circuit for Example 4-2.

The brst step in the design process is to totally ignore the
reactances and simply match the 100-ohm real part of the
source to the 1000-ohm real part of the load (at

100 MHz). Keep in mind that you would like to use a
matching network that will place element inductances in
series with stray inductance and element capacitances in

an equal and opposite reactance, which is then absorbed into the parallel with stray capacitances. Thus, conveniently, the

network (Example 4-3).

THREE-ELEMENT MATCHING

Equation 4-1 reveals a potential disadvantage of the 2-element L
networks described in the previous sections. It is a fact that once
Rs andR,, or the source and load impedance, are determined, the
Q of the network is de“ned. In other words, with the L network,
the designer does not have a choice of cirQueénd simply must

network circuit shown in Fig. 4-4A is again chosen for the
design and, again, Example 4-1 is used to provide the
details of the procedure. Thus, the calculated values for
the network, if we ignore stray reactances, are shown in
the circuit of Fig. 4-10. But, since the stray reactances
really do exist, the design is not yet bnished as we must
now somehow absorb the stray reactances into the
matching network. This is done as follows. At the load
end, we need 4.8 pF of capacitance for the matching

take What he getS. Th|S iS, Of course, USUa”y the case becaU\Se network. We a|ready have a Stray 2 pF available at the

the source and load impedance are typically given in any design
and, thusR, andRs cannot be changed.

The lack of circuitQ versatility in a matching network can

be a hindrance, however, especially iharrow bandwidth is
required. The 3-element network overcomes this disadvantage
and can be used for narrow-band hi@hrapplications. Further-
more, the designer caselectany practical circuitQ that he
wishes as long as it greater tharthatQ which is possible with

the L-matching network alone. In other words, the cirdQit
established with an L-matching network is timénimumcircuit

Q available in the 3-element matching arrangement.

The 3-element network (shown in Fig. 4-17) is calledPia
networkbecause it closely resembles the Greek lettéts com-
panion network (shown in Fig. 4-18) is calledlanetworkfor

equally obvious reasons.

The Pi Network

The Pi network can best be described as two sback-to-backZ
L networks that are both con“gured to match the load and

the source to an invisible or svirtualZ resistance located at

load, so why not use it? Thus, if we use a 2.8-pElement
capacitor, thetotal shunt capacitance becomes 4.8 pF, the
design value. Similarly, at the source, the matching
network calls for a series 477-nH inductor. We already
have a+j126-ohm, or 200-nH, inductor available in the
source. Thus, if we use an actual element inductance of
477nHS 200 nH= 277 nH, then the total series
inductance will be 477 nH, which is the calculated design
value. The Pnal design circuit is shown in Fig. 4-12.

100

% 2 pF $ 1000

________________

FIG. 4-12. Final design circuit for Example 4-2.

67
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EXAMPLE 4-3 Xs = QsRs = (3.32) (50)= 166 ohms
Design an impedance matching network that will block the 600
Row of DC from the source to the load in Fig. 4-13. The Xp R - = 181ohms

frequency of operation is 75 MHz. Try the resonant approach. Q 332

Therefore, the element values are:

1 1
C= —= ———————— = 12.78pF
ZMatch Xs 2 (75 100)(166) P
50
X 181 _
I4O pF 600 L= —= 2 (75x 106) 384nH
L L 4 These values, then, yield the circuit of Fig. 4-15. But notice

that this circuit can be further simpliped by simply replacing
the two shunt inductors with a single inductor. Therefore,
Ly L 4) (11
o _ (384)(1126) _ o
L+ L 384+ 112.6
Matching Networ|

-

FIG. 4-13. Complex load circuit for Example 4-3.
Lhew =

Solution

The need to block the Bow of DC from the source to the load
dictates the use of the matching network of Fig. 4-4C. But,
brst, letOs get rid of the stray 40-pF capacitor by resonating it
with a shunt inductor at 75 MHz.

1 1
2Cyray  [2 (75x 106)%(40 x 105%)]

1126 L 400F  S600

L= = 112.6 nH

z
P

41|
.||

This leaves us with the circuit shown in Fig. 4-14. Now that we
have eliminated the stray capacitance, we can proceed with
matching the network between the 50-ohm load and the
apparent 600-ohm load. Thus,

FIG. 4-15. The circuit of Fig. 4-14 after impedance matching.

- 600 The Pnal circuit desi in Fig. 4-16.
Q= Q= %S 1= ﬁs 1= 332 e Pnal circuit design appears in Fig

Matching Network

Z Match "
50 J-
40pF 2 600 600
112.6 nH ]:
FIG. 4-14. Resonating the stray load capacitance. FIG. 4-16. Final design circuit for Example 4-3.

the junction between the two networks. This is illustrated inThe design of each section of the Pi network proceeds exactly
Fig. 4-19. The signi“cance of the negative signs 8Xg and  as was done for the L networks in the previous sections. The
SXe is symbolic. They are used merely to indicate that thevirtual resistance (R) must be smaller than eitReror R

Xs values are the opposite type of reactance fdgmandX,2,  because it is connected to the series arm of each L section
respectively. Thus, Ky, is a capacitorXs; must be an induc- but, otherwise, it can be any value you wish. Most of the
tor, and vice versa. Similarly, Xy is an inductor, X, must  time, however, R is de“ned by the desired load@dof the

be a capacitor, and vice versa. They mlat indicate negative circuit that you specify at the beginning of the design pro-
reactances (capacitors). cess. For our purposes, the load@dof this network will



FIG. 4-17. The three-element Pi network.

Ry BV
Xy X3
Xa R
FIG. 4-18. The three-element T network.
Rs
\4 X51 XS
Virtual
X p X
FL RS Resistor P2

)

FIG. 4-19. The Pi network shown as two back-to-back L networks.

be de“ned as:

where

Ry = the largest terminating
R= the virtual resistance.

Q:

Ry <
—S1
RS

(Eq. 4-4)

impedance s or R,
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source, through two L-type networks, to a virtual resistance that
is larger than either the load or source resistance. This means
that the two L-type networks will then have their shunt legs
connected together as shown in Fig. 4-22.

The T network is often used to match two low-valued impedances
when a highQ arrangement is needed. The load@adf the T
network is determined by the L section that has the higQest
By de“nition, the L section with the highe& will occur on the

end with thesmallestterminating resistor. Remember, too, that
each terminating resistor is in tleeriesleg of each network.
Therefore, the formula for determining the load@df the T
network is:

Q= R S1 (Eq. 4-5)

Rsmall

where

R = the virtual resistance,
Rsmaii= the smallest terminating resistance.

This formula is exactly the same as fdormula that was pre-
viously given for the Pi-type networks. However, since we have
reversed or «"ip-"oppedZ the L sections to produce the T net-
work, we must also make sure that we rede“ne @héormula

to account for the new resistor placement, in relation to those L
networks. In other words, Equations 4-4 and 4-5 are only special
applications of the general formula that is given in Equation 4-1
(and repeated here for convenience).

Q= (Eq. 4-1)

PP
(0p
'_\

where
Ry = the resistance in the shunt branch of the L network,
Rs = the resistance in the series branch of the L network.
So, try not to get confused with the different de“nitions of circuit
Q. They are all the same.

Each L network is calculated in exactly the same manner as was

Although this is not entirely accurate, it is a widely acceptedyi e in the previous examples and, as we shall soon see, we will

Q-determining formula for this circuit, and is certainly close

also end up with four possible con“gurations for the T network

enough for most practical work. Example 4-4 illustrates the(ExampIe 4-5).

procedure.

Any of the networks in Fig. 4-21 will perform the impedance LOW-Q OR WIDEBAND
match between the 100-ohm source and the 1000-ohm load. TMATCHING NETWORKS

one that you choose for each particular application will dependhus far in this chapter we have studied: (1) the L network,
on any number of factors including:

1. The elimination of stray reactances.

2. The need for harmonic “Itering.
3. The need to pass or block DC voltage.

The T network

which has a circuiQ that is automatically de“ned when the
source and load impedances are set, and (2) the Pi and T net-
works, which allow us to select a circu@ independent of the
source and load impedances long as the Q chosen is larger
than that which is available with the L networkhis seems to
indicate, and rightfully so, that the Pi and T networks are great
for narrow-band matching networks. But what if an impedance

The design of the 3-element T network is exactly the same as fonatch is required over a fairly broad range of frequencies? How
the Pi network except that with the T, you match the load and thdo we handle that? The answer is to simply use two L sections in
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EXAMPLE 4-4

Using Fig. 4-19 as a reference, design four different Pi
networks to match a 100-ohm source to a 1000-ohm load.
Each network must have a loaded of 15.

Solution

From Equation 4-4, we can bnd the virtual resistance we will
be matching.

1000
R= Zi = —— = 4.420hms
Q“+1 226
To PndX,> we have:
R, _ R _ 1000
Xpp= === == = 66.7 ohms
27 Q Q 15

Similarly, to PndXs:

X2 = QRseries= 15(R) = (15)(442) = 66.3ohms

This completes the design of the L section on thivad side of
the network. Note that Rseriesin the above equation was
substituted for the virtual resistorR which by depnition is in
the series arm of the L section.

The Q for the other L network is now debPned by the ratio of
Rs to R as per Equation 4-1, where:

R
R

@31:4.6

S1=
4.42

Q=
Notice here that the source resistor is now considered to be in
the shunt leg of the L network. Therefore,Rs is dePned asR,,
and

R _ 100 _
o =16 ° 21.7ohms

Xpl =
Similarly,
Xo = Q1Rseries= Q1R= (4.6)(4.46) = 20.51 0hms
The actual network design is now complete and is shown in

Fig. 4-20. Remember that the virtual resistorR) is not really in
the circuit and, therefore, is not shown. ReactanceS X4 and

20.5 66.3
100
Vv Xg_ X&
21.7| Xp1 66.7 1000

Xp2

S X are now in series and can simply be added together to
form a single component.

So far in the design, we have dealt only with reactances and
have not yet computed actual component values. This is
because of the need to maintain a general design approach so
that four Pnal networks can be generated quickly as per the
problem statement.

Notice that X1, Xs1, Xp2, and X can all be either capacitive
or inductive reactances. The only constraint is thafp; and Xg
are of opposite types, andXy, and Xy are of opposite types.
This yields the four networks of Fig. 4-21 (the source and load
have been omitted). Each component in Fig. 4-21 is shown as
a reactance (in ohms). Therefore, to perform the
transformation from the dual-L to the Pi network, the two
series components are merely added if they are alike, and
subtracted if the reactances are of opposite type. The Pnal
step, of course, is to change each reactance into a component
value of capacitance and inductance at the frequency of
operation.

TV .

: 1111120
1212:.5 66.9 %66.7C> £87.4 l

#—

201‘2 it —1—

: 66.9 = 87.4
?21.7 %66.7 ?21.7 Jéeej
(B)
4t L, 1111
20.5 66.9 J- o 46.4 l

21.7 ;[66.7 217 I667

o 1
1
-|_ 46.4
I 21.7 66.7

FIG. 4-20. Calculated reactances for Example 4-4.

FIG. 4-21. The transformation from double-L to Pi networks.
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still another con“guration, as shown in Fig. 4-25. Notice heretermination impedance and, also, smaller than the largest termi-
that the virtual resistor is in the shunt leg of one L section andhation impedance. Of course, any virtual resistance that satis“es
in the series leg of the other L section. We, therefore, have twthese criteria may be chosen. The net result is a range of loaded-
series-connecteld sections rather than the back-to-back con“g- Q values that idess tharthe range ofQ values obtainable from
uration of the Pi and T networks. In this new con“guration, theeither a single L section, or the Pi and T networks previously
value of the virtual resistor (R) must be larger than the smallestescribed.

EXAMPLE 4-5 The four possible T-type networks that can be used for
Using Fig. 4-22 as a reference, design four different networks matghmg the 10-ohm source to the 50-ohm load are shown
to match a 10-ohm source to a 50-ohm load. Each network is "M Fig. 4-24.
to have a loadedQ of 10. 100 220
Rs 10
Xa1 - Xo s Xo
x Vlrtual l Xy R 101} Xp| 231 Xpp 50
= = J_— = = = = =
FIG.4-22. The T network shown as two back-to-back L networks. FIG. 4-23. The calculated reactances of Example 4-5.
100 220 100 220
Solution
Using Equation 4-5, we can bnd the virtual resistance we need E>
for the match. 101 ]: 231 70 I
R= Rpai(@ + 1) = 10(101)= 1010 ohms L 1 1
From Equation 4-2: )
100 220 100 220
Xs1 = QR = 10(10)= 1000ohms It it m 4t
From Equation 4-3: 0 - C> 0
101 1 7
R 1010
Xp1= == = 101ohms
Q 10
Now, for the L network on the load end, the Q is dePned by (B)
the virtual resistor and the load resistor. Thus, 100 220 100 220
- BNALILLR It —
R . 1010 .
Q= —S1= W81:4.4 1 ()
R 101 231 179

Therefore, I

R 1010 '
Xp2 = — = —— = 2300hms ©)

Q 44 100 220

100
L
Xg = QR = (4.4)(50)= 220 ohms ' J-
101 :[ 179

The network is now complete and is shown in Fig. 4-23
without the virtual resistor.

The two shunt reactances of Fig. 4-23 can again be combined D)
to form a single element by simply substituting a value that is
equal to the combined equivalent parallel reactance of FIG. 4-24. The transformation of circuits from double-L to T-type

the two. networks.
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Rs Romall
Xs1 |——s Xe WA Xgp | X 1 X

Virtual

R xpz PL RS XP1 R1 XF’Z Rz XP3 Rarger

(A) Rin shunt leg

Rs X ) X FIG. 4-26. Expanded version of Fig. 4-25 for even wider bandwidths.
S1 2
Xey Virtual Xep R R The chart was originally conceived back in the 1930s by a Bell
R Laboratories engineer named Phillip Smith, who wanted an eas-
1 1 1 1 1 ier method of solving the tedious repetitive equations that often

appear in RF theory. His solution, appropriately named the Smith

(B)Rin series leg Chart, is still widely in use.

At “rst glance, a Smith Chart appears to be quite complex.
Indeed, why would anyone of sound mind even care to look at
such a chart? The answer is really quite simple; once the Smith
Chart and its uses are understood, the RF cidesignerss job
becomes much less tedious and time consuming. Very lengthy
complex equations can be solved graphically on the chart in sec-
onds, thus lessening the possibility of errors creeping into the
calculations.

FIG. 4-25. Two series-connected L networks for loweD applications.

The maximum bandwidth (minimuiQ) available from this net-
work is obtained when the virtual resistd®)(is made equal to
the geometric mean of the two impedances being matched.

R= RsR (Eq. 4-6)

The loaded) of the network, for our purposes, is de“ned as:

Smith Chart Construction

Q= R S1= R'Lger S1 (Eq. 4-7) The mathematics behind the construction of a Smith Chart are
Rsmaller R given here for those who are interested. It is important to note,

where however, that you do nateedto know or understand the math-
R = the virtual resistance, ematics surrounding the actual construction of a chart as long

as you understand what the chart represents and how it can be
used to your advantage. Indeed, there are so many uses for the

It ider bandwidth ded L K bchart that an entire volume has been written on the subject. In
even wider bandwidths are needed, more L networks may fhis chapter, we will concentrate mainly on the Smith Chart as

cascaéj ed dW'.tdrld:/ 'r.tu?rl] resistances bet\é\/tegn ggft?] net\t/\_/ork. fOpéﬂ impedance matching tool and other uses will be covered in
mum bandwidths in these cases are obtained if the ratios of eagfj chapters. The mathematics follow.

of the two succeeding resistances are equal:

Rsmaller= the smallest terminating resistance,
Rarger = the largest terminating resistance.

Ry R, R; Rarger The re”ection coef‘cient of a load impedance when given a
e (Eq. 4-8) imped be found by the formula:
Romaler . RL R R, source impedance can be found by the formula:
where ZsS Z
o === (Step 1)
Rsmaller= the smallest terminating resistance, Zs+ 7
Rarger= the largest terminating resistance, . . .
Ry Ry R, = virtual resistors In normalized form, this equation becomes:
This is shown in Fig. 4-26. = ZS1 (Step 2)
Zo+ 1

The design procedure for these wideband matching networks is
precisely the same as was given for the previous examples. TghereZ, is a complex impedance of the foRw jX.

9e3|gn fqr aspecrce lovQ, simply solve Eque_mon 4-7 TR tp The polar form of the re”ection coef‘cient can also be repre-
nd the virtual resistance needed. Or, to design for an optimally

wide bandwidth, solve Equation 4-6 fBr OnceRis known, the sented in rectangular coordinates:

design is straightforward

THE SMITH CHART

Perhaps one of the most useful graphical tools available to the )
RF circuit designer today is the Smith Chart, shown in Fig. 4-27. p+Ja=

=ptid

Substituting into Step 2, we have:
_R+jXS1

R+ X+ 1 (Step 3)
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If we solve for the real and imaginary partspf jg, we get:

RZS 1+ X2
P= R+ 17+ x2 (Step4)
and
2x
q= R+ 12+ X (Step 5)
Solve Step 5 foiX:
= 12
p(R+ 1SR+ 1
X= < Step 6
15p (Step 6)
Then, substitute Step 6 into Step 5 to obtain:
. R 2 1 2
S + = Step 7
PSevi T9° 5y (Step 7)

Step 7 is the equation for a family of circles whose centers are at:

R (A) Constant resistance circles
P R¥1
q=0 e Reactance Comp,,
and whose radii are equal to:
1
R+ 1

These are the constant resistance circles, some of which are
shown in Fig. 4-28A.

Similarly, we can eliminat® from Steps 4 and 5 to obtain:
y .12 17

§12+ gS=- = =

(PS 17+ asy X
which represents a family of circles with centerspat 1,

V = 1/ X, and radii of 1X. These circles are shown plotted on
thep, jg axis in Fig. 4-28B.

N

aC/tiVe ReaCtanCe (‘j)m

(Step 8)

As the preceding mathematics indicate, the Smith Chart is basi-
cally a combination of a family of circles and a family of arcs
of circles, the centers and radii of which can be calculated using
the equations given (Steps 1 through 8). Fig. 4-28 shows the
chart broken down into these two families. The circles of Fig.
4-28A are known asonstant resistance circlegach point on

a constant resistance circle has the sagsestanceas any other
point on the circle. The arcs of circles shown in Fig. 4-28B are
known asconstant reactance circless each point on a circle FG-4-28. Smith Chart construction.
has the sameeactanceas any other point on that circle. These

circl_es are cent_ered Oﬁ. of the_chart and, therefore, only a smagf each circle moves toward the right on the chart. Then, at in“-
portion of each is contained within the boundary of the chart. A"nite resistance, you end up with an in“nitely small circle that

arcs above the centerline of the chart represgk or inductive is located at the extreme right-hand side of the chart. A similar

reactqqces, and all arcs below thg centerline represpator thing happens for the constant reactance circles shown in Fig.
capaqltlve reactances. '_I'he centerline must, therefqre, represgibap. As the magnitude of the reactive component increases
an axis whereX = 0 and is, therefore, called theal axis. (SjX or+jX), the radius of each circle decreases, and the center
Notice in Fig. 4-28A that the econstant resistarc8Z circle  of each circle moves closer and closer to the extreme right side
de“nes the outer boundary of the chart. As the resistive compaaf the chart. In“nite resistance and in“nite reactance are thus
nent increases, the radius of each circle decreases and the cemggresented by the same point on the chart.

(B)Constant reactance circles
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Since the outer boundary of the chart is de“ned as Re ©Z  Notice that all of the impedance values plotted in Fig. 4-31 are
circle, with higher values dR being contained within the chart, very small numbers. Indeed, if you try to plot an impedance
it follows then that any point outside of the chart must contain af Z = 100+ j150 ohms, you will not be able to do it accu-
negative resistance. The concept of negative resistance is usefately because thR= 100 andX = 150 ohm circles would be

in the study of oscillators and it is mentioned here only to stat€if they were drawn) on the extreme right edge of the chart,
that the concept does exist, and if needed, the Smith Chart camry close to in“nity. In order to facilitate the plotting of
be expanded to deal with it. larger impedancesjormalizationmust be used. That is, each

When the two charts of Fig. 4-28 are incorporated into asinglémped_ance to be plotted is _lelo!ed by a convenient number
version, the Smith Chart of Fig. 4-29 is born. If we add a feWthat will place the newnormalizedimpedance near the center

peripheral scales to aid us in other RF design tasks, such the fChaLt where éqcreased alccurag mlglc())itmfszjs (;]btamed.
determiningstanding wave ratio (SWR), re”ection coef“cient us, for the preceding example, whete J onms,

andtransmission losglong a transmission line, the basic chartItWOUId .be conyement to d'V'qE by 100, which yields the value
of Fig. 4-27 is completed, Z= 1+ j1.5. Thisis very easily found on the chart. Once a chart

is normalized in this manner, allimpedances plotted on that chart
must bedivided by thesamenumber in the normalization pro-

Basic Smith Chart Tips _ ) ~ cess. Otherwise, you will be left with a bunch of impedances
When developing the Smith Chart, there are certain precautioRgin, which nothing can be done.

that should be noted. These are among the most important:

. . . . . Impedance Manipulation on the Chart
€ All the circles have one same, unique intersecting point Fig. 4-32 hically indicat hat h h .
at the coordinate (1, 0). ig. 4-32 graphically indicates what happens when a series

capacitive reactance &j1.0 ohm is added to an impedance of
€ The zero circle where there is no resistarRe 0) isthe 7= 0.5+ j0.7 ohm. Mathematically, the result is
largest one. 5
. . Lo . Z=05+j0.7Sjl10
€ Thein“nite resistor circle is reduced to one point at (1, 0). - 053 }0 3 ohlms
€ There should be no negative resistance. If one (or more
should occur, you will be faced with the possibility of

oscillatory conditions.

lehich represents a series RC quantity. Graphically, what we
have done is movdownwardalong theR= 0.5-ohm constant
resistance circle for a distance ¥=S j1.0 ohm. This is the
€ Another resistance value can be chosen by simply plotted impedance point & = 0.5S j0.3 ohm, as shown. In
selecting another circle corresponding to the new value.a similar manner, as shown in Fig. 4-33, adding a series induc-
tance to a plotted impedance value simply causes a oqowvard
Plotting Impedance Values along a constant resistance circle to the new impedance value.
Any point on the Smith Chart representsariescombination of ~ This type of construction is very important in the design of
resistance and reactance of the fafm R+ jX. Thus, to locate impedance-matching networks using the Smith Chart and must
the impedanc& = 1+ j1, you would “nd theR= 1 constant b€ understood. In general then, the addition of a series capacitor
resistance circle and follow it until it crossed tke= 1 constant t0 an impedance moves that impedamtmvnward (counter-
reactance circle. The junction of these two circles would then replockwise) along a constant resistance circle for a distance that is
resent the needed impedance value. This particular point, sho/@lual to the reactance of the capacitor. The addition of any series
in Fig. 4-30, is located in the upper half of the chart becauséductor to a plotted impedance moves that impedamueard
X is a positive reactance or an inductor. On the other hand, tH&lockwise) along a constant resistance circle for a distance that
point 18 j1 is located in théower half of the chart because, in is equal to the reactance of the inductor.
this instanceX is a negative quantity and represents a capacitor.
Thus, the junction of th&= 1 constant resistance circle and the Conversion of Impedance to Admittance
X =S 1 constant reactance circle de“nes that point. The Smith Chart, although described thus far as a family
of impedance coordinates, can easily be used to convert any

ona Smith Chart, you simply “nd the junction of tRe= constant |mpedance;) to an a(_jm|tta,r’1_ce)(), and vice versa. This can
andX = constant circles. In many cases, the actual circles wiIPe agcompllsheq by simply "ipping th(_a Smith Chart over. Note
not be present on the chart and you will have to interpolat(I)hat if both the.|mpedance and admittance charts are plotted
between two that are shown. Thus, plotting impedances an&c,)ge'ther, overlaid, one upon the other, the newlchart |s.caIIed an
therefore, any manipulation of those impedances must be coffnmittance chart.. Wh”? th.'s may sound compllgated, it can be
sidered an inexact procedure which is subject to epilot error.fxnemely usefulin gle5|gn|ng match networks with components
Most of the time, however, the error introduced by subjectiv Ike series or shunt inductors and capacitors.

judgements on the part of the user, in plotting impedances on thes previously pointed out, a series inductor, when added to
chart, is so small as to be negligible for practical work. Fig. 4-31a load, causes a rotation clockwise along a circle of constant
shows a few more impedances plotted on the chart. resistance on the chart, while a shunt inductor causes rotation

In general, then, to “nd angeriesmpedance of the forrR+ jX
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FIG. 4-29. The basic Smith Chart. For a more detailed full color view of this bgure, please visit our companion site at
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FIG. 4-30. Plotting impedances on the chart. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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FIG. 4-31. More impedances are plotted on the chart. For a more detailed full color view of this bgure, please visit our companion site at
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FIG. 4-32. Addition of a series capacitor. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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FIG. 4-33. Addition of a series inductor. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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its inverse. Therefore, without the aid of a calculator, you can
“nd the reciprocal of an impedance or an admittance by simply
G iB o G iB plotting the point on the chart, measuring the distance (d) from
the center of the chart to that point, and, then, plotting the mea-
sured result the same distance from the center but in the opposite
Y G jB Y G jB direction (180) from the original point. This is a very simple
construction technigue that can be done in seconds.

Another approach that we could take to achieve the same result
FIG. 4-34. Circuit representation for admittance. involves the manipulation of the actual chart rather than the per-
forming of a construction on the chart. For instance, rather than

counter-clockwise along a circle of constant admittance. In ¢ating a point 180away from our original starting point, why
similar manner, a series capacitor, added to a load, causes roftptjust rotate the chart itself 18hile “xing the starting point
tion counter-clockwise along a circle of constant resistance SPace? The resultis the same, and it can be read directly off of

while a shunt capacitor causes rotation clockwise along a circié€ rotated chart without performing a single construction. This
of constant admittance. is shown in Fig. 4-36 (Smith Chart Form ZY-01-Nyhere the

] ] o ) rotated chart is shown in black. Notice that the impedance plot-
!n mathematical terms, an admittance is simply the inverse of ap,q (solid lines on the red coordinates) is located at1+ j1
impedance, or ohms, and the reciprocal of that (the admittance) is shown by
dotted lines on the black coordinates¥as 0.5S j0.5. Keep in
(Eqg. 4-9) mind that because we have rotated the chart 18@btain the
] ) . ] admittance coordinates, the upper half of the admittance chart
Where_th_e admlttance/Q contains both a real and an imaginary representsegative susceptan¢sjB) which isinductive while
part, similar to the impedancé}. Thus, the lower half of the admittance chart representesitive sus-
Y=G+ B (Eq. 4-10)  ceptancg+ B) which iscapacitive.Therefore, nothing has been
lost in the rotation process.

Y =

N| —

where - - .
~ ) The chart shown in Fig. 4-36, containing the superimposed
G= the conductance n mhos, impedance and admittance coordinates, is an extremely useful
B = the susceptance in mhos. version of the Smith Chart and is the one that we will use through-

The circuit representation is shown in Fig. 4-34. Notice thaPut the remainder of the book. But "rdgtes take a closer look
the susceptance is positive for a capacitor and negative for art the admittance coordinates alone.

inductor, whereas, for reactance, the opposite is true. ) _ _
Admittance Manipulation on the Chart

To“nd the inverse of a series impedance of the fafm R+ X j,5¢ a5 the impedance coordinates of Figs. 4-32 and 4-33 were
mathematically, you would simply use Equation 4-9 and performyseq to obtain a visual indication of what occurs wheseees

the resulting calculation. But, how can you use the Smith Charttf, 5 tance is added to ampedancethe admittance coordinates

perform the calculation for you without the need for a calcuIator?provide a visual indication of what occurs wheshaintelement

The easiest way of describing the use of the chart in performing -4qed to aradmittance The addition of a shunt capacitor
this function is to “rst work a problem out mathematically and, i shown in Fig. 4-37. Here we begin with an admittance of
then, plot the results on the chart to see how the two functiong - 0.28j0.5mho and add a shunt capacitor with a suscep-
are related. Tak_e,.for example, the series impeddred + j1.  ance (reciprocal of reactance) €§0.8 mho. Mathematically,
The inverse o is: we know that parallel susceptances are simply added together

vz 1 to “nd the equivalent susceptance. When this is done, the result
1+j1 becomes:
1 Y=02$5j0.5+j0.8
= 1414 45 = 0.2+ j0.3mho
= 0.7071_S45 If this point is plotted on the admittance chart, we quickly
= 0.5 j0.5mho recognize that all we have done is to move along a constant

conductance circle@) downward (clockwise) a distance of
jB = 0.8 mho. In other words, the real part of the admittance has

If lot the points # j1 and 0.55j0.5 on th ith Chart
we plot the points ¥ |1 and 0.5 ] on the Smi art gotchanged, only the imaginary part has. Similarly, as Fig. 4-38

we can easily see the graphical relationship between the twi
This construction is shown in Fig. 4-35. Notice that the two
points are located at exactly the same distance (d) from the cepA——— _ _

ter of the chart but in opposite directions (1§3t}om each other. Smith Chart Form ZY-01-N is a copyright of Analog Instruments Company,

3 ) . P.O. Box 808, New Providence, NJ 07974. It and other Smith Chart accessories
Indeed, the same relationship holds truednyimpedance and are available from the company.
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FIG. 4-35. Impedance-admittance conversion on the Smith Chart. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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FIG. 4-36. Superimposed admittance coordinates. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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FIG. 4-37. Addition of a shunt capacitor. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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FIG. 4-38. Addition of a shunt inductor. For a more detailed full color view of this bPgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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indicates, adding a shunt inductor to an admittance moves thaperations. The only thing you have to do is read the value of
point along a constant conductance circle upward (countercloclsusceptance (for shunt components) or reactance (for series com-
wise) a distanceSjB) equal to the value of its susceptance.  ponents) directly off of the chart, plug this value into the equation

If we again superimpose the impedance and admittance cooLll-Sed' and wait for your actual component values to pop out.

dinates and combine Figs. 4-32, 4-33, 4-37, and 4-38 for the

general case, we obtain the useful chart shown in Fig. 4-39hree-Element Matching

This chart graphically illustrates the direction of travel, along|n earlier sections of this chapter, you learned that the only
the impedance and admittance Coordinates, which results Wh?@aj difference between two-element and three-element match-
the particular type of component that is indicated is added tghg is that with three-element matching, you are able to choose
an existing impedance or admittance. A simple example shoulghe |oadedQ for the network. That was easy enough to do in

illustrate the point (Example 4-6). a mathematical-design approach due to the virtual resistance
concept. But how can circu@ be represented on a Smith Chart?

IMPEDANCE MATCHING ON THE As you have seen before, in earlier chapters,Qhef a series-

SMITH CHART impedance circuit is simply equal to the ratio of its reactance to

Because of the ease with which series and shunt components g@firesistance. Thus, any point on a Smith Chart h@ssasoci-

be added in ladder-type arrangements on the Smith Chart, whitged with it. Alternately, if you were to specify a certaiyyou
easily keeping track of the impedance as seen at the input terngould “nd an in“nite number of points on the chart that could sat-
nals of the structure, the chart seems to be an excellent candidagy thatQ requirement. For example, the following impedances
for animpedance-matching tool. The idea here is simple. Givenjacated on a Smith Chart haveof 5:

load impedance and given the impedance that the source would

like to see, simply plot the load impedance and, then, begin R+ jX=1%j5
adding series and shunt elements on the chart until the desired =05+ j25
impedance is achieved...just as was done in Example 4-6. =02+ |1

. =0.1%j05
Two-Element Matching - 0,05+ j0.25

Two-element matching networks are mathematically very easy
to design using the formulas provided in earlier sections of thi
chapter. For the purpose of illustration, howeVetss begin our
study of a Smith Chart impedance-matching procedure with th
simple network given in Example 4-7.

ﬁ'hese values are plotted in Fig. 4-45 and form the arcs shown.
hus, any impedance located on these arcs must h@vef®.
imilar arcs for other values @ can be drawn with the arc of
in“nite Q being located along the perimeter of the chart and the
To make life much easier for you as a Smith Chart user, the = 0 arc (actually a straight line) lying along the pure resistance
following equations may be used. For a series-C component: |ine located at the center of the chart.

C-= 1 (Eq. 4-11) The design of highQ three-element matching networks on a
. XN Smith Chart is approached in much the same manner as in the
For a series-L component: mathematical methods presented earlier in this chapter. Namely,
L= XN Eq. 4-12 one branch of the network will determine the loadgaf the
- (Eq. 4-12) circuit, and it is this branch that will set the characteristics of the
For a shunt-C component: rest of the circuit.
C= Eq. 4-13 The procedure for designing a three-element impedance- match-
"N (Eq. 4-13) ing network for a speci“ed is summarized as follows:
For a shunt-L component:
N 1. Plot the constan® arcs for the speci‘e®).
L= — (Eq. 4-14) ) e P © ]
B 2. Plot the load impedance and the complex conjugate of
where the source impedance.
=2 f, 3. Determine the end of the network that will be used to
X = the reactance as read from the chart, establish the loade® of the design. For T networks, the
B = the susceptance as read from the chart, end with thesmallerterminating resistance determines
N = the number used to normalize the original impedances the Q. For Pi networks, the end with tharger
that are to be matched. terminating resistor sets ti(g

If you use the preceding equations, you will never have 4. ForT networks:
to worry about changing susceptances into reactances before
unnormalizing the impedances. The equations take care of both Rs> R



Impedance Matching on the Smith Chart 87

FIG. 4-39. Summary of component addition on a Smith Chart. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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Move from the load along a constant-R circle (series
element) and intersect tl§gcurve. The length of this
move determines your “rst element. Then, proceed from
this point toZ; (Z; = ZB conjugate) in two moves..."rst
with a shunt and, then, with a series element.

Rs< R
Find the intersection (1) of th® curve and the source
impedances®= constant circle, and plot that point.
Move from the load impedand® point | with two
elements,‘“rst, a series element and, then, a shunt
element. Move from point | t& along theR= constant
circle with another series element.

. For Pi networks:

Rs> R

Find the intersection (1) of th® curve and the source
impedance«§& = constant circle, and plot that point.
Move from the load impedance to point | with two
elements,“rst, a shunt element and, then, a series
element. Move from point | t&g along theG = constant
circle with another shunt element.

Rs< R
Move from the load along a constaBtcircle (shunt
element) and intersect tlig curve. The length of this
move determines your “rst element. Then, proceed from

this point toZg in two moves,‘rst, with a series
element and, then, with a shunt element.

The above procedures might seem complicated to the neophyte
but remember that we are only forcing the constant-resistance or
constant-conductance arc, located betweenQiaetermining
termination and the speci‘e@- curve, to be one of our
matching elements. An example may help to clarify matters
(Example 4-8).

Multi-Element Matching

In multi-element matching networks where there is@@on-
straint, the Smith Chart becomes a veritable treasure trove
containing an in“nite number of possible solutions. To get from
point A to point B on a Smith Chart, there is, of course, an opti-
mum solution. However, the optimum solution is not the only
solution. The two-element network gets you from point A to point
B with the least number of components and the three-element
network can provide a speci“&g by following a different route.

If you do not care aboud, however, there are 3-, 4-, 5-, 10-,
and 20-element (and more) impedance-matching networks that
are easily designed on a Smith Chart by simply following the
constant-conductance and constant-resistance circles until you
eventually arrive at point B, which, in our case, is usually the
complex conjugate of the source impedance. Fig. 4-48 illustrates
this point. Inthe lower right-hand corner of the chartis pointA. In
the upper left-hand corner is point B. Three of the in“nite number
of possible solutions that can be used to get from point A to point
B, by adding series and shunt inductances and capacitances, are

EXAMPLE 4-6

What is the impedance looking into the network shown in
Fig. 4-40? Note that the task has been simplibed due to
the fact that shunt susceptances are shown rather than
shunt reactances.

X 09  jx 14 X1
B 11 0’2 R 1

FIG. 4-40. Circuit for Example 4-6.

Solution

This problem is very easily handled on a Smith Chart and
not a single calculation needs to be performed. The
solution is shown in Fig. 4-42. It is accomplished as
follows.

First, break the circuit down into individual branches as
shown in Fig. 4-41. Plot the impedance of the series RL
branch whereZ= 1+ j1ohm. This is point A in Fig. 4-42.
Next, following the rules diagrammed in Fig. 4-39, begin
adding each component back into the circuit, one at a
time. Thus, the following constructions (Fig. 4-42) should
be noted:

X 09 -
X 14 X1

iB

B 1.1 03

FIG. 4-41. Circuit is broken down into individual branch
elements.

Arc AB= shuntL=S jB= 0.3mho
Arc BC= series C= S jX = 1.40hms
Arc CD= shunt C=+ jB= 1.1 mhos
Arc DE= series L= + jX= 0.90hm

The impedance at point E (Fig. 4-42) can then be read
directly off of the chart asZ= 0.2+ j0.5ohm.

Continued on next page
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EXAMPLE 4-6,Cont

FIG. 4-42. Smith Chart solution for Example 4-6. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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EXAMPLE 4-7 To complete the network, we must now unnormalize all
impedance values bymultiplying them by the number

N = 50Kithe value originally used in the normalization
process. Therefore:

Design a two-element impedance-matching network on a
Smith Chart so as to match a 2% j15-ohm source to a
100 S j25-ohm load at 60 MHz. The matching network must

also act as a low-pass Pblter between the source and the load. X_= 600hms

Solution Xc = 68.50hms
Since the source is a complex impedance, it wants to OseeO a

load impedance that is equal to its complex conjugate (as
discussed in earlier sections of this chapter). Thus, the task X

The component values are:

before us is to force the 1003 j25-ohm load to look like an L
impedance of 25+ j15 ohms. 60
Obviously, the source and load impedances are both too large ~ 2 (60x 108)
to plot on the chart, so normalization is necessary. LetOs choose — 159nH
a convenient number = 50) and divide all impedances by
this number. The results are 0.5 j0.3 ohm for the impedance C= 1
the source would like to see and 2 j0.5 ohms for the actual X
load impedance. These two values are easily plotted on the 1
Smith Chart, as shown in Fig. 4-44, where, at point AZ, is ) (60 x 105) (685)
the normalized load impedance and, at point C.Z is the

= 38.7pF

normalized complex conjugate of the source impedance.

The requirement that the matching network also be a
low-pass blter forces us to use some form of series-L, shunt-C
arrangement. The only way we can get from the impedance

at point A to the impedance at point C and still fulbll this
requirement is along the path shown in Fig. 4-44. Thus,
following the rules of Fig. 4-39, the arc AB of Fig. 4-44 is a
shunt capacitor with a value of+ jB= 0.73 mho. The arc BC is
a series inductor with a value oft jX = 1.2 ohms.

The Pnal circuit is shown in Fig. 4-43.

25 j15
159 nH

38.7 pF 100 j25

The shunt capacitor as read from the Smith Chart is a
susceptance and can be changed into an equivalent reactance
by simply taking the reciprocal.

1 FIG. 4-43. Final circuit for Example 4-7.

1 -
= —=_———— =5j1.370hms
%o +jB  j0.73mho Y Continued on next page

shown. Solution 1 starts with a series-L con“guration and takeSmith Chart Tools
9 elements to get to point B. Solution 2 starts with a shunt-lwhen the Smith Chart was “rst created, it was quickly adopted as
procedure and takes 8 elements, while Solution 3 starts with @standard, required skill for microwave engineers. These days,
shunt-C arrangement and takes 5 elements. The element reads being employed by designers of high-speed circuits as well
tances and susceptances can be read directly from the chart, agdnewly degreed RF engineers. While the process of using a
Equations 4-11 through 4-14 can be used to calculate the actusiith Chart remains the same, it no longer has to be manual
component values within minutes. in nature. Insteactodayss computerized Smith Chart software
tools provide the engineer real visual insight into the process

SOFTWARE DESIGN TOOLS glfaT:pping the impedance plan onto the re”ection coef‘cient

Another method for matching a given source to a given load is

to use one of a number of easily available software design tool®ather than on a piece of paper, computerized Smith Chart
Options range from inexpensive, web-based Smith Chart tools tools put the entire process on the screen, including a clearly
more comprehensive, integrated design tool environments witlabeled chart, and tabular display of frequency, impedance and
impedance matching capabilities. VSWR data. Even the circuit that is being designed appears on
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FIG. 4-44. Solution of Example 4-7. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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EXAMPLE 4-7,Cont

FIG. 4-45. Lines of constant Q. For a more detailed full color view of this bPgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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FIG. 4-46. Smith Chart solution for Example 4-8. For a more detailed full color view of this Pgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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EXAMPLE 4-8

Design a T network to match aZz= 15 + j15-ohm source to a
225-ohm load at 30 MHz with a loaded Q of 5.

Use Equations 4-11 through 4-14 to bnd the actual element

values.

Element 1= series L:

_ _ (25)75
Solution L= 2 (30x 106)
Following the procedures previously outlined, draw the arcs = 995nH
for Q= 5 brst and, then, plot the load impedance and the
complex conjugate of the source impedance. Obviously, Element 2= shunt C:
normalization is necessary as the impedances are too large to C= 115
be located on the chart. Divide by a convenient value (choose 2 (30x 10%)75
N = 75) for normalization. Therefore: = 81pF

Z = 0.2S j0.20hms Element 3= series L:
Z = 3ohms L= (0.8)75
2 (30x 106)
The construction details for the design are shown in Fig. 4-46. = 318nH

The design statement specibes a T network. Thus, the source

termination will determine the network Q becauseR;< R. The Pnal network is shown in Fig. 4-47.

Following the procedure forRs< R_(Step 4, above), brst plot 15 j15
point I, which is the intersection of theQ= 5 curve and the

R= constant circuit that passes througtz,. Then, move from

the load impedance to point | with two elements.

318 nH 995 nH

81pF 225

Element 1= arc AB= series L= j2.50hms

Element 2= arc Bl= shunt C= j1.15mhos

Then, move from point | toZ, along the R= constant circle.

Element 3= arc IC= series L= j0.8 ohm FIG. 4-47. Final circuit for Example 4-8.

the screen. The engineer simply uses a library of lumped anuodule by choosing *(1) SmithMatchZ from theolss Main
distributed elements to formulate a matched design. Most toolglenu. You will see:
even come with their own time-saving macro commands and System Z0 [ Enter>= Quit]?_
tutorials with plenty of examples to guide the engineer through .
the process. These types of tools generally cost on the order Bnter+50Z as the system Z0 characteristic inpedance, and then
a hundred dollars or less. press< Enter>.

Filename?_
Design Example
As an example, consider that the SmithMatch impedanc
match network design utility from Microwave Software
(www.microwavesoftware.com) is used to analyze a threeThe 10-ohm load “le will appear on the screen. A small circle
element distributed line network for use over the range of 200@narks the low end of the band as illustrated in Fig. 4-50.
to 3000 MHz. The intention is to match a 10-ohm “xed load t0 5 \,q\wR = 1 5 circle is added to the plot in Fig. 4-50. When

a 50-ohm source (Fig. 4-49). this is done, theCommand ?Z prompt will appear. Next, three
Note that although SmithMatch is an inexpensive web-basetlansmission line circuit elements (TRLs) are added,one at a
solution, that does not imply that it is not extremely powerful.time,and the “rst cut match analyzed.

The Internet simply offers a lower-cost vehicle for delivering the.l.he SmithMatch tool de*
solution to engineers.

ntersTRL3Z as the name of the .IMP load impedance “le and
then pressEnter>.

nes the element code for a sTRLZ as

16. Note that a distributed line has two degrees of freedom, its Z0
The load impedance “le for this example is namaRL3.Z (characteristicimpedance), inohms, andits electrical line length,
It contains a 10-ohm “xed resistor at four frequencies in theheta, in degrees. An important convention in SmithMatch is

2000-MHz to 3000-MHz range. To begin, call the SmithMatchthat when you enter theta,the electrical length of a distributed
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FIG. 4-48. Multi-element matching. For a more detailed full color view of this bgure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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element, like a 16, 17, or 18 in theolss Element Library,you  values for the two TRL parameters.

specify the length in degrees at the low end of the band. TRL 70 Theta ?

Imn tgt'sbg]zta:gfe’ dSI:tCae ftrr;e b::g 'f)fzztg: G?ﬁétggnl:net;.no%[h?here is a comma separating the two line parameters above, so
u pect quency Z: putatl I?ype «20, 60Zand press Enter>. For distributed elements,

simple. Just multiply the given length in degrees by the fraction . i
2/3. The +2Z is the low band edge, and the +3Z is the referen always type the two values separated by a comma. Fig. 4-51

frequency for the 90-degree length lines. Gffustrates the screen display after the “rst TRL has been added.

When you type 167 at thesCommand ?Z prompt, to enter the 1YP&*YZ in response to the question:
Z0= 20-ohm line closest to the load, youell be asked to enter Save Element (Y/N) ? _

Note that the on-screen circuit “le has once again been updated.
Now enter the second line, 2030 ohm TRL. You see the screen
in Fig. 4-52.

90 90 90
40 30 20

10

The Smith Chart is now getting a bit cluttered, so it is time to
clean it. Type'CZ for clean at theCommand ?Z prompt. What

will be left is the last trace drawn. Finally, add the last TRL
and look at the “nal results. Typ&l0,60" when asked; then,
after cleaning the screen once again, you should see the plot in

Units: ohms, degrees
Note : Line length specified at 3000 MHz

FIG. 4-49. First cut network using the SmithMatch solution available at

. Fig. 4-53.
www.microwavesoftware.com.
VSWR: 1.5 03-19-2005 @ 10:10:22
System Z0: 50 ohms 05 1.0
Data File: TRL3 ' 2.0
Ereq RI Xl VSWR 02 5.0

20000 10.000  0.000  5.000
23330 10.000  0.000  5.000 INF

2667.0  10.000 0.000 5.000 0
3000.0 10.000 0.000 5.000
0.2 5.0
Command ? _ 0.5 2.0

1.0
Ckt: \Load

FIG. 4-50. The low end of the band is denoted by the small circle over on the left half of the Smith Chart on the axis of reals.

VSWR: 1.5 03-19-2005 @ 10:14:32

1.0
System Z0: 50 ohms

Data File: TRL3 0.5 2.0
Freq RI X VSWR 02 50
20000 22.857 14.846  2.425
2333.0 29.602 14.277  1.890 0 INF
2667.0 36.688  9.402  1.460
3000.0 40.000  0.000  1.250

0.2 5.0

Command ? _ 0.5 2.0
1.0

Ckt: \16(20,60\Load

FIG. 4-51. In this display notice that the impedance plot has spread out, and is moving in towards the center of the chart.
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VSWR: 1.5 03-19-2005 @ 10:19:51
1.0
System Z0: 50 ohms
Data File: TRL3 0.5 2.0
Freq Rl Xl —YSWR 0.2 5.0
2000.0 51.892 11.703 1.261
2333.0 34.000 14.775 1.686 0 INF
2667.0 24.978 8.088 2.871
3000.0 22.500 0.000 2.222
0.2 5.0
Command ? _ 0.5 2.0
1.0

Ckt: \16(30,60)\16(20,60\Load

FIG. 4-52. The second quarter-wave TRL caused the trace to Rip, end for end, and you are now closer to chart center at the low end of the band.

VSWR: 1.5 03-19-2005 @ 10:24:16
1.0
System Z0: 50 ohms
Data File: TRL3 0.5 2.0
Ereq RI Xl VSWR
L o - 0.2 5.0
2000.0 28.359 4.877 1.780
2333.0 30549 11.797 1.776 0 INE
2667.0 48.310 22.224 1.568
3000.0 71.111 0.000 1.422
0.2 5.0
Command ? _ 0.5 2.0
1.0

Ckt: \16(40,60)\16(30,60)\16(20,60\Load

FIG. 4-53. Note in this bgure that the last quarter-wave section again Ripped the trace end for end. Save this last element so that the on-screen circuit
ble will be updated and look like the plot shown here.

90 90 90
38.885 22.407 12.889

provides designers with state-of-the-art performance in a sin-
gle design environment that is fast, powerful and accurate. In

10 other words, the engineer has access not just to a solution for
impedance matching, but to an entire design environment that
supports a range of functionality to assist the engineer through-
outthe RF circuitdesign process, from initial system architecture
through “nal documentation.

Units: ohms, degrees
Note: Line lengths specified at 3000 Mhz

It is important to note that, while these solutions can be quite
effective and easy to use, they do require familiarity with the mul-

The resultis a pretty good “rst-cut match. Itis not all that great a&iple data inputs that need to be entered and the correct formats.

the low end of the band, butitis good enough for tweaking, eithe ou will also need some expertise to "nd the useful data among

by hand, or via the use of the Microwave Software OptiMatchthe tons of results coming out. These types of tools generally

program. The 2...3 GHz Broadband TRL Match circuit with th§OSt on the order of a few thousand dollars and up.
“nal optimized values is shown in Fig. 4-54.

FIG. 4-54. 2B3 GHz broadband TRL match.

Design Example
Integrated Design Tools As an example, consider the Genesys software platform from
Integrated Electronic Design Automation (EDA) software forAgilent Technologies (www.agilent.com/“nd/eesof). With “ve
designing RF and microwave components and subsystendéfferent con“gurations, it accommodates the range of RF
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FIG. 4-55. Start-up dialog showing how to launch MATCH.

tasks thatodayes engineers perform. Its impedance matchingub-network in MATCH. Using the Browse button select the “le
synthesis tool, known as MATCH, synthesizes simple quartemamed *Device.s2pZ from the working directory. Click on the
wave, Pi and Tee networks through general-order Chebydefault matching structure <LCPiZ and selectlti@Bandpass
shev networks. The tool works with single stage or multipleas the input matching structure from thgpe drop-down list in
stages, non-unilateral devices, and arbitrary terminations arfélg. 4-58. Select theno transformer Z option.

is well-equipped to “nd solutions for broadband, ill-behaved

S Highlighting the output port again, select theéd Sectionbutton
terminations.

to add the output matching section. Using the same procedure as
To better understand how this solution works in comparison tbefore, select theC Bandpasswith «no transformerZ for the

a point tool like SmithMatch, consider the following example output matching network. Press t@alculate button to enable

in which Genesys “rst captures measured data from a vectdgenesys to determine the matching topologies component val-
network analyzer (VNA) and then performs de-embedding taies. The initial response and topology is shown in Fig. 4-59.
extract the actual device parameters. Next, the corrected devitée optimization default goals are set380 dB for input and
datais incorporated into an ampli“er design and MATCH is usedutput matching. They can be modi“ed by double clicking on
to provide a simultaneous input and output matching structurehe optimization icon in thevorkspace treeand selecting the
This example focuses primarily on the use of MATCH. Goalstab to modify the matching goals. Additional goals can be

To begin, select thenew “leZ icon from the top menu bar. Then a(_jded for noise “gure, gain, etc. For this exercise, however, we
launch the MATCH synthesis tool from the start-up dialog shown" Il accept the default goals. 3
in Fig. 4-55. The initial component values have providedd6 dB (worst

After accepting the default naming, the MATCH dialog and assogase) match_over the 40_0'MH? bandwidth. To help i_mprove this
response, click on th®ptimization button on theSectionstab.

ciated windows like those shown in Fig. 4-56 will appear. The o .
last con“guration used will be displayed as the default menu. ngterafew seconds, the optimized mgtch pr.owdes the goal stated
the Settings tab set the frequency of analysis from 2200 MHz t 30dB across the 400-MHz bandwidth (Fig. 4-60).

2600 MHz and the number of points to 50. It should be noted that only devices whose stability factor K is
greater than or equal to one will be successfully matched at both
g}gut and output. When a device shows sconditionalZ stability,
trade-off is often required between input or output matching.

Under theSectionstab de“ne the termination, input and output
matching structures and the de-embedded device s-paramet
(Fig. 4-57). Forthe purposes of this example, the inputand outpL?t
terminations are 50 ohms (default). From ®ectionstab click  An additional feature of the MATCH tool is its ability to set
on the output port to activate it. Use tAdd Deviceto place the limits on component parameters. Selectirefaultstab to view
symbol for our two port de-embedded part. If you seleciiyyge ~ the values for inductor and capacitQs as well as the limits on
drop down, you will notice that you can reference both a “le and aistributed elements. These settings can also aide you in limiting
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FIG. 4-56. MATCH dialog window.

FIG. 4-57. In this bgure note that the input and output terminations can be a bxed real impedance, an S/Y/Z parameter ble, or modeled as a complex
termination made up of passive components.

the realizable transmission structures and in placing a limit oprocess it may be necessary to make multiple passes in order to
the loss from the lumped components as in Fig. 4-61. optimize the “nal match.

Invariably, optimization provides fractional component valuesSelect the schematic with the ampli“er and matching struc-
Proceeding with the next logical step then, you will need to tunéure from this example. Press botbrtl + AZ keys to select
the component values to the closest standard value. During thedl the passive components. Alternately, you can select the



100 RF CIRCUIT DESIGN

FIG. 4-58. Match properties screen shot.

Port1 c1
R0 c 15 pFII | [ [
4 6 | 9 |} 11 693'0 12
c4 c6 L 7578nH Port 2
c 3156pF shi c 018pF C 883.124pF : 70 500
L 134nH c 3945p,: =L 0.014nHS C 0405pF 15 |
8 o 159 Yi‘
16.8 N 16dB
17.7 N p
\\
T 186 N
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N 7
0 195 —
-
—
n 204
//
21.3 7
22.2 // -
23.1 AN

24
2200 2240 2280 2320 2360 2400 2440 2480 2520 2560 2600
Frequency (MHz)
= S11 ---S22

FIG. 4-59. Matching topologies component values calculated by Genesys.
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10
14
18
22
26
30
34
38

42

S11, S22, StartOpt:S11, StartOpt:S22 (dB)

46

50
2200 2240 2280 2320 2360 2400 2440 2480 2520 2560 2600
Frequency (MHz)

S11 S22 StartOptS11 StartOptS22

FIG. 4-60. Optimized match.

FIG. 4-61. Limiting the loss from lumped components.

) ) FIG. 4-62. A listing of the tunable components.
components from the top medit/Select/All selection. From

the Schematicmenu selection, follow the menu pick Make .

Components Tunablewhich will enable tuning for all the com- mouse wheel when the value is selected or alternately use the
ponents on the schematic. The tunable components will nov'\D/age Up or Page Dowrkeys.

appear in theTune window in the workspace as shown in The results in Fig. 4-63 represent two to three passes of com-
Fig. 4-62. Ensure thStandard 5% setting is in the tune win- ponent tuning. In this “gure the minimum match w26 dB

dow and then attempt to optimize the match to meet the originalcross the band. Note that two of the capacitors are in fractional
requirements. You may tune each of the components using thmcofarad values. For small values of capacitance, an interdigital
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S11, S22, StartOpt:S11, StartOpt:S22, Original:S11, Original:S22

50
2200 2240 2280 2320 2360 2400 2440 2480 2520 2560 2600
Frequency (MHz)

S11 S22 StartOptS11 StartOptS22 Original:S11 Original:S22

FIG. 4-63. Results of optimization.

capacitor might offer a cost-effective alternative. Going backmaximum power from a source to its load. The impedance-
to the Sectionstab of MATCH will allow you to try different matching networks can be designed either mathematically,
matching structures to try to further improve on the design.  graphically with the aid of a Smith Chart or via the use of a

range of software design tools. Simpler networks of two and

three elements are usually handled best mathematically, while
SUMMARY networks of four or more elements are very easily handled using
Impedance matching is not a form of sblack magicZ but is a steghe Smith Chart. Design tools can easily accommodate either
by-step, well-understood process that is used to help transfecenario.



THE TRANSISTO
at Radio
Frequencies

n Chapter 1, we discussed resistors, capacitors, and induaixers and oscillators to switches and attenuators, and more.
tors, and their behavior at radio frequencies. We found thaturther, these RF device transistors are fabricated in a variety
when working at higher frequencies, we could no longerof different ways and with different materials. Each different
think of a capacitor as just a capacitor, or an inductor asnaterial causes the performance of the transistor to change in
a perfect inductor. In fact, each of these components casubtle,and not so subtle,ways.

,be represented by an equwalenF circuit that indicates just hO“f’here are two basic fabrication methods for transistors used in the
imperfect that component really is. RF space: bipolar junction transistors (BJTs) or simply bipolars,
Inthis chapter, we will “nd that the transistor, too, is animperfectand “eld effect transistors (FETs). The main difference is that
device whose characteristics also vary with frequency. Therdsipolars have abrupt junctions in the semiconductor material and
fore, the equivalent circuit for a typical transistor is introducedFETes do not (see Fig. 5-1).

_and analyzed. Then, with the a!d of the eqt_nv_alent cireuit, _thefnstead, FETs have a gate element that creates an electromag-
input, output, feedback, and gain characteristics are descrlberqetic “eld when charged. This gate changes the conductivity of

We will then examine Y and S parameters and take a look at how
manufacturers typically present tlansistorss characteristics
on their data sheets.

Transistor-level design remains an important part of RF design,
even though todayes analog and RF engineers live in a world
of sconnect the IC boxes.Z There are a number of key reasons
why transistor level design,while it may be more dif‘cult and
require more time than merely connected IC modules,can be
well worth the extra effort. Some of these reasons include:

1. Exploration of design options,Working at the transistor
level allows the engineer to explore all possible design
options at a powerful device level.

2. Methodologies,The engineer can take advantage of
emerging automated design tools and methodologies to
speed the design process and make it much more
effective.

3. Results,Putting in the higher level of effort required to
work at the transistor level is compensated for by
allowing the engineer to really push the envelope of
speed and power and to take advantage of design reuse.

The topics of design and design tools will be addressed in future
chapters.

RF TRANSISTOR MATERIALS
Transistors are used to make all the necessary RF components

FET

Transistor Drain
Source
Bipolar Collector
Transistor
Base
Emitter

from low noise ampli“ers (LNA) to high power ampli“ers; from FIG. 5-1.

Schematic representation of FET and BJT.
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the channel, thus turning the transistor off or on. Once the gatecs, Output resistanceAs the name implies, this is simply the

on a FET has been charged, no additional power (really, current)

is needed to keep the transistor on (or closed). This means that

FETs are voltage-controlled devices.

By comparison, a bipolar transistor is current controlled andCe,

requires a small amount of current "owing through the transis-
tor to keep it on. Though small, this current for a single bipolar
transistor can quickly add up if you have millions of such tran-
sistors on a chip. For this reason, FET-based silicon chips use
less power than bipolars. The main disadvantage of FETs is that
they switch a little slower than bipolar devices.

RF designers use a variety of power transistors, includ-

ing: lateral-diffused (LD) MOSFETS, gallium-arsenide (GaAs) Ce,

metal-semiconductor FETs (MESFETSs), GaAs/InGaP hetero-
junction bipolar transistors (HBTs), gallium-nitride (GaN)
high-electron-mobility transistors (HEMTSs), and silicon-carbide

resistance seen looking back into the collector of the
transistor. A value for a typical transistor would be about
100K.

Emitter diffusion capacitancé his capacitance is really
the sum of the emitter diffusion capacitance and the
emitter junction capacitance, both of which are
associated with the physics of the semiconductor
junction itself and which is beyond the scope of this
book. It does exist, however, and since the junction
capacitance is so smafl is usually called diffusion
capacitance with a typical value of 100 pF.

Feedback capacitanc&his component is formed at the
reverse-biased collector-to-base junction of the transistor.
As the frequency of operation for the transistor increases,
C. can begin to have a very pronounced effect on

(SiC) FETs. transistor operation. A typical value for this component

might be 3 pF.

THE TRANSISTOR EQUIVALENT CIRCUIT Also shown in Fig. 5-2 is aurrent sourceof value Ig.Beta()

Just as resistors, capacitors, and inductors can be modeled byjangt course, the small-signal ac current gain of the transistor
equivalent circuit at radio frequencies, transistor behavior caghije Ig is the current throughy e. The current source can be
also be best described by su“ch a circuit as shown in Fig. 5-2,4,ght of as simply an indication of current "ow in the collector
This is a common-emitter con“guration of the equivalent circuityhat is dependent upon the current that "ows in the base of the

known as the hybrid-model. At*rstglance, the hybrid-model  5nistor. Therefore, the collector current is equal to the base
looks to be quite formidable for analysis purposes. After de“n-rrent times the of the transistor o= Ig.

ing each component of the model, however, some simplifyin

assumptions will be made to aid in the analysis process. ?(eep in mind that Fig. 5-2 depicts only those inherent para-

sitic elements that arimternal to the semiconductor material
itself. Somehow, however, a connection has to be made from
the semiconductor material to the transistor leads. This is done
with a minute piece of wire called a bonding wire, which, at
high frequencies, adds a bit of inductance to the equivalent cir-
cuit. The transistor leads themselves tend to exhibit additional
series inductance and the equivalent circuit begins to resemble
that of Fig. 5-3, wherég, Lg, andL¢ are the base, emitter, and
collector lead and bonding inductance, respectively.

b, Base spreading resistancEhis is an inevitable
resistance that occurs at the junction between the base
terminal or contact and the semiconductor material that
composes the base. Its value is usually in the tens of
ohms. Smaller transistors tend to exhibit larger values
of rpp .

Input resistanceThe resistance that occurs at the
base-emitter junction of a forward-biased transistor.
Typical values range around 1000 ohms.

rb en

It certainly should be obvious now that the equivalent circuit for
a typical transistor is not trivial, but contains numerous com-

'bc, Feedback resistanc@his is a very large (5 megohm) ponents, all of which will affect the décees operation at high
resistance appearing from the base to the collector of the

transistor.

e

FIG. 5-2. Transistor equivalent circuit—common-emitter con guration. FIG. 5-3. An equivalent circuit including lead inductance.



The Transistor Equivalent Circuit 105

frequencyto a certain degreelf some simplifying assumptions operation increases, howevex; begins to play an increasingly

are made, however, we should be able to use the equivalent circiritportant role. Its shunting effect (aroungle) tends to reduce

to determine how the transistor behaves at radio frequencies. the impedance considerably, until at high frequencies, it effec-
tively eliminatesp ¢ from the circuit. When this occursgyp, L,

Input Impedance andLg become the major contributors to the transistorss input

One of the “rst simpli“cations that can be made to the circuit ofimpedance.

Fig. 5-3 is to eliminatey, c. Five megohms is, after all, a rather Tpe impedance looking into the terminals of Fig. 5-5 can be

large resistance and, for our purposes, looks like an open circufiescribed as follows:

The next step is to use a principle called kider effectto trans-

poseC. from its series base-to-collector connection to a position J.LCT(rb e)
+ =+
1

that is in parallel withCe, with a new value of €)(1S R.), Zn=1] L+ rpp I Le

whereR_ is the load resistance. This capacitance is then com- J Cr+rpe

bined withCg to form a new total capacitandgy. These changes . Mbe
P = + + + -

are shown in Fig. 5-4. J (ke + Le)* Moy 1+ rpe Cr

The input impedance variation over frequency for a transistor = Lt+ rpp + _rbe

is very easily found by analyzing the circuit of Fig. 5-5. Here 1+ rpeCr

we have included only the elements of the equivalent circuit that

have an effect on the#ansistorss input impedance. Notice that This equation is plotted on the Smith Chart shown in Fig. 5-6
the primary contributors arey, . andCr,neither of which the  with the following values inserted into the equation.

designer has any control over. The quantify, on the other

hand, is a very small resistance whilg andLg can vary in Lt=20nH  rpe= 1000 0hms

size depending on circuit layout. If you are very carefigland p = 500hms Cr = 100 pF

Le can be limited practically to the bonding inductance that was

mentioned previously. Ifthis is the case, these elements will havdotice that the chart is normalized for convenience. The actual
practically no effect on input impedance until well above veryinput impedance of the hypothetical transistor is 1050 ohms at
high frequencies (VHF). DC and 50o0hms at 112 MHz. Therefore, to “nd thetual

If we begin our analysis at DC, the circuit of Fig. 5-5 reducegmpedanceof this transistor at any frequency, simply multiply

) . . . . . the value found on the chart by 100.
to rpp in series withrpe and the input impedance is a pure
resistance and is at its maximum value. As the frequency dfhe impedance is presented on the Smith Chart for two reasons.
First, and most obvious, is for practice and, second, because of

L Le the ease with which both impedance and admittance can be read
Tbb c from the chart at a glance. Most manufacturers, as you will see,
B use admittanceparameters rather thampedanceparameters
ls Cr re blg to describe transistor characteristics on their data sheets. This
e can sometimes be confusing to the designer who is not used to

working with admittances. However, you will soon be handling
both impedance and admittance information equally well.

E E Output Impedance

The output impedance of a transistor typically decreases with

frequency. Letes go back to the original circuit of Fig. 5-2 to see

why. We can manipulate Fig. 5-2 in much the same manner as

was done in the last section, and can arrive at a convenient circuit

Lg oo thatwill be useful for an outputimpedance analysis. Lookinginto
the collector terminal, the “rst component quantity that we see
is rce, Which has a typical value of 100K. This resistance is very

he O large in comparison to the other components in the network and

can usually be ignored. The same thing can be said,forThis
leaves us with the circuit of Fig. 5-7.

FIG. 5-4. An equivalent circuit using the Miller effect.

Z, The “rst inclination in an analysis of this circuit would be to
assume tha€; andC, are the determining factors in any out-
put impedance calculation and that they alone cause the output
impedance to decrease with frequency. Altho@randC, do

FIG. 5-5. Equivalent input impedance. have an effect on the output impedance of the device, there is
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FIG. 5-6. Input impedance vs. frequency. For a more detailed full color view of this gure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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FIG. 5-7. Equivalent output impedance.

0 Frequency

another mechanism that is not so obvious that also has quite an

effect. This can best be understood if we assume that the traprs. 5.8, Typical power gain vs. frequency curve.

sistor is in operation and that some of the collector signal is

being fed back to the base through. When this occurs, some j, the base circuitry directly affects the output impedance of the
of the signal voltage being fed back appears acrggcaus-  transistor. This malady is especially important to consider when
ing current to "ow in the resistor. This current "ow in the base you are trying to perform an impedance match on both the input
region is ampli“ed by the of the transistor, thus increasing the and the output of the transistor simultaneously. If, for example,
collector current. The increase in collector current appears 8%u “rst match theransistorss input impedance to the source and
a decrease in collector impedance. Therefore, even th@dgh then match the load to the transistorss output impedance, the out-
andCe act to reduce the outputimpedance level of the transistqs,t matching network will cause the transistorss inputimpedance
through a decrease in their capacitive reactances, there is a|5%b3change from its original value. Therefore, the input matching
hiddenelement which tends to further decrease the impedanGgatwork is no longer valid and must be redesigned. Once you
level beyond that which you would ordinarily expect to “nd by redesign the input matching network, however, this impedance
just looking at the equivalent circuit. Any changes in an exterthange will re’ect through to the collector causing an output
nal source resistanc&) will also changeZoy. IncreasindRs  impedance change which invalidates the output matching net-
decrease®out because more of the signal current being fed backyork. Therefore, if you totally ignore the feedback components

is forced throughry e. in the transistores equivalent circuit when designing impedance
matching networks, you will not obtaingerfectmatch for the
Feedback Characteristics transistor. Nevertheless, @; is small, the match at both the

The feedback components of the transistor equivalent circuit thanput and the output might be tolerable in many cases.

is shown in Fig. 5-2 arey e andCe. Of the two,Ce is the most It should be pointed out that there is a method for performing a

important since it is the element whose value changes with fres?imultaneous conjugate matoh a transistor while taking into

quency. The quantity, e, on the other hand, is very large and account the effects df;. This method is covered in detail in
constantand contributes very little to the feedback characteristiréhapter 6.

of the device.

As the frequency of operation for a transistor increaggs, Gain

becomes more and more important to the circuit designefhe gain that we are normally interested in for RF transistors
because, of course, its reactance is decreasing. Thus, more asdhe power gainof the device, rather than just the voltage or
more of the collector signal is fed back to the base. At lowcurrentgain. Itis power gainthatis important because of the myr-
frequencies, the feedback is usually not much of a problenad of impedance levels which abound in RF circuitry. When an
becaus€,, coupled with other stray capacitances located in animpedance level changes in a circuit, voltage and current gains
around the circuit or circuit-board area, is usually not enough talone no longer mean anything. Even a passive device can pro-
cause instability. At high frequencies, however, stray reactancekice a voltage or current gain but it cannot produce both simul-
coupled withC. could act to produce a 18(hase shift from taneously. That is what transistors are for,to produce real gain.
collector to base in the fed-back signal. This 1@base shift,
when added to the 18(hase shift that is produced in the nor-
mal signal inversion from base-to-collector during ampli“cation
could turn an ampli“er into an oscillator very quickly.

The power gain of a transistor typically resembles a curve similar
to that shown in Fig. 5-8. This curve is not at all surprising if
'you again consider the equivalent transistor circuit of Fig. 5-4.
Notice that what we have, in effect, is an RC low-pass “Iter with
Another problem associated with the internal feedback of tha gain which must fall off (neglecting lead inductance) at the
transistor is the fact that the collector circuitry is not truly isolatedrate of 6 dB per octave. The maximum frequency at which the
from the base circuitry. Thus, any change in the load resistandeansistor provides a power gain is labeledas in the diagram.

of the collector circuitry directly affects the input impedance of The gain curve passes throufghx at 0 dB (gairF 1), and at the
the transistor. Or, similarly, any change in the source resistancate of 6 dB per octave.
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30.00 m is selected to operate on regions of the output curve known as
saturation and cut-off.

In the cut-off region, the operating conditions of the transistor

are zero input base current, zero output collector current and

maximum (determined by the supply rail) collector voltage. In

this state, the transistor acts like a switch in the off position, with

no current "owing through the output. In the saturation region,

the transistor is biased so that the maximum amount of base
A currentis applied. This operating condition results ina maximum
collector current "ow and minimum collector emitter voltage.
Here, the transistor is operating as a switch in the on position.
In both cut-off and saturation, minimum power is dissipated in
the transistor.

2000m B

le (MA)

10.00 m

0.00
0.00 1.25 2.50 3.75 5.00

Vee (V)

Put simply, the base (B) of the transistor (see Figure 5-10) acts
like the on/off switch. If a current is "owing to the base, then a
path will exist for current to "ow from the collector (C) to the
Gain is usually classi“ed as either unilateralized, neutralized, oemitter (E),in other words, the eswitchZ is on. If there is no
unneutralizedUnilateralized power gairs de“ned as the gain current "owing to the base, then no current path exists between
available from the transistor when the effects of both feedbacthe collector and emitter,or the eswitchZ is off.

componentsrg ¢ andCg) are negated. Remember thigt and

C. are providing negative feedback internal to the transistor andVEMs as a Switch

thus, decrease the gain of the device. Eliminating the negativénother way to make a switch is with old fashion relays, as
feedback increases the gain of the transidNeutralized power opposed to transistors. But using todayes latest semiconduc-
gainis that gain which occurs when only the feedback capacitor materials and technology, these old fashion relays take on
tance Cc) is negated or neutralizetinneutralized gainon the  a whole new meaning.

other hand, occurs whemeither feedback component is COM- \jicelectromechanical systems (MEMS) technology is start-
pensated for. Of the three, the unilateralized ampli“

FIG. 5-9. Transistor’s characteristic curves.

Thus, neutralization is usually suf‘cient. a switch, by means of a semiconductor process. In a switch, for

Neutralization is accomplished by providiegternalfeedback example, these resulting nanostructures can achieve extremely
from the collector to the base of the transistor at just the righhigh levels of off-state isolation through the physical separa-
amplitude and phase to exactly cancel the internal negativigon of switch ports. In a variable capacitor, the use of MEMS
feedback. Further details on this are provided in Chapter 6. technology makes it possible to achieve the wide capacitance
tuning range of a mechanically trimmed capacitor, but with the
programmable control of an electronically adjustable device.

Transistor as a Switch MEMS technology is still at a fairly early stage of adoption
Before we go further, a quick word is in order about the usevithin RF front-end designs. The technology is perhaps most
of transistors as switches, since several other chapters dedbsely associated with the accelerometer sensors found in many
with transistors as ampli“ers. Most electronic components an@utomotive air-bag electronic systems. Heavily “nanced by mil-
devicescanst source enough power to operate. Transistors, whetary research dollars, MEMS is viewed as a possible compact
used as a switch, have the unique capability of allowing largsolution for the switched channel “lters common to military
amounts of current "ow, all of which is controlled by a very small tactical radios, allowing a considerably reduction in size and
change in junction voltage,so long as the ground between theweight in manpack designs compared to current switched-“Iter
transistor and the rest of the circuit is the same. solutions.

When a bipolar transistor is used in any circuit, be it as a switclAvailability of MEMS-based variable capacitors and inductors,
or ampli“er, its function is determined by the devicess set offor example, also opens up the possibility of new approaches
characteristic curves (see Figure 5-9). The output characteristio RF front-end designs, with opportunities for programmable
curves determine the range of output voltage (collector-emittenather than “xed preselector and IF “lters. In addition, the
voltage o) for different collector current,. If the transistor  capability of electronically changing the impedance at different
is to be used as an ampli“er, then biasing is selected so that theércuit junctions with a MEMS device suggests the possibility
linear part of the output curves,the almost horizontal sections) of electronically tunable antenna matching circuits and “I-
are used. Butifthe transistor is to be used as a switch, then biasitey/ampli“er matching circuits,in essence allowing an RF front
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FIG. 5-10. Transistor as a switch.
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Y PARAMETERS

In Chapter 4, admittance was introduced, with the help of the
Smith Chart, as the reciprocal of impedance. It is expressed
in the form of Y= Gz jB, whereG is conductance or the
reciprocal of resistance arglis susceptance or the reciprocal
of reactance. Botls and jB are taken to be parallel compo-
nents as opposed to the series representafienR+ jX) for Input Output
impedance. Port Port

(A) Common emitter

The admittance parameters of a transistor are simply a tool to

aid in the unambiguous presentation of the characteristics of the

device at a certain frequency and bias point. Or, put another way, (B)Common base

they are a method of indicating to a potential user what the tran-

sistor looks likeZ to something connected to its terminals under

certain conditions. Admittance parameters can be used to design

impedance-matching networks for the transistor, to determine its Output
maximum available gain, and to determine its stability,or lack Input Port
thereof. In short, they present a model of the transistor to the Port

designer so that he may best utilize the device in his particular

application. (C)Common collector

The Transistor as a Two-Port Network FIG.5-11. The three-terminal transistor as a two-port network.

The transistor is obviously a three-terminal device consisting of

an emitter, base, and collector. In most applications, however,

one of the terminals is common to both the input and the outputather than describe the device as a three-terminal network, it
network as shown in Fig. 5-11. In the common-emitter con“g-is convenient to describe the transistor iblack-boxfashion
uration of Fig. 5-11A, for instance, the emitter is grounded andby calling it a two-port network. One port is described as the
is thus common to both the input and the output network. Sdnput port and the other as the output port. This is shown in
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Iy I The short circuit is used in the measurement of Y parameters
because of the de“nition of the two-port model. Referring to
Fig. 5-12, it is obvious that the currehtis dependent upon the
voltage /1) at the input terminals of the device. But, what might
not be so obvious is the fact thigtis also dependent uporp.

This is due to the internal feedbadR(; andC;) of the transistor
and it must be accounted for. Stated mathematically:

1= yiVi+ %V (Eq. 5-5)

. T .. which simply states thdt is dependent upon the input admit-
Fig. 5-11. Once the two-port. realization is made, the trgnsstqrance, the reverse-transfer (feedback) admittakgeand Vs.
can be completely characterized by observing its behavior at ﬂﬁotice, however, that if we forcé, equal to zerol; is totally
two ports. dependent upol1 and the input admittance of the device. Or
stated another way, the input admittance can be found by inject-
Two-Port Y Parameters ing V1 and measuring; . A similar argument can be made fgr
Two-port admittance parameters can be used to completely chaf-V1 is forced equal to zero in Equation 5-5. The equation for
acterize the behavior of a transistor at a certain frequency artfe output port is

bias point, and are gonsidered t_o b(_a indgpendent of applied sig- lp = ViV + YoVa (Eq. 5-6)

nal level as long as linear operation is maintained. Glaek-box

con“guration used to create the Y-parameter characterization fsquations 5-3 and 5-4 can be derived from Equation 5-6 by

Vi Transistor v,

FIG. 5-12. The transistor as a two-port “black box.”

shown in Fig. 5-12. alternately settiny; andV> equal to zero.
The short-circuit Y parameters for the two-port con“guration of Transistor admittance parameter variations with frequency are
Fig. 5-12 are given by: often published by manufacturers to aid the designer in his design
efforts. They are extremely useful, but often very dif‘cultto mea-
Y = I_l Vo= 0 (Eq.5-1) sure, especially at high frequency. The dif‘culty arises at high
Vi frequencies mainly due to the fact that a good short circuit is
I dif‘cult to obtain. As we learned in Chapter 1, a capacitor at
=3 Vi=0 (EA-5-2)  high frequencies is not a short circuit at all, but presents some
reactance at the operating frequency. Obviously, if any reactance
Vi = |_2 Vo= 0 (Eq.5-3) creepsinto the sshort circuit,Z the voltage at the port in question
Vi is no longer zero and our measurement is no longer valid. The
I higher the impedance at the sshortedZ port, the worse our mea-
Yo= A Vi=0 (EQ.5-4)  surement error becomes. There are, of course, other methods
besides capacitors for producing short circuits at the test fre-
where guency. But they are generally cumbersome, tedious, and time-
yi = the short-circuit input admittance, consuming, and, as such, leave alot to be desired. Because of the
y; = the short-circuit reverse-transfer admittance, problems associated with “nding a true short circuit at high fre-
yi = the short-circuit forward-transfer admittance, guencies, the trend inrecent years has beento characterize higher
Yo = the short-circuit output admittance. frequency transistors in terms of their scattering or S parameters.

The short circuit that is used to maki andV; equal to zero g pARAMETERS

is not a DC short circuit, but a short circuit presented at the . .
Scattering, or S, parameters are another extremely useful design

signal or test frequency. This is usually accomplished by plac—.d that ¢ fact v for their hiaher f
ing a large capacitor across the terminal which requires a sho 1d that most manutacturers supply for their higner frequency
ransistors. S parameters are becoming more and more widely

An examination of Equation 5-1, for instance, reveals that ir} ) :
order to measurg in a laboratory, you would “rst have to con- used because they are much easier to measure and work with

nect a large capacitor across the output terminals of the devic@.an_Y parameters. '_I'hey are easy to understand, convenient, and
This will setV, equal to zero. Then, a known signal voltayye)( provide a wealth of information at a glance.

is injected into the input port and a measurement aé made. While Y parameters utilize input and output voltages and cur-
The ratio ofl; to V1, with their appropriate phase relationshipsrents to characterize the operation of the two-port network, S
accounted for, is the short-circuit input admittance of the devicgyarameters use normalized incident and re"ected traveling waves
which is usually a complex number in the form@#% jB. Simi-  at each network port. Furthermore, with S parameters, there
larly, to measurg;, simply leave the short circuit in place, inject is no need to present a short circuit to the two-port device.
signal voltagée/1, and measurk. The complex ratio of, to V; Instead, the network is always terminated in the characteristic
is the short-circuit transfer admittance. Similar methods are usdthpedance of the measuring system. In the majority of mea-
to measure, andy; . suring systems, this impedance is 50 ohms (purely resistive).
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Incident Wave guantity expressed as a magnitude and an angle in polar form.
= re”ection coef‘cient
Z — Vrevected
%o Vincident
= Eq. 5-7
2 (Eq. 5-7)
Reflected Wave As the match between the characteristic impedance of the trans-

mission line and the terminating impedances improves, the
re"ected wave becomes smaller. Therefore, using Equation 5-7,
the re”ection coef‘cient decreases. When a perfect match exists,
FIG. 5-13. Incident and re ected waves on a transmission line. there is no re”ected wave and the re”ection coef‘cient is zero. If

the load impedance, on the other hand, is an open or short circuit,
Jione ofthe incident power can be absorbedin the load and all of it
ust be re”ected back toward the source. In this case, the re”ec-

The 50-ohm termination requirement is much easier to contr
than the short-circuit Y-parameter requirement, thus facilitating. e .
measurement. In addition, the 50-ohm source and load seen gn coef'cient is equal to 1, or a _perfem|smat'(,:h T_hus, the
the two-port network generally forces the device under test, if _rma} range of values for theagnitudeof the re e_ct|on coef-
active, to be stable and not oscillate. This is not always true inment is between zero and one. The reasummalis stressed

a short-circuit measuring system where an active device ofted that in order for the re"ection coef'cient to kgreater than

does not want to see a short circuit applied to one of its portsqne the magpnitude of the re ect_ed wave from a load impedance
Often such a termination would cause an active device Su(ﬁust be greater than the magnitude of the incident wave to that

as a transistor, to become unstable, thus making measureme di Ibn orderforth?t to OCC%."[ follows tthat theflolgd;rr: qcljJes_tlon ¢
impossible. S parameters, therefore, are usually much easier Stbea source of power. 1his conceptis usetulin the design o

the manufacturer to measure and, because they are also C&?_cillators, but re”ection coef‘cients that are greater than unity,

ceptually easy to understand, are widely used in the design 4t the input networks of ampli‘ers, are very bad news.
transistor ampli“ers and oscillators. As we learned in Chapter 4, the re”ection coef‘cient can be
expressed in terms of the impedances under consideration. For

L . example, the re”ection coef“cient at the load of the circuit shown

Transmission Line Background in Fig. 5-13 can be expressed as:

In order to understand the concept of S parameters, it is neces- .

sary to “rst have a working knowledge of some very simpli“ed = 4S %o

transmission line theory. The mathematics have been extensively 2L+ 2o

discussed in the many references cited at the end of the bo@lptice that ifZ, is set equal t&@, in Equation 5-8, the re”ection
(Bibliography) and will not be covered here. Instead, you shoul@oef cient becomes zero. Conversely, settifigequal to zero

try to gain an intuitive feel for the incident and re”ected traveling (a short Circuit), the magnitude of the re”ection coef‘cient goes
waves in a transmission line system. to unity. Thus, Equation 5-8 holds true for the concepts we have

As shown in Fig. 5-13, voltage, current, or power emanatingliscussed thus far.
from a source impedancéd) and delivered to a load’() can  Often Equation 5-8 is normalized to the characteristicimpedance
be considered to be in the form of incident and re"ected wavegf the transmission line. Thus, dividing the numerator and
traveling in opposite directions along a transmission line of chardenominator of Equation 5-8 (8, we have:

acteristic impedance). If the load impedance/() is exactly

(Eq. 5-8)

equal toZ,, the incident wave is totally absorbed in the load %31

and there is no re”ected wave. If, on the other hafddiffers T 44

from Z,, some of the incident wave is not absorbed in the load L

but is re”ected back toward the source. If the source impedance = ZnS1 (Eqg. 5-9)
Zs were equal t&,, the re’ected wave from the load would be Zn+ 1

absorbed in the source and no further re”ections would occufypere

Of course, for aZs not equal toZ,, a portion of the re"ected 7 is the normalized load impedance.

wave from the load is re-re”ected from the source back toward

the load and the entire process repeats itself perpetually (forquation 5-9 is the same equation that was used in Chapter 4
lossless transmission line). The degree of mismatch bet&gen to develop the Smith Chart. In fact, you will “nd that re”ec-
andZ_, or Zs, determines the amount of the incident wave thation coef‘cients may be plotted directly on the Smith Chart,
is re”ected. The ratio of the re”ected wave to the incident waveand the corresponding load impedance read off of the chart
is known as thee”ection coef‘cientand is simply a measure of immediately,without the need for any calculation using Equa-
the quality of the match between the transmission line and thons 5-8 or 5-9. The converse is also true. Given a speci“c char-
terminating impedances. The re”ection coef‘cient is a complexacteristicimpedance of atransmission line and a load impedance,
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the re”ection coef‘cient can be read directly from the chart. Nothe two-port deviceplus that portion ofa; that is transmitted
calculation is necessary. Example 5-1 illustrates this fact. through the two-port device. Similarly, the total traveling wave

The construction performed in Example 5-1 should take less tha"Vnd f_rom the input of the two-port deV|c_e ba::k toward the
30 seconds once you become familiar with the chart. Obviouslﬁource is made up of that portion ef that is re"ected from
an alternate solution would have been to use Equation 5-8 or

5-9 and perform the computation mathematically. Without the

aid of a good scienti“c calculator to perform the complex hum-

ber manipulation, however, the numerical computation becomes EXAMPLE 5-1

both tedious and time-consuming. That is the reason Mr. Smith
developed the chart in the “rst place,to perform the transfor-
mation between impedance and re"ection coef‘cient, and vice
versa, without the need for complex number manipulation.

What is the load re ection coef cient for the circuit
shown in Fig. 5-147?

Z
To “nd the impedance that gives a certain value of re”ection % 50

coef‘cient in a normalized system, you would simply perform
the reverse of the construction given in Example 5-1. These z 100 75
procedures are outlined as follows:

1. Draw a line from the center of the chart to the angle of
the given re”ection coef‘cient. The normalized
impedance is locatesbmewheralong that line.

. e - FIG. 5-14. Transmission line circuit for Example 5-1.
2. From the voltage-re”ection coef‘cient scale located at

the bottom of the chart, transfer the value for distance
(d), corresponding to the magnitude of the re”ection
coef“cient, to the line drawn in Step 1. Plot this point for
a distanced) from the center of the chart along the line
drawn in Step 1.

Solution

The rst step is to normalize the load impedance so that
you may plot it on a Smith Chart as was done in
Chapter 4. In this case, however, since we are dealing with

o ] ] transmission lines, you must normalize the chart to the
3. Thenormalizedimpedance at the point plotted in Step 2 characteristic impedance of the line rather than just some

is then read directly from the chart just as any other convenient number.
impedance would be read. 100+ j75
47 75
S Parameters and the Two-Port Network =2+jL5

Let us now insert a two-port network between the source and
the load in the circuit of Fig. 5-13. This yields the circuit of
Fig. 5-16. The following may be said for any traveling wave that
originates at the source:

Plot this point on the chart as shown in Fig. 5-15. Draw a
line from the center of the chart through the point

2+ j1.5 and extend this line to the outside edge of the
chart (which is calibrated in degrees). Note that for clarity,
all extraneous scales normally shown around the periphery
of the chart have been eliminated. The re ection

coef cient can now be read directly from the chart. The
distance from the center of the chart to the point

Z= 2+ jl1.5is equal to the magnitude of the re ection

1. A portion of the wave originating from the source and
incident upon the two-port devicey() will be re"ected
(b1) and another portion will be transmitted through the
two-port device.

2. A fraction of thetransmittedsignal is then re”ected from coef cient. To nd its numerical value, simply transfer this
the load and becomes incident upon theputof the distance @) to the voltage-re”ection coefcient scale
two-port device &). located at the bottom of the Smith Chart. This yields a

3. A portion of the signaldy) is then re"ected from the value of 0.54 for the magnitude. To nd the angle in
output port back toward the loati), while a fraction is degrees, simply read the angle at the intersection of
transmitted through the two-port device back to the the previously constructed line and the outside edge of
source. the chart. This angle is approximately 29.7 Thus, the

load-re ection coef cient for a load impedance of

It is obvious from the above discussion that any traveling wave 100+ 75 ohms in a 50-ohm system is:

presentin the circuit of Fig. 5-16 is made up of two components. 0.54_29.7

For instance, the total traveling-wave component "owing from

the output of the two-port device to the load is actually made
up of that portion ofay which is re”ected from the output of

Continued on next page
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EXAMPLE 5-1,Cont

FIG. 5-15. Solution to Example 5-1. For a more detailed full color view of this gure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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the input porfplusthat fraction ofay that is transmitted through need. IfZ, is set equal t&@,, however, then there is no re”ection
the two-port device. from the load and theneasurede”ected signal from the input
If we set these observations in equation form, just as was doﬁaeort’ di\:ideq by the‘ s_ignal i”Ci‘_’eT“ upon that port, is truly the
for the Y parameters, we get the following: Input re”ection coef‘cient,S;1. Similar arguments can be made
for the other S parameters to be measured. Therefore, to measure
by = Spja; + Spoan (Eq. 5-10) the S parameters of a two-port network, the network is always
terminated (source and load) in the characteristic impedance of

b2 = Sp120 + S8 (Eq. 5-11) the measuring system, thus eliminating all re”ections from the
where terminations.
S;11 = the input re”ection coef“cient, The signi“cance 051 andS;,, as shown in Equations 5-14 and
S1»= the reverse transmission coef‘cient 5-15, is that they are simply thferward andreverse gain(or

los9 of the two-port network, respectively, when the two-port
device is terminated in the characteristic impedance of the mea-
suring system. These are more meaningful than the equivalent
Y parametery; andy,, which were previously studied. Param-
eterys, for instance, is a forward transadmittance apds

1 a reverse transadmittance, neither of which can be intuitively
S = a a=0 (EQ.5-12)  related to an insertion gain or loss for the two-port network.

Sp1 = the forward transmission coef‘cient,
Sy, = the output re”ection coef cient.

Notice, in Equation 5-10, that if we sat equal to zero, then,

whichis are”ected wave divided by an incident wave and, there-S parameters, like Y parameters, are simply a convenient method

fore. by drnion. i equal o he nput recion coorient yPIeSETIT e chaaceres o & e o @ poeraltoer
studied previously. Thus$1 can be plotted on a Smith Chart ' P P ' 9

X . i . ith their variation over frequency, to give the designer the "ex-
and the input impedance of the two-port device can be fOunﬁcility of working with the parameters with which he feels more

immediately. comfortable. There will come a time, however, when you will
Similarly, using Equation 5-11, be given only one set of parameters and, as things usually go, it
by will be the wrong set. If you ever run into this problem, simply
So = % a=0 (Eqg. 5-13) refer to the following conversion formulas:

This is also a re”ection coef‘cient and can be plotted on a Smith _ (LS )L+ Vo) + ViVt
Chart. Thus, the output impedance of the two-port device can ~ S11= ASy)A+ yo)S yrys
also be found immediately.

The other two S parameters are found as follows: 2. Sp= S 2r -
1+ ¥i)(1+ ¥0) S iy
b .
S1= —8=0 (Eq. 5-14) S2y
a 3. §i= .
o 1+ yi)(1+ ¥0) S iy
1 ~
S12= a T 0 (Eq. 5-15) 4 _ 3+ ¥)AS yo) + yiyr

. | _ 27 (@ YA+ yo) S iy
Notice that Equations 5-12 through 5-15 all require thatr ap

be set equal to zero in order to measure the individual S param- 1+ S)(ASS)+ SoS1 | 1
eters. This is easily done by forciZg andZ,_ to be equal to the W= (1+ S+ $2) S SS ) Z
1 2 221

characteristic impedance of the measuring system. Therefore, .

any wave that is incident upafy or Z_ is totally absorbed and 6. yr = S2512 _ % 1
none is re”ected back toward the two-port device. For example, 1+ S)(1+ $2)S SeSa 4
letes consider the measurement of the input re”ection coef“cient, §25, 1
S11. Ideally, we would like to provide an input signal to the two- 7. y; = o X —
port device and measure only that fraction of the input signal (1+ S+ $2)S S5 2o
that isre”ected back toward the source. In a practical situa- &

tion, however, some of the incident signal is transmitted through 8. Yo = (1+ Su)(1S S2)+ S12%1 x !

the two-port device, re”ectedag) from load impedance, and, (1+ $2)(1+ S1)S SoSn %

then, reverse transmitted through the two-port device back to

the source. The measured re”ected signal is then an aggregafietice that if you are converting from Y to S parameters, as in
consisting of that portion ddy, which is re”ected, and that por- the “rst four formulas, each individual Y parameter must “rst be
tion of ap, which is transmitted. Obviously, this is not what we multiplied by Z, before being substituted into the equations.
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a a, frequency at which theurrent gain of the device drops to 0
dB. Power gairmaystill be possible depending upon the avail-
z, by b, able voltage gain from the device at the frequency in question.
Z Z Usuallyfy is not measured directly for very high-frequency tran-
Input  Two Port  Output sistors, but is extrapolated from data taken at lower frequencies.
The accuracy of the measurement is, therefore, somewhat ques-
tionable and, as one manufacturer has stdtet provided on
the data sheets simply for historical reasons.

Ccp, This is the collector-to-base capacitana# the transistor
as measured at 1 MHz with a collector-to-base voltage of
10 volts and the emitter open-circuited.

FIG. 5-16. Incident and re ected waves for a two-port device.
The smaller this capacitance is, the better off you will be, if
you are using the transistor in an ampli“er con“guration. This

UNDERSTANDING RF TRANSISTOR capacitance can be equatedQg in the transistor equivalent
DATA SHEETS circuit of Fig. 5-1 at the beginning of this chapter.

The RF transistor data sheet is only a bit more complex thaR, This is the common-emitter current gaior betaof the

that of its Iow—frequency counterpart. In addition to all of the transistor at the Speci“ed low frequency of 1 kHz.
low-frequency information normally provided on a transistor o . ) .

data sheet, thezansistorss RF characteristics, in the form of y FOr an RF circuit desigrhye will not do you much good either.
parameters and S parameters and other related information, ara€ PC betaof the transistortiee), however, will provide you
included as well. It is assumed that you are already familiar witVith needed information in controlling the DC collector or bias
the low-frequency portion of the data sheet. Therefore, we wilfurént. This parameter is listed under e Characteristics
concern ourselves only with that information that is typically€ading for the device (on the second page).

added speci“cally for RF transistors. r, Ce,The collector-to-base time constafur the transistor is
Fig. 5-17 is a data sheet for the Freescale (formerly the Semi- another measure of its feedback characteristics.
conductor Product Section of Motorola) 2N5179 npn silicon RFrhe smaller this number is, the better off you will be. This is
high-frequency transistor. This particular transistor was choseginother bit of information that is often ignored.

simply because the data sheet provides bothY and S parameters

and is, therefore, very good for instructional use. NF,The noise “gureof the transistor is simply a measure of

] ] ) ) ) how much noise the transistor adds to the signal during
One _of th_e “rst _thlngs you might notice about _th|s particular the ampli“cation process (see Noise Calculations at:
transistor is that it has four leads! The extra lead is not connected http://books.elsevier.com/companions/9780750685184).
internally to the device itself, but is connected to the case which Notice that for these data sheets, a maximum noise “gure
just happens to be a metal can. In normal circuit operation, the ¢ 4 5 4B was measured for the device under a very rigid
extra pin is grounded, thus providing a shield around the device  ¢at of conditions.

to help reduce unwanted stray “elds.
igure 1, on page 3 of the data sheet, was used for the noise “g-

re measurement with the transistor biased \é¢@ of 6 volts,
c=1.5mA, and the source resistance set equal to 50 ohms.

The “rst page of the data sheet is fairly straightforward antﬁ
provides thenever-exceedatings for the transistor. This is |

a common practic_e even for_low-frequency transisto_rs and i?his method of presenting the NF for a transistor, as you can
noth_mg_new. Notu?e that this _manu_facturer c_ioes “SF thOS%vell imagine, is practically useless. Very rarely will the circuit
gppllcat|ops for Wh'Ch.the transistor s .well—sune.d. This E‘ar'designer ever see the transistor under this exact set of operat-
tlcu!ar device was de3|gqed for high-gain, low-noise ampli er’ing conditions. Any variation from these conditions changes the
oscillator, and mixer applications. measured noise “gure drastically. For this reason, the manufac-
On page 2 of the data sheet, under the heabiyigamic Char-  turer often provides afew noise “gure contours which present NF
acteristics several parameters of interest to the RF designer amgraphically under a wide variety of operating conditions. These
listed. contours are shown in Figures 3, 4, and 5 of the data sheet.
Figure 3 is a graph of noise “gure versus frequency. The NF is
measured at various frequencies under the ddaseonditions.
Notice, however, that this measurement was taken with a variable
source resistance, whdRgwas made equal to its optimum value
for a minimum noise “gure. The concept of an optimum source
Very rarely isfr used in the RF ampli“er-design process exceptresistance for a minimum noise “gure is presented in Chapter 6
to verify how close you might be to the transistores upper fre-of this book. Notice that the minimum noise “gure increases as
guency limit. Keep in mind thaftr is only an indication of the the frequency is increased. This is typical of RF transistors.

fr,This is called the transition frequencyor more commonly,
thegain bandwidth producof the devicefr is the
theoretical frequency at which the common-emitter
current gainlse) of the transistor is unity or 0 dB.
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NPN RF Transistor

FIG. 5-17. Data sheet. (Courtesy Freescale (formerly Motorola Semiconductor Products Inc.)).
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NPN RF Transistor

FIG. 5-17. (Continued)
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NPN RF Transistor

FIG. 5-17. (Continued)
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NPN RF Transistor

FIG. 5-17. (Continued)
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NPN RF Transistor

FIG. 5-17. (Continued)
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NPN RF Transistor

FIG. 5-17. (Continued)
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Figure 4 on the data sheet is a plot of noise “gure versus both
collector current and source resistance for the transistovat a

of 6 volts and an operating frequency of 105 MHz. It is obvious R 1/G Xc 1B
from the diagram that there are an in“nite numbeRgfl . com- 400 233F
binations that will provide you with a speci“ed noise “gure. For P
example, the following combinations & and|¢ will provide i
you with a 3.5-dB noise “gure: (A) Input circuit
Ic (MA) Rs (ohms)
0.5 105 or 600 Xc 1B 4K UG
555.5
1.0 90 or 500 1.4 pF
1.5 85 or 430 v
o]
2.0 82 or 390 o
(B)Output circuit
3.0 81 or 320
5.0 94 or 250

FIG. 5.18. Equivalent circuit for a 2N5179 (at 200 MHz).
Notice that for each value of collector current there are two values

of source resistance that will provide the speci“ed noise “gure . .
X o . . In Chapter 6, you will learn how to apply the givenY parameter
Obviously, any variation from the intended bias current or source : . )
. . . information from data sheets to the design of RF small-signal
resistance could change the noise “gure drastically. ampli‘ers

Figure 5 is simply another set of contours measured at thlgigures 11, 12, 13, 14, and 15 on the data sheet are plots of

same bias levels but at a Filﬁerent frequency (200 MHz). If yOL{hetransistor-s S parameters versus frequency at two different
intended to use the transistor at 300 MHz and wanted to kno‘ﬁlias levels:Veg = 6.0volts, Io= 1.5mA andVee = 6.0 volts
. E— ©O. yle— 4 E— ©O. )

what bi rrentan rce resistance t for i“c noi
N at bias current and source resistance to use fo aspecic OFcez 5.0mA. The four plots shown on page 5 of the data sheet
gure, you would be out of luck. There are no noise contours

provided for that frequency. provide S-parameter data in polar form. The radial distance out-
' ward from the center of the chart is equal to the magnitude; and
Figure 6, on page 4 of the data sheet, is a grapfy afersus  the angle is read along the perimeter of the chart. For example,
collector current. Optimuntr is obtained at the peak of the the S parameters for the 2N5179 with a bias/gf = 6 volts,
curve which occurs at approximately 12 mA of collector current]. = 5mA, at 100 MHz, are:
This graph becomes more important at frequencies clogg to
when you are trying to squeeze every last bit of gain out of S11= 0.65_309.
the device that you possibly can. It will indicate the optimum Syo= 0.84_348
collector current at which to operate the device. Once the value Sip= 0.03_70
of collector current is de“ned, a sample device could then be 27 SR
biased accordingly and its Y or S parameters measured so that S$p1=8.2_123

the design could proceed. Parameters £ and S» are the forward and reverse gain of the

Figures 7, 8, 9, and 10 are a graphical presentation of thgevice in magnitude form. To “nd the gain in dB, simply take
Y parameters versus frequency for the 2N5179. Measurementdse logarithm of the number and multiply it by 20.

were plotted aVcg = 6volts andl; = 1.5 mA. If you prefer a
different set of bias conditions, you will have to measure your S12(dB) = 2010g,,0.03

own'Y parameters as no other data is provided. =$305dB
The vertical axis of each diagram is calibrated in millimhos Sp1(dB) = 201log;(8.2
(mmhos). Therefore, the input admittance (Figure 7) of the - 183dB

2N5179 at 200 MHz is approximately = 2.5+ j7.5 mmhos,

which can be represented by the circuit of Fig. 5-15A. RememFrom the preceding calculations, we can deduce that the output
ber that positive susceptancejB) indicates a shunt capacitor port to input port isolation (&) of the transistor is very good
while negative susceptancsjB) indicates an inductor. Simi- atS30.5dB. Also, the gain of the transistorx(® when driven
larly, theoutputadmittance of the transistor at 200 MHz is readwith a 50-ohm source and terminated in a 50-ohm load (even
in Figure 8 asy,= 0.25+ j1.8 mmhos. The equivalent circuit without impedance matching), is better than 18 dB. Notice that
for this output admittance is shown in Fig. 5-18B. The forwardeach gain was calculated as a voltage gain. In actuality, voltage
and reverse transfer admittances for the transistor are given amd power gains are identical in this instance because the input
Figures 9 and 10, respectively, on the data sheet. and the output impedance levels are the same (50 ohms).
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Figure 15 on the last page of the data sheet is another plot bk veri“ed numerically by plugging 2 in Equation 5-8 for

the input and output re”ection coef“cients of the transistor. Thisand solving forZ, .

time, however, a Smith Chart is used. As was stated previously

in this chapter, § and $; are simply re”ection coef‘cients and

can be plotted just like any other re”ection coef‘cient. Once theSUMMARY

information is plotted, the input and output impedance of therhe transistor is no different from any other component when it
device can be read directly from the chart. comes to misbehaving at radio frequencies. Like other compo-

The chart shown in Figure 15 is a bit different from the chartd1eNts, the transistor, 0o, has stray inductance and capacitance
we have used thus far in the book. It has been normalized t§hich tends to limit its high-frequency performance. Y and S
50 ohms rather than the usual 1-ohm. Thus, the center of tH@rameters were devised as a means of presenting this complex
chart now represents 30j0 ohms rather than4L jO. This type transistor behavior over frequency with a minimum of effort.

of chart normalization is often used when the impedances thafanufacturers typically present the Y- and S-parameter infor-

the designer is working with tend to concentrate around a certafation in the form O_f data sheets, Y"hiCh should _be considered
value.in this case. 50 ohms. only as a starting point when used in any RF design task. Man-

] . _ufacturers cannot possibly hope to provide Y- and S-parameter
The input impedance of the 2N5179 as read from the Smitkormation at every conceivable bias point and in every pos-
Chart, at 100MHz with a collector current of SmA and gjpe circuit con“guration. Instead, they usually try to provide
Vce = 6volts, is: a set oftypical operating conditions for the device in question.
Zin = 485 j79 ohms Ipevitab]y, howeyer,. the day will come when the data sheet pro-
vided with a device is of no use to you whatsoever, and you will
This agrees, within reading accuracy, with the polar plot of'nd yourself measuring your own parameters and creating your
S11 (Figure 11) under the same operating conditions and caown data sheets in order to complete a design task.
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e design of RF small-signal ampli“ers is a step-by-
step logical procedure with an exact solution for each
problem. There are many books available on the market
today that offer schematics (complete with parts values)
which are sadaptable to any of your circuit needs.Z That

is, a circuit that the author may have designed for a speci“c set
of operating conditions is offered and it may or may not meet our

needs. Nonetheless, the design is presented without any design

NPN PNP

procedure attached, and the reader is left out in the cold when

he tries to adapt the circuit to his particular set of operating!G. 6-1. The schematic symbols for PNP- and NPN-type BJTs, courtesy of

conditions.

The chapter presented here, however, takes the opposite

approach. Detailed step-by-step procedures are followed in the

design process so that you can choose the transistor you want and

use it under any (realistic) operating conditions that you desire.
You will no longer have to adapt someoaksess schematic to
your needs. Rather you will create your olmomemadeRF
ampli“ers and optimize them for your personal application.

We will begin our discussion with a very brief overview of
transistor biasing. We will discuss both the bipolar and the “eld-
effect transistor (FET). As was shown in the last chapter, the
guiescent bias point of a transistor has a great effect onits Y and

S parameters. Biasing a transistor is, therefore, serious business

and should not be taken lightly.

Next, weell jump head “rst into the RF aspect of ampli“ers by
examining stability (tendency for oscillation), gain, impedance
matching, and general ampli“er design, with emphasis on the
use of Y and S parameters as a design tool

SOME DEFINITIONS

To aid in this discussion, letes “rst take a closer look at the two
types of transistors used in small signal design.

1. Bipolar TransistofA bipolar or bipolar junction
transistor (BJT) is a three-terminal semiconductor device
commonly used for ampli“cation of analog or digital
signals. It is constructed of doped sections of
semiconductor material sandwiched together. The center
section is called the base of the transistor. By varying the
current between the base and one terminal called the

Wikipedia (www.wikipedia.org/wiki/Bipolar_junction_transistor).

emitter, one can vary the current "ow between the emitter
and a third terminal known as the collector, causing
ampli“cation of the signal at that terminal.

There are two major types of bipolar transistor: PNP and
NPN (Fig. 6-1). A PNP transistor has a layer of N-type
semiconductor between two layers of P-type material. An
NPN transistor has a layer of P-type material between
two layers of N-type material. In P-type material, electric
charges are carried mainly in the form of electron
de“ciencies called holes. In N-type material, the charge
carriers are primarily electrons. Of the two types of BJTs,
the NPN is more commonly employed as it provides
better performance (e.qg., allowing greater currents and
faster operation) in most circumstances.

As an example, consider Fig. 6-2. During typical
operation of the transistor, the emitter...base junction is
forward biased and the base...collector junction is reverse
biased. When a positive voltage is applied to the
base...emitter junction, the equilibrium between thermally
generated carriers and the repelling electric “eld of the
depletion region becomes unbalanced, allowing
thermally excited electrons to inject into the base region.
These electrons wander (or diffuse) through the base from
the region of high concentration near the emitter towards
the region of low concentration near the collector.

The collector...base junction is reverse-biased, so little
electron injection occurs from the collector to the base.
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Emmiter Base Collector

n type
semiconductor

n type
semiconductor

p type
semiconductor

foward reverse
bias bias

i Gate
Source Oxide Drain

Body

FIG. 6-3. Cross-section of an N-type MOSFET, courtesy of Wikipedia
(www.wikipedia.org/wiki/Field_effect_transistor).

FIG. 6-2. NPN BJT with forward-biased E-B junction and reverse-biased
B-C junction, courtesy of Wikipedia (www.wikipedia.org/wiki/Bipolar_

junction_transistor).

Electrons that diffuse through the base towards the
collector are swept into the collector by the electric “eld
in the depletion region of the collector...base junction.

The bipolar transistor has both advantages and
disadvantages relative to the “eld-effect transistor.
Bipolar devices can switch signals at high speeds. And,
they can be manufactured to handle large currents in
order to serve as high-power ampli“ers in audio
equipment and in wireless transmitters. On the other
hand, they are not as effective as FETSs for weak-signal
ampli“cation, or for applications requiring high circuit
impedance.

Note that an improvement to the bipolar transistor is the
heterojunction bipolar transistor (HBT). It can handle
signals of very high frequencies up to several hundred
gigahertz and is therefore commonly used nowadays in
ultrafast circuits, mostly RF systems. One of the most
popular such devices is the silicon...germanium (SiGe)
HBT. Because it is compatible with standard silicon
digital processes it allows integration of very high speed
circuitry with complex lower speed digital circuitry.

. Field-effect TransistqiThe “eld-effect transistor

or FET is a type of transistor commonly used for weak-
signal ampli“cation, such as for amplifying wireless
signals. Like the BJT, it can amplify analog or digital
signals. It can also switch DC or function as an oscillator.

The FET relies on an electric “eld to control the shape
and therefore the conductivity of a path or channel in

a semiconductor material. During operation, current

"ows along a semiconductor path called the channel. At
one end of the channel, there is an electrode (source), and
at the other end is another electrode (drain). The
channeles physical diameter is “xed, but its effective
electrical diameter can be varied by the application of a
voltage to a control electrode known as the gate. This
gate permits electrons to "ow through or blocks their
passage by creating or eliminating a channel between the
source and drain. The conductivity of the FET depends,

at any given instant in time, on the electrical diameter of
the channel. A small change in gate voltage can cause a
large variation in the current from the source to the drain.
This is how the FET ampli“es signals.

There are two major classes of FETSs: junction FET
(JFET) and the metal-oxide- semiconductor FET
(MOSFET). All FETs (e.g., MOSFETs, MESFETS,
MODFETSs, and IGBTSs) except J-FETs have four
terminals (gate, drain, source and body/base/bulk). The
JFET has no body terminal.

The JFET uses a reverse biased P-N junction to separate
the gate from the body. Its channel consists of N-type
semiconductor (N-channel) or P-type semiconductor
(P-channel) material, while the gate is made of the
opposite semiconductor type. In P-type material, electric
charges are carried mainly in the form of electron
de“ciencies called holes. In N-type material, the charge
carriers are primarily electrons. In a JFET, the junction is
the boundary between the channel and the gate.
Normally, this P-N junction is reverse-biased (a DC
voltage is applied to it) so that no current "ows between
the channel and the gate. However, under some
conditions there is a small current through the junction
during part of the input signal cycle.

The most commonly used FET today is the MOSFET; it
is used in everything from cellular handsets to wireless
base stations. The MOSFET has a channel which can be
either N-type or P-type semiconductor. Fig. 6-3 provides
an example of an N-type MOSFET. The gate electrode is
a piece of metal whose surface is oxidized. The thin
oxide layer (typically SiQ) electrically insulates the gate
from the channel or body. Because the oxide layer acts as
a dielectric, there is essentially never any current
between the gate and the channel during any part of the
signal cycle. As a result, the MOSFET has extremely
large input impedance.

As compared to the BJT, FETs are preferable for use in
circuits and systems requiring high impedance, as well as
for weak-signal work in wireless communications and
broadcast applications. In general, FETs are not used for
high-power ampli“cations, such as is required in large
wireless communications and broadcast transmitters.
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In most RF ampli“er designs, unfortunately, very little thoughtis
ever given to the design of bias networks for the individual tran-
sistors involved. Often, the lack of interest in bias networks may
be justi“ed. If, for instance, the ampli“er is to be operated only
at room temperature, there would be little need to spend much
time developing an extremely temperature-stable DC operating
point. If, on the other hand, the ampli“er must operate reliably
and maintain certain speci“cations (gain, noise “gure, etc.) over
large temperature extremes, the DC bias netwoulstbe care-
fully considered. Consider, for example, the 2N5179 data sheet

from Freescale presented in the last chapter. A quick look at 1.

the Y- and S-parameter curves for the device will reveal that a
change in thdransistores bias point does in fact change all of
its RF operating characteristics. It only stands to reason, then,
that the DC operating point must remain stable under your spec-
i“ed operating conditions or the RF characteristics may change
drastically.

It has been shown that there are two basic internal transistor
characteristics that have a profound effect upon the transistores
DC operating point over temperature; they arggeg and

The object of agood temperature-stable bias design (see Fig. 6-4)
is to minimize the effects of these parameters.

As the temperaturiacreasesthe base-to-emitter voltag¥/gg)

of a transistordecreasest the rate of about 2.5 m\Z from

its nominal room-temperature value of 0.7V (for a silicon as
opposed to a CMOS or SiGe device). ¥ge decreases, more
base current is allowed to "ow which, in turn, produces more
collector current and that is exactly what we would like to pre-
vent. The total change iWgg for a given temperature change

is called Vgg. The primary external circuit factor that the cir-
cuit designer has control over, and which tends to minimize the
effects of Vpg, is the emitter voltageMg) of the transistor.
This is shown in Fig. 6-4. Here, a decreas&/jx with temper-
ature would cause an increase in emitter current and, hence, an
increase iVe. The increase iNg is a form of negative feedback
that tends to reverse bias the base-emitter junction and, there-
fore,decreas¢he collector current. A decreaséipg, therefore,
tends to be counteracted by the increas¥dnand the collec-

tor current does not increase as much with temperature. If these

observations were put into equation form, we would have:
< Vgel
lc § —BEC (EQ. 6-1)
VE

where
Ic = the change in collector current,

Ic = the quiescent collector current, 10.

Vge = the change in base-to-emitter voltage,
VE = the quiescent emitter voltage.

Thus, if VE were made equal to 20 timesVgEg, the collector
current would change only 5% over temperature dueVge. It
is important to note that it is the value of the emitter voltage)(
and not the value of the emitter resistBg] that is the important

2.

3. Assumelg

Transistor Biasing

Vee
les s R Re le
Is Ve
Ves Vce
Vee v,
lss Ry £
Re e Ic

Choose the operating point for the transistor.
lc=10mA, V; = 10V, V= 20V, =50
Assume a value for ¥ that considers bias stability:

Ve = 2.5volts

I¢ for high-beta transistors.

4. Knowing Ig and Vg, calculateRe.

5.

Vi
Rzzj

le

_ 25

~ 10 x 1053

= 250 0hms
Knowing V¢, V¢, and I, calculate R
_ VeeS Ve
= »
20510
~ 10x 1053
= 1000 ohms

Re

Knowing Ic and , calculatels.

b= <

= 0.2mA

7. Knowing Vg and Vgg calculateVgg.

8.

9.

Vee= VE+ Vge
25+ 0.7
3.2volts

Assume a value forlgg, the larger the better (see text):

lgg= 15mMA
Knowing lgg and Vgg, calculateR; .
V
Rl = iB
IzB
= 3.2 ohms
" 15x 1053
= 2133 o0hms

Knowing V¢, Veg, Iss, and Ig, calculateR,.
_ VeeS Ve
lgs+ Is
20532
T 17x 105
9882 ohms

bias-design criteria.

FIG. 6-4. Bias network design 1.
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Equation 6-1 tends to imply that the higheg is, the better.

This would be exactly true if we had nothing to worry about
except biasing the transistor for the speci“ed operating point.
Obviously, there are other things that must be considered in the
design. A high emitter voltage, for instance, does tend to waste
power and decrease the AC signal gain. A bypass capacitor across
Re at the signal frequency is usually used to prevent the loss in
gain, but the wasted power may still be a problem.

If we assume that the ampli“er is to operate over a change in
temperature of no more thans0 C, then an emitter voltage of
2.5V will provide a+ 5% variation inlc due to Vgg. In fact,

you will “nd that the majority of the transistor bias networks that
are similar to Fig. 6-4 will provide a value ¥ from two to four

volts depending upon the values\fc andV¢ chosen. Higher 2.

values are, of course, possible depending upon the degree of
stability you need.

The change in &ransistores DC current gain, ot over temper- 3,

ature, is also of importance to the circuit designer. Any variation
in  will produce a corresponding change in quiescent collector
currentand will, therefore, disrupt the transistores designed oper-
ating point. The of a silicon transistor typicallincreaseswith
temperature at the rate of about 0.5% perThus, for at 50 C
temperature variation you can expect thef the transistor and,
hence, its collector current to vary as muchtdb%.

Not only does vary with temperature but the manufacturing
tolerance for among transistors of the same part number is
typically very poor. It is not uncommon, for instance, for a man-
ufacturer to specify a 10 to 1 range foon the data sheet (such

as 50 to 500). This, of course, makes it extremely dif‘cult to
design a bias network for the device in question when it is to
be used in a production environment. Thus, a stable operating
point with respect to is dif‘cult to obtain from a production
standpoint as well as from a temperature standpoint.

The change in collector current for a corresponding change in
can be approximated as:

Re

1+ —>

12

Ic=lc (Eg. 6-2)

where

Ic1= the collector currentat= 1, £

1= the lowest value of,

2 = the highest value of,

2S 1

Rg = the parallel combination d®; andR; (in Fig. 6-4),
Re = the emitter resistor.

1.

»

Vee
les s Re lc 18 lgs
I R ve
Ves R Vee
lzg R Vee

Choose the operating point for the transistor.
le= 10mA, Ve = 10V, V= 20V, = 50
Assume values folVgg and Igg to supply a constant current,lg.
Vg = 2Vvolts
lgg= 1MA
Knowing Ic and , calculatelg.

Ic

b= <

= 0.2mA

Knowing Vgg, Vge= 0.7V, and I calculate R.
Ves S Ve
Is
2507
0.2x 1083
6500 ohms

Rs =

5. Knowing Vgg and Igg, calculateR; .

Vi
R = VBB
Iss
2
1x 1083

2000 ohms

6. Knowing Vgg, Igg, Is, and V¢, calculateR-.

Ve S Vs

lgg+ I
10S 2
T 12x 10
= 6667 ohms
Knowing V¢, Ve, lc, Is and Igg, calculateRe.
VeeS Ve
lc+ Ig+ Iss
20S 10
T 112x 105
= 893 ohms

Rec =

This equationindicates that once a transistor is speci“ed, the On'MG 6.5

control that the designer has over the effect changes on col-
lector current is through the resistance r&ig Rz. Thesmaller
this ratio, the less the collector current varigsgain, however,
some compromise is necessary. As you decrease th&giig,

Bias network design 2.

As a practical rule of thumb for stable designs, the rRb6Re
should be less than 10.

you also produce the undesirable effect of decreasing the cuFigs. 6-4, 6-5, and 6-6 indicate three possible bias con“gura-
rent gain of the ampli“er. Also, as the ratio approaches unitytions for bipolar transistors,in order ofdecreasingias stabil-
the improvement in operating-point stability rapidly decreasesty. Complete step-by-step design instructions using a typical
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1. Choose the operating point for the transistor ¥/, Ic).

IcS10mA, Ve = 10V, Veec= 20V, = 50

1.
2. Knowing Ic and , calculate k.
Ic
= = 2.
= 0.2mA
3. Knowing V¢, Vg= Vge= 0.7V, and Ig, calculateR-.
Re= Vclé Vs
B
_ 10507 3
~ 200 x 1086
= 46.5K
4. Knowing lg, Ic, Vcc, and V¢, calculateRc.
R = VeeS Ve 4.
B Ig+ Ic
20510
~ 10.2x 1053
= 980 ohms
FIG. 6-6. Bias network design 3.
5.

example are included with each circuit-con“guration sketch.
Note that the bias networks of Figs. 6-5 and 6-6 do not contain g
the emitter resistorRg) which provides the negative feedback
needed to counteract collector-current variations over tempera-
ture. Instead, resistd®= is connected from the collector to the
base of the transistor to provide the negative feedback. Obvi-
ously, for these two designs, the designer has control over
neither the ratioRg/ Re nor the voltageVe of Fig. 6-4. The
designs are, therefore, of the epotluckZ variety as far as DC
stability is concerned. You basically take what you get. Surpris-
ingly, howeverRg works quite well in minimizing the effects of
transistor-parameter variations over temperature.

Figs. 6-7 and 6-8 show similar bias arrangements and design &

procedures for a “eld-effect transistor (FET). These are based

on the well-known formula: 9

. Ves 2
Ip=Ipss 1S — (Eq. 6-3)
Vo

where

Ip = the drain current,
Ipss= the drain current withVgs= 0,
Ves= the gate-to-source voltage,

Transistor Biasing

VCC
Ry Ip
R 1k o vy
VG VDS
Vs

Choose the operating point for the transistor.
Ib=10mA, Vp= 10V Vcc= 20V
Knowing V¢, Vp, and Ip, calculateRy.
Vee S Vo
Io
10V

10mA
= 1000 ohms

Ry =

. DetermineVp and Ipssfrom the data sheet.

Ve =S 6volts
Ibss= 5mMA

Knowing Ip, Ipss and Vp, calculateVgs.

Io

VGS: Vp 1 S —_—
Ipss
- . 10x 1083
=S8 1S oS
= 2.48volts

Assume a value folVg in the 2- to 3-volt range.
Vs = 2.5volts
Knowing Vs and Ip, calculateRs.
Vs
RS= =

Ip
25
~ 10x 1083
= 250 0hms
Knowing Vs and Vgs, calculateVe.
Ve = Ves+ Vs
=248+ 25
= 4.98volts

Assume a value fofRy based upon dc input resistance needs.

R = 220K
. Knowing Ry, Vg, and Vg, calculateR,.
R, = Rl(VC\(/ZS Vo)
G
_ 220x 10%(20S 4.98)
- 4.98
= 664K

129

Vp = the pinch-off voltage. FIG. 6-7. Bias network design 4.
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Vee
- Ro Io
G VD
Vbs
Vs
Rs Ves
R Ip

1. Choose an operating point for the transistor.
Ib=10mA, Vp= 10V, Vcc= 20V

2. Knowing Vcc, Vp, and Ip, calculateRy.

Vee

Vb

_ 20510

~ 10x 1083

= 1000 ohms

Ro =

3. DetermineVp and Ipssfrom the transistor data sheet.
Ve =S 6volts
IDSS= 5mA

4. Knowing Ip, Ipss and Vp, calculateVgs.

Io

Ves=Vp 1S —
Ipss
- . 10x 1083
=S8 1S Hies
= 2.48volts

5. Knowing Ig= 0, Vgs= Vs, and Ip, calculate Rs.
pe v

D

Ves

)
248
" 10x 1053
= 248 ohms

6. Sinelg= 0, Rs can be chosen to be any large value of
resistor—approximately 1 megohm.

FIG. 6-8. Bias network design 5.

both in “nding a transistor to suit your needs and in completing
the design once the transistor is selected.

One of the “rst requirements in any ampli“er design is to choose
the transistor that is best suited for the job. Many RF ampli“er
designs are doomed from the beginning simply because the active
device chosen for the job should have never been considered.
Spend a little time shopping for the right device for your appli-
cation. The more time you spend shopping prior to the start of
the actual design, the less hair-pulling there will be later. Two of
the most important considerations, in choosing a transistor for
use in any ampli“er design, are its stability and its maximum
available gain (MAG). Stability, as it is used here, is a measure
of thetransistores tendency toward oscillation. MAG is a type of
“gure-of-merit for the transistor, which indicates the maximum
theoretical power gain you can expect to obtain from the device
when itisconjugatelymatched to its source and load impedance.
The MAG is never actually reached in practice; nevertheless, it
is quite useful in gauging the capabilities of a transistor.

Stability Calculations

It has been said that one of the easiest methods of building an
oscillator is to design an ampli“er. Although experience has
found this to be true, it really need not be the case. A bit of
prior planning and basia priori knowledge about the transistor
thatis to be used can go along way toward preventing oscillations
in any ampli“er design.

Itis possible to predict the degree of stability (or lack thereof) of

a transistor before you actually place the device in a circuit. This
is done through a calculation of the Linvill stability fact@r,

C= |yl’yf| (Eq 6-4)

- 20190 S Re(yryr)

where

| |= the magnitude of the product in brackets,
yr = the reverse-transfer admittance,
ys = the forward-transfer admittance,
gi = the input conductance,
0o = the output conductance,
Re= the real part of the product in parentheses.

WhenC is less tharl, the transistor isnconditionally stable at
the bias point you have chosérhis means that you could choose
any possible combination of source and load impedance for the

Ip is usually a value chosen by the user as part of the bias speélevice, and the ampli“er would remain stalpieovidingthat no
“cations, and pssandV, can be found on the data sheet for theexternal feedback paths exist which have not been accounted for.

transistor. Once these three values are known, Equation 6-3 i
be used to solve foVgs, and a suitable bias circuit can then be

found.

DESIGN USING Y PARAMETERS

The RF small-signal performance of a transistor can be co

"cis greater thanl, the transistor ipotentially unstablend

will oscillate for certain values of source and load impedance.
A C-factor greater than 1 does not indicate, however, that the
transistor cannot be used as an ampli“er. It merely indicates that
you must exercise extreme care in choosing your source and load

n4'[11pedances or oscillations may occur.

pletely characterized by its two-port admittance parameterd.he Linvill stability factor is useful in predicting potentialsta-
Based on these parameters, equations can be written to aid ybility problem. It does not indicate the actual impedance values
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between which the transistor will go unstable. Obviously, if ainput and output admittance of the transistor. Thus, Equation 6-
transistor is chosen for a particular design problem, and the tra-remains a valid tool in the search for a suitable transistor as
sistoresC-factor is less than 1 (unconditionally stable), it will be long as you understand its limitations. For example, if an ampli-
much easier to work with than a transistor which is potentially‘er design calls for a minimum power gain of 18 dB at 200 MHz,
unstable. Keep in mind also thatGf is less tharbut very close donst choose a transistor with a calculated MAG of 19 dB. Allow
to 1 for any transistor, then any change in the bias point dugourself a small margin to cover for realistic values/afcom-

to temperature variation could cause the transistor to beconmnent losses in the matching network, and variation in the bias
potentially unstable and most likely oscillate at some frequencypoint over temperature.

This is because Y parameters are specié@ particular bias
point which varies with temperature. This is a very important

. Simultaneous Conjugate Matching (Unconditionall
concept to remember. The small@iis, the better. Jug 9 ( y

Stable Transistors)
Y parameters can also be used to predict the _stability ofan ar_np_bptimum power gain is obtained from a transistor wigeand
“er given certain valu_gs of load and_ source impedance. This ig, are conjugately matched ¥ andY,, respectively. As was
called the Stern stability factor and is given by discussed in Chapter 5, however, the reverse-transfer admit-
20 + G +G tance ;) associated with each transistor tends to re”ect any
_ 2 s)(Qo L) .
= Ve [+ ReGryr) (Eg. 6-5)  impedance changes made at one port back toward the other port,
P P causing a change in that portes impedance characteristics. This

where makes it very dif‘cult to design good matching networks for
Gs= the source conductance, a transistor while using only its input and output admittances
Gy = the load conductance. and totally ignoring the contribution thgt makes to the transis-

torss impedance characteristics. Even thovghffects the input
Inthis case, iK isgreater tharl, the circuit will be stable forthat admittance of the transistor aivd affects its output admittance,
value of source and load impedance g less tharl, the circuit it is still possible to provide the transistor with a simultaneous
is potentially unstable and will most likely oscillate at someconjugate match for maximum power transfer (from source to
frequency. Note that thi€-factor is a more de“nitive calculation load) by using the following design equations:
for stability in that it predicts stability for a particular circuit.
The C-factor, on the other hand, predicts a kind of nebulous [20i90 S Re(yryr)I% S |ysyrl|?
possibility for instability without giving you an indication as to 200
where the instability may occur.

.. Im(ys
The Linvill stability factor is, therefore, useful in “nding sta- Bs=S jbi + % (Eg. 6-8)
ble transistors while the Stern stability factor predicts possible %
stability problems with circuits. 200 S Re 28 2
G = [20i% 26/gf-)’r)] | yeyrl (Eq. 6-9)
Maximum Available Gain I
The MAG of a transistor can be found by using the following _ Gsto (Eq. 6-10)
equation: g
= Im(yryr)
lye 2 B =S8 jbo+ — 22’ Eq. 6-11
MAG = Eq. 6-6 L =S5 Jbo . (Eq. 6-11)
4digo (Ea ) 29
where

MAG is a useful calculation in the initial search for a transistorG —th duct
for any particular application. It will give you a good indication -S>~ € source conhductance,

as to whether or not the transistor can provide enough gain fdps= the source susceptance,
the task. GL = the load conductance,

B, = the load susceptance,

The maximum available gain for a transistor occurs when 0, . . .
g W Im = the imaginary part of the product in parentheses.

and whenY| andYs are the complex conjugates uf andy;,

respectively. The condition thgt must equal zero for maximum
gain to occur is due to the fact that under normal conditigns,
acts as anegativefeedback path internal to the transistor. Wit
yr = 0, no feedback is allowed and the gain is at a maximum.

The above equations may look formidable but actually they
jare not,once you have used them a few times. Letss try an
example of a simultaneous conjugate match for clari“cation
(Example 6-1).
In practical situations, it is physically impossible to redyge
to zero and, as a result, MAG can never truly be attained. It iflote that a simultaneous conjugate match may also be
possible, however, tgery nearly achievéhe MAG calculated performed using a number of easily available and conve-
in Equation 6-6 through simultaneous conjugate matofithe  nient software design tools. As an example, consider the
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following demo which utilizes The Math@é/kse RF Toolbox Step 1. Create an RFCKT.AMPLIFIER Object with the data in
(www.mathworks.com/products/rftoolbox), a specialized MAT-the samplebjt2.s2p data “le

LAB toolbox for designing and analyzing networks of RF
components. In particular, this example uses the Smith Cha
plot to “nd the input and output matching networks that maxi-
mize the power delivered to a 50-ohm load. First the demo “nd: clear —all

the required transmission line lengths for the single-stub matct amp = rfckt.amplifier;
ing networks. Then it cascades the matching networks with th
ampli“er and visualizes the results.

close all ;

read(amp, ‘'samplebjt2.s2p’ );

EXAMPLE 6-1

A transistor has the following Y parameters at 100 MHz, with
Vce= 10 volts andlc= 5mA.

y; = 8+ j5.7mmhos
Yo = 0.4+ j1.5mmhos
y; = 52 S j20 mmhos
y, = 0.01 S j0.1 mmho

Design an ampli er which will provide maximum power gain
between a 50-ohm source and a 50-ohm load at 100 MHz.

Solution

First, calculate the Linvill stability factor using Equation 6-4.

|¥fyr|
2gi0, S Refyry,)
_ [(52 S j20)(0.01S j0.1)|
2(8)(0.4)S Re[(52S j20)(0.01S j0.1)]
_ 5.57
"~ 6.45(51.47)
0.71

C=

SinceC is less than 1, the device isinconditionally stableand
we may proceed with the design. HadC been greater than 1,
however, we would have had to be extremely careful in
matching the transistor to the source and load as instability
could occur.

The MAG of this transistor is computed with Equation 6-6:

vl
4gigo
_ |52 8 j20?
~ A(8)(04)
242.5

= 23.8dB

MAG =

The actual gain we can achieve will be somewhat less than
this due to y, and component losses.

Using Equations 6-7 through 6-11, calculate the source and
load admittances for a simultaneous conjugate match. For the
source, using Equation 6-7:

[20:9, S Regry ) S |yiyi |2
29,

S

[6.4+ 1.47]* S (5.57)
2(.4)
6.95 mmhos

And, with Equation 6-8:

. Im
BS= IS JbI + szyr)

o

=S j12.41 mmhos

Therefore, the source admittance that the transistor must
“see” for optimum power transfer is 6.95 S j12.41 mmhos.
The transistor’s actual input admittance is the conjugate of
this number, or 6.95+ j12.41 mmhos. For the load, using
Equation 6-10:

i
_ (6.95)(0.4)
=
= 0.347 mmho

G,

And, with Equation 6-11:
- Im
B =S jbo + 7(nyr)

=$j1.84 mmhos

Thus, for optimum power transfer, the load admittance must
be 0.347S j1.84 mmhos. The actual output admittance of the
transistor is the conjugate of the load admittance, or
0.347 + j1.84 mmhos.

Continued on next page
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EXAMPLE 6-1,Cont

FIG. 6-9. Input network design for Example 6-1. For a more detailed full color view of this gure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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EXAMPLE 6-1,Cont

FIG. 6-10. Output network design for Example 6-1. For a more detailed full color view of this gure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.
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The next step is to design the input and output
impedance-matching networks that will transform the
50-ohm source and load to the impedance which the
transistor would like to see for optimum power transfer.
The input matching design is shown on the Smith Chart of
Fig. 6-9. This chart is normalized so that the center of the
chart represents 50 ohms or 20 mmhos. Thus, the point
Ys= 6.95S j12.42 mmhos is normalized to:

Ys= 50(6.95 S j12.41) mmhos
= 0.34 S j0.62mho

This normalized admittance is shown plotted in Fig. 6-9.

Note that its corresponding impedance can be read directly
from the chart asZs= 0.69 + j1.2 ohms. The input matching
network must transform the 50-ohm source impedance to the
impedance represented by this point. As was discussed in
Chapter 4, there are numerous impedance-matching
networks available to do the trick. The two-element L network
was chosen here for simplicity and convenience.

Arc AB= series C= S j1.3ohms
Arc BC= shunt L= S j1.1 mhos

The output circuit is designed and plotted in Fig. 6-10. Because

the admittance values needed in the output network are so

small, this chart had to be normalized to 200 ohms (5 mmhos).

Thus, the normalized admittance plotted on the chart is:
Y, = 200(0.347 S j1.84) mmhos
= 0.069 S j0.368 mho
or,
Z = 0.495 + j2.62 ohms

The normalized 50-ohm load must be transformed to this
impedance for maximum transfer of power. Again, the
two-element L network was chosen to perform the match.

Arc AB= series C= S j1.9 ohms

Arc BC= shunt L= S j0.89 mho
The input and output matching networks are shown in
Fig. 6-11. For clarity, the bias circuitry is not shown.

Actual component values are found using Equations 4-11
through 4-14. For the input network:
1
C = —
1T XN
1
2 (100 x 108)(1.3)(50)

24.5pF

Design Using Y Parameters

L

50 G (O

Fig. 6-11. Circuit topology for Example 6-1.
and
N
Ll = 7B
_ 50
~ 2 (100 108)(1.1)
=72nH

Similarly, for the output network:

1
" 2 (100x 109)(19)(200)
= 4.18pF

G

and
_ 200
© 2 (100 x 106)(0.89)

= 358nH

L

The nal circuit, including the bias network, might appear as
shown in Fig. 6-12. The 0.1pF capacitors provide RF bypass at
100 MHz.

20V
10K 2K
0.1mF 01 F
72 nH 358 nH
4.2 pF
50 24.5pF
2K
500 0.1mF

FIG. 6-12. Final circuit for Example 6-1.
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Analyze the ampli“er at the desired center frequency of 1.9 GHz j1.0
and acquire the ampli“er S-parameters, using the ANALYZE
and CALCULATE methods of circuit object.

analyze(amp, 1.9€9);

data = calculate(amp, 'S11' , 'Sl12'
'S21' , 'S22' , 'none' );

[s11, s12, s21, s22] = deal(data{l},
data{?}, data{3}, data&#

123;4);

Step 2. Check for ampli“er stability
Before proceeding with the design, check the stability of the
ampli“er. For unconditional stabilityk must be greater than 1
and the absolute value of delta must be less than 1.

@

FIG. 6-13. YZ Smith Chart plot of desired input impedance at the

output matching network.
delta = s11*s22-s12*s21;

K = (1-abs(s11)°2-

abs(s22)"2+abs(delta)"2)/(2*abs(s12*s21)) Then it plots and labels the desired inputimpedance at the output
abs_delta = abs(delta) matching network (based on the load re"ection coef“cient) along
- with the SWR circle on aYZ Smith Chart (Fig. 6-13).
K = 1.0599
abs_delta= 0.6776 hs = smithchart;

set(hs, Type' , 'yz' );
Since both conditions are satis“ed, the ampli“er is uncondition- po1d  on
ally stable. Therefore, any passive source or load produces

stable condition plot(xin, yin, ', real(gammal),

' imag(gammal), 'k.' , ...
Step 3. De“ne the simultaneous conjugate LineWidth® , 2, 'MarkerSize" , 20);
match value text(-0.05, 0.35, 'z_{in}, 'FontSize',

To design the input and output matching networks, the dem 12, 'FontUnits’, ‘normalized’);

calculates the required source and load re”ection coef‘cients

for a simultaneous conjugate match. It calculates the necessary )

load re”ection coef'cient for the design of the output matching StepP 5. Draw the constant conductance circle

network using the ampli“er S-parameters. To “nd the required susceptance to move the 50-ohm load
admittance to the SWR circle, the demo de“nes the constant con-
ductance circle. To do this, the demo calculates the normalized
load impedance and the corresponding 50-ohm load admittance
for the transmission lines.

B 1+abs(s22)"2-abs(s11)"2-abs(delta)"2;
C = s22-delta*conj(s11);

gammalL = (B-sqrt(B"2-4*abs(C)"2))/2/C;

zL

50/50; % zL =1
/zL; % yL =1

Step 4. Draw the SWR circle yt

De“ne the standing wave ratio (SWR) circle associated with_l_h d lcul he di d fthe circl .
the load re”ection coef‘cient. The radius of this circle is given € demo calculates the diameter and center of the circle using

by the magnitude of the load re”ection coef‘cient. The demotne conductance value.
uses this radius (center is the origin) to calculate points on th-

circle. g = real(yL); % g =1
d = -(g-1)/(g+1)+1; % d=1
theta = 0:pi/50:2*pi; C = -1+4d/2; % C = -1/2

Xin abs(gammal)*cos(theta);

yin abs(gammal)*sin(theta);

Then it uses the radius and center of the constant conductance
circle to calculate points on the circle.
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d/2*cos(theta)+C;
d/2*sin(theta);

Xg
y9

Next, the demo plots and labels the load impedance point
(located at the center of the Smith Chart) along with the con-
stant conductance circle associated with the load admittance or
the Smith Chart (Fig. 6-14).

plot(xg, yg, ™ ,0 0 k'
‘LineWidth' , 2, 'MarkerSize' , 20);
text(0.05, O, 'z L' , 'FontSize' , 12,
'FontUnits' , 'normalized' );

FIG. 6-15. Intersection point marked on Smith Chart.

Step 7. Calculate the required transmission line lengths

This demo “nds the required lengths of the series transmission
line and open-circuit stub (based on the intersection point) by
calculating the required susceptance value for the stub and its
corresponding re”ection coef‘cient.

JbSA = yA-yL;
gammaSA = (1/jbSA-1)/(1/jbSA+1);

@

Then it “nds the length of the stub by calculating the angle

of rotation from they= 0 (open-circuit) point to the calculated
FIG. 6-14. Smith Chart with load impedance point and constant susceptance point.
conductance circle.

stubAng = -angle(gammaSA)*180/pi;

Step 6. Find the intersection points
stubLengthA = stubAng/360/2

Now thatthe demo has drawn the SWR and constant conductan
circles, you can “nd the points of intersection corresponding to
the two possible solutions and the required susceptance valugigibLengthA= 0.0883
for the stub by visual inspection. Since only one solution i
necessary, choose the lower-half intersection point, as sho
in Fig. 6-15.

SFninaIIy, “nd the required length of the series transmission line
“Bhsed on the angle of rotation from point A to Zin.

seriesAng = 360-(angle(gammal)-angle
(gammaA))*180/pi;
seriesLengthA = seriesAng/360/2

yA = 1+0.62j;

The demo plots and labels this intersection point on the Smit
Chart using the re”ection coef“cient calculated from the admit-

tance value. seriesLengthA= 0.2147
The required lengths (in terms of wavelength) for the transmis-
gammaA = (1/yA-1)/(1/lyA+1); sion lines based on the solution from point A are given above.
plot(real(gammaA), imag(gammaA), k' Following a similar approach, the line lengths for the input
'MarkerSize' , 20); matching network are:
text(-0.09, -0.35, '‘A' , 'FontSize' , 12, '
'FontUnits' , 'normalized' ); stubLengthin = 0.0763;

hold off seriesLengthin = 0.2266;
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Step 8. Verify the design To verify the simultaneous conjugate match at the input and
Build the circuit using microstrip transmission lines with a char-output of the ampli“er, plot S11 and S22 parameters in dB for
acteristic impedance of 50 ohms for the matching networkgdoth circuits (see Figs. 6-16 and 6-17).

To accomplish this, analyze a microstrip object, with default

properties, at the design frequency of 1.9 GHz.

5
hstubOutput = rfckt.microstrip; s, - Original Amplifier
analyze(hstubOutput, 1.9e9); 10\ —— S - Matched Amplifier
Z0 = get(hstubOutput, 'Z0' ) 15 /L
Z0= 50.2561 20

This characteristic impedance is close to the desired impedarn
(50 0hms), and the demo can use it for this design. To appr
priately set the required transmission line lengths in meters, tl
demo analyzes the microstrip to get a phase velocity value, whi

w
o

Magnitude (decibles)
N
(6]

35
is necessary to calculate the wavelength.
40
phase _vel = get(hstubOutput, 'PV' ), 45
15 16 1.7 18 19 2 21 22 23 24 ®
Set the appropriate transmission line lengths for the two seri Freq (GHz)

microstrip transmission lines necessary for the input and output
matching networks.

FIG. 6-16. Plot of S11 in dB.
hseriesOutput = rfckt.microstrip( ...

‘LineLength’ , phase_vel/1.9e9*series
LengthA); 5 — —
. . . %2 - Original Amplifier
hseriesinput = rfckt.microstrip( ... 10 ——,, - Matched Amplifier
‘LineLength’ , phase_vel/1.9e9*series 15
Lengthin); 9
§ 20
Similarly, set the transmission line lengths and the stub moq ©
for the two stubs necessary for the input and output matchir § =
networks. -
g
set(hstubOutput, ‘LineLength' SR
phase_vel/1.9e9*stubLengthA, ...
'StubMode' , ‘'shunt , ‘Termination' , 40
‘open’); 45
hstublnput = rfckt.microstrip( ... 15 16 17 18 é;zq (Gilz) 21 22 23 24 JO,
‘LineLength’ , phase_vel/1.9e9*stub
Lengthin, ...
'StubMode' , ‘'shunt' , 'Termination' , FIG. 6-17. Plot of S22 in dB.
‘open' );
Then cascade the circuit elements and analyze the ampli“er wit hls = zeros(1,2);
and without the matching networks over the frequency range ¢ his(1) = plot(amp, 'S11' , 'dB' );
1.5 to 2.3 GHz to visualize and compare the results. hold on:
his(2) = plot(matched_amp, 'S11' , 'dB' );
matched_amp = rfc.kt.cascade( Ckts' , ... set(hls(2), '‘Color , [1 0 O]);
{hstublnput, hseriesinput, amp, legend(hls,  'S_{11} - Original Amplifier ,
hseriesOutput, hstubOutput}); 'S {11} - Matched Ampli
analyze(matched_amp, 1.5e9:1e8:2.3e9); fier );

analyze(amp, 1.5€9:1e8:2.3e9); hold off
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his(1) = plot(amp, 'S22' , 'dB' ); So, the matchedmpli“erss gain is very close to the expected
transducer gain.

hold on;

his(2) = plot(matched_amp, 'S22' , 'dB' ); Transducer gain

set(hls(2), ‘Color' , [1 0 Q]) Transducer gairis de“ned as the output power that is delivered

legend(hls, 'S {22} - Original Amplifier' ’ to aload by a source, divided_ by the maximum power avail_able

'S {22} - Matched Ampli from Fhe sour.ce.Th|s isthe gainterm mos_toften referenced in RF

- ampli“er design work. Transducer gain includes the effects of

input and output impedance matching as well as the contribution
hold off that the transistor makes to the overall gain of the ampli“er stage.
Component resistive losses are neglected.

Given the source admittanc¥d) and load admittanceY() as

Finally, plot 521 in dB for both circuits (Fig. 6-18). seen by the transistor, the transducer gain is given by:

— G o 4GsG |yt |? (Eq. 6-12)
his(1) = plot(amp, =2 s T 0+ Yo+ YO) S viviel2 &
hold on;
his(2) = plot(matched_amp, 'S21' , 'dB' );
set(hls(2), ‘Color , [1 0 Q)); EXAMPLE 6-2
legend(hls, 'S_{21} - Original Amplifier , Find the gain of the circuit that was designed in Example
'S_{21} - Matched Ampli 6-1. Disregard any component losses.
fier' );
hold off Solution

The transducer gain for the ampli er is determined by
substituting the values given in Example 6-1 into the

Equation 6-12:
21 < .
S, - Original Amplifier = 4(695)(0347)'52 S J20|2
205 —— Sy, - Matched Amplifie |8+ j5.7 + 6.95 S j12.41)(0.4 + j1.5 + 0.347
20 < . < = . .
g $i1.84)S (52 S j20)(0.01 § j0.1)[2
S 195
2 _ 29943
e B T 18.885j10.1 + 1.47 + [5.37|2
S 185
= = 231.2
é’ 18
17.5 = 23.64dB
17
16.5
15 16 17 18 19 2 21 22 23 24
Freq (GHz) @

The transducer gain calculated in Example 6-2 is very close to the
MAG that was calculated in Example 6-1. Therefore, in this case,
the reverse-transfer admittancg X of the transistor has very
little effect on the overall gain of the stage. In many instances,

You can compare the matched ampli“er results with the expecte@owevery: can take an appreciable toll on gain. For this reason,
transducer gain (in dB). From the S21 plot, you can see that tHkiS best to calculatér once the transistorss load and source

19.5dB. The expected gain is: with a very good estimate of what thetualgain of the ampli“er

will be.

FIG. 6-18. Plot of S21 in dB.

Gt = 10*log10(abs(s21)/abs(s12)*
(K-sqrt(K"2-1))) Designing with Potentially Unstable Transistors

If the Linvill stability factor (C) calculated with Equation 6-4
Gt= 19.2407 is greater than 1, the transistor you have choseotentially



140 RF CIRCUIT DESIGN

unstable and may oscillate under certain conditions of source Vee Vee
and load impedance. If this is the case, there are several options
available that will enable you to use the transistor in a stable G,
ampli“er con“guration: L,
Rs Rs

1. Select a new bias point for the transistor.

2. Unilateralize or neutralize the transistor.

3. Selectively mismatch the input and output impedance of

the transistor to reduce the gain of the stage.
(A)Fory, jb (B)Fory, jb

The simplest solution to a stability problem is very often
Option 1. Thisis especially true@ calculates to be very close to,
but greater than, 1. Remember, any changeiarssistorss oper-
ating point has a direct effect on its RF characteristics. Therefor&!G- 6-19.  Neutralization circuits.

by simply changing the DC bias point, it is possible to change

the Y parameters of the transistor and, hence, its stability. Of

course, if this approach is taken, it is absolutely critical that the\iso, most neutralization circuits tend to neutralize the ampli“er
bias point be temperature-stable over the range of temperaturgsthe operating frequency only, and may cause problems (insta-
that the device must operate. bility) at other frequencies. Itis possible, however, to stabilize an

ampli“er without any form of external feedback. Another look

Since instability is generally caused by the feedback pathyt theStern stability facto(K) in Equation 6-5 will reveal how.
which consists of the reverse-transfer admittangg 6f the

transistor, unilateralization or neutralization will often stabilizelf Gs andG, are made suf“ciently large enough to fori€eo be

a design.Unilateralization consists of providing an external greater than 1, then the ampli“er will remain stable for those
feedback pathYs) from the output to the input, such that terminations. This suggestglectively mismatchinifpe transis-

Y: =Sy;. Thus, Y; cancelsy; leaving a composite reverse- tor to achieve stability. Thus, the gain of the ampli“er must be
transfer admittancey(c) equal to zero. Witty,c equal to zero, less than that which would be possible with a simultaneous con-
the device is unconditionally stable. This can be veri“ed byjugate match. The procedure for a design using unstable devices
substitutingy,c = O for y; in Equation 6-4. The Linvill stability s as follows:

factor in this case becomes zero, thus indicating unconditional
stability.

1. ChooseGs based on the optimum noise-“gure
information in the transistores data sheet. Alternately,
chooseGg based on some other criteria, such as
convenience or input-networ®.

Often, wheny; is a complex admittance consistinggf+ jby,
it becomes very dif‘cult to provide the correekternalreverse
admittance needed to totally eliminate the effecy,ofin such

cases, neutralization is often uséteutralizationis similar to 2. Selectavalue oK that will assure you of a stable
unilateralization except that only the imaginary component of ampli‘er (K > 1).

is counteracted. An external feedback path is constructed from 3. Substitute the above values férandGs into
output to input such thds =S by. Thus, the composite reverse- Equation 6-5 and solve fa®, .

transfer susceptance() is equal to zero. Neutralization also
tends to tame wild ampli“ers because, in most transistgrs,

is negligible when compared tp. Thus, the elimination olf,
very nearly eliminatey;. For this reason, neutralization is gen-
erally preferred over unilateralization. Two types of neutralizing
circuits are shown in Fig. 6-19. In Fig. 6-19A, the series induc-
tor and capacitor can be tuned to provide the correct amount of 5. Next, calculate the transistores input admittanég)(
negative susceptance (inductance) necessary to cancel a positive  using the load chosen in Step 4 and the formula in
reverse-transfer susceptance internal to the transistor. The cir-  Equation 6-13.
cuit of Fig. 6-19B can be used to provide the correct amount of

external positive susceptance necessary to cance$ gnyhat Yn=Vi S yrit
is internal to the transistor. Yo+t Vi

where

4. Now thatGs andG are known, all that remains is to “nd
Bs andBy. Choose a value d@_ equal to theS b, of the
transistor. The correspondin which results will then
bevery closeo the trueY| that is theoretically needed to
complete the design.

(Eq. 6-13)

The addition of external components in order to neutralize an
ampli“er tends to increase the cost and complexity of the circuit. YL = GL* jBL (found in Steps 3 and 4).



6. OnceYj, is known, seBg equal to thenegativeof the
imaginary part ofYj,, or:

Bs =S Bin

7. Calculate the gain of the stage using Equation 6-12.
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As we discussed in Chapter 5, transistors can also be com-
pletely characterized by their scattering or S parameters. With
these parameters, it is possible to calculate potential instabilities
(tendency toward oscillation), maximum available gain, input

and output impedances, and transducer gain. It is also possi-
ble to calculate optimum source and load impedances either

From this point forward, it is only necessary to provide inputfor simultaneous conjugate matching or simply to help you

and output networks that will present the calculatedand Y,
to the transistor. Example 6-3 illustrates the procedure.

EXAMPLE 6-3

Consider a transistor with the following Y parameters at
200 MHz:

y, = 225+ j7.2
Yo = 0.4+ j1.9
y; = 40 S j20
y, = 0.055j0.7

All of the above parameters are in mmhos. Find source and
load admittances that will assure you of a stable design. Find
the gain of the ampli er.

Solution

The Linvill stability factor(C) for the transistor is equal

to 2.27 as calculated using Equation 6-4. Therefore, the
device is potentially unstable and you must exercise extreme
caution in choosing a source and load admittance for the
transistor. Proceed as previously outlined in Steps 1

through 7.

The data sheet for the 2N5179 transistor states that the
optimum source resistance for the best noise gure is
250 ohms. Thus,Gs= 1/ Rs= 4 mmhos. Choose a Stern
stability factor of K= 3 for an adequate safety

margin.

Substitute Gs and K into Equation 6-5 and solve forG, .

_ 2(gi+ GG, + GV
|yryf| + Re@ryf)

_ 2(225+ 4)(04+ G|)
T 3135+ (S512)

and

G_ = 4.24mmhos

choose speci“c source and load impedances for a speci‘ed
transducer gain.

SetB, equal to Sh, of the transistor,
B. = S j1.9 mmhos
The load admittance is now de ned.
Y. = 4.24 S j1.9mmhos

Calculate the input admittance of the transistor using
Equation 6-13 andY,.

oy & Yr¥s
Yln_ylsyo"'YL

_ .« (0701 $85.9 )(4472 S26.6)
225+ 728 v
J 04+ 1.9+ 424519

4.84 + j13.44 mmhos

SetBs equal to the negative of the imaginary part ofYj,.
Bs = j13.44 mmhos

The source admittance needed for the design is now
de ned as:

Ys= 4.84 S j13.44mmhos

Now that Ys and Y, are known, you can calculate the
expected gain of the ampli er using Equation 6-12.

4(4.84)(4.24)|(44.72)|?
|(7.08 S j6.24)(4.64) S (S12 S j28.96)|2

_135,671.7
T 2011

GT:

67.61

18.3dB

Therefore, even though the transistor is not conjugately
matched, you can still realize a respectable amount of gain
while maintaining a perfectly stable ampli er. Component
values can be found by following the procedures outlined in
Example 6-1.
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Like Y parameters, S parameters vary with frequency and biashere
level. Therefore, you must “rst choose a transistor, select
a stable operating point, and determine its S parameters at MAG is in dB,

that operating point (either by measurement or from a data js the stability factor calculated using Equation 6-15.
sheet) before following the procedures given in the following

sections. The reasorB; had to be calculated “rst is because its polarity
determines which signt() to use before the radical in Equation
Stability 6-17. If By is negative, use the plus sign.Bf is positive, use

The tendency of a transistor toward oscillation can be gauged )€ minus sign.

its S-parameter data in much the same manner as was done ingfke thatk must be greater than 1 (unconditionally stable) or
earlier section with Y parameters. The calculation can be madlgquation 6-17 will be unde“ned. That is. foraless than 1. the
even before an ampli*er is built and, thus, it serves as a usefylicq) jn the equation will produce amaginary number and
tool in “nding a suitable transistor for your application. the MAG calculation is no longer valid. Thus, MAG is unde“ned

To calculate the stability of a transistor with S parameters, yonﬁor unstable transistors.

must “rst calculate the intermediate quantidy:
Simultaneous Conjugate Match (Unconditionally

Ds= S1192 S S1251 (Eg. 6-14)  Stable Transistors)
- ) Once a suitable stable transistor has been found, and its gain
The Rollett Stability FactorK) is then calculated as: capabilities have been found to match your requirements, you

can proceed with the design.

2 & 2 & 2
- 1t | Dsl” S 1S1l” > [ 22 (Eq. 6-15) The following design procedures will result in load and source
2- |5l - 152l re”ection coef‘cients that will provide a conjugate match for the
actualoutput and input impedances, respectively, of the transis-
If K isgreater thart, then the device will benconditionally sta-  tor. Remember that the actumitputimpedance of a transistor is
blefor any combination of source and load impedance. If, on th@ependent upon tl‘m)urceimpedance that the transistor *sees.”Z
other handK calculates to biess thart, the device ipotentially  Conversely, the actuaputimpedance of the transistor is depen-
unstableand will most Iikely oscillate with certain combinations dent upon thdoad impedance that the transistor esees.Z This
of source and load impedance. Wihless than 1, you must be dependency is, of course, caused by the reverse gain of the tran-
extremely careful in choosing source and load impedances f@jfistor G,,). If S;, were equal to zero, then the load and source
the transistor. It does not mean that the transistor cannot be USﬁﬁbedanceS would have no effect on th@nsistores input and
for your application; it merely indicates that the transistor will gutput impedances.
bemore dif‘cult to use.

To “nd the desiredoad re”ection coef‘cientfor a conjugate
If K calculates to be less than 1, there are several approach@gtch, perform the following calculations:
that you can take to complete the design:

C2= $25 (DsSyy) (Eq. 6-18)
1. Select another bias point for the transistor.

where the asterisk indicates the complex conjugat pfsame
magnitude, but angle has the opposite sign). The quadgtig
3. Follow the procedures outlined later in this chapter. the intermediate quantity as calculated in Equation 6-14.

2. Choose a different transistor.

. . ) Next, calculateB,.
Maximum Available Gain

The maximum gain you could ever hope to achieve from a transis- By = 1+| S22 S|S1l? S |Dgl? (Eq. 6-19)
tor under conjugately matched conditions is called the Maximum

Available Gain (MAG). To calculate MAG, “rst calculate the The magnitudeof the re”ection coef‘cient is then found from
intermediate quantiti3;: the equation:

By = 1+]|S11? S |S0l* S| Dgf? (Eq. 6-16) Byt BZS 4|y
| U= (Eq. 6-20)
2|Cy

whereDs is the quantity calculated using Equation 6-14.
The MAG is then calculated: The. sign preced_ing the radical is t.he oppqsite of the sigBpof
(which was previously calculated in Equation 6-19). Emgle

B |S4] e of the load-re”ection coef‘cient is simply the negative of the
MAG = 10 |°g|312| +10loglK £ K251 (EQ.6-17) gngle ofC, (found in Equation 6-18).
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Once the desired load-re”ection coef‘cient is found, it can beThe asterisk again indicates that you should take the conjugate of
plotted on a Smith Chart, and the corresponding load impedandke quantity in brackets (same magnitude, but opposite sign for
can be found directly. Or, if you prefer, you can substitute the angle). In other words, once you complete the calculation
into Equation 5-8, and solve f@ mathematically. (within the brackets) of Equation 6-21, the magnitude of the
result will be correct, but the angle will have the wrong sign.

With the desired load-re”ection coef‘cient speci“ed, you can . ;
élmply change the sign of the angle.

now calculate the source-re”ection coef‘cient that is needed t

properly terminate th&ansistores input. Once g is found, it can either be plotted on a Smith Chart

S1291 L

s= Sut 1S ( L-S0)

(Eq. 6-21)

EXAMPLE 6-4

A transistor has the following S parameters at 200 MHz, with
aVce= 10V and anlc= 10 mA:

S = 04_162
S, = 0.35_539
S, = 0.04_60_
S1=52_63

The ampli er must operate between 50-ohm terminations.
Design input and output matching networks to simultaneously
conjugate match the transistor for maximum gain.

Solution

First use Equations 6-14 and 6-15 to see if the transistor is
stable at the operating frequency and bias point:

Ds = (0.4_162 )(0.35_539 )S (0.04_60 )(52_63)
= 0.14_123 $0.208_123
0.068 _S57

Use the magnitude ofDs to calculate K.

_ 1+ (0.068) S (0.4)* S (0.35)°
- 2(5.2)(0.04)
=174

SinceK is greater than 1, the transistor is unconditionally
stable and we may proceed with the design. Next, calculatB;
using Equation 6-16.

B, = 1+ (0.4 S (0.357° S (0.068)

1.03

The Maximum Available Gain is then given by Equation 6-17:

5.2 < o2&
MAG = 10 Iogm +10log|1.74S (L74° S 1]

21.14 + (S5)
16.1dB

or substituted into Equation 5-8 to “nd the corresponding
source impedance. An example should help clarify matters
(Example 6-4).

The negative sign shown in front of the radical in the above
equation results fromB,; being positive.

If the design speci cation had called out a minimum gain
greater than 16.1 dB, a different transistor would be needed.
We will consider 16.1 dB adequate for our purposes.

The next step is to nd the load-re ection coef cient needed
for a conjugate match. The two intermediate quantities C,
and B,) must rst be found. From Equation 6-18:

C, = 0.35_539 )S [(0.068 _S57 )(0.4 _$162 )]
0.272$j0.22 S [$0.021 + j0.0017]
0.377 _$39

and, from Equation 6-19:

B, = 1+ (0.35)7 S (0.4 S (0.068)°
= 0.958

Therefore, the magnitude of the load-re ection coef cient
can now be found using Equation 6-20.

09585 (0.958) S 4(0.377)
H 2(0.377)

= 0.487

The angle of the load-re ection coef cient is simply equal to
the negative of the angle of C;, or + 39 . Thus,

L= 0.487_39
Using |, calculate susing Equation 6-21:

(0.04_60 )(5.2_63 )(0.487_39 )
1S (0.487_39 )(0.35_S39)

s= 0.4_162 +

[0.522 $162 ]
0.522 162

Continued on next page
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EXAMPLE 6-4,Cont

FIG. 6-20. Input network-design values for Example 6-4. For a more detailed full color view of this gure, please visit our companion site
at http://books.elsevier.com/companions/9780750685184.
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EXAMPLE 6-4,Cont

FIG. 6-21. Output network-design values for Example 6-4. For a more detailed full color view of this gure, please visit our companion
site at http://books.elsevier.com/companions/9780750685184.
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Once the desired sand | are known, all that remains is to
surround the transistor with components that provide it with

source and load impedances which “look like” sand .

The input matching-network design is shown on the Smith
Chart of Fig. 6-20. The object of the design is to force the
50-ohm source to present a re ection coef cient of
0.522 _S$162 . With g plotted as shown, the corresponding
desired and normalized impedance is read directly from the
chart asZs= 0.32 S j0.14 ohm. Remember, this is a
normalized impedance because the chart has been
normalized to 50 ohms. The actual impedance represented by
sis equal to 50(0.32S j0.14)= 16 S j7 ohms. To force the
50-ohm source to actually appear as a 16 j7 ohm impedance
to the transistor, we merely add a shunt and a series reactive
component as shown on the chart of Fig. 6-20. Proceeding
from the source, we have:

Arc AB= Shunt C= j1.45mhos
Arc BC= Series L= j0.330hm

The actual component values are found using Equations 4-12
and 4-13.

C, = 1.45
2 (200 106)50
= 23pF
L = (0.33)(50)
2 (200x 106)
= 13nH

This completes the input matching network.

Transducer Gain

The load-re ection coef cient is plotted in Fig. 6-21 and
represents a desired load impedance (as read from the chart)
of Z, S 50(1.6+ j1.28) ohms, or 80+ j64 ohms. The matching
network is designed as follows. Proceeding from the load:

Arc AB= Series C= S j1.30hms
Arc BC= Shunt L= S j0.78 mho

Component values are now found using Equations 4-11
and 4-14.

1
© = 3 200x 109)(13)(50)
= 12pF
L= 50
2 (200 106)(0.78)
= 51nH

The nal design, excluding bias circuitry, is shown in Fig. 6-22.

51nH

12 pF

13nH 50

23 pF

50

FIG. 6-22. Final circuit for Example 6-4.

The transducer gain, as de“ned earlier in this chapter, is the EXAMPLE 6-5

actual gain of an ampli“er stage including the effects of input

Calculate the transducer gain of the ampli er that was

and output matching and device gain. It does not include losses designed in Example 6-4.

attributed to power dissipation in imperfect components.
Transducer gain is found by

L= 1S112(1 S| slAAS]| LI?)
(1S Si11 8)(1S S22 1)S Si2S1 L sl

(Eq. 6-22)

where

s and | are the source- and load-re”ection coef‘cients,
respectively.

Calculation ofGr is a useful method of checking the power gain
of an ampli“erbeforeit is built. This is shown by Example 6-5.

Solution

Using Equation 6-22, we have:

(5.2°(1S (0.522)%)(1S (0.487)%)
[(1S 0.2088)(1S 0.170) S (0.04_60 )(5.2_63 )
x (0.487_39 )(0.522 _$162 )?|

Gt

41.15

16.1dB
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Notice, again, that the transducer gain calculates to be very close3. CalculateC,.

to the MAG. If you carry the calculation out to several decimal .

places, you will “nd thatGr is still less than the MAG by a few C2= 525 DsSpy (Eq. 6-24)
hundredths of a dB. This is due to the fact tBgf is not equal

) L X . 4. CalculateG.
to zero and is, therefore, providing a slight amount of negative ) )
feedback internal to the transistor. _ Gaindesired (absolute) (Eq. 6-25)
|S21/2
Design for a Speci“ed Gain Note that the numerator in Equation 6-25 must be an
Often, when designing ampli“ers, it is required that a single absolute gain and not a gain in dB.

stage provide a certain amount of gain,no more and no less. In
a situation such as this, a simultaneous conjugate match for the
transistor would probably provid®o muchgain for the stage

5. Calculate the location of the center of the circle.

- GG

L . ro= (Eq. 6-26)
and would probably overdrive its load (or the succeeding stage). 1+ DoG
O_bwously, if you so de§|red, you cquld S(iarch through moun- o~ late the radius of the circle.
tains of manudicturerss literature hoping to “nd a transistor that,
when conjugately matched, would provide exactly the amount 1S 2K|S1291|G + | S1251|2G2
of gain desired. This approach could take weeks or even months. Po = 1+ D,G (Eq. 6-27)

Evenifyou did “nd a transistor with exactly the gain needed, you

are now at the mercy of the manufacturer and are subject t0 aiygyation 6-26 produces a complex number in magnitude-angle
and all gain variations among transistors of the same type. Thefgymat similar to a re”ection coef‘cient. This number is plot-

is a better way, however, and it alleviates the above problemg on the chart exactly as you would plot a value of re”ection
very easily. It is callegelective mismatching coef'cient.

Selective mismatching is simply a controlled manageable Wayhe radius of the circle that is calculated with Equation 6-27
of Qecreasmg gain by not matching thg transistor to its |Qaqs simply a fractional number between 0 and 1 which repre-
This may sound like heresy to some, but itis a practical, logicalgents the size of that circle in relation to a Smith Chart. A

and well-accepted design procedure. There are still those Whgcle with a radius of 1 has the same radius as a Smith Chart,
believe that at RF frequencies, a transistoistoe matchedtoits g radjus of 0.5 represents half the radius of a Smith Chart,

source and load impedance. This is just not true. A transistor isnq so on.
simultaneously conjugate matched to its source and load only if

maximum gain is desired, without regard for any other parametef?NCe You choose the load-re"ection coef‘cient and, hence, the
such as noise “gure and bandwidth. load impedance that you will use, the next step is to determine

) ) ) ) the value of source-re”ection coef“cient that is needed to com-
One of the easiest methods of selectively mismatching a transigiete the design without producing any further decrease in gain.
tor is through the use of eonstant-gain circleas plotted on a  Thjs value of source-re”ection coef‘cient is the conjugate of the
Smith Chart. A constant-gain circle is simply acircle, the circum-actyal input re”ection coef“cienof the transistor with the spec-

ference of which represents a locus of points (load impedancesyq |0ad and is given by Equation 6-21. Example 6-6 outlines
thatwill force the ampli“er gain to a speci“ed value. Forinstance,the procedure to follow.

any of the in“nite number of impedances located on the circum-

ference of a 10-dB constant-gain circle would force the ampli*erstapility Circles

stage gain to 10dB. Once the circle is drawn on a Smith Charyhen the Rollett stability factor, as calculated with Equation
either via manual techniques or the use of a computerized Smif1 15 indicates a potential instability with the transistor, the
Chart tool, you can see the load impedances that will provide ghances are that with some combination of source and load

desired gain. impedance, the transistor will oscillate. Therefore, wKetal-
A constant-gain circle is plotted on a Smith Chart by performingculates to be less than 1, it is extremely important to choose
a few calculations to determine: source and load impedances very carefully. One of the best meth-
ods of determining those source and load impedances that will

1. Where the center of the circle is located. cause the transistor to go unstable is to ptability circleson a

Smith Chart. Again, this can be accomplished via manual tech-
niques or through the use of computerized Smith Chart tools as
discussed in Chapter 4.

2. The radius of the circle.

This information is calculated as follows:
A stability circle is simply a circle on a Smith Chart that rep-
1. CalculateDs using Equation 6-14. resents the boundary between those values of source or load
2. CalculateDs. impedance that cause instability and those that do not. The
perimeter of the circle thus represents the locus of points which
D2 = | $2* S| Dgl? (Eg.6-23)  forcesK = 1. Either the insider the outside of the circle may
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EXAMPLE 6-6

A transistor has the following S parameters at 250 MHz, with
aVce= 5V andic= 5mA.

S;; = 0.277 §59
S = 0.848 $31
Si» = 0.078_93
S1 =192 64

Design an ampli er to provide 9 dB of gain at 250 MHz. The
source impedance iZs= 35S j60 ohms and the load
impedance isZ_ = 50 S j50 ohms. The transistor is
unconditionally stable withK= 1.033.

Solution

Using Equation 6-14 and Equations 6-23 through 6-27, and
proceeding “by the numbers,” we have:

Ds= S11$2 S S2S

= (0.277 _S59 )(0.848 S31)

S (0.078_93 )(1.92_64)

0.324 S64.8

D, = (0.848)%$5(0.324)?

0.614

C, = 0.848 _S31 $(0.324 _$64.8 )(0.277_59 )

0.768 _S$33.9

_ 7.94
(1.92)
= 215

The center of the circle is then located at the point:

. _ 21500768 33.9)
°7 1+ (0.614)(215)

= 0.712 _33.9
This point can now be plotted on the Smith Chart.

The radius of the 9-dB gain circle is calculated as:

1S 2(1.033)(0.078)(1.92)(2.15) + (0.150)?(2.15)°
1+ (0.614)(2.15)

Po =

0.285

The Smith Chart construction is shown in Fig. 6-23. Note that
any load impedance located along the circumference of the
circle will produce an ampli er gain of 9 dBif the input
impedance of the transistor is conjugate matched

The actual load impedance we have to work with is

50 S j50 ohms, as given in the problem statement. Its
normalized value (1S j1) is shown in Fig. 6-23 (point A). The
transistor’s output network must transform the actual load
impedance into a value that falls on the constant-gain circle.
Obviously, there are numerous circuit con gurations that will
do the trick. The con guration shown was chosen for
convenience. Proceedindgrom the load:

Arc AB= Series C= S j2ohms
Arc BC= Shunt L= S j0.425 mho

Again, using Equations 4-11 through 4-14, the actual
component values are:

1
C =
17 27(250 x 108)(2)(50)
= 6.4pF
and
L. (50)
17 27(250 x 106)(0.425)
= 75nH

For a conjugate match at the input to the transistor with
L= 0.82 _14.2 (point C), the desired source-re ection
coef cient must be (using Equation 6-21):

0.277 _S59 + (0.078_93 )(1.92_64 )(0.82 _14.2)
1S (0.82 _14.2 )(0.848_31)

0.105_160

This point is plotted as point D in Fig. 6-24. The actual
normalized source impedance is plotted at point A

(0.7S5j1.2 ohms). Thus, the input network must transform the
actual impedance at point A to the desired impedance at
point D. For practice, this was done with a three-element
design as shown.

Arc AB= Shunt G, = j0.62 mho
Arc BC= Series b = j1.09 ohms
Arc CD= Shunt G; = j2.1 mhos

Continued on next page
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EXAMPLE 6-6,Cont

FIG. 6-23. Output network-design values for Example 6-6. For a more detailed full color view of this gure, please visit our companion
site at http://books.elsevier.com/companions/9780750685184.
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EXAMPLE 6-6,Cont

FIG. 6-24. Input network-design values for Example 6-6. For a more detailed full color view of this gure, please visit our companion site
at http://books.elsevier.com/companions/9780750685184.
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From Equations 4-11 through 4-14:

(0.62)
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The completed design, excluding the bias network, is shown
in Fig. 6-25.

C = 75nH

27 2 (250 x 105)(50)
= 7.9pF 6.4 pF

2.1

= - Zs

G = 7 @50 x 10950 34.7nH 4
= 27pF 79pF 27pF

L - (1L09)(50)

27 27 (250 x 10°)
= 34.7nH FIG. 6-25. Final circuit for Example 6-6.

represent the unstable region and that determination must be Output Stability Circle

made after the circles are drawn.

Input Unstable
Stability Circle  Region

The locations and radii of the input and output stability circles
are found as follows:

1.
2.

CalculateDs using Equation 6-14.
CalculateC;.

C1= S11S DsS,, (Eq. 6-28)

3. CalculateC, using Equation 6-18.

4. Calculate theeenter locatiorof theinput stability circle.

Once the calculations are made, the stability circles can be pl
ted directly on the Smith Chart. Note, however, that if you try to
plot stability circles on the Smith Chart for an unconditionally
stable transistor, you may never “nd them. This is because f

— Cy
S11/% S | Ds|?
Calculate theadiusof theinput stability circle.

b= 2L (Eq. 6-30)

|S11/2 S | Ds|?

Calculate theenter locatiorof the outputstability circle.

rs1 (Eq. 6-29)

_ G,
|S2/2 S | Dsl?

Calculate theadius of the outputstability circle.

_ S12S91
P2 15,28 DeP (Fq.6-32)

re (Eq. 6-31)

Smith
Chart

FIG. 6-26. Typical stability circles for an unconditionally stable ampli er.

For apotentially unstabldransistor, the stability circles might
resemble those shown in Fig. 6-27. Often, only a portion of the
stability circle intersects the chart as shown.

After the stability circles are plotted on the chart, the next step
is to determine which side of the circle (inside or outside) rep-
resents thatableregion. This is very easily done $1 and$;

for the transistor are less than 1. Since the S parameters were
measured with a 50-ohm source and load, and since the tran-
sistor remained stable under these conditi@s ¢r S would

be greater than 1 for an unstable transisttirgn the center of

the normalized Smith Chart must be part of the stable region
as described by the stability circles. Therefore, in this case, if
one of the circles surrounds the center of the chart, the inside
of that circle must represent the regiorstdibleimpedances for

Ottﬁat port. If, on the other hand, the circle does not surround the

center of the chart, then the entire area outside of that circle must
represent thetableoperating region for that port.

or

an unconditionally stable ampli“er the entire chart represents # is very rare that you will “nd a transistor that is unstable with a
stable operating region, as shown in Fig. 6-26.

50-ohm source and load and, if you do, it would probably be wise
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FIG. 6-27. Typical stability circles for a potentially unstable transistor. For a more detailed full color view of this gure, please visit our companion site at
http://books.elsevier.com/companions/9780750685184.

to try another device. Therefore, the procedure outlined abov@esign for Optimum Noise Figure

should be considered to be the most direct method of locating thEhe noise “gure of any two-port network gives a measure of
stable operating regions on a Smith Chart. Example 6-7 diagraniise amount of noise that is added to a signal that is transmitted
the procedure. through the network. For any practical circuit, the signal-to-noise
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ratio at its output will be worse (smaller) than that at its input. Inthat is shown in Fig. 6-29. Note the Smith Chart, on page 3 of the
most circuit-design applications, however, it is possible to mindata sheet, labeled «Typical Optimum Noise Source Impedance
imize the noise contribution of each two-port network through avs. Collector Current.Z Obviously, as shown on the chart, if you
judicious choice of operating point and source resistance. were planning to use the transistor at some frequency other than
60 MHz or 450 MHz, you would be out of luck as far as optimum
In Chapter 5, it was brie”y mentioned that for each transis-noise-“gure design is concerned. Typically, most data sheets are
tor, indeed for each two-port network, there exists an optimunmcomplete like this. There is just not enough space in a typical
source resistance necessary to establish a minimum noise “gudata book to provide the user with all of the information that he
(see also Appendix B). Many manufacturers specify an optimumeeds in order to design ampli“ers at every possible frequency
source resistance on the data sheet, such as in the case of &mel bias point. The data sheet is meant only as a starting point in
2N5179 transistor presented in Chapter 5. Others will specify aany design. Chances are you will end up making many of your
optimum source-re”ection coef‘cient. Such is the case for theown measurements on a device before it becomes a part of the
Microwave Associatess MA-42120-Series transistor data sheadesign.

EXAMPLE 6-7 The radius of the circle is calculated as:
The S parameters for a 2N5179 transistor at 200 Mﬁz, with a o = (0.048 _65 )(5.4_103 )
Vce= 6V and anlc= 5mA, are (see the data sheet in sl (0.4)2 R (0.429)2
Chapter 5):
= 10.78
S;1 = 0.4_280
S, = 0.78_345 Similarly, for the output stability circle:
Si2 = 0.048_65 fo = 0.65_24_
Sy = 5.4 103 (0.78)* § (0.4297
= 1.53_24

Choose a stable load- and source-re ection coef cient that

will provide a power gain of 12 dB at 200 MHz. Po (0.048_65 )(54_103 )

(0.78)* § (0.429)>
0.610

Solution

A calculation of Rollett’s stability factor K) for the transistor
indicates a potential instability withK = 0.802. Therefore, you
must exercise extreme caution in choosing source and load
impedances for the device or it may oscillate. To nd the
stable operating regions on the Smith Chart, plot the input
and output stability circles. Proceeding with Step 1, above, we
have:

These circles are shown in Fig. 6-28. Note that the input
stability circle is actually drawn as a straight line because the
radius of the circle is so large. Sinc&;; and S, are both less
than 1, we can deduce that theinside of the input stability
circle represents the region oftable source impedances while
the outside of the output stability circle represents the region
of stableload impedances for the device.

Ds= (0.4_280 )(0.75_345 )S (0.048_65 )(5.4_103 )

The 12-dB gain circle is also shown plotted in Fig. 6-28. It is

= 0.429 558.18 found using Equation 6-14 and Equations 6-23 through 6-27.
Ci= 0.4_280 $(0.429 $58.2 )(0.78 _$345) Note that Ds and C; have already been calculated. The center
. location of the circle is found to be:
= 0.241 S136.6
- - - ro = 0.287_24
C, = 0.78_345 S (0.429 _S58.2 )(0.4_S280)
= 065 $24 with a radius of:
Then, the center of the input stability circle is located at the Po = 0.724
point: The only loadimpedances that we may not select for the
= 0.241 136.6 transistor are located inside of the input stability circle. Any
sl — -
(0.4)2 S (0.429)2 other load impedance located on the 12-dB gain circle will

= 10 _136.6 Continued on next page
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FIG. 6-28. Stability and gain circles for the transistor in Example 6-7. For a more detailed full color view of this gure, please visit our
companion site at http://books.elsevier.com/companions/9780750685184.
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EXAMPLE 6-7,Cont

FIG. 6-29. Data sheet for Microwave Associates’ MA-42120 series of transistoiSo(rtesy Microwave Associatgs
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FIG. 6-29. (Continued).
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FIG. 6-29. (Continued).
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EXAMPLE 6-7,Cont

FIG. 6-29. (Continued).
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FIG. 6-29. (Continued).
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EXAMPLE 6-7,Cont

FIG. 6-29. (Continued).
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provide the needed gain as long as the input of the device is
conjugately matched and as long as the impedance required
for a conjugate match falls inside of the input stability circle.

Choose | equal to a convenient value on the 12-dB gain
circle.

L= 0.89_70

Design Using S Parameters 161

Using Equation 6-21, calculate the source-re ection
coef cient needed for a conjugate match and plot this point
on the Smith Chart.

s= 0.678_79.4

Notice that s falls within the stable region of the input
stability circle and, therefore, represents a stable termination
for the transistor.

On page 2 of the data sheet, you will “nd a set of curves labeletbad-re”ection coef‘cients. It is best, in this case, to draw the
«Typical Optimum N.F. vs. Collector Current.Z Note that for thisstability circles for an accurate graphical indication of where the
particular device, at 450 MHz, the optimum collector current forunstable regions lie.

minimum noise “gure is approximately 1.5mA. This value of

collector current should resultin anoise “gure of just above 2 dBAfter providing the transistor with its optimum source

Again, the data is presented for only 60 MHz and 450 MHz.

Designing ampli“ers for a minimum noise “gure is simply a

impedance, the next step is to determine the optimum load-
re”ection coef‘cient needed to properly terminate the transis-
tores output. This is given by:

matter of determining, either experimentally or from the data

sheet, the source resistance and the bias point that produce the
minimum noise “gure for the device (Example 6-8). Once deter-
mined, the actual source impedance is simply forced to slook

S1291 s
1SS s

L= Spot (Eqg. 6-33)

likeZ the optimum value. Of course, all stability considerations

still apply. If the Rollett stability factori) calculates to be less

where

than 1, then you must be careful in your choice of source- andsis the source-re”ection coef‘cient for minimum noise “gure.

EXAMPLE 6-8

It has been determined that the optimum bias point for
minimum noise gure for a transistor isVce= 10V and

lc= 5mA. Its optimum source-re ection coef cient, as given
on the data sheet, is:

s= 0.7_140

The S parameters for the transistor, under the given bias
conditions at 200 MHz, are:

S1= 0.4_162
S» =035 539
S;p = 0.04_60_
$;=52_63

Design a low-noise ampli er to operate between a 75-ohm
source and a 100-ohm load at 200 MHz. What gain can you
expect from the ampli er when it is built?

Solution

The Rollett stability factor K) calculates to be 1.74 which
indicates unconditional stability (Equation 6-15). Therefore,
we may proceed with the design. The design values of the
input-matching network are shown in Fig. 6-30. Here the

normalized 75-ohm source resistance is transformed tos
using two components.

Arc AB= Shunt C= j1.7 mhos
Arc BC= Series L= j0.86 ohm

Using Equations 4-11 through 4-14, the component values
are calculated to be:

- 1.7
17 (50)(2 )(200x 106)
= 27pF
L = (0.86) (50)

2 (200 x 106)
34nH

The load-re ection coef cient needed to properly terminate
the transistor is then found using Equation 6-33.

(0.04_60)(5.2_63 )(0.7_140 )
1S (0.4_162)(0.7_140)

+

Continued on next page
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EXAMPLE 6-8,Cont

FIG. 6-30. Input network-design values for Example 6-8. For a more detailed full color view of this gure, please visit our companion site
at http://books.elsevier.com/companions/9780750685184.
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FIG. 6-31. Output network-design values for Example 6-8. For a more detailed full color view of this gure, please visit our companion
site at http://books.elsevier.com/companions/9780750685184.
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EXAMPLE 6-8 coupling elements. The gain of the ampli er, as calculated

This value, along with the normalized load-resistance value, is with Equation 6-22, is 13.3 dB.

plotted in Fig. 6-31. The 100-ohm load must be transformed

. . . L V,
into . One possible method is shown in Fig. 6-31. Note that ce
a single shunt inductor provides the necessary impedance
transformation: 2K
Arc AB= Shunt L= S j0.48 mho 01 F
83 nH
. . . . 93K
Again using Equations 4-11 through 4-14, the inductor’s value
is found to be: 01 F
L = o0 75 34 nH 100
2 (200 X 106) (048) 27 pF

= 83nH

The nal design, including a typical bias network, is shown in
Fig. 6-32. The 0.1pF capacitors are used only as bypass and  FIG. 6-32. Final circuit for Example 6-8.

“gure, power and match will prove to be challengingECes

Design E | - . .
Me&gnﬂ;:arpps . di d'in this chaot b NE23418 device was chosen because it will provider dB
any ot the techniques discussed n this chapler can be acco.?éin at 2400 MHz with a noise “gure of less than 1 dB.
plished using software design tools. To better illustrate thi _
fact, consider the design of a low-noise ampli“er block thatTo begin, open the Genesys workspace and select the NE23418

will be used in a dual-band down converter. The design i$artfromthe NEC SPICE Parts library. Place the selected parton
completed using the Genesys environment from Agilent Techthe schematic. Then place the bias components on the schematic
nologies (www.agilent.com/“nd/eesof). Genesys software is aglong with the sources and ports as shown in Fig. 6-33. The
integrated electronic design automation (EDA) platform for RFcomponent values are listed in Table 6-2.

and microwave design. It features a design "ow that spans frofne next step requires us to simulate the circuit to extract the bias
initial system architecture through “nal documentation, and proya|yes and linear S-parameters. To do this, select Analyses/Add
vides state-of-the-art performance in a single easy-to-use desigfhear Analysis. When the linear analysis dialog appears, set the
environment that is fast, powerful, and accurate.

A summary of the design speci“cations and goals are shown in

Table 6-1. Note that the required gain of 30 dB will exceed the R 9%200 sG1
capability of most active single devices; therefore our design will vDC 2V
require a minimum of two devices with transducer gains equal'll—T/\/F}/\/—ﬁ

to or greater than 15dB each. The combination of gain, noise R 36000 bC 5601 41;0 ¢Z>

Frequency Range 22002600 MHz 400 MHz BW . 250n|f|§

Gain 30dB+ 1dB

Noise Figure <2dB Port 1 11 }—6)
- ZO 50 Port_2

:Dnlp:;Output Match 822 ZEm > C2| c %OpF ZO 50

PSat +3dBm C 100pF

TO!I +10dBm N

TABLE 6-1. Design speci cations FIG. 6-33. Design schematic.
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Select this measurement and accept the results. Close the graph

R1 36000 : . A ;
dialog and view the graph. What you are viewing is Gopt, which
R2 9000 is the optimum re”ection coef‘cient for minimum noise over the
SG1 2V analysis frequency range. To view the group of constant noise
L1 250 nH circles, click on the plot. Where the marker falls will dictate the
frequency for these circles. With the marker activated, use the
L2 250 nH cursor to tune across the band and note how the position and
C1 100 pF diameter of the circles vary. The circles represent the locus of
c2 100 pF constant noise “gure. From Genesys help, you will read that

the “rst circle represents a degradation of .25 dB, followed by
.5dB, then 1dB, 1.5dB and so forth. Note that if we choose to
TABLE 6-2.  Component values terminate the input of our ampli“er with a 50-ohm termination,
the noise “gure would be degraded by less than .25 dB above the

start and stop frequencies at 1500 MHz to 3000 MHz with 1Oininimum noise “gure.
points. Accept the remaining default settings. DC analysis anddd another Smith Chart as before; however, this time we will
linear circuit simulation will take place automatically. plot Gopt, S11, S22 and input and output stability circles. To

When the simulation is complete, right click on the output ports"’“/e time, enter the measurements to plot directly on the graph

in the schematic and select S[2,1] as a measurement to gra&{pperties dialog screen. For completeness, Fhe measurements
When the graph appears, double click anywhere orgtaphes are S11, S22, Gopt, SB1, and SB2 for the stability circles. Close

surface to bring up the graphes properties dialog. Select the Meg]e graph propgrues dialog. Use the Window/Tile function to
surement Wizard button, then Linearl_Data which points to thglace all four wmdpws evenly on the screen. Your workspace
dataset. This will bring up a third dialog, allowing the choice ofShOUIOI resemble Fig. 6-35.

measurement to plot. Select NFMIN for noise “gure and com-Double click on the DC source in the schematic SG1, check the
plete the action by pressing the Finish button and accepting thtene box and close. Using the Tune window, vary the source

subsequent selections. After closing the graph properties, youoltage from 1 to 3V and note the change in linear parameters

graph should resemble Fig. 6-34. as well as stability circles. As the bias is increased, the stability
circles approach the unit circle, allowing for easier matching but
20 Gain NFmin 105 lower noise “gure. Reset the voltage to 2V, which provides the
\\ recommended gain and required noise “gure. The fact that there
19.5 N 7 1.034 bili ircl insid h it circl d losi h
C . i PP are stability circles inside the unit circle and not enclosing the
1o Jrd ' center tells us that we cannot present loads or sources in these
185 7 o0z regions; otherwise there is a potential for oscillation. In other
g 18 b a0y 09744 0.986 T words, we cannot provide a simultaneous conjugate match at
= N A T T log7 Z both the input and output of our device. This is also evident b
e P 2400MHz, 17.119d8 | T 3 : - : ; y
5 17 - ~ 0.954 L plotting the stability factoK from the measurements available
165 - N 0.938 in our graphs or tables. The implication is we cannot achieve
16 e 0.922 Gmax for our device, but instead something close to Gmsg or
P N ’ H H
155 ~ 0.906 maximum stable gain.
15 0.89 Having completed device selection, bias and linear evaluation,
1500 1650 1800 1950 2100 2250 2400 2550 2700 2850 3000 . o . o
Frequency (MHz) we will now use the basic biased stage for incorporation into a
- S[2,1] = NEMIN two-stage design. Select Synthesis/Add Impedance Match from

the menu to bring up the MATCH dialog. Select the start and
stop frequencies over which we wish to match our ampli“er. Set
the lower frequency to 2200 MHz and the upper to 2400 MHz
with the number of points 50. Press the Sections tab to bring up

Click on the graph line to attach a marker. The value of gairihe network/topology window and settings. Accept the default
should be approximately 17 dB with less than 1 dB noise “gure®f 50 ohms for input and output terminations.

Next we will plot circles of constant noise “gure as well as Gopt,With the input port selected, click on the Add Device button. This
S11, S22 and input and output stability circles. To do this, seleatill add a generic two port block to our topology. The Type drop-
Graphs/Add Smith Chart to launch the Smith Chart graph. Doudown selection allows us to determine where the block will get
ble click on the chart to bring up the graph properties. Nexits data from. For this exercise we will use the sub circuit that
select the Measurement Wizard button, and the Linearl_Dat&as built previously. Select the Design option from the Type
set to bring up the measurements dialog. Scroll down the seledfop-down and then from the Design drop-down select «<SCH1Z
tion until the measurement NCI constant noise circles are foundvhich is the name of the biased network. Next, click on the output

FIG. 6-34. Measurement plot.
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FIG. 6-35. Plots of stability circles.

port to activate it and then select the Add Device button to placbelow *S[2,1]Z. Make sure that the NF measurement check box
our second stage in the topology. As above, select Design in th@n Right is checked to display the noise “gure on the right axis.
Type drop-down and point it to the same sub network *SCH1ZClose the dialog; your graph should resemble Fig. 6-38.

Select the middle default matching network sLCPiZ. From the o ) ) )

Type drop-down select «LC Bandpass?Z. Insure that the Option-gﬂ'e unoptimized gain varies from approximately 37.6 to 34.8 dB

drop-down shows *No TransformerZ and the Order is set to 2¥ith a corresponding match &.6 dB to approximatel$ 2 dB
The topology should resemble that of Fig. 6-36. worst case across our band. Press the Optimize button on the

) S MATCH dialog to start the optimizer. After several seconds to a
Next, double click on the optimization icon. Select the Goalsyinyte the error window should approach a value of 3...5 which
tab from the Optimization dialog box. Add an additional mea-yi|| pe the best to expect from the combination of goals and
surement of S21 to the goals properties and set its value to t?@pology. The gain has been attened to 30«BL dB, well
equal to 30dB. Also reset the goals for S11 and SZ216dB  jthin the speci“cation of: 1 dB. The noise “gure has remained
a!ong with their corresponding weights. Close the Optimizationggss than 2 dB across the band (approximately 1.07 maximum).
dialog. Input and output match are still short of our goal $20 dB
Press the Calculate button on the MATCH properties dialog t@cross the band, but we have several options in this respect. We
have Genesys calculate the inter-stage matching structure. Afteéan add additional networks to the input and output or we can use
a few seconds MATCH has generated a schematic with inte® method involving couplers to improve broadband matching.
stage topology and the associated devices in symbol form. Ihig. 6-39 shows the gain, noise “gure and matching achieved.
the matching circuit schematic, right click on the output port_ . . . . “
and select Add New Graph/Table/New Graph of S21. This Wi"Rewewmg t.he deS|gn. goa}‘Is at this p.omt, we nd that we have

met the gain and noise “gure requirements but fall short of

enerate a rectangular plot of gain vs. frequency for our two- . . .
Stage ampli‘er Re?er o "F’ig 6-397 q y the matching requirements by 4 dB. Unfortunately, for devices

exhibiting marginal stability, improving match at one port
Double click on the new graph to open its Properties dialog. Addlegrades the match at the other. An obvious step would be
anew measurement by typing in *NFZ for noise “gure in the “eldto substitute our design into the dual-band receiver in which



Design Using S Parameters 167

FIG. 6-36. Match properties screen.

Port_1

c2

C 0.021pF

20 50
550

1 2
L 4.654nH

N1

L1 4

C 2. 451 pF

L 0.946 nH

TR
I }

Port_2

L 1. 229 nH N2 7O 50

c 12 962 pF

FIG. 6-37. Inter-stage topology schematic.
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FIG. 6-38. Noise gure graph.

it was speci‘ed. If we “nd that using the ampli‘er +as isZ

in the system block diagram degrades the performance of the
overall system then we must “nd another way to meet the return
loss speci“cations. In addition we need to test the nonlinear
performance of the ampli“er to insure that power, saturation,
etc., are met. In the Genesys environment, veri“cation of
nonlinear performance takes place via the harmonic balance
simulator. Assume that this function is used to determine that our
ampli“er has metthe 10 dBm TOI requirement. As a result, our
design now meets or exceeds all requirements except the match
speci“cation.

The reason for requiring a good match is to ensure that the
ampli“er will not cause adverse interaction with connecting
components. Since the ampli“er is followed by a “Iter and mixer
having a highly re”ective output can reintroduce signals that will
be remixed, and this may contribute to in-band spurious as well
as degraded gain. Fortunately, in Genesys we have the ability to
place the ampli“er, as is, back into the system design to test the
net performance prior to improving on the design.

To tackle the issue of input and output match we have several
alternatives. We could attempt to revisit our matching structure
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FIG. 6-39. Graphs of achieved gain, noise gure and matching.

and add additional elements to the input and output, but littldhas been used for some time involves a hybrid ampli“er scheme
would be gained if we still meet our other goals. Secondly, wavhere two identical ampli“ers are driven in parallel by hybrid or
could choose another device that might lend itself to a bette90 couplers. The bene“tin this con“guration is excellent match
overall match with suf‘cient gain. Third, a circulator or isolator across the band, extended power output and suppression of even
component could be placed at the input and output. This is ther odd harmonics, depending on the implementation. Also, if
least attractive because of size and cost. Another technique thate ampli“er fails, graceful degradation still provides gain.
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n Chapters 5 and 6, we studied the transistor as a smals Zoy= 5S j5.6 ohms. This equivalent-series representation
signal device. Y and S parameters were introduced as far the transistor is shown in Fig. 7-2.

means offacilitating ampli“erdgsigq, and design e_qu"’mon%igures 6, 7, 8, and 9, of the data sheet present the same
\(/jver_e prhowded. Wfr]]enthe transistoris usled taﬁge-?ggr:alf impedance information in parallel form. The input and output
both Yewc:jesowever,: ese equalllt;c;nﬁlarg nol ongervtau -1n gcﬁ"mpedance of the transistor are presented as a shunt resistance in
rc: Idan tb param'((ej ersda.retc;]a d a -&g;\;}:’):arame ers, aln parallel with a capacitor. Thus, referring to Figures 6 and 7 of the
should not be considered in the design o POWET ampll €rSyata sheet, the input impedance of the transistor is represented
After looking at basic power transistor characteristics in detaily,, - « o1 shunt resistor in parallel with a 422-pF capacitor. The
weell cover the leading semiconductor materials used in todaye rves of Figures 8 and 9 indicate an equivalent parallel output
RF power ICs. impedance for the transistor, which includes an 11.3-ohm resis-
tor in parallel with a 158-pF capacitor, at 100 MHz. These shunt

RE POWER TRANSISTOR combinations are shown in the equivalent circuit of Fig. 7-3.

CHARACTERISTICS Note that you can perform your own transformation from series
o shunt, and back again, by using Equations 2-6 and 2-7 and,

Instead of specifying the Y and S parameters for a power transi
pecifying P P then, following the procedure of Example 2-2.

tor, manufacturers will typically specify thHarge-signal input
impedanceand thdarge-signal outputimpedander the device.  Figure 2, on page 3 of the data sheet, is useful in helping you
These parameters are typically measured on the device when itdetermine how much input signal power you will need to produce
operating as a matched ampli“er at the desired DC supply volta given output power. Note that as the frequency of operation
age and RF power output level. A matched ampli“er, in this caseincreases, the required input drive level increases. An input
refers to a condition in which the input and output impedancepower to the transistor of 1 W will produce a 20-W output signal
are conjugately matched to the source and load, respectively. at 50 MHz (13-dB gain), while, at 90 MHz, that same input level
will produce only 14 W out (11.5-dB gain).

The RE Power Transistor Data Sheet Flggre 3 presents the same basic information as Figure 2, butin
a different format. Note that the output power decreases as the

Pertinent design information for RF power transistors is Usufrequency of operation increases when given a constant input
ally presented in the form of large-signal input and outputpower level.

impedances, as shown in Fig. 7-1. Fig. 7-1 is a data sheet for

the Freescale (formerly Motorola) MRF233 RF powertransistorThe remainder of the data sheet is straightforward and resembles
This particular data sheet was chosen for instructional purposégat of any typical small-signal transistor.

because it includes both series- and shunt-impedance informa-

tion. This gives the circuit designer the opportunity of using

an impedance format with which he is accustomed, without th# RANSISTOR BIASING

need of converting from one format to the other. The type of bias applied to an RF power transistor is determined
)y the sclassZ of ampli“cation that the designer wishes. There are
many different classes of ampli“cation available for the designer

resentation of theseriesinput and output impedance of the h ¢ Th deular cl h ; desi "
transistor (between 40 and 100 MHz). The information is alsg? choose from. The particufar class chosen for a design wi
depend upon the application at hand.

tabulated on the right side of the chart for your convenience.
Note that the impedance is presented in the farm R+ jX.  The primary emphasis of this chapter will be on class-C ampli-
Thus, at 100 MHz, the input impedance of the transistor isers. However, class-A and class-B ampli“er bias arrangements
found to bez;, = 1.7S j2.7 ohms, while the output impedance will also be covered.

Figure 5, on page 3 of the data sheet, is a Smith Chart re
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NPN RF Power

FIG. 7-1. Data sheet. (Courtesy Freescale (formerly Motorola Semiconductor Products Inc.))
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FIG. 7-1. (Continued)
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FIG. 7-1. (Continued)
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FIG. 7-1. (Continued)
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FIG. 7-2. Equivalent circuit for series input and output impedance at g
100 MHz. 2
1
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FIG. 7-4. Transfer characteristic for a linear ampliber.

FIG. 7-3. Equivalent circuit for parallel input and output impedance at Vout

100 MHz.
18

Class-A Ampli“ers and Linearity

Aclass-Aampli“eris de“ned as an ampli“er that is biased so that
the output current "ows at all times. Thus, the input signal-drive
level to the ampli“er is kept small enough to avoid driving the
transistor into cutoff. Another way of stating this is to say that Vin
theconduction anglef the transistor is 36Qmeaning that the 2

transistor conducts for the full cycle of the input signal. 2 Vou Vi 2v2
The class-A ampli“er is the modinear of all ampli“er types.
Linearity is simply a measure of how closely the output signal
of the ampli“er resembles the input signal. A linear ampli“er is
one in which the output signal is proportional to the input signal, 18
as shown in Fig. 7-4. Notice that, in this case, the output signal

level is equal to twice the input signal level, and the transfer

function from input to output is a straight line.

(A) Transfer characteristic

En Bout

No transistor is perfectly linear, however, and, therefore, the out-
put signal of an ampli“er is never an exact replica of the input 2
signal. There are always spurious components added to a signal
in the form ofharmonicgeneration ointermodulation distor-
tion (IMD). These types of nonlinearities in transistors produce
ampli“er transfer functions that no longer resemble straight lines. (B)Resulting waveforms
Instead, a curved characteristic appears, as shown in Fig. 7-5A.
The distortion caused to an input signal of such an ampli“er isFIG 755, Nonlinear amplier characteristics
shown in Fig. 7-5B. Notice théat topping of the output signal T '
that occurs due to the second-harmonic content generated by thge second term of Equation 7-1 is known as $keeond har-
ampli“er. This type of distortion is called harmonic distortion monic or second-order distortionThe third term is called the
and is expressed by the equation: third harmonicor third-order distortion Of course, a perfectly

linear ampli“er will produce no second, third, or higher order

Vout = AVip + B\/if1 + C\/i:r”] +oeen (Eg. 7-1)  products to distort the signal.

2 2
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Notice in Fig. 7-5, where thempli“erss transfer functionis given The bias requirements for a class-A power ampli“er are the same
asVout= 5Vin + 2V2, that the second-order distortion compo- as those for the small-signal ampli“ers presented in Chapter 6.
nent increases as the square of the input signal. Thus, with fact, the distinction between a class-A power ampli“er and its
increasing input-signal levels, the second-order component wiimall-signal counterpart is a hazy one at best. For all practical
increase much faster than the fundamental component in thprposes, they are equivalent except for input and output signal
output signal. Eventually, the second-order content in the outpugvels.
signal will equal the amplitude of the fundamental. This effect
is shown graphically in Fig. 7-6. The point at which the second-
order andg “rSt-orde): con'?ent of the Eutput signal are equal igaSS'B Power_ Am_pll ers_ ) ]
called thesecond-order intercegioint. A similar graph may be A class-B ampli“er is one in which the conduction angle for the
drawn for an ampli“er which exhibits a third-order distortion transistor is approximately 180Thus, the transistor conducts
characteristic. In this case, the third-order term is plotted alonﬁ’lnlY half the time, either on the positive or negative half cycle of
with the fundamental gain term of the ampli“er. In this manner,t"€ input signal. Again, itis the DC bias applied to the transistor
the third-order intercept may be determined. The second- arfjat determines the class-B operation.
third-order intercept of an ampli“er are often used as “gures ofClass-B ampli“ers are more ef‘cient than class-A ampli“ers
merit. The higher the intercept point, the better the ampli“er iS(70% vs. less than 50%). However, they are much less linear.
at amplifying large signals. Therefore, a typical class-B ampli“er will produce quite a bit
of harmonic distortion that must be “Itered from the ampli“ed
signal.

Probably the most common con“guration of a class-B ampli“er
is the push-pull arrangement shown in Fig. 7-7. In this con“gu-
ration, transisto); conducts during the positive half cycles of
the input signal while transist@, conducts during the negative
& half cycles. In this manner, the entire input signal is reproduced
o‘b at the secondary of transformgr. Thus, neither device by itself
<,\\9\ § produces an ampli“ed replica of the input signal. Instead, the
O
&

125V

VOUt

signal is actually split in half. Each half is then ampli“ed and
reassembled at the output.

Vin 25V & T

Filter
Output

FIG. 7-6. Second-order intercept point. Input !
When two or more signals are input to an ampli“er simulta- Ves
neously, the second-, third-, and higher-ortlgermodulation
components are caused by the sum and difference products of
each of the fundamental input signals and their associated har-
monics. For example, when two perfect sinusoidal signals, at
frequencied; andf,, are input to any nonlinear ampli“er, the
following output components will result:

Q

fundamentalfy, fo
second order: 1, 2fy, f1 + fo, 11 S fo
third order: 31, 3fp, 2f1 = f5, 2fo £ f1 + higher order terms

FIG. 7-7. Push-pull class-B ampliber.

Of course, a single transistor may be used in a class-B con“g-
uration. The only requirement is that a resonant circuit must

Under normal circuit operation, the second-, third-, and higher laced in th tout network of the t istor | der t
order terms are usually at a much smaller signal level than tHa€ Placed in the output network of the transistor in order to
gproduce the eotherZ half of the input signal.

fundamental component and, in the time domain, this is seen 4
distortion. Note that, if; andf, are very close in frequency, the There are several methods of biasing a transistor for class-B oper-
2f, S f,and X, S f; terms fall very close to the two fundamental ation. One of the most widely used methods is shown in Fig. 7-8.
terms. Third-order distortion products are, therefore, much mor€his method simply establishes a base voltage of 0.7V on the
dif‘cult to eliminate through “ltering once they are generated transistor, using an external silicon diode. Often, this diode is
within an ampli“er. mounted on the transistor itself to help previtr@rmal runaway
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Q Q
c "bb lc
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c R RFC lg
Vee
CR1
FIG. 7-11. Class-C self bias.
FIG. 7-8. Simple diode bias for class-B operation. Bypasé’cc
Bias Network Amplifier
Vee
Q
R ! Q Coupling
signal Q
Input
CR1 RFC P
RFC
CR2 c

FIG. 7-12. Circuit for class-C self bias.
FIG. 7-9. Emitter-follower bias for class-B operation.

Class-C Power Ampli“ers
Vee A class-C ampli“er is one in which the conduction angle for
the transistor is signi“cantly less than 180The transistor is
0.5R RFC  amplifier biased such that under steady-state conditions no collector cur-
rent "ows. The transistor idles at cutoff. Linearity of the class-C
Q ampli“er is the poorest of the classes of ampli“ers. Its ef‘ciency
CR1 can approach 85%, however, which is much better than either
the class-B or the class-A ampli“er.

In order to bias a transistor for class-C operation, it is necessary
to reverse biaghe base-emitter junction. External biasing is
usually not needed, however, because it is possible to force the
FIG. 7-10. Operational ampliber bias for class-B operation. transistor to provide its own bias. This is shown in Fig. 7-11. If

the base of the transistor is returned to ground through an RF

choke (RFC), the base current "owing through the internal base-
which is often a problem with incorrectly biased power ampli-spreading resistanceyf, ) tends to reverse bias the base-emitter
“ers. Diode CR1 is usually of the heavy-duty variety because thgunction. This is exactly the effect you would like to achieve.
value of resistor R is usually chosen so that the current throug®f course, it is possible to provide an external DC voltage to
CR1 is rather high. This ensures that the bias to the transistor igverse bias the junction, but why bother with the extra time
stable. An alternative bias network is shown in Fig. 7-9. Hereand expense if the transistor will provide everything you need?
two silicon diodes are used to forward bias an emitter-followerfig. 7-12 shows a typical class-C ampli“er bias arrangement.
which is used as a current ampli“er. The voltage at the emitter

of Q1 and, hence, at the base@4, is still 0.7V duetothe/se RE SEMICONDUCTOR DEVICES
drop across transist@,. The RF choke and capacitor shown in The most popular semiconductor materials used in the manu-
both Figs. 7-8 and 7-9 are there only to prevent the "ow of RFfacture of RF components,especially power ampli‘ers,are

into the bias network. silicon (Si) and gallium arsenide (GaAs). Silicon devices are
Still another bias arrangement for class-B operation is showtypically much cheaper to manufacture than gallium arsenide
in Fig. 7-10. Here the bias voltage is made variable so that acompounds. Unfortunately, silicon-based RF devices usually
optimum solution may be found for best IMD performance. Caredonet work as well as GaAs for most high-frequency or for
must be taken in all three bias arrangements to ensure that thigh-power applications. Two exceptions include silicon-based
RFC is a lowQ choke for optimum operation. lateral double-diffused MOSFET (LDMOS), a version of power
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MOSFETS, which are used as high-powered ampli“ers (100\WMonolithic Microwave Integrated Circuits (MMIC)

and up) in wireless base station applications. Silicon germaniumn integrated circuit (IC) results when you add more than one
is another silicon-based device that can exceed the performangevice to a semiconductor substrate, for example, transistors,
of GaAs devices, though only in low-power, high-frequencydiodes and other electronic components. If the device operates at
applications, such as in the front-end design of mobile phonesicrowave frequencies (1 GHz to 300 GHz) and performs such
(see Figure 7-13). SiGe power ampli‘ers provide better lineafunctions as microwave mixing, power and low noise ampli-
performance and better power ef‘ciency over GaAs. Better ef**cation, and switching, then the device is called a monolithic
ciency, combined with the lower cost of silicon manufacturing,microwave IC, or MMIC (pronouncechimic). MMICs are most

has made SiGe more popular in recent years. often made from GaAs, InP or SiGe (see Figure 7-14).
1,000
100
10
1 @ FIG. 7-14. GaAs MMICs are used in defense, space, and selected
commercial markets. (Courtesy of M/A COM)
0.1 Like other mass-produced IC devices, MMICs enjoy the bene“t
107 108 10° 10t 10t 10% of low cost in high volume and small chip size (from around

1 mn? to 10 mnf). The main disadvantage of a MMIC is that
they can have worse performance on certain parameters than the
FIG. 7-13. RF Power (W) vs. Frequency (Hz) for RF Power Semiconductorssame devices made out of separate components. For example, if

low noise is a critical performance requirement in a microwave
In addition to silicon germanium (SiGe), several relativelylow noise ampli‘er, then it may be best to use a discrete com-
newer semiconductor compounds are gaining acceptance by Rbnent ampli“er or build one out of transistors, rather than use
engineers (see Table 7-1). The “rst is indium phosphide (InP)a multifunction MMIC. This follows from the fact that, since
which provides exceptional low noise performance at very highlMMICs are integrated into a single semiconductor device, the
frequencies, especially in the millimeter wave rargdQ GHz).  separate parts of a MMIC cannot be easily tuned as with dis-
Also, InP power ampli“ers work well at higher frequencies, crete components distributed on a PCB. Once the MMIC circuit
though are more expensive to make than SiGe. has been designed, its performance characteristics are set. The
design of integrated circuits using automated software tools is
covered in Chapter 9.

Semiconductor Applications

Silicon (Si) VLSI, Power amplibers

Gallium Arsenide (GaAs) | RF, Microwave, MM-Wave Filters and MMICs

Silicon Germanium Mixed signal, DSP, RF, microwave, Technologies currently used to fabricate front-end RF and IF

“Iters are diverse, although the general trend for all design
MM-Wave approaches is to produce the smallest possible “lter with the
GaN RF and microwave power amplibers  highest performance and power-handling capability. RF/
microwave “lters have been constructed with many materials
and structures, including slabline, combline, and waveguide “I-
ters, in addition to “lters based on different types of resonators,
such as ceramic resonators, crystal resonators, dielectric resonat-
ors, “Im-bulk-acoustic resonators (FBARS), surface-acoustic-

ave (SAW) resonators, and even the exotic yttrium-iron-garnet
YIG) resonators.

|2

TABLE 7-1. Newer Semiconductor Compounds.

Gallium Nitride (GaN) compounds hold great promise for high
frequency, high power ampli“ers (100W and up) for wire-
less transmitters. When combined with RF receivers in mobil
phones, GaN ampli“ers could enable the direct assessing of co
munication satellites. The advantages of GaN devices is its higionolithic IC “lters fabricated on a chip with other semiconduc-
power density, which is many times that of GaAs or InP. The mairtor devices borrow from the traditional use of passive inductors
disadvantage of GaN,as with all gallium-based compounds,is (Ls) and capacitors (Cs) to form the resonant circuits at the basis
one of high manufacturing expense. of an RF/microwave “lter. Because the values of on-chip Ls
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and Cs are limited, and the fact that the size of these passive eje-

ments is determined by the wavelength or center frequency ofthe gxamMPLE 7-1
“Iter, the performance of IC-based “lters is extremely limited,
typically prompting designers to specify FBAR, SAW, or other
types of “lters in RF front ends. Similarly, active monolithic
“Iters based on operational ampli“ers (op-amps) that combine
resistor R) and capacitor@) elements can achieve highrejection|  Solution
for typically IF signals, although they are limited in frequency
range for other RF front-end applications.

What value of load resistance is required to obtain 2.0 W
of RF output from a transistor if the supply voltage is 12V
and the saturation voltage of the transistor is 2 V?

Using Equation 7-2, we have

_ (12827

20
POWER AMPLIFIER DESIGN s otmms
At the beginning of this chapter, you learned that the important
design information for RF power transistors is presented in the
form of large-signal impedance parameters. The formulas pre-
sented in Chapter 6 for small-signal transistor design, using $© that the transistor may be matched to its load (see Chapter 4).
and S parameters, are no longer valid. Instead, the designer m{ample 7-2 may illustrate this point.
model with the help of the data sheet, deciding what the inputangeep in mind that if the outpuesistancenformation had not
output impedance of the transistor looks like at the frequency dbeen provided in the data sheet, it would have been a simple
interest. With this information in hand, the designer needs onlynatter to calculate the requir using Equation 7-2. Once this
to match the input and output impedance of the device to thgalculation is made, the output matching network is designed in
source and load, respectively. These two steps require only thiife same manner as was done in Example 7-2. The 50-ohm load
the designer read the input and output impedances off of thg simply transformed into the impedances that the transistor

data sheet, and then apply the principles of Chapter 4 to conjyould like to see for the speci“ed power output.
plete the matching network. Care must be taken to ensure that

the information extracted from the data sheet is of the propébriver Ampli“ers and Interstage Matching
format...series or shunt information. Often it s required that power gain be distributed throughout sev-

Often, instead of supplying complete output information for a€ral ampli“er stages in order to produce a speci“ed output power
transistor in the form of a series or shunt resistance and capa@to aload. Thisis especially true in transmitter applications that
itance output, manufacturers will supply output capacitancéequire a substantial amount of power into an antenna.

information only. This is because the optimum load resistancene typical procedure for such a design involves “nding, “rst, an
for the transistor is easily calculated using a very simple formulaoutput transistor that will handle the requireatputpower and,

as we shall soon see. then, designing driver ampli“ers that will provide the necessary
drive power to the “nal transistor. This type of gain distribution
is shown in Fig. 7-19. Note that the required output-power level

Optimum Collector Load Resistance . e " _
In the absence of collector outpgisistancanformation on the from the “nal ampli‘er is 15W. A "nal transistor was chosen
which will handle the required output power and which will

data sheet, it becomes necessary for the designer to make a ver vide a gain of 10dB. The required drive level to the stage is,

simple calculation to determine the optimum load resistance f.t'herefore, 1.5W, and is supplied by a transistor with a gain of

':jhee g,?g;sttﬁr éE?ﬁ?gﬁ z:cl)(.sv?/-:rlfelelurg ?inrlgggnrg?ft?vnecnet:i5 dB. The signal source must, therefore, supply the driver with
P P putp q g % signal level of 47 mW, which is within the capabilities of most

_ (Vee S Vead® oscillators.

R 2P (Eq.7-2) Letes examine the interstage match between Stage A and Stage B
in a little more detail. Often, in dealing with power ampli“ers, it
where is unclear whether or not a trirapedance matobccurs between
Vcc = the supply voltage, the power ampli“er and its load. A true impedance match for an
Vsat= the saturation voltage of the transistor, ampli“er would involve providing a load for the transistor that
P = the output power level required. is the complex conjugate of its output impedance. In design-

ing power ampli“ers, however, we speak of providing a load
Note that Equation 7-2 provides you with a value of loesis-  resistance (Equation 7-2) for the transistor in order to extract a
tance only. It does not indicate anything about the reactivespeci“ed power gain from the stage. This is simply a matter of
portion of the load. On the data sheet, however, the manufactureemantics and, from a circuit-design viewpoint, it doesnst really
typically provides values of shunt output capacitance versus franatter how you look at it. Fig. 7-20 illustrates this point. Sup-
qguency for the transistor. Thigesignerss job is to provide a load pose the transistor of Stage B has an input impedance as shown
for the transistor which absorbs this stray or parasitic capacitan&, = 1.7S j2.7 ohms). Also, suppose that Stage A, in order to



EXAMPLE 7-2

Using the data sheet of Fig. 7-1, design a class-C power
ampliber that will deliver 15 W between a 50-ohm source and
load at 100 MHz.

Solution

The data sheet for the MRF233 transistor provides input and
output impedance information for the transistor in both series
and parallel form. The designer is, therefore, left with a choice
as to which he prefers. The input-matching design may
proceed as in the following method.

50

7
Z Matching Transistor

1.7

FIG. 7-15. Transistor input impedance for Example 7-2.

The input impedance of the transistor appears as shown in the
diagram of Fig. 7-15. This information was taken from Figure 5
of the data sheet. Note that the object of the input-matching
network is to transform the input impedance of the transistor
up to 50 ohms to provide an optimum load for the source.

Using the techniques of Chapter 4, brst resonate the series
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This matching network is shown in Fig. 7-16. Note that it is
convenient to use a shunt-C series-L matching network in
order to easily absorb thet j2.7-ohm inductor that was

needed earlier. Thus, the two inductors may be combined into
a single component in the actual design.

Since complete output-impedance information is provided for
the transistor (Figure 5 of the data sheet), it is only necessary
to match this output impedance to the 50-ohm load.
Proceeding as before, brst resonate th§j5.6-ohm series
capacitance with an inductor of equal value. Then, match the
remaining 5-ohm resistive portion of the transistor output to
the load as follows:

Row,_
P gq=
Rs

50

Qs=Qp= 331=3

Xs= QsRs = (3)(5)= 150hms

R, _ 50
= — = — = 16.70hms

Xp Qp 3

The output network is shown in Fig. 7-17. Note that it is again

convenient to use the series-L shunt-C arrangement so that

we may absorb the+ j5.6-ohm inductor used previously.

A practical circuit for this design might appear as shown in
Fig. 7-18.

capacitance with an equal and opposite series inductance of = 6 onms 20.6 ohms
+j2.7 ohms. Then, match the remaining 1.7-ohm resistive >
load to the source as follows. Using Equation 4-1 through 4-3, 5.6 j15
for the L-network: 5 ohms j16.7 ohms 50 ohms
R « 50 .
= = —S1= —S1=533 Eq 4-1
Q== P - (Eq 4-1)
FIG. 7-17. Output matching network for Example 7-2.
Xs = RQs = (1.7)(5.33) = 9.06 ohms (Eq4-2)
125V
50
Xp = i) = —— = 9.380hms (Eq 4-3)
Q 533 310 1nH
1nF 0.01nF W
12.08 ohms 32.7 nH
j2.7 ohms
50 ohms  j9.38 j2.7 50 o01nmE 19nH 0.1nF
j9.38 ohms 1.7 ohms
j 170 pF RFC 95.3pF 50

FIG. 7-16. Input matching network for Example 7-2. FIG. 7-18. Final circuit realization for Example 7-2.
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Stage A Stage B

Zy? & Z? R

15dB 10dB Xy Xa
47 mwW 1.5wW 15W
Oscillator

(A) Above resonance (B)Below resonance

FIG. 7-19. System drive requirements for a 15-watt transmitter. FIG. 7-22. Radiation resistance of an antenna.

At the transmitter end of the coaxial feedline, the impedance

that the output transistor actually sees is not only a function
1.7 of the antennaes radiation resistance, but also a function of the

length of the coaxial feedline. The impedance along the line

15 pF 2.7 varies sinusoidally as you move away from the antenna. Thus,
at a distance of one half-wavelength back from the antenna, the

25 ohms impedance looking into the coax would appear to be equal to
the antennaes radiation resistance. At other distances removed
from the antenna, however, the coax would appear to have a
much different input impedance, depending upon the degree of
mismatch between the antenna and the feedline. Therefore, it

) ) . ) is extremely dif‘cult to estimate the actual input impedance of
supply the required 1.5W of RF drive, requires a load resistancgny transmission linanless the line is terminated in its charac-

of 25 ohms. The role of thenpedance-matchingetwork, then,  teristic impedanceThat is to say, a 50-ohm coaxial cable will
is to transformthe low-input impedance of Stage B up to the ot |ook like 50 ohms at its input unless there is a 50-ohm load
25-ohm level required by Stage A. In addition, the matching nety; the other end of the cable. Since this is hardly ever the case

work must absorb or resonate out the 15-pF output capacitanggen driving practical antenna systems, it is not very practical

of Stage A. to design a matching network unless the network is tunable. In
addition, many antenna installations operate over quite a range of

MATCHING TO COAXIAL FEEDLINES frequencies. Since the radiation resistance of the antenna varies

The T and Pi networks studied in Chapter 4 are excellent candyvith frequency, the input impedance of the coaxial cable must

dates for use in matching coaxial feedlines to power ampli“ersalso vary, and the matching network must be able to compensate
Often such a network will serve a dual purpose, especiallyor these variations.

when con“gured as a low-pass “lter, in providing harmonic
suppression for a transmitter.

Stage A Stage B

Z Match

FIG. 7-20. Requirement for an interstage impedance-matching network.

Fig. 7-23 indicates two possible methods of providing a tun-
able impedance-matching network for a transmission line. The
Fig. 7-21 is a diagram of a coaxial feed to an antenna at thg network of Fig. 7-23A uses both tapped inductors and a tun-
antennass resonant frequency. ResistaRgés the antennass aple capacitor. The Pi network of Fig. 7-23B uses only tunable
radiation resistance. A quarter-wavelength vertical antenna opegapacitors. Note that, in both cases, the low-pass con“guration

ating against a very good ground plane heeiation resistance s used to aid in suppressing harmonics of the transmitted signal.
of about 35 ohms while a half-wave center-fed dipole has a radi-

ation resistance of about 70 ohms, at its resonant frequency.

This is simply the resistance that the coaxial cable sees at the Coax to Coax to

antenna terminals. Above and below the resonant frequency of Transmitter Antenna

the antenna, its radiation resistance begins to show a reactive
component. This is illustrated in Fig. 7-22. Above resonance
(Fig. 7-22A), the antenna looks inductive, and below resonance (A)T network
(Fig. 7-22B), the antenna looks capacitive.

Coax to Coax to

2 s00n Antenna Transmitter Antenna
ohms

Transmitter
Final Ra

(B)Pi network

FIG. 7-21. Antenna radiation resistance at resonance. FIG. 7-23. Variable coaxial feedline matching networks.



The circuits of Fig. 7-23 are designed in the same manner as
those shown in Chapter 4. Of course, if you had a requirement
that the harmonics of the transmitted signal were required to be at
a certain level below the fundamental, say 50 dB, then the “lter-
design approach used in Chapter 3 might be the best approach
to take.

AUTOMATIC SHUTDOWN CIRCUITRY

Since power ampli“ers are designed to supply a considerable
amount of power to an antenna system, an impedance mismatch
presented to the ampli“er could cause very severe problems. As
we learned in Chapter 4, an impedance mismatch between a
source and its load causes re”ection of some of the signal inci-
dent upon that load. This re”ected signal will eventually make
its way back to the source and, in high-power transmitters, can
cause serious side-effects, such as transistor damage in the form
of secondary breakdown. For this reason, many manufacturers
of power ampli“ers include a VSWR monitoring circuit in the
transmitter, which monitors th&anding wave ratiof the out-

put circuit and, in the event that the VSWR becomes excessive,
indicating a severe mismatch, the circuit automatically decreases
the RF drive to the “nal ampli“er, thereby reducing the transmit-

Broadband Transformers

(A) 1:1 balun

12 v 112

2V

4R 2

(B)4:1 transformer

V3 o I3

3V T1

9R I3

terss output power. The reduction in output power subsequently T2
reduces the re”ected power from the load, thus, protecting the

Vv
output transistor. A simpli“ed diagram of such a system appears /3
in Fig. 7-24.
(C)9:1 transformer
Final
Driver Amplifiers Amplifier

FIG. 7-25. Types of broadband transformers.

Magnetic

Coupling

A detailed look at Fig. 7-25B will explain how the 4:1 trans-
formation occurs. First, suppose that a voltagd fias been
impressed across the load resistor and the voltage across the
same voltage must also be impressed across the lower winding
of the transformer since the two are in parallel. The voltage on
the lower winding impresses the same voltagg¢n theupper
winding with the polarity indicated. This is true because each
winding has the same number of turns. The voltage at the input
terminals is, therefore, equal to the sum of the voltage across the
load resistor and the voltage across the upper windingVor 2
Suppose now that a currentldf2 is injected at the input termi-
nals of the transformer. This current "owing in the top winding

of the transformer induces a currentlé® in the bottom wind-

ing in the direction shown. The current in the load resistor is,
BROADBAND TRANSFORMERS therefore, equal té/ 2+ 1/2 or|. Therefore, if the load resis-
Several types of broadband transformers, which are often usedtor is equal to 1 ohm, the resistance seen looking into the input
power-ampli“er design, are illustrated in Fig. 7-25. Fig. 7-25Aterminals of the transformer, then, must be:

is known as a 1:balun It is used mainly to connecttzlanced

Reduce stage gain
with poor SWR
at antenna

Peak Detector

Threshold Set

FIG. 7-24. Automatic shutdown circuitry.

source to amn-balanced load, or vice versa, and it provides no Resistance \Voltage
impedance-transforming function. Current
2V

Fig. 7-25B is a 4:1 transformer. That is to say, it will transform =27
an impedance of R down to an impedance &, or vice versa. 1/2
The small dot located next to each winding indicates polarity. = 4R
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A 9:1 transformer is illustrated in Fig. 7-25C. Note that this Amplifier 1
transformer is actually made up of two separate transformers, P, Iy

T1 and T2. A similar analysis may be made of this trans-

former to con“rm the 9:1 transformation. Voltages and currents T1

are included in the diagrams to aid in the analysis process.
Obviously, several transformers may be included in such a con-
“guration to produce other transformation ratios. Fig. 7-26, R
for example, includes three separate transformers that are used

to produce a 16:1 impedance transformation. Amplifier 2
P, b
1’4 3V 114 I
4v
R V
3V FIG. 7-28. A power combiner.
16R /4 Va
2v
Power Combiners
v A typical power combiner is shown in Fig. 7-28. Here, the power
m output of each ampli“er is combined in transformer T1 to provide
v V4 an output power oP; + P,. Power combiners are often used
in power-ampli“er designs where it is impractical for a single
stage to produce the necessary output power. In this case, two
v ampli“ers, operating 180out-of-phase, will each provide half
4 va the needed output power to the power combiner. The combined

output is, therefore, equal to the power level required.

PRACTICAL WINDING HINTS

Broadband transformers are often called transmission-line trans-
formers because they make use of the transmission-line proper-
Power Splitters ties of the windings. This is done by usihglar - ortri“lar -type

A basic power splitter is shown in Fig. 7-27. Ideally, the powerWindings rather than the conventional type of winding.
into the primary of the transformer is split evenly between amplia conventional transformer usually has two entirely separate
“er No. 1 and ampli“er No. 2. However, due to input-impedancewindings. That is, one of the windings is usually wound onto
variations between the two ampli‘ers, this is rarely the casethe core “rst, and then the other winding is wound on top of
Instead, one ampli“er is usually provided with a bit more drivethe “rst winding. Typically, the larger winding is wound “rst for
power than the other. To aid in equalizing the power split, resisconvenience. This winding technique is shown in the toroidal
tor R at the center tap of the secondary is often left out of thgransformer diagram of Fig. 7-29. Note that an impedance trans-
circuit. (Once again, the small dots are used to indicate pOlarityfbrmation occurs between the primary and Secondary of the
transformer. The value of the transformation is dependent upon
the turns ratio from the primary to the secondary. Transmission-
line transformers use an entirely different technique for the
! P2 windings, as shown in Fig. 7-30. First, the primary and sec-
ondary windings are made by twisting the wires together for a

FIG. 7-26. A 16:1 broadband transformer.

Amplifier 1

R 1
1
N 2 3
Amplifier 2 4
P2 4

FIG. 7-27. A power splitter. FIG. 7-29. A conventional transformer.
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1 3 The transformer of Fig. 7-30 is calledbéiar-wound transformer
because it uses two conductors in the twisted-winding arrange-
ment. Atri“lar transformer is one that uses three conductors,
(A) The windings and so on.

As shown, Fig. 7-30 is simply a 1:1 broadband transformer. If
1 connected as shown in Fig. 7-25B, however, this arrangement
2 could be used to produce a 4:1 broadband transformer. This may
3 1 2 be done by simply connecting lines 2 and 3 together and using
4 that junction as your output port. Line 4 is connected to ground
and line 1 is then the input port.

8 4 Often, instead of using a twisted pair, the designer may instead
use coaxial cable for the windings. The center conductor and
outer conductor of the coax, then, take the place of each con-
ductor in the twisted pair. This is done primarily because each
type of coax has a very well-de“ned and consistent characteris-
tic impedance and this eliminates the experimentation involved
in de“ning the characteristic impedance of the twisted pair. Of
course, the use of standard coaxial cable does not allow for
certain number of turns per inch (Fig. 7-30A). This produces &ri‘lar-wound transformers. Typically, broadband transformers
certain characteristic impedance for the resulting stransmissiore wound on low®, high-permeability, ferrite toroidal cores
lineZ in much the same manner that a coaxial cable exhibits(§e€e Chapter 1). The high permeability is needed at the low end
certain characteristic impedance which is dependent upon ti# the frequency spectrum where, for a given inductance, fewer
spacing of its center conductor to its outer conductor. The actu&lirns would be needed.

characteristic impedance of the twisted pair is dependent upon

the number of turns per inch, the shape of the windings, an8 UMMARY

the size wire used. For low-impedance lines, tight twists (manyrhe power-ampli“er design process is not as well de“ned as that
turns per inch) are used while high-impedance lines may naif the small-signal ampli“er. Thus, considerable experimenta-
be twisted at all. Instead, the windings will be placed side-bytion may be necessary in order to optimize a design. Standard Y
side around the core. For optimum operation, the characteristiind S parameters are not used in power-ampli“er design. Instead,

(B)Turns wound (C)Circuit representation
around a toriod

FIG. 7-30. A biblar-wound broadband transformer.

impedance of the winding should be equal to: large-signal impedance parameters are typically provided by
_ the transistor manufacturers to aid in the design process. Fol-
Zo= RRL (Eq. 7-3) lowing the impedance-matching procedures outlined in Chapter
4, the designer must match the source totthasistores input
where impedance, and transform the load impedance to a value that is
Rs = the primary impedance, dependent upon the required output-power level from the stage.
R_ = the secondary impedance. The source must be capable of providing the required RF drive

level, or the calculated RF power output from the stage will never
Typically, Z, must be found experimentally. be achieved.
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roughout most of this book, we have studied the comfront-end functions are implemented by analog and digital means
ponents that make up RF circuits. Now we put all thesegenerally depends on such factors as required performance,
pieces together to form one of the most critical subsyseost, size, and power consumption. Because of the mix of
tems in any communication system,namely, tHeF  analog and digital technologies, RF front end chips using mixed-
frontend Wesll start by showing where the RF frontend signal technologies may also be referred to as RF-to-digital or
“ts in todayes modern applications, and then decompose or sted®F-to-baseband (RF/D) chips.

downZ this subsystem into its basic components and functior\%hy is the front end so important? It tuns out that this is

many of which h_ave already been cgvered in egrlier Chapter§Tguably the most critical part of the whole receiver. Trade-offs
This approach will also provide a logical way to introduce key:.

. ) e in overall system performance, power consumption, and size are
receiver types and associated performance speci“cations, Suchcf’é:‘cermined between the receiver front end and the ADCs in the
signal-to-noise ratio (SNR), receiver sensitivity,

and SelectlV'tybaseband (middle end). In more detail, the analog front end sets
The RF frontend is part of an overall radio receiver-transmitter othe stage for what digital bit-error-rate (BER) performance is
transceiver system. It is generally de“ned as everything betwedpossibleat “nal bit detection. It is here that the receiver can,
the antenna and the digital baseband system. For a receivifithin limits, be designed for the best potential SNR.

this sbetweenZ area includes all the “lters, low-noise ampli“ers

(LNAs), and down-conversion mixer(s) needed to process thel GHER LEVELS OF INTEGRATION

modulated signals received at the antennainto signals suitable fopok inside any modern mobile phone, multimedia device, or
input into the baseband analog-to-digital converter (ADC). Fohome-entertainment control system that relies on the reception
this reason, the RF front end is often calledaialog-to-digital  and/or transmission of wireless signals and youell “nd an RF
or RF-to-basebangbortion of a receiver. front end. In the RIM Blackberry PDA, for example, the com-

Radios work by receiving RF waves containing previously mod_munication system Cons_ists of both a transceiver chip and RF
ulated information sent by a RF transmitter. The receiver idrOnt-énd module (see Fig. 8-1). The front-end module incorpo-
basically a low noise ampli“er that down converts the incom-rates several integrated circuits (ICs) that may be based on widely

ing signal. Hence, sensitivity and selectivity are the primar)}(j:';f/leor%m szm|§onduc(tjor$rocesses, such asggnventu;nall silicon
concerns in receiver design. and advanced silicon germanium (SiGe) technologies.

Functionally, such multichip modules provide most if not all of
Conversely, a transmitter is an up converts an outgoing sighe analog signal processing, “ltering, detection, ampli“cation
nal prior to passage through a high power ampli“er. In thisand demodulation via a mixer. (The term ssystem-in-packageZ
case, non-linearity of the ampli“er is a primary concern. Yet,or SIP is a synonym for multichip module or MCM.)

even with these differences, the design of the receiver front qul ltichio front-end modules demonstrate an important trend
and transmitter back end share many common elements,like, uttichip front-end modu’es demonstrale an importa €
n RF receiver design, namely, ever-increasing levels of sys-

local oscillators. In this chapter, weell concentrate our efforts o . . . i L
tem integration required to squeeze more functionality into

understanding the receiver side. . X ) . :

a single chip. The reasons for this trend,especially in con-
Thanks to advances in the design and manufacture of int&umer electronics,come from the need for lower costs, lower
grated circuits (ICs), some of the traditional analog IF signalpower consumption (especially in mobile and portable prod-
processing tasks can be handled digitally. These traditionaicts), and smaller product size. Still, regardless of the level
analog tasks, like “Itering and up-down conversion, can nowof integration, the basic RF architecture remains unchanged:
be handled by means of digital “lters and digital signalsignal “ltering, detection, ampli“cation and demodulation.
processors (DSPs). Texas Instruments have coined the temiore speci‘cally, a modulated RF carrier signal couples
digital radio processorfor this type of circuit. This migration with an antenna designed for a speci“c band of frequencies.
of analog into digital circuits means that the choice of whatThe antenna passes the modulated signals along to the RF
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FIG. 8-1. Tear down of modern mobile device reveals several RF front-end chips. (Courtesy of iSuppli)

recei\erss front end. After much conditioning in the front-end high-frequency test equipment. The 50-ohm coaxial cable [1]
circuitry, the modulation or information portion of the signal,, interface was a trade-off that minimized signal attenuation while
now in the form of an analog baseband signal,is ready for maximizing power transfer,signal energy,between the inde-
analog-to-digital conversion into the digital world. Once in thependently designed RF “lter, LNA, and mixer. Before higher
digital realm, the information can be extracted from the digdevels of functional integration and thus lower costs could be
itized carrier waveforms and made available as audio, vide@chieved, it was necessary to design and manufacture these RF
or data. functional blocks using standard semiconductor processes, such

Before the advent of such tightly integrated modules, eacf® silicon CMOS IC processes.

functional block of the RF front end was a separate compo-

nent, designed separately. This means that there were separdteortunately, one of the drawbacks of CMOS technology can be the
components for the RF ‘“Iter, detector, mixer-demodulatordif‘culty in achieving a 50-ohm input impedance. Still, it is only nec-
and ampli“er. More importantly, this meant that all of theseessary to have the 50-ohm matched input and output impedances when
physically independent blocks had to be connected togethehe connection lines between the sub-circuits is long compared to the
To prevent signal attenuation and distortion and to minimizevavelength of the carrier wave. For ICs and MCMs at GHz frequen-
signal re”ections due to impedance differences between funies, connections lines are short, so 50-ohm between sub-circuits isnet
tion blocks, components were standardized for a characteristicproblem. It is necessary to somehow get to 50 ohms to connect to the
impedance of 50o0hms, which was also the impedance dfonger) printed circuit board traces.
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This is but one example of the changes that have taken plageV Detector Receivers

with modern integrated front ends. We will not cover all theOne of the basic RF receiver architectures for detecting a modu-
changes here. Insteadve«ll focus on the important design lated signal is the amplitude modulation (AM) detector receiver
parameters that can affect the design of an RF front engsee Fig.8-2). The name comes from the fact thatinformation like
including the signal-to-noise ratio (SNR), receiver sensitivspeech and music could be converted into amplitude (voltage)
ity, receiver and channel “Iter selectivity, and even the bitmodulated signals riding on a carrier wave. Such an RF signal
resolution of the ADC (covered later). This high-level descrip-could be de-modulated at the receiving end by means of a simple
tion of the RF front end reveals not only the basic func-diode detector. All that is needed for a basic AM receiver,like
tioning but also the potential system trade-offs that must bg simple crystal radio,is an antenna, RF “Iter, detector, and
considered. (optional) ampli“er to boost the recovered information to a level

As mentioned earlier, the basic stages of an RF front end includi/itable for a listening device, such as a speaker or headphones.
an antenna, “Iter, detector-demodulator, and ampli“er. Each of he antenna, which is capacitive at the low frequencies used for
these signal-conditioning stages contains unique circuit conf*M broadcasting, is series matched with an inductor to maxi-
ponents, many of which have already been covered in earli€pize current through both, thus maximizing the voltage across
portions of this book. None of these components work in isoth€ secondary coil (see Chapter 2). A variable capacitance “Iter
lation and the performance of one component may well affeci@y be used to select the designed frequency band (or channel)
the performance of another. This is why wesll look at each oftnd to0 block any unwanted signals, such as noise. The *ltered
these key component function blocks in the context of severalignalis then converted to demodulate the AM signal and recover
different radio architectures: detector, direct-conversion, anf€ information. Fig. 8-3 represents a schematic version of the

superheterodyne receiver con“gurations. block diagram shown in Fig. 8-2.
Antenna
BASIC RECEIVER ARCHITECTURES
The fundamental operation of an RF front end is fairly straight- % R —% Output
forward: it detects and processes radio waves that have been
transmitted with a speci‘c known frequency or range of fre- Bandpass Detector Amp
guencies and known modulation format. The modulation carries filter

the information of interest, be it voice, audio, data, or video.
The receiver must be tuned to resonate with the transmitted fre-
guency or frequencies in order to detect them. Those receivedG. 8-2. Simple amplitude modulation (AM) radio architecture.
signals are then “ltered from all surrounding signals and noise
and ampli“ed prior to a process known as demodulation, which

removes the desired information from the radio waves that Antenna

carried it.

These three steps,Itering, ampli“cation and demodulation,, Variable

detail the overall process. But actual implementation of this capacitor

process (i.e., designing the physical RF receiver printed-circuit N _

board (PCB)) depends upon the type, complexity, and quantity  Coil Diode

of the data being transmitted. For example, designing an RF (nducton N b

front end to handle a simple amplitude-modulated (AM) signal

requires far less effort and hardware (and even software) than 001uF —~ @ Headphones
building an RF front end for the latest third-generation (3G) capacitor 0

mobile telecommunications handset.

Because of the enhanced performance of analog components

due to IC process improvements and decreasing costs of more

powerful digital-signal-processing (DSP) hardware and softwarElG. 8-3.  Circuit schematic of a simple AM radio.

functions, the ways that different RF front-end architectures are

realized has changed over the years. Still, the basic requiremeritee heart of the AM architecture is the detector demodulator.
for an RF front end, such as the frequency range and type dh early crystal radios, the detector was simply a “ne metal
carrier to be received, the RF link budget, and the power, pewire that contacted a crystal of galena (lead sul“de), thus cre-
formance, and size restrictions of the front-end design, remaiating a point contact recti“er or ecrystal detector.Z In these
relatively the same in spite of the differences in radio architecearly designs, the “ne metal contact was often referred to as
tures. Letss start by looking at the simplest of radio architecturea scatwhisker.Z Although point-contact diodes are still in use
or implementations. today in communication receivers and radar, most have been
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replaced by pn-junction diodes, which are more reliable and F Flower F Fupper
easier to manufacture.

For a simple AM receiver, the detector diode acts as a half-wave
recti“er to convert or rectify a received AC signal to a DC signal
by blocking the negative or positive portion of the waveform (see
Fig. 8-4). A half-wave recti“er clips the input signal by allowing
either the positive or negative half of the AC wave to pass easily
through the recti“er, depending upon the polarity of the recti“er. 899 900 901 Frequency (KHz)
A shunt inductor is typically placed in front of the detector to

serve as an RF choke (see Chapter 2). The inductor maintains

the input to the detector diode at DC ground while preservingc. g-5. Half-wave rectiped AM radio produces upper and lower

a high impedance in parallel with the diode, thus maintainingigebands.

the RF performance.

sideband frequencies, respectively. But only one of the side-
N bands is needed to completely demodulate the received signal.
The other sideband contains duplicate information. Thus, the
disadvantages of AM transmissions are twofold: (1) for a given
information bandwidth, twice that bandwidth is needed to con-
vey the information, and (2) the power used to transmit the
Antenna AM envelope detector Rectified signal unused sideband is wasted (typically, up to 50% of the total

transmitted power).

Ay
/|

Naturally, there are other ways to demodulate detector-based
receiver architectures. We have just covered an approach used in

In a simple detector receiver, the AM carrier wave excites (,PopularAM receivers. Replacing the diode detector with another

resonance in the inductor/tuned capacitor (LC) tank subcir‘—jemcmr type would allow us to _detect fr_equency-modula_ted
cuit. The tank acts like a local oscillator (LO). to the current(FM) or phase-modulated (PM) signals, this latter modulation

through the diode is proportional to the amplitude of the resogommonly used in transmitting digital data. For example, many

nance and this gives thebaseband signal (typically analog audi \ift keying(PSK), a form of phase (angle) modulation. The

The baseband signal may be in either analog or digital format, 4 A X
depending upon the original format of the information used t(phrase »shift keyingZ is an older expression (from the Morse

modulate the AM carrier. As we shall see, this process oftransleﬁ:—Ode era) for ~digital.Z

ing a signal down or up to the baseband level becomes a criticAll detector circuits are limited in their capability to differenti-
technique in most modern radios. The exception is time domaiate between adjacent signal bands or channels. This capability
or pulse position modulation. Interestingly, this scheme dates a measure of theelectivityof the receiver and is a func-
back to the earliest (spark gap) radio transmittéiss. strange tion of the input RF “Iter to screen out unwanted signals and
how history repeats itself. Another example is that the earliedb pass (select) only the desired signals. As you might have
radios were digital (Morse code), than analog was consideregliess from earlier discussions (see Chapter 2), selectivity is
superior (analog voice transmission), now digital is back! related to thequality factor or Qof the RF “lter. A high Q
_means that the circuit provides sharp “Itering and good differen-
ﬁiation between channels,a must for modern communication
stems. Unfortunately, tuning the center carrier frequency of
e “lter across a large bandwidth while maintaining a high dif-

FIG. 8-4. Circuit schematic of a half-wave rectiber.

odern telecommunication receivers rely heavily mmase-

The “nal stage of a typical AM detector system is the ampli
“er, which is needed to provide adequate drive levels for a
audio listening device, such as a headset or speaker. One

the disadvantages of the signal diode detector is its poor pow - ) . ;
g g poor p erentiation between adjacent channels is very dif‘cult at the

transfer ef‘ciency. But to understand this de“ciency, you must ~ . . . ‘ L
“rst understand the limitation of the AM design that uses a half. igher frequencies found in todayes mobile devices. Selectivity
across a large bandwidth is complicated by a receigensitiv-

wave recti“er at the receiver. At transmission from the source, : .
requirement, or the need to need to detect very small signals

the AM signal modulation process generates two copies of th!éy : .
in the presence of system noise,noise that comes from the earth

information (voice or music) plus the carrier. For example, con- ! . ! ) oo
ermal noise), notjustthe receiver systemitself. The sensitivity

sider an AM radio station that broadcasts at a carrier frequenc&p - ¢ s de“ned as th llest sianal that lead
of 900 kHz. The transmission might be modulated by a 1000: receiing systems 1S de"ned as the smatlest signai that leads

Hz (1-kHz) signal or tone. The RF front end in an AM radio to an acceptablsignal-to-noise ratidSNR).

receiver will pick up the 900-kHz carrier signal along with the Receiver selectivity and sensitivity are key technical perfor-
1-kHz plus and minus modulation around the carrier, at fremance measures (TPMs) and will be covered in more detail in
guencies of 901 and 899 kHz, respectively (see Fig. 8-5). Ththis chapter. Atthis point, itis suf‘cient to note thatthe AM diode
modulation frequencies are also known as the upper and loweetector architecture is limited in selectivity and sensitivity.
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TRF Receiver Direct-Conversion Receiver

Moving up the scale in complexity, we come to the next evolutionary RFA way to overcome the need for several individually tuned
architecture: the tuned-radio-frequency (TRF) receiver (see Fig. 8-6RF “lters in the TRF receiver is by directly converting the
This early design was one of the “rst to use ampli“cation techniquesriginal signal to a much lower baseband frequency. In the direct-
to enhance the quality of the signal reception. A TRF receiver coneonversion receiver (DCR) architecture, frequency translation
sisted of several RF stages, all simultaneously tuned to the receivésl used to change the high input frequency carrying the mod-
frequency before detection and subsequent ampli“cation of the audialated information into a lower frequency that still carries the
signal. Each tuned stage consisted of a bandpass “Iter,which needmodulation but which is easier to detect and demodulate. This
not be an LC tank “Iter but could also be a Surface Acoustic Wavefrequency translation is achieved by mixing the input RF signal
(SAW) “Ilter or a dielectric cavity “Iter,with an ampli“er to boost  with a reference signal of identical or near-identical frequency
the desired signal while reducing unwanted signals such as interfefsee Fig. 8-7). The nonlinear mixing of the two signals results in
ence. The “nal stage of the design is a combination of a diode recti“ea baseband signal prior to the detection or demodulating stage
and audio ampli“er, collectively known as a grid-leak detector. In con-of the front-end receiver.

trast to other radio architectures, there is no translation in frequency
of the input signals, and no mixing of these input signals with those Antenna
from a tunable LO. The original input signal is demodulated at the Yﬂ
detector stage. On the positive side, this simple architecture does not

generate the image signals that are common to other receiver formats

Output to
ADC (baseband)

using frequency mixers, such as superheterodynes (covered later in this RF Low-pass Amp
chapter). filter filter
Local
Oscillator (LO)
Antenna
%; voo % I: FIG. 8-7. Direct Conversion Receiver (DCR) architecture.
Output
fT_IUHEd High gain Detector The reference signal is generated by a local oscillator (LO).
lers amp with amp When an input RF signal is combined in a nonlinear device,

such as a diode or “eld-effect-transistor (FET) mixer, with an
LO signal, the result is an intermediate-frequency (IF) sig-
FIG. 8-6. Tuned Radio Frequency (TRF) architecture emphasizes multiple nal that is the sum or difference of the RF and LO signals.
tuned blters. When the LO signal is chosen to be the same as the RF input
signal, the receiver is said to have a homodyne (or ssame fre-
quencyZ) architecture and is also known as a zero-IF receiver.

The addition of each LC “Iter-ampli“er stage in a TRF receiver Converstelyl;, '(; t{letredfetrr?:; € sliggal rllstdlffzrent frorr;_:fhe frte-
increases the overall selectivity. On the downside, each Suc?.};ency 0 be detected, called a heterodyne (or -differen

stage must be individually tuned to the desired frequency sinc quencyZ) receiver. .The tezrms supe.r;].etr:aro;yne.atr:d hgtero-
each stage has to track the previous stage. Not only is th ne are synonyms (ssuperZ means *higherZ or -aboveZ not

dif‘cult to do physically, it also means that the received band-" etterz).

width increases with frequency. For example, if the cir€@it In either homodyne or heterodyne approaches, new frequen-
was 50 at the lower end of the AM band, say 550kHz, therties are generated by mixing two or more signals in a nonlinear
the receiver bandwidth would be 5D or 11 kHz,a reason-  device, such as a transistor or diode mixer. The mixing of two

able value. However at the upper end of the AM spectrume¢arefully chosen frequencies results in the creation of two new
say 1650 kHz, the received bandwidth increases to AB%@r frequencies, one being the sum of the two mixed frequencies and
33 kHz. the other being the difference between the two mixed signals.
The lower frequency is called the beat frequency, in reference

As a result, the selectivity in a TRF receiver is not constant

since the receiver is more selective at lower frequencies artgthe audio *beatZ that can be produced by two signals close in

less selective at higher frequencies. Such variations in sele equency when the mixing productis an actual audio-frequency

tivity can cause unwanted oscillations and modes in the tune F) tone.

stages. In addition, ampli“cation is not constant over the tunindg-or example, if a frequency of 2000 Hz and another of 2100 Hz
range. Such shortcomings in the TRF receiver architecture hawveere beat together, then an audible beat frequency of 100 Hz
led to more widespread adoption of other receiver architecturesjould be produced. The end result is a frequency shifting from
including direct-conversion and superheterodyne receivers, fa higher frequency to lower,and in the case of RF receivers,,
many modern wireless applications. baseband frequency.
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Direct conversion or homodyne (zero-IF) receivers use an LGhus causing resolution challenges for the analog-to-digital
synchronized to the exact frequency of the carrier in order taonverter.

directly translate the input signals to baseband frequencies. In

theory, this simple approach eliminates the need for multipl&Superheterodyne Receivers

frequency downconversion stages along with their associatqf| contrast to the simplicity of the direct-conversion receiver, the
“lters, frequency mixers, and LOs. This means that a “xed RFsuperheterodyne receiver architecture often incorporates mul-
“lter can be used after the antenna, instead of multiple tuneglp|e frequency translation stages along with their associated
RF “Iters as in the TRF receiver. The “xed RF “Iter can thus be«|ters, ampli“ers, mixers, and local oscillators (see Fig. 8-8).
designed to have a high& Butin doing so, this receiver architecture can achieve unmatched

In direct-conversion design, the desired signal is obtained b§electivity and sensitivity. Unlike the direct-conversion receiver
tuning the local oscillator to the desired signal frequency. Théh Which the LO frequencies are synchronized to the input RF
remaining unwanted frequencies that appear after downconvetignals, a superheterodyne receiver uses an LO frequency that
sion stay at the higher frequency bands and can be removed i§yoffset by a “xed amount from the desired signal. This “xed

a lowpass “Iter placed after the mixer stage. amount results in an intermediate frequency (IF) generated by

fthe i . ianal is digitall hen th . _mixing the LO and RF signals in a nonlinear device such as a
If the incoming signal is digitally encoded, then the RF receivelyiode or EET mixer.

uses digital “lters within a DSP to perform the demodulation.
Two mixers are needed to retain both the amplitude and phase Frequency Frequency
of the original modulated signal: one for the in-phakeand changer changer
another for a quadratur®j baseband output. Quadrature down- | '
conversion is needed since two sidebands generally form arounJ/ Antenna
any RF carrier frequency. As we have already seen, these side
bands are at different frequencies. Thus, using a single mixer,
for a digitally encoded signal, would result in the loss of one of
the sidebands. This is why &fQ demodulator is typically used

for demodulating the information contained in thendQ signal

Mixer

IF filters  IF Amp

Demodulation

components. Local Local
Unfortunately, many direct-conversion receivers are susceptible Oscillator (LO) Oscillator (LO)

to spurious LO leakage, when LO energy is coupled tol te | RFStage, | IF Stage ., Baseband
demodulator by means of the system antenna or via another path/ T ™ Stage

Any LO leakage can mix with the main LO signal to generate a
DC offset, possibly imposing potentially large DC offset errors
on the frequency-translated baseband signals. Through carefyk g-g.  superheterodyne Architecture.
design, LO leakage in a direct-conversion receiver can be min-

imized by maintaining high isolation between the gri%s LO

and RF ports. Generating local oscillators

Perhaps the biggest limitation of direct-conversion receivers i£h€ LO is often a phase-locked voltage-controlled oscillator
their susceptibility to various noise sources at DC, which creatdd/ CO) capable of covering the frequency range of interest for

a DC offset. The sources of unwanted signals typically are th§&nslating incoming RF signals to a desired IF range. In recent
impedance mismatches between the ampli“er and mixer. years, a number of other frequency-stabilization techniques,
including analog fractional-N frequency synthesis and integer-

As noted earlier in this chapter, improvements in IC inte-N frequency synthesis as well as direct-digital-synthesis (DDS)
gration via better control of the semiconductor manufacturingapproaches, have been used to generate the LO signals in wireless
process have mitigated many of the mismatch-related DC offsegceiver architectures for frequency translation.

problems.

Any LO approach should provide signals over a frequency band
Still another way to solve DC offset problems is to downcon-of interest with the capability of tuning in frequency increments
vert to a center frequency near, but not at, zero. Near-zero Ithat support the systemes channel bandwidths. For example, a
receivers do just that, by downconverting to an intermediatsystem with 25-kHz channels is not well supported by a synthe-
frequency (IF) which preserves the modulation of the RF sigsized LO capable of tuning in minimum steps of only 1 MHz.
nal by keeping it above the noise "oor and away from otherln addition, the LO should provide acceptable single-sideband
unwanted signals. Unfortunately, this approach creates a ne{8SB) phase-noise performance, speci“ed at an offset frequency
problem, namely that the image frequency and the basebaridat coincides with the systemes channel spacing. Referring to
beat signals that arise from inherent signal distortion, can botan LOss SSB phase noise offset 1 MHz from the carrier will
fall within the intermediate band. The image frequencies, to beot provide enough information about the phase noise that is
covered later, can be larger than the desired signal frequenaypser to the carrier and that may affect communications systems
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performance in closely spaced channels. Phase noise closer to th@ frequency, to achieve fairly consistent conversion-loss per-
carrier is typically speci“ed at offset frequencies of 1 kHz or lessformance and "atness. The desired frequency converted signals
re available at the IF port; the “lter eliminates the unwanted
igh-frequency signal components generated by the mixing pro-
cess. The LO drive level can be arbitrary, although different types
%f mixers and their diodes generally dictate an optimum LO drive
evel for mixer operation. The dimensions of the diode will dic-
te the frequency of operation, allowing use through millimeter-
ave frequencies if the diode is made suf‘ciently small.

The LO source should also provide adequate drive power f T8
the front-end mixers. In some cases, an LO buffer ampli“e(}‘
may be added to increase the sigsalircess output to the level
required to achieve acceptable conversion loss in the mixer. A
for portable applications, the power supply and power consum
tion of the LO become important considerations when plannin
for a power budget.

Some single-ended mixers use an antiparallel diode pair in place
Mixers of the single diode to double the LO frequency and use the sec-
Mixers are an integral component in any modern radio front endnd harmonics of the LOes fundamental frequency, somewhat
(see Fig. 8-9). Frequency mixers can be based on a number sifmplifying the IF “ltering requirements. The trade-off involves
different nonlinear semiconductor devices, including diodes antaving to supply higher LO power in order to achieve suf‘cient
“eld-effect transistors (FETSs). Because of their simplicity andmixing power by means of the LOss second-harmonic signals.

capability .Of operatior_w without DC bias, di.Ode mixers have l:.)eeg& single-balanced mixer uses two diodes connected back to back.
prevalent in many wireless systems. Mixers based on dlodqﬁ the back-to-back con“guration, noise components from the

have begn developed in several topologies, m_cludmg S|_n_gIeL- or RF that are fed into one diode are generated in the opposite
ended, single-balanced, and double-balanced m|xers.Add|t|on§ nse in the other diode and tend to cancel at the IF port

variations on these con“gurations are also available, such as o _ _ .
image-reject mixers and harmonic mixers which are typicallyA double-balanced mixer is typically formed with four diodes

employed at higher, often millimeter-wave, frequencies. in a quad con“guration (see Fig. 8-10). The quad con“guration
provides excellent suppression of spurious mixing products and
Mixer f, good isolation between all ports. Because of the symmetry, the

. fy f, f, . LO voltage is suf“ciently isolated from the RF input port and no

RF voltage appears at the LO port. With a suf‘ciently large LO
drive level, strong conduction occurs in alternate pairs of diodes,
f, changing them from a low to high resistance state during each
half of the LOes frequency cycle.

LO
LO

RF

FIG. 8-9. Circuit symbol for radio mixerNor a diode multiplier in this
example. IF

The simplest diode mixer is the single-ended mixer, which can be
formed with an input balanced-unbalanced (balun) transformer,
a single diode, an RF choke, and a lowpass “lIter. In a single-
diode mixer, insertion loss results from conversion loss, diode
loss, transformer loss. The mixer sideband conversion is nomi-
nally 3 dB, while the transformer losses (balun losses) are about
0.75dB on each side, and there are diode losses because of fy€ s.10. Circuit schematic for a diode ring, double-balanced mixer.

serie_s resistanc_es of the diodes. 'I_'he equi_valent circuit _Of a d_io%eecause the RF voltage is distributed across the four diodes, the
consists of a series resistor and a time-variable electronic resistqr. ;5 compression point is higher than that of a single-balanced
Moving up slightly in complexity, a single-ended mixer consistsmixer, although more LO power is needed for mixing. The con-
of a single diode, input matching circuitry, balanced-unbalancedersion loss of a double-balanced mixer is similar to that of
(balun) transformer or some other means for injecting a mixing single-balanced mixer, although the dynamic range of the
signal with the RF input signal, and a lowpass or bandpass “ltedouble-balanced mixer is much greater due to the increase in
to pass desired mixer products and reject unwanted signal cortie intercept point (recall IP discussion from earlier chapters).

ponents. Single-ended mixers are inexpensive and qften usedé@/ incorporating FET or bipolar transistors into monolithic IC
low-cost d_etectors, SL.JCh as motion det_ec_tors. The mput_balu@ixer topologies, it is possible to produce active mixers with
must _be highly selective to prevent radiation of the LO signa onversion gain rather than conversion loss. In general, this class
back into the RF port and out of the antenna. of mixer can be operated with lower LO drive levels than passive
Although the behavior of the diode changes with LO level, it carFET or diode mixers, although active mixers will also distort
be matched for impedance at a particular frequency, such as tiren fed with excessive LO drive levels.
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Separation  IF port as a result of the sum frequency re”ecting back into the

RF Amplified Fo Image signal mixer and combining with the second harmonic of the LO signal.
Signz| L (F 2(F) Mathematically, this secondary signal appears as:
— fir =% [2flo S (fo S frF)] (Eq. 8-2)
Desired signal F Oscillator Undesired signal
(o IF) signal k¢ (o IF) This secondary IF signal is at the same frequency as the pri-

mary IF signal. Unfortunately, differences in phase between
the two signals typically result in uneven mixer conversion-loss
response. But "at IF response can be achieved by maintaining
constant impedance between the IF port and following compo-
nent load (IF “lter and ampli“er) so that the sum frequency sig-
For RF front ends, wireless receivers, or even completealsare preventedfromre-enteringthe mixer. Interms of discrete
transceivers fabricated using monolithic IC semiconductor proeomponents, some manufacturers offer constant-impedance IF
cesses, the Gilbert cell mixer is a popular topology for itsbandpass “Iters that serve to minimize the disruptive re”ection
combination of low power consumption, high gain, and wideofthese secondary IF signals. Such “lters attenuate the unwanted
bandwidth. Originally designed as an analog four-quadrant muksum frequency signals by absorption. Essentially, the return loss
tiplier for small-signal applications, the Gilbert-cell mixer can of the “lter determines the level of the sum frequency signal that
also be used in switching-mode operation for mixing purposess re”ected back into the mixer.

Because it requires differential signals, the Gilbert-cell mixer ishc a mixerss IF port is terminated with a conventional IF “Iter,

usually implemented with inpqt and output transformers in th%uch as a bandpass or lowpass type, the sum frequency signal
manner of double-balanced mixers. will re-enter the mixer and generate intermodulation distortion.
. . . One of the main intermodulation products of concern is the two-
Intermodulation and intercept points . S

) ) tone, third-order product, which is separated from the IF by the
T?fe mixer g]]cerr:erates IF signals tlhat result from ;he SUM aN§ame frequency spacing as the RF signal. These intermodulation
difference of the LO and RF signals combined in the mixer: o4, encies are a result of the mixing of spurious and harmonic
responses from the LO and the input RF signals:

FIG. 8-11. Mixing results in unwanted frequencies, including image
signals.

fir = fLo £ frr (Eg. 8-1)

" 4 it el - f I flo =+ (2frr1S frr2) (Eg. 8-3)
ese sum and difference signals at the IF port are of equal B -
amplitude, but generally only the difference signal is desired fio = (2frr2S frr1) (Eq. 8-4)
for processing and demodulation so the sum frequency (also . _ _
known as the image signal,see Fig. 8-11) must be removed, typ-But by carefulimpedance matching of the IF “Iter to the mixerss
ically by means of IF bandpass or lowpass “Itering. A secondaryF Port, the effects of the sum frequency products and their

IF signal, which can be callefi-, is also produced at the IF intermodulation distortion can be minimized.

EXAMPLE: INTERMODULATION AND INTERCEPT POINTS Intermodulation Ex:f1= 100kHz,

To get a better understanding of intermodulation products, Order Products Jo— Aol

letOs consider the simple case of two frequencies, day 1st Order | f; fa 100kHz |101kHz
and f,. To depne the products, we add the harmonic 2nd Order | f; + f, f,5f, |201kHz 1 kHz

multiplying constants of the two frequencies. For example, ~ ~
the second order intermodulation products arefg + f); 3rd Order |2f1Sfs; |2fSf | 99kHz |102kHz
the third order are (&, S f,); the fourth order are (&, + f5); 2f1+ 15 2f,+ f; | 301kHz 302 kHz
the bfth order are (¥, S f,); etc. Iff, rimd f, are two 4th Order 2f,+ 2f; | 2f, S 2f, | 402 kHz 2 kHz
frequencies of 100 kHz and 101 kHzNthat is, 1 kHz ~ ~
apartNthen we get the intermodulation products as shown 5thOrder |3hS2f, |3fS2f) 98kHz |103kHz
in Table 8-1. 3fy + 2f, | 3f,+ 2f; | 502 kHz 503 kHz

From the table it becomes apparent that only the odd order Etc
intermodulation products are close to the two fundamental
frequencies off; and f,. Note that one third order product
(2f; S ) is only 1 kHz lower in frequency tharf, and another

TABLE 8-1. Intermodulation Products
Continued on next page
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EXAMPLE INTERMODULATION AND INTERCEPT The IP3 is the theoretical point on the RF input vs. IF output
POINTS,,(Cont) curve where the desired input signal and third-order products
become equal in amplitude as the RF input is raised. Table 8-2
explains the meaning of the three critical intercept points in RF
receiver design.

(2f, S f1) is only 1kHz above £. The bfth order product is also
closer to the fundamentals than corresponding even order

products.
These odd order intermodulation products are of interest in Order Intercept Points | Meaning
the brst mixer state of a superheterodyne receiyer. As we have | 1 4BR1dB compression | Compression is a measure of the
seen earlier, the very function of a mixer stageNnamely, point linearity of a device. As the RF
forming an intermediate lower frequency from the ) input signal level increases the IF
sum/difference of the input signal and a local oscillatoryN output should follow for a mixing
results in the production of nonlinearity. Not surprisingly, the device. However, when the IF
mixer stage is a primary source of unwanted intermodulation output cannot follow the RF
products. Consider this example: A receiver is tuned to a input linearly and deviates by
signal on 1000 kHz but there are also two strong signals; fon 1dB, this is referred to as the
1020 kHz and f, on 1040 kHz. The closest signal is only 20 kHz 1dB compression point.
away. Qur I.F stage blter is .Sha.rp with a 2.5-kHz bandwidth, IP2NSecond-order The second-order intercept
which is quite capable of rejecting the unwanted 1020-kHz . . . . .
intercept point point is the theoretical point on

signal. However, the RF stages before the mixer are not so
selective and the two signals4f and f, are seen at the mixer
input. As such, intermodulation components are readily
produced, including a third order intermodulation component
(2f1 S f,) at (2% 1020 S 1040)= 1000 kHz. This
intermodulation product lies right on our input signal

the RF input vs. IF output curve
where the desired input signal
and second order products
become equal in amplitude as
the RF input is raised.

frequency! Such intermodulation components or out-of-band IP3NThird-order The third-order intercept point

signals can easily cause interference within the working band | intercept point is the theoretical point on the

of the receiver. RF input vs. IF output curve
where the desired input signal

In terms of physical measurements, the two-tone, third-order and third-order products become

intermodulation is the easiest to measure of equal in amplitude as the RF

the intermodulation interferences in an RF system. All that is input is raised. Note: 1IP3 is the

needed is to have two carriers of equal power levels that are input-referred IP3. 1IP3 is just

near the same frequency. The result of this measurement is the output-referred IP3 (OIP3)

used to determine the third-order intermodulation intercept divided by the small-signal gain.

point (IIP3), a theoretical level used to calculate third-order
intermodulation levels at any total power level signibcantly
lower than the intercept point. TABLE 8-2. Intercept Points

Preselection “lters circuitry to the preselector “lter, since such losses can decrease
In a typical superheterodyne receiver architecture, the LO igverall receiver sensitivity.

offset by a precise “xed amount equal to the IF. The «imageZrhe impedance match between the receive antenna and the
version of the generated IF signal is separated from the desirgdceiverss front-end circuitry may be subject to change. Some
signal frequency by a difference equal to twice the IF. Inreceivers, for example, may be used with different antennas, in
order to minimize the effects of unwanted signals enteringvhich case the match would change with each antenna. And
the frequency-conversion mixer, a superheterodyne receivé some mobile applications, the effects of buildings, foliage,
employs a preselection “Iter in the front end to remove theseind other environmental factors can alter the impedance of the
unwanted signal products. An input matching network providegintenna and the consequent match with the front-end compo-
the impedance matching required to maximize energy "ow fromhents. In addition, the impedance match between the antenna
the receive antennato the preselector “Iter and to the RF ampli“eind front-end components is frequency-dependent and will
in a superheterodyne receiver. One of the goals of this matclye a function of the particular frequency bands for the com-
ing circuitry is to minimize losses from the antenna couplingmunications system. In some cases, when the antenna must
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cover a broad range of frequencies, it may be necessary tven bandwidth and is presented in units of watts per hertz.
employ mechanical or electrical tuning to achieve an optiEvery electronic component contributes some amount of noise
mum impedance match for different receiver frequencies ofo areceiving system, with the minimum amount of noise related
interest. to temperature known as the systemes thermal noise, or kTB,

. N & 20 .
Filter losses can impact overall superheterodyne receiver noig\éhere kt's Bgltgmann s;olnstaEBBgdtofh mW/Kt,)T ';’ th;h
“gure. Because high selectivity is needed to remove unwanterg?mpera ure in degrees Kelvin (K), al € noise banawl

spurious and image signals from the receiver signal chai In Hz).

preselection “Itering is often broken into several stages withAt room temperature, the thermal noise generated in a 1-Hz
intervening LNAs between stages to minimize the effects obandwidth is

“Iter losses on receiver noise “gure. In essence, this balance

_ 523
between “Iter losses and LNA gain in a superheterodyne receiver KTB = (1.38x 1f J/ K)(293K)(1Hz2)
front end determines the overall selectivity and sensitivity of the = 4.057x 10°%2'w =S 174dBm
receiver.

or S 174 dBni Hz in terms of PSD.

In a superheterodyne receiver, any “Itering pertaining to the ) ) ) ) ) )
communications channel is performed at IF. Typically syed With an increase in bandwidth comes an increase in noise power

rather than tunable “lters are used at IF since it is muci#nd thustheimportance of “Itering in a superheterodyne receiver
more dif‘cult to maintain constant bandwidth in a tunable &S ameans oflimiting the noise power. For this reason, the “nal IF
“ter than in a “xed “Iter. When different types of sig- “Iter in a superheterodyne receiver is made as narrow as possible

nals and modulation must be handled, the IF bandwidth cal? support the channel reception and to limit the amount of noise
be readily changed by switching between different “xed “I- in the channel just prior to demodulation and detection. The “nal

ters. In general, a superheterodyne receiver enables hidjﬁ “Iter determines the noise bandwidth of the receiver, since it

selectivity and high sensitivity because of the amount of proWill be the most narrowband component in the front-end analog
cessing that is possible at IF: “ltering and ampli“cation is Signal chain prior to detection.

simply easier and cheaper to achieve at IF than at microwaveront-end receiver components are characterized in terms of
frequencies. noise by several parameters, including noise “gure (NF) and

Although a superheterodyne receiver introduces problems witACiSe factor (F). For the receiver as a whole, the noise factor is
spurious responses that do not exist with the other receiv&MPly aratio of the SNR at the output of the receiver compared
architectures, it is the ease and cost-effectiveness of “Iterinff® the SNR at the source of the receiver. For each component,
and boosting signals at IF that makes this con“guration s&imilarly, the noise factor is the ratio of the SNR at the output to
attractive for wireless applications. In reviewing those two key€ SNR at the input. The noise “gure is identical to the noise
parameters,sensitivity and selectivity,that characterize the fagtqr, except that it is given in dB. The noise factor is a pure
performance of a superheterodyne front eieths examine the 'atio:

factqrs that impact each parameter and how they affect overall Noise factor= (Output SNR)/ (Input SNR) (Eq. 8-5)
receiver performance.

The sensitivity of a superheterodyne receiver is relative to a}ﬂvh'le the noise “gure is presented in logarithmic form as

acceptable level of performance, such as the sensitivity for a NF = 10log(SNR/SNRy) (Eq. 8-6)
given SNR in an analog radio front end or for a given bit-

error rate (BER) in a digital radio front end. The sensitivity Where SNR is the output SNR of a component, device, or
refers to the weakest possible signal level that a radio front en@ceiver and SNRis the input SNR of the component, device,
can process to achieve that agreed-upon SNR or BER. Sen§ireceiver.

tivity is affected by the level of noise external to the receivers an ampli‘er was ideal or a component completely without
and generated within the receiver itself. If the external noise igojse, its noise “gure would equal 0dB. In reality, the noise
low enough, then the limit to receiver sensitivity will be estab-«gyre of an ampli‘er or component is always positive. For a
lished by the noise generated by the receiverss own componenassive device, the noise “gure is equal to the insertion loss of
Noise is contributed to a receiver by means of the receivinghe device. For example, the noise “gure of a 1-dB attenuator

antenna, by contributions from the RF preselector “lter, andyithout losses beyond the attenuation value is 1 dB.

from the active devices in the receiving system, including the .
front-end LNA. In a superheterodyne front end, the noise power of the compo-

nents that are connected or cascaded together rises from the input
to the output as the noise from succeeding stages is added to the

System sensitivity and noise system. In a simple calculation of how the noise contributions

The noise from each component in the front end adds 10 thek front.end stages add together, there is the well-known Friises
receiverss noise "oor, which sets the limit on the minimum S'gna|equation:

level that can be detected. Noise can be characterized by its power
spectral density (PSD), which is the power contained within a NFcascade 10log{[F1+ (F2 S 1))/ A1} (Eq. 8-7)
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whereF = the noise factor, which is equivalent to™Md%andA  to limit incoming wideband noise and the front-endes low-noise
is the numerical power gain, which is equal t&*1% whereGis  ampli“er (LNA) to provide enough gain to boost signal levels to
the power gain is dB. From this equation, it can be seen how then acceptable signal-to-noise ratio (SNR) for subsequent signal
noise factor of the “rst stage in the systeRy | has a dominant processing in the RF front end by mixers, demodulators, and/or
effect on the overall noise performance of the receiver systemADCs.

Noise factor can be used in the calculation of the overall addels with the “Iters, an RF front-endss LNAs are speci“ed depend-
noise of a series of cascaded components in a receiver, using ting on their location in the signal chain, either for relatively

gain and noise factor values of the different components: broadband use or for channelized use at the IF stages. An LNA
5 3 5 is speci‘ed in terms of bandwidth, noise “gure, small-signal

_ F2S1 F3S1 FnS1 gain, power supply and power consumption, output power at
F=Fi+ + + (Eq. 8-8) ; ; ; ; i T

A A A MAA .. AT 1-dB compression, and linearity requirements. The linearity is

usually judged in terms of third-order and second-order inter-
where theF parameters represent the noise factor values dfept points to determine the expected behavior of the ampli“er
the different front-end stages and tAeparameters represent When subjected to relatively large-level input signals. Ideally, an
the numeric power gain levels of the different front-end staged-NA can provide suf‘cient gain to render even low-level signals
A quick look at this equation again shows the weight of theusable by the RF front-endss mixers and other components, while
“rst noise stage on the overall noise factor. In a receiver wittg/so handling high-level signals without excessive distortion.

“ve noise-contributing stagesi€ 5), for example, the noise of At one time, LNAs fabricated with gallium arsenide (GaAs)
the “nal stages is greatly reduced by the combined gain of thgyocess technology provided optimum performance in terms of
components. noise “gure and gain in RF and microwave communications sys-
The noise "oor of a receiver determines its sensitivity to low-tems. But ever-improving performance in silicon-germanium
level signals and its capability of detecting and demodulatingSiGe) heterojunction-bipolar-transistor (HBT) now provides
those signals. The input referred noise level (noise at the antenA@Mparable or better noise-“gure and gain performance in LNAs
prior to the addition of noise by the other analog components iat frequencies through about 10 GHz.

the receiver front end) is sometimes referred to as the minimum, contrast to a superheterodyne receiverss noise, the other end of
detectable signal (MDS). In some cases, a parameter knowRe dynamic range is the largest signal thatthe receiver can handle
assignal in noise and distortioiSINAD) may also be used \ithout distortion or, in the case of a digital receiver, degrada-
to characterize a receiws noise performance, especially with tjon of the BER. In a receiver, excessively high signal levels can
a need to account for signals with noiselike distortion COMyyring the onset of nonlinear behavior in the receiverss compo-
ponents. This parameter includes carrier-generated harmoniggnts, especially the mixers and LNAs. Such nonlinear effects
and other nonlinear distortion components in an evaluation ofre evidenced as gain compression, intermodulation distortion,
receiver sensitivity. and cross modulation, such as AM-to-PM conversion.

In a digital system, it is simpler to measure the bit-error rate (BERl\t |arge signal levels, harmonic and intermodulation distortion
induced by noise when a signal is weak. The BER affects the data ragguse compression and interference that limit the largest signals
so it is a more useful performance measure than the SNR for evalyhat a receiver can handle. A receiverss dynamic range refers to
ating receiver sensitivity. With BER, the receiveres sensitivity can bghe difference between the MDS and the maximum signal level.
referenced to a particular BER value. Typically a BER of 0.1%,€.9., |n a single-channel system, the dynamic range is essentially the
in the GSM Standard,,is SpeCi“ed and the Sensitivity of the receiver dlfference between the 1_dB Compressed Output power and the
is measured by adjusting the level of the input Signal until this BER |%utput n0|se ”oor. The Spurlous_free dynam|c range (SFDR) |S
achieved at the output of the receiver. de“ned as the range of input power levels from which the output
A front endes noise "oor is principally established by noise insi_gnal _just exceeds the output n(_)ise "oor, and fqr which any
components such as thermal noise, shot noise and "icker nois@istortion components remain buried below the noise "oor.

At the same time, any decrease in gain will increase the noise

"oor. Thus, there must be enough margins in the system SNR t#°3

allow for a reduction in gain when making adjustments in gainThe input third-order intercept point is often used as a measure

for larger-level signals. of component and receiver power-handling capability. As men-
_ tioned earlier, it is de“ned as the extrapolated input power level
Front-End Ampli“ers per tone that would cause the output third-order intermodula-

The RF front-end component most commonly connected to ation products to equal the single-tone linear fundamental output
RF or IF “lter is an RF or IF ampli“er, respectively. Depending power. The output power at that point is the output third-order
upon its function in the system, this ampli“er may be designedntercept point. The intercept point is “ctitious in that it is nec-
for high output power (in the transmitter) or low-noise perfor-essary to extrapolate the fundamental component in a linear
mance (in the receiver). At the receiver antenna, the receivéashion and assume that the third-order intermodulation prod-
sensitivity will be a function of the ability of the preselector “lter ucts increase forever with a 3:1 slope. In reality, the difference
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between acomponentss actual output power at 1-dB compreswith distortion and overloading. For selective “lters, impedance
sion and the third-order intercept point can be as little as 6 dBnatching can be dif‘cult and can adversely affect the perfor-
and as much as 20 dB. Along with the third-order intercept pointtmance of the other components in the front-end signal chain,
the second-order intercept point is also used as a measure rajtably the mixers.

power-handling capability of dynamic range. It refers o therijers come in essentially four types: bandpass, band-reject,
ctitious intersection of the second-harmonic output powerW|th|0WpaSS’ and highpass “Iters. (For a more detailed discussion of
the fundamental-frequency output power. “Iters, see Chapter 3.) A bandpass “lter channels signals with
In analyzing a receiverss dynamic range, it is important to notgninimal attenuation through a range of frequencies known as
how the de“nitions of larger signals can vary. For example, fotthe passband, and rejects signals at frequencies above and below
multiple-carrier communications systems, the peak power levéhe passband. A band-reject “lter (also known as a notch “Iter)
will be much greater than the average power level because of tlig essentially the opposite of a bandpass “Iter. It rejects signals
random phases of the multiple carriers and how they combinacross one band (known as the stop band) and allows signals to
in phase. In a multicarrier system, the speci“ed average powdyass with minimal attenuation atfrequencies above and belowthe
may be within the linear region of the system but the peakstop band. Alowpass “Iter channels signals with minimal attenu-
may push the system into nonlinear behavior. This nonlineaation below a speci“ed cutoff frequency, while rejecting signals
behavior includes a phenomenon known as spectral regrowgtbove that cutoff frequency. The cutoff frequency is commonly a
and is characterized by such parameters as adjacent-chanpeint at which signal attenuation reaches 3 dB. A highpass “lter
power ratio (ACPR) where the power of a transmitted signal cais essentially the opposite of a lowpass “lter, rejecting signals
literally leak into nearby channels because of intermodulatiofpelow the cutoff frequency and passing signals with minimal
distortion. attenuation above the cutoff frequency.

Automatic gain control (AGC) can be used in a superheterodynkilters are judged in terms of a number of performance parame-
front end to decrease the gain when strong signals can caut¥s, including insertion loss, return loss (or VSWR), rejection,
overload or distortion, although there may be trade-offs for theipple, selectivity (amplitude-versus-frequency response), group
SNR performance. If attenuation is added before the LNA in &lelay (how long a signal takes to propagate through a “lter),
receiver front end, for example, it can reduce the risk of nonphase response, and quality fac@y.(In a bandpass “lIter, inser-
linearities caused by large signals at the cost of an increase fion loss is the amount of signal attenuation above a 0-dB level
noise “gure, as noted earlier with the 1-dB attenuator examplghat would be represented by an ideal transmission line in place
An AGC tends to sacri“ce small-signal performance to achieveof the “lter. Insertion loss occurs due to a “lterss dissipative
large-signal handling capability. elements (the resistors, inductors, capacitors, and transmission
lines). Rejection is the amount of signal attenuation at speci-
“ed points above and below the passband or center frequency,

Selectivity including the insertion loss.
So far, this front-end discussion has covered sensitivity an

dynamic range. Another important aspect of receiver desig%ag?ﬁass.’ dtlﬁler?tﬁr? de nebd II’(]jt(_T_I‘;\T’IS of tthef|r center frefquEnC)é
is achieving good selectivity, so that signals of interest ar&nd the width ot their passband. The centerirequency ota band-

processed and unwanted spurious and interference signals JES Iter can be de"ned arithmetically or geometrically. The

properly rejected or attenuated. Selectivity can be thought gjeometric de“nition is usually employed in the "iter design pro-

as the capability of a receiver to separate a signal or signaneSS’Wh”eme arithmetic de“nition is used to specify a “Iter. The

at a given frequency or bandwidth from all other frequencies‘?‘rithmetic center frequency is simply the sum of the lower and

Selectivity is generally a function of the matching networks}fpper.bandedges d'V'd.ed by two. For example, for a_bandp_ass
between components, the “Iters, and the ampli‘ers in a front- Iter with 3-dBfrequenC|es of 900 and 1000 MHz, the arithmetic
end design. Achieving good selectivity with a “Iter, for example, center frequency is (900 1000) 2= 950 MHz.

requires that the “Iter achieve a wide enough passband to channBheQ of a “Iter is the ratio of the midband frequency to the band-
the designed signals and their modulation, but provide a sharpidth. A narrowband “lter, for example, with 3-dB band edges
enough response with adequate rejection to eliminate unwanted 950 and 1000 MHz (center frequency of 975 MHz) h&y et
signals not falling in the desired passband. Selectivity can als®75 50= 19.5. A bandpass “Iter with 3-dB bandwidth of 500 to
be thought of as the amount of rejection needed to reduce tH®00 MHz would have a much low€) of 750 500= 1.5. Filter
level of an unwanted signal to some required amount at son@ is related to the bandwidth, with narrower “Iter bandwidths
nominal frequency from the desired passband. Selectivity caresulting in higher “lterQ values.

be achieved at different stages in a superheterodyne receiv

by using selective components and devices at the RF, IF, a%
baseband stages.

' fabricating “Iters, high@ circuit elements (such as trans-
ission lines, capacitors and inductors) are desirable for high-
performance “lter responses. Lo@-circuit elements tend to
Receiver front-end selectivity should be as high as possiblgield higher passband insertion loss and lower stopband atten-
close to the antenna to remove large interfering signals beforgation. And lowerQ elements lead to a rounding of a “Iterss
they enter the active devices in later stages and cause problenesponse, with poorly de“ned “lter skirts.
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Filter out-of-band rejection or attenuation can be increasetlow letss consider an example using lowpass signals where
by adding sections, although this also adds complexity anthe desired bandwidth goes from 0 (DC) to some maximum
increases insertion loss due to the additional resonant elementiequency fuax )- The Nyquist criterion states that the sampling
A wide range of “Iter responses, such as equiripple and linearfrequency needs to be at leagy2x . So, if the ADC is sampling
phase responses, are available in modern designs. The equiripptea clock rate of 20 MHz, this would imply that the maximum
response, for example, provides minimum amplitude deviafrequency it can accept is 10 MHz. But then how could an FM
tions across the passband. A linear-phase “lter is suitable faladio broadcast signal (say, at 91.5MHz) be converted using
preserving the content of pulsed waveforms typically useduch a relatively low sampling rate? Heress where the design of
in modern communications systems, such as the Orthogontle RF front end becomes critical. The RF receiver must support
Frequency Division Multiplex (OFDM) modulation used in an intermediate frequency (IF) architecture, which translates a
WIMAX systems. range of relatively high input frequencies to a lower-frequency
range output (at the IF band). Using the example of the FM radio,
, with a tunable bandwidth of 88 to 108 MHz, then the receiverss
ADC’S EFFECT ON FRONT-END DESIGN front end must process signals over that tunable bandwidth to a
Analog-to-digital converters (ADCs) are commonly used injgwer IF range of no higher than 10 MHz. Such a design would

nal sampling. The choice of ADC is generally determined bythese |F signals without aliasing.

the rest of the receiver architecture, and can be affected by the
selectivity of the “Iters, the dynamic range afforded by the front—S OFTWARE DEEINED RADIOS

end ampli“ers, and the bandwidth and type of modulation to

be processed. For example, the level or dynamic range of sigZP t© this point, we have focused on the hardware implementa-
nals expected to be presented to the ADC will dictate the bitO" of RF front ends. But the capability of creating RF front-end

resolution needed for the converter. For example, in an eX(,J“ﬁ\_rchitectures: that are controlled by software has become a real-

ple double-downconversion receiver architecture developed fdpY: thanks to the continuing migration of analog functionality to
broadband wireless access (BWA) applications using the IEEE!9tal chips and the performance improvements in DSP tech-
802.16 WIMAX standard, IF sampling can be performed with anology. Today, a de3|gngr can use software de ned radio (SDR)
12-b ADC. systems to process RF signals that were traditionally handled by
analog and RF front-end circuitry. This new approach is being
For cases where a single downconversion approach, with a SUi'ﬁ'anemented in next generation, very high frequencg GHz)
sequent higher IF, is used, a higher-resolution, 14-b convertgyplications that require "exible recon“guration of the front

is recommended in order to compensate for the less ef'ciendng, like wireless base stations, mobile communication (often
selectivity of the single-conversion receiver and to avoid ADCpjlitary) devices, and IPTV set-top boxes.

saturation in the presence of high-level interference signals, _ s
Along with its input bandwidth (which should accommodate>PR technologies known as frequency agileZ systems allow

the highest IF of interest for a particular receiver design) and bife cOnversion of any analog wireless signal directly into digital
resolution, an ADC can also be speci‘ed in terms of its spuriousP@seband data, regardless of frequency. Semiconductor manu-

free dynamic range (SFDR). TA®Css sensitivity is in"uenced facturing processes have typically used ggllium arsenide (GaAs)
by wideband noise, including spurious noise, and often can b@a}terlals to demonstrate the RF't,O'd'g't?I (RF/D) conver'ter

improved through the use of an antialiasing “Iter at the inputCh'pS' though future prod_uctlon versions W|_II convert the design

of the ADC to eliminate sampling of noise and high-frequency/® 10W-cost CMOS and BICMOS technologies.

spurious products. The great advantage of SDR systems is the on-the-"y interop-

To avoid aliasing when converting analog signals to the digita?rablllty among dlffermg. communlcat|ons.frequgn0|es. In_ othgr
domain, the ADC sampling frequency must be at least twice thwords, a single RF receiver can communicate directly with dif-

maximum frequency of the input analog signal. This minimumferent devices on multiple different frequency bands, using only

sampling condition,derived from Nyquists theorem (covered software to receive, translate, and process the different signals.
in earlier chapters),must be met in order to capture enough

information about the input analog waveform to reconstruct iCASE STUDY—MODERN

accurately. COMMUNICATION RECEIVER

én this chapter we have introduced the design architectures com-
choice of buffer ampli“er to feed the input of the converter canMon in most RF front-end receivers. We have de“ned a number

affect the performance possible with a given sampling schemé’f key parameters used to characterize the response of a receiver,

The buffer ampli“er should provide the rise/fall time and tran- Including sensitivity and selectivity.

sient response to preserve the modulation information of the INow letes see how all of the concepts and parameters “t into the
or baseband signals, while also providing the good amplituddevelopment of a typical modern communications transceiver.
accuracy and "atness needed to provide signal amplitudes at &uch a communication front-end/back-end could be used to
optimum input level to the ADC for sampling. support a common US air interface like second generation

In addition to selecting an ADC for IF or baseband sampling, th
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FIG. 8-12. CDMA reception process. (Courtesy of Agilent)

(2G), narrow-band Code Division Multiple Access (CDMA) or The CDMA reception process is as shown in Fig. 8-12. Sev-
third-generation (3G), multimedia enabled wideband CDMAeral mixer stages are required to separate the carrier frequency
(W-CDMA) systems. By changing the RF tuning, this sameand the code bandwidth. Once complete, the desired data sig-
architecture could be used for dual...band GSM (used in Europg)l can be separated from the *noiseZ (other user channels) and
or TDMA systems in the same radio band, since the proces#nterference.

ing and demodulation is performed in the post-baseband, digit

, % a modern receiver front-end communication system, the
section.

received signal is ampli“ed, mixed down to IF, and “Itered
This last point is important, since this chapter has focusetiefore being mixed down to baseband where it is digitized for
on traditional analog receiver design as are used in TDMAlemodulation (see Fig. 8-13). A double (multi-mixer) super-
designs. As the name implies, Time Division Multiple Accessheterodyne architecture is typically used in a CDMA receiver.
(TDMA) technology divides a radio channel into sequential timeThe RF front-end consists of the typical duplexer and low-noise
slices. Each channel user takes turns transmitting and receivimgnpli“er (LNA) to provide additional signal gain to compen-

in a round-robin fashion. TDMA is a popular cellular phonesate for signal losses from the subsequent image-reject “lter
technology since it provides greater channel capacity than isnd then the “rst mixer. Two downconverter stages are used
predecessor,Frequency Division Multiple Access (FDMA). between the RF and baseband subsystems. The “rst mixer
Global System for Mobile Communications (GSM), an estab-downconverts the signal to a “rst IF stage of 183 MHz. The
lished cellular technology in Asia and Europe, uses a form ofecond mixer completes the downconversion from the IF stage
TDMA technology. to baseband. Thé/Q outputs from the second mixer stage
_are digitally decoded and demodulated in the baseband DSP

In this case study, though, we focus on Code Division Multi
gubsystem.

ple Access (CDMA) designs for two reasons. First, the basi
receiver architecture is similar to TDMA. Second, CDMA The receiver architecture containsld®) demodulator to sepa-
receiver designs are predominantinthe US and are gaining globate the information contained in théin-phase) an@ (quadra-
acceptance. ture) signal components prior to the baseband input,recall

In CDMA systems, the received signal occupies a relativelfar”_er discus'sion on direct_ conversion techniques. Overall key
narrow channel within a 60-MHz spectral allocation betweeriece'ver requirements (der],"ed from the I.S'95/IS'98 standards)
1930 MHz and 1990 MHz. W-CDMA channels operate on aora CDMA system are de“ned by (see Fig. 8-14):

wider bandwidth (3.84 MHz) than standard CDMA systems. All
CDMA users can transmit at the same time while sharing the
same carrier frequency. Bserss signal appears to be noise for
all except the correct receiver. Thus, the receiver circuit must
decode one signal among many that are transmitted at the same
time and at the same carrier frequency, based on correlation
techniques.

€ Reference sensitivity is the minimum receiver input
power, at the antenna, at which bit error rate
(BER)< = 10°3. This results in an acceptable noise
power (R) within the channel bandwidth &99 dBm.
The acceptable noise pow& 99 dBm) within the
channel bandwidth results in a receiver noise “gure (NF)



Case Study,Modern Communication Receiver 199

Mixer

! ADC
oa to
% % % o00 digital
baseband

Image
RF P IF filters IF xX0
filter LNA rejection _,Qi): T Q

filter amp

Antenna __:@Z: ’)\Q// : |

Baseband

RF Stage | IF Stage N

Stage

FIG. 8-13. Block diagram of a modern RF communication receiver.
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FIG. 8-14. Typical CDMA system specibcations.
of 9dB. Recall that the noise “gure of a receiver is the two or more signals are input to an ampli“er
ratio of the SNR at its input to the SNR at its output. It simultaneously, the second-, third-, and higher-order
characterizes the degradation of the SNR by the receiver intermodulation components are caused by the sum and
system. difference products of each of the fundamental input
€ Adjacent channel selectivity (ACS) is the ratio of the signals and their associated harmonics. Of particular

importance to CDMA receiver design is the third-order

receive “Iter attenuation on the assigned channel . .
intercept point (IP3).

frequency to the receiver “lter attenuation on the

adjacent channel frequency. . . . .
) q y Now letes consider the issue of measuring and controlling the RF

€ Intermodt_;lation_results from nonlinea_r modulation of  signal power. On the receive side, the input signal will gener-
two pure input signals. As mentioned in Chapter 7, wherally vary over some dynamic range. This may be due to weather
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conditions or to the source of the received signal moving awathe gain control input of the VGA. Now, letes examine how this
from the receiver (e.g., a mobile handset being operated in a fasircuit works.

car). Butas _explained earlier in this chapfce_r, we want to prese%e will assume initially that the output of the VGA is at some
a constant signal level to the analog-to-digital converter (ADC), ;a6 and that the reference voltage on the integrator is at

to maintain the proper resolution of the ADC. This will als_o 1V. The low detector output results in a voltage drop across inte-

maximize the signal-to-noise ratio (SNR). As a result, rece'V%;rator resistor R. The resulting current through this resistor can

signal systems typically use one or more variable gain amp”bnly come from the integrator capacitor C. Current "ow in this
ers (VGAs) that are controlled by power measurement de‘/'ceairection increases the output voltage of the integrator. This volt-

that c?mplete the auti)ﬁwatlc-gam-%ontrol (AGCf:t) Iot%p. IIFEGCZHXI]D%& which drives the VGA, increases the gain (we are assuming
signalprocessing on the receive side occurs after the I-an at the VGAss gain control input has a positive sense, that is,

stages. increasing voltage increases gain). The gain will be increased,
An inaccurate received signal strength indication (RSSI) meahereby increasing the ampli“erss output level until the detector

surement can result in a poor leveling of the signal that i®utput equals 1 V. At that point, the current through the resistor/
presented to the ADC. This will cause either overdrive of thecapacitor will decrease to zero and the integrator output will be
ADC (input signal too large) or waste valuable dynamic rangéheld steady, thereby settling the loop. If capacitor charge is lost

(input signal too small). over time, the gain will begin to decrease. However, this leakage
. _ will be quickly corrected by additional integrator current from
IF Ampli“er Design the newly reduced detector voltage.

Several ampliers are used in the IF stage of most FeCeNerge key usefulness of this circuit lies in its immunity to changes

tC;onader tlhf ar(.:hl'iect'um;e-t\r/]e ? een texamm.| ng, gcr)]t'mg onlg of in the VGA gain control function. From a static perspective at
ese ampli“ers just prior to the two-staf@ mixer. This ampli- least, the relationship between gain and gain control voltage is of

er can be _deS|gneo_I as an anal()g or _d|g|tal AGC loop. Whe_r%o consequence to the overall transfer function. Based upon the
fast regulation of gain is required, the inherent latency of a d'gilalue ofVrer, the integrator will set the gain control voltage to

itally controlled automatic gain control (AGC) loop may not be whatever level is necessary to produce the desired output level.

acceptable. l.n such S|t_uat|ons, an analog AGC loop may beﬁ%y temperature dependency in the gain control function will
good alternative (see Fig. 8-15). be eliminated. Also, nonlinearities in the gain transfer function
of the VGA do not appear in the overall transfer functidf,

— 2 _.> | vS.Vief). The only requirement is that the gain control function

of the VGA be monotonic. It is crucial however tradtectorbe

L o0 ADC temperature stable.
e to

— 904 digital The circuit as we have described it has been designed to produce a
> baseband constantoutputlevel for varying inputlevels. Because this results
Q

in a constant output level, it becomes clear that the detector
does not require a wide dynamic range. We only require it to be
temperature stable for input levels that correspond to the setpoint
_ voltageV es. For example, the diode detector circuits previously
Ga'”‘é discussed which have poor temperature stability a low levels but
J Veontrol reasonable stability at high levels, might be a good choice in
applications where the leveled output is quite high.

Vin |VGA Vout
Vout (dc) If, the dete_ctor we use ha_s a higher dynamic range, we can
now use this circuit to precisely set VGA output levels over a

Detector ‘\‘ wide dynamic range. To do this, the integrator reference volt-
age,Vyef, is varied. The voltage range &hes follows directly
from the detectores transfer function. For example, if the detec-

Vref tor delivers 0.5V for an input level o620dBV, a reference
(eg.1V) voltage of 0.5V will cause the loop to settle when the detec-
tor input isS20 dBV (the VGA output will be greater than this
amount by whatever coupling factor exists between VGA and
detector).

Vin (ac)
dvidt=1/c ¥

FIG. 8-15. Generic components of a AGC analog ampliber loop.

Beginning at the output of the variable gain ampli“er (VGA), this The dynamic range for the variablg: case will be determined

signal is fed, usually via a directional coupler, to a detector. Théy the device in the circuit with the least dynamic range (i.e.,
output of the detector drives the input of an op amp, con“gured again control range of VGA or linear dynamic range of detector).
an integrator. A reference voltage drives the non-inverting inpufgain it should be noted that the VGA does not need a pre-
of the op amp. Finally the output of the op-amp integrator drivesise gain control function. The «dynamic rangeZ of the VGAss
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gain control in this case is de“ned as the range over which atally incorrect. The term AGC implies that the gain is being
increasing gain control voltage results in increasing gain. automatically set. In practice, it is the output level that is being

The response time of this loop can be controlled by varying thQUtolr;‘;t'Ca”y set, so tthe term ALC (automatic level control)
RC time constant of the integrator. Setting this at a low level wijjvould be more correct.

resultin fast ou.tput settling .bUI can result in ””gi.”g i.n the OUIPULpic case study has offered just a sample of the many issues that
envelope._Settlng the_ RC time con_stan_t high will give the |00pmust be considered when design any communication receiver
good stability but will increase settling time. system. Numerous books and internet resources are avail-
It is interesting to note that use of the term AGC (automaticable for those looking to understand more of the fascinating
gain control) to describe this circuit architecture is fundamentechnology.
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ectronic design automation (EDA) is a category of Today, via a methodology known as co-design, many differ-

automated design tools used to develop and manufaent engineers can now work on various parts of a design at

ture the hardware component of a range of electronithe same time. And the design process now begins at the sys-

systems including “eld programmable gate arraystem, as opposed to the circuit, level. The result is increased

FPGAs)/programmable logic devices (PLDs), inte-productivity and time to market, along with a reduction in
grated circuits (ICs), printed circuit boards (PCBs), and systemsostly, time-consuming errors. And, because EDA tools auto-
on-a-chip (SoCs). These systems often contain a mix of analogate engineering best practices, acting as a repository of sorts
digital and RF circuitry. While the analog and RF sections of thdor engineering expertise, even the novice engineer can be
system make up a much smaller portion of the design than thearoductive using them.

digital counterpart, they are by far the most dif“cult to design
requiring substantially more time and expertise. In fact, in sys-

'The most common types of EDA tools used today are:

tems design, roughly 75% of the design time is spent on RF ¢ gchematic Capture tools,Captures a schematic

design. Of that 75%, 25% is spent on actual design work and
75% on interface, library and integration issues.

Given these facts, it might be natural to assume that RF design ¢

is today aided by a wealth of highly advanced EDA tools,
"ows and methodologies. This is not the case. In fact, EDA
tools and methodologies for the digital realm remain far more
advanced then those which are typically used for analog and
RF design. Even so, automated design tools,whether those of
the inexpensive, web-based variety or those which are costly
and full-featured,can play an important role in enabling you to
create fully optimized RF designs more productively than was
previously possible with more manual techniques.

In this chapter, we will discuss the speci“c types of tools which
can aid both the expert and novice design engineer with RF
design tasks. But “rst, we begin by taking a look at exactly what
constitutes an RFIC design "ow and the design languages you
will need to know to make that "ow work.

DESIGN TOOL BASICS

representation of a design using components from a
component library.

Logic Synthesis tools,Translates high-level design
languages into netlists.

Place-and-Route (P&R) tools, Takes netlists and
decides where to put each wire and transistor in the
design layout.

Simulation tools, Takes a description of a circuit
(netlist) and simulates its behavior. These tools are
critical to ensuring that you get your design right the
“rst time.

Veri“cation tools,Veri“es that a design will work as
expected. Includes Design Rule Checkers (DRCs) and
equivalence checkers which work to verify the design
netlist and that the netlist matches the original design,
respectively.

DESIGN LANGUAGES

A wide range of EDA tools are used by RF engineers throughouDesign languages are used to describe, or model, the circuit.
the product lifecycle for the design, veri“cation and test of RFMuch oftodayes RF design typically begins either by hand with
circuits. They replace a process in which all design work ana@ textual description or with an algorithmic description of a
circuit layout was once done by hand in a sequential mannedata transformation, such as a model in MATLAB or a €C

The engineer would design a circuit and then hand it sover thebject class. These procedural languages are especially useful in
wallZ to another engineer who would verify the work. In turn,developing individual untimed algorithms, but they do not work
the veri“ed design would then be handed off to an engineer whavell as system-level design tools because they lack the built-in

would lay out the circuit.

constructs necessary for time and concurrency.

Design tools not only automate this process, but have tran&onsider, for example, that in a mobile communication sys-
formed it from a sequential to a concurrent process as weltem, many algorithms operate at different rates in a base station.
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Algorithms also operate in the handset. Concurrently, RF energyerilog-A

bounces off objects such as a building or a tree to create \&rilog-A is an industry standard modeling language and is
dynamically fading channel. Modeling the performance of an Rkhe continuous-time subset of Verilog-AMS. It is speci“cally
system realistically under these conditions requires the designgesigned for modeling behavior of analog components. The
to capture the concurrency of all of this behavior, in addi-behavior of each module can be described mathematically in
tion to any signi“‘cant physical properties. This is virtually an terms of its terminals and external parameters applied to the
impossible task. module. The structure of each component can be described in

System-level design languages like SystemC or System VerilotéerS of interconnected sub-components.

offer_a possible p_atch to this de“(_:iency. SystemC, for _exampIeAs an example of Verilog A, consider the Advanced Design
prowdes transaction-level modeling constructs by adding a classystem (ADS) and RF Design Environment (RFDE) solutions
library and a kernel to €&+ . from Agilent Technologies (www.agilent/com/“nd/eesof). Both

Whether the design starts life in the form of a system-level oFegture a Venlog—A _solutlon,,VenIog-A Compiler,which is
uitable for RF circuit and system design.

procedural language, once its implementation is "eshed out, yofl
will need to leverage a number of different easily accessible tOOWeriIog-A Compiler is based ontechnology from Tiburon Design
to assist in the hardware description language (HDL) codingwutomation and enables simulation speed that is close to built-in
process. C models. Itcan be used to create behavioral models of RF blocks
An HDL is a standard, text-based expression of the tempor L!Ch as MIxers, ampliers, etc., as well as tran3|sto_r models for
behavior and/or spatial circuit structure of an electronic sys%1Ings I||ke MOSFE;SHB‘].LS ﬁnd HI:TS' Magyhtransstgr modgl
tem. The two leading standard HDLs include Verilog and VHS|CSXamPples are provide with the bro uct, and they can be used as
Hardware Description Language (VHDL). Both have extensionghe basis for more complete device models.

(Verilog-AMS and VHDL-AMS) that allow them to work with A typical simulation status showing the cache creation message
analog and mixed-signal designs, including some RF. Generallgnd a compilation/load message is illustrated in Fig. 9-1.
though, RF system design requires many more constructs than

are present in these language extensions. Alternative language

options exist that further extend the analog/mixed signal versiongystemVerilog

of Verilog and VHDL into the RF space, but because these addBystemVerilog is considered tirlustryes “rst uni“ed hardware
tional constructs are vendor speci“c, they constrain the desig@lescription and veri“cation language (HDVL) standard (IEEE
database to a speci“c vendor. 1800), and is amajor extension of the established IEEE 1364 Ver-

. , ilog language. Based on extensions to Verilog, it was developed
Itis important to note that whichever language you opt to use, th‘c?riginally by Accellera to dramatically improve productivity in

design description or model will eventually be used to perforrqhe design of large gate-count, intellectual property (IP)-based,

mixed-level (.., analog, digital and RF) simulation. Thereforg, s intensive chips. SystemVerilog is targeted primarily at the
it may make sense to adopt a language that is broadly SUPPOMte(l, implementation and veri“cation "ow, with powerful links
by a range of design tools and/or utilized by the rest of yout o system-level design "ow.

design team. Many standard EDA tools offer support for a wide

range of standard programming and HDLSs.

. . VHDL
What follows is a closer look at the languages in use today for . . . .
RF design. VHDL is a fairly general-purpose language, although it requires

a simulator on which to run the code. It can read and write
“les on the host computer, so a VHDL program can be written
Verilog that generates another VHDL program to be incorporated in the
Verilog is a hardware description language for describing elecdesign being developed. As a result, it is possible to use VHDL
tronic circuits and systems. It supports the design, veri“catiorio write a testbench that veri“es the functionality of the design
and implementation of analog, digital, and mixed-signal circuitaising “les on the host computer to de“ne stimuli, interacts with
at various levels of abstraction and can be used for veri“cathe user, and compares results with those expected.

tion through simulation, for timing analysis, test analysis (e.qg.,

testability analysis and fault grading) and logic synthesis.

VHDL-AMS
_ VHDL-Analog Mixed Signal (VHDL-AMS), the IEEE-endorsed
Verilog-AMS standard modeling language (IEEE 1076.1), was created to

Verilog-AMS is an extension to Verilog that supports analog angrovide a general-purpose, easily exchangeable and open lan-
mixed-signal modeling using both continuous-time and eventguage for modern analog-mixed-signal designs. Models can
driven modeling semantics. It allows designers to use moduldse exchanged between all simulation tools that adhere to the
that encapsulate high-level behavioral descriptions as well a8HDL-AMS standard. The example in Fig. 9-2 illustrates the
structural descriptions of systems and components. architecture basics of an ampli“er in VHDL-AMS.
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HPEESOFSIM (*) 2003C.day Dec 14 2003 (built: 12/14/03 21:28:57)

Copyright Agilent Technologies, 1989-2003.

A verilog-A compiled model library (CML) cache has been created at
‘/users/bobl/hpeesof/agilent-model-cache/cml/0.99/hpuxIl’

Compiling Verilog-A file

‘IrfdeExamples/VerilogA_Tutorial/sinRampSrc/veriloga/veriloga.va’

AGILENT-VACOMP (*) 2003C.day Dec 14 2003 (built: 12/15/03 01:49:33)

Tiburon Design Automation (R) Verilog-A Compiler Version 0.99.121203.

Copyright (C) Tiburon Design Automation, Inc. 2002-2003. All rights

reserved.

Loading Verilog-A module ‘sinRampSrc’ from

‘lusers/bobl/hpeesof/agilent-model-cache/cml/0.99/hpuxll/veriloga_09106/1

ib.hpuxll/veriloga.cml’.

TRAN Tranl[1] <input.ckt> time={0 s->100 ms)
Resource usage:
Total stopwatch time: 23.21 seconds.

FIG. 9-1. When a Verilog-A cell view is simulated for the brst time, the Agilent RFDE Verilog-A Compiler compiles the associated Verilog-A code and
caches the result so that it may be used directly in all subsequent simulations of that view.

VHDL-AMS/FD
There are also extensions to VHDL-AMS that are speci“call
geared toward high-frequency design (Fig. 9-3). VHDL-AMS/
Frequency Domain (FD) is an extension language that support&onstructors and Function overloading
harmonic balance simulation for frequency domain analysis. ltdestructors
provides the RF designer with the capability to describe co

Classes Inline functions

Member functions Default arguments

i . : “Derived classes Namespaces
plex microwave and RF devices (e.g., wireless systems) from— _ _ _
architecture to transistors. The RICON Harmonic Balance sin-Virtual functions Exception handling
ulator is currently the only VHDL-AMS simulator to use the | apstract classes Run-time type identibcation
VHDL-AMS/FD extensions. ;

Access control (public, /I comments

VHDL-RE/MW private, protected)
VHDL-RF/MW is an extension to VHDL-AMS that supports | Friend functions True const
design at radio and microwave frequencies. Extensions facilitajePointers to members Declarations as statements
non-lumped terrr_unals, mte-element modell_ng, para5|t|c§, ant g tic members Automatically typedef struct tags
frequency-domain modeling. VHDL-RF/MW is supported in the -
FTL Systemss Auriga modeling and veri“cation solution which | Mutable members Type safe linkage
spans system level, register-transfer-level (RTL), analog/mixedOperator overloading New and delete
signal, radio-frequency down to parasitic/microwave detail. References Bool keyword
C/CH+ Templates Safer and more robust casting

C is a general-purpose, procedural, imperative computer pro-
gramming language. € is an extension of C that provides ) s
object-oriented functionality with C-like syntax. It adds greaterC** - 1tS use spans design and veri“cation from concept to

typing strength, scoping and other tools useful in object-orienteff’Plémentation in hardware and software. The language pro-

programming, and permits generic programming via template%ides an interoperable modeling platform, which enables the

to simplify high-level programming and offer a better approacti€velopment and exchange of very fast system-levet C

to large-scale programming+@ is also a larger language with models. It also provides a stable platform for development of
more features and complexity than C, but€ can improve pro- ~ SyStém-level tools.

ductivity with its greater number of features. A list of features

that C++ supports and C does not includes: MATLAB/RF Toolbox/Simulink
MATLAB is a high-level programming language and interac-
SystemC tive, integrated environment, developed by The MathWorks

SystemC provides hardware-oriented constructs within the corfwww.mathworks.com/products/matlab/). It enables the engi-
text of CG++ as a class library implemented in standardneer to perform computationally intensive tasks faster than with
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-- This model contains simultaneous conditional use statements, but
-- the conditions are such that all quantities are continuous over the
-- switch between equations; thus no "break" is required.

library IEEE;
architecture basic of amplifier is
terminal Cout: electrical,
constant cl: real := imax/(sr*1.0e6);
constant gmnom: real := 2.0 * |[EEE.math_real.math_pi * ugf * c1,;
constant rl: real := gain/gmnom;
constant dvmax: real := imax/gmnom;
-- The reader will find that diagraming these quantities as the edges of
-- a directed graph on the terminals will aid in understanding the
-- design.
quantity linput through Vinput across vin to vinb;
guantity lvin through refer to vin;
quantity Ivinb through refer to vinb;
guantity Icout through Vcout above refer to cout;
guantity Icout_vout through Vcout_vout above cout to vout;
guantity Vvout_vp above vout to vp;
|

quantity Vvout_vn above vout to vn;

-- These non-branch quantities are used as temporaries in building up
-- the equation for Icout

quantity gain_current, dp_current, outstage_current: current;

begin
-- local terminal Cout
Icout == gain_current + dp_current - outstage_current;
Icout_vout == Vcout_vout/r0;
-- input stage.
linput == Vinput/rin;
lvin == iin;
Ilvinb == in;
-- gain stage.

-- The following relationship must hold between gmnon,dvmax and imax
-- to prevent a discontinuity in gain_current

assert abs(gmnon*dvmax) = abs(imax);

if Vinput > dvmax use

gain_current == imax;
elsif Vinput < -dvmax use
gain_current == -imax;
else
gain_current == gmnom * Vinput;
end use;

-- dominant pole.
dp_current == ¢1 * Vcout'dot + Vcout/rl;

-- output stage limiting.

-- outstage_current is zero when Vvout_vp=-so!
ft or Vvout_vn=+soft

-- so there is no discontinuity at the transit

ion points
if Vvout_vp > -soft use
outstage_current == gmnom * (Vvout_vp+soft);
elsif Vvout_vn < soft use

outstage_current == gmnom * (Vvout_vn-soft);
else
outstage_current == 0.0;
end use;
end basic;

FIG.9-2. An ampliber, as described in VHDL-AMS. This code example was excerpted from a conference paper entitled OMixed-Mode Simulation,0 by
Kenneth Bakalar from Compass Design Automation, now Synopsys.
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entity nonlinear_amp is

generic (k1, k2, k3: real); port (quantity a_in, a_out : real);

end entity amp;

architecture eq of amp is

begin

a_in*k1l+a_in**2*k2+a_in**3*k3==a_out; - nonlinear effects included
end architecture;

The example shows that the entity "nonlinear_amp" contains the parameters k1, k2, k3
The test bench for the amplifier is the following:

# amplifier jobs: — comment line

resl=HBparametric([3.€6,5,0.01,1000])# - performs HB

print " results
print resl; # - print resl (complex structure)
print " tout.H1

print resl.getX("tout’reference",[1]) # of "tout'reference" variable
# — gets and prints only spectrum
# of "tout'reference" variable at first harmonic

FIG. 9-3. Code for debning an ampliber using VHDL-FD. This code example was excerpted from OVHDL-AMS Extensions Enable RF Harmonic Balance
Simulation," originally published in High Frequency Electronics magazine in March 2004 and written by Mark Rencher, Ridgetop Group.

FIG. 9-4. RF Toolbox from The MathWorks enables engineers to design, model, analyze, and visualize networks of radio frequency components.

traditional programming languages such as C andt Cltis  to model the behavior of RF ampli‘ers, mixers, “lters, and
used for numerical computations, symbolic computations anttansmission lines.

scienti“c visualizations and runs in interpreted, as opposed t
compiled, mode.

RF toolbox is a MATLAB function and class library that RF

engineers use for designing, modeling, analyzing, and visuaBPICE

izing networks of RF components (Fig. 9-4). It works within SPICE is a powerful general-purpose analog circuit simulator,
the Simulink environment and offers users a library of blockseveloped at the University of California, Berkeley. It is used

Simulink is a block library tool for modeling, simulating and
analyzing dynamic systems. It works with MATLAB.
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to verify circuit designs and to predict the circuit behavior. 1t”ows developed around their key RF design tools and platforms.
falls into the category of an equivalent-circuit model softwareTherefore, while the "ow depicted in Fig. 9-5 may be typical, it
package. The SPICE simulator was long considered the de-fact®by no means the only possible RFIC "ow available today.
industrial standard for computer-aided circuit analysis. HowA
ever, the limitations of SPICE have forced the creation of ne
languages like Verilog and VHDL-AMS.

functional representation of this "ow is provided in Fig. 9-6.

Whe key steps that comprise this "ow are system design, cir-
cuit design (e.g., design capture and simulation), circuit layout,
parasitic extraction, and full-chip veri“cation.

RFIC DESIGN FLOW

The process of chip design from concept to production is calle®ystem Design

a design "ow. A design methodology is a set of procedures thaburing the system-level design phase, an RF speci“cation in the
accompany a design "ow to achieve a particular outcome. Faiorm of a behavioral model is created using either Matlab, C or
example, a design tool vendor specializing in locating and idensome other system-level design language. A behavioral model is
tifying signal integrity issues may develop a methodology thagssentially a model that describes what the system does. To create
helps ensure any potential signal integrity issues are eliminatafle model, the engineer begins with perfect RF components and
earlyinthe design"owwhenthey are easier to “nd and cheaper tthen adjusts the performance speci“cations of the components
“X. Note that most design tool vendors, especially those knownintil performance degradation occurs. The goal of this process
for offering solutions that span the entire product lifecycle (e.g.is to determine what level of noise, nonlinearity, and frequency
from R&D to production), typically offer their own individual domain distortions the system can tolerate.

ows and methodologies. Abehavioral testbenchis also developed during this phase. It will

A typical RFIC design "ow is pictured in Fig. 9-5. Recall that serve as the framework for more complex mixed-level (e.g., ana-
while digital designers have grown accustomed to uni“ed desigiog, digital and RF) simulations, where blocks can be inserted at
"ows, RF designers must often piece together tools from variouthe transistor level and veri“ed in a system context. The behav-
vendors to develop a uni“ed "ow for their designs. EDA ven- ioral model and testbench are often referred to as an executable
dors like Agilent Technologies, Ansoft, Applied Wave Researclhspeci“cation and are used together to validate the speci“cation.
(AWR), Cadence Design Systems, and Mentor Graphics are no@nce the speci“cation has passed veri“cation (via any number of
working to rectify this situation via the development of RFIC functional veri“cation tools), it is passed to the circuit designer

System Design and
Behavioral Modeling

Testbench Development Design flow
System design and
Circuit behavioral modeling
Specifications U
Schematic entry and
Circuit Design w/ Foundry deS|gn enviornment
Idealized Interconnect Design Kit u
. . Time and frequency
. Design/Extraction of domain circuit simulation
Time and Critical On-Chip Passives
Frequency U
Domain Design/Extraction of
Circuit Package Parasitics Layout
Simulation
Layout Electromagnetic Electromagnetic
Layout Extraction extraction
Verification in Parasitic extraction
System Testbench DRC and LVS
Tapeout or Verification in
Chip Integration system bench

FIG. 9-5. This Row chart, courtesy of UMC, depicts a typical RFIC design
and veribcation Row. FIG. 9-6. Functional design [Row representation.
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the designerss comfort level, and any personal preference the
designer may have (Fig. 9-8). As circuits are completed at block
level, they are veri“ed within the top-level context with behav-
ioral stimulus and descriptions for the surrounding chip. If the
engineer is unable to achieve the speci“cation for a certain com-
ponent, the system-level model and executable speci“cation can
be modi“ed accordingly.

There are two important things to note during the circuit-design
phase. First, it is common during this stage to employ the use
of modeling tools (e.g., for spiral inductors). This task will be
discussed in detail later in the chapter. It is worth noting, how-
ever, that these tools allow you to determine what is and is not
feasible to achieve with your circuit. The information that you
obtain from this exercise is then fed back into earlier stages of
the design process to verify system-level performance.

Secondly, prior to the start of the circuit design phase, the engi-
FIG. 9-7. The Visual System Simulator (VSS) from Applied Wave Research€€r Will select a process technology (e.g., 0.18 or 0.25 micron
is a comprehensive software suite for the design of complete, end-to-end ~ d€Sign geometries). Once this selectionis made, a process design

communications systems. The toolOs RFA RF Budget Analysis module, kit (PDK) can be obtained from the appropriate foundry or IC
shown here, enables designers to Pnd potential pitfalls early in the design ~ fabrication house and installed within your design environment.

process, at the system-level design phase, thereby saving signibcant design The PDK helps jump start the design process by providing you

cycle time and speeding products to market. Using it, designers can make With all of the foundry-speci“c process models and data that you

traditional RF cascaded measurements such as gain, noise bgure, and will need for circuit design. The PDK is provided in a “le format

third-order intercept, inclusive of image noise, along a communication link.  that is compatible with the design environment (e.g., IC design
"ow and tools) you are using.

where the detailed design, RTL or board-level schematics, A cui
. . .~ Circuit Layout
created and compared to the original behavioral description.

When they match, the design is deemed sfunctionallyZ completg—.he.ne?(t. step n th? process Is to perform circuit layout. Here,
the individual circuit components which you have chosen to

Note that the engineer might also utilize an advanced arChite@arry out each function in the system, are phys|ca||y laid out
tural planning tool to help determine tioesignss speci“cation and the electrical connections of each component are decided.
(Fig. 9-7). Such tools work by allowing the engineer to specautomated design-rule-driven and connectivity-driven layout
ify the correct system architecture. They then generate suitablgols may be used judiciously, especially to take advantage of
speci“cations for each of the underlying components in complexjirect ties to schematic and design-rule checking. Critical ana-
communications designs. As a result, they help designers redu@ blocks are genera”y manua”y routed using a full custom

time-to-market by eliminating iterations and rework, and cutapproach to ensure that highly sensitive analog circuitry meets
system costs by ensuring that components are not over-speci“@@eci“cations.

and thus unnecessarily expensive.

Parasitic Extraction
Circuit Design The next step in the design process is to extract parasitics. This
During the circuit design phase, the veri“ed executable speci“is a crucial step as high-speed requirements make RF circuits
cation is further re“ned to incorporate results generated by thextremely sensitive to the effects of parasitics, including para-
engineer while creating the actual circuit design. The processtic inductance, passive component modeling, as well as signal
normally begins with the conversion of the speci“cation into aintegrity issues. Once extracted, these effects are added to the
block diagram of the various functions that the circuit must per<ircuit simulations.

form. The various blocks are considered in detail still,at an For sensitive blocks like VCOs and critical radio blocks,

albsttre_lct Is;caget,,_but V\t"thmeCh r_go:je fﬁ::usblon lt(hg_ deta'IS_OftthhefuII—wave three-dimensional electromagnetic (EM) simulation
electrical functions to be provided. The plock diagram IS thery,,q, ¢ the extraction of the full layout at the block level. This
synthesized mtoanetllstfor5|mulat|on.Th|SW|IIaIIowtheeng|-r-gorous method simulates all high-frequency layout effects
neer to"‘nd m.istakes early in the design cycle before a physica} cluding on-chip inductors, interconnect, coupling between
device is fabricated. on-chip passives and to other interconnect structures, and sub-
Circuit simulation is performed in the time and frequencystrate coupling. No assumptions are made regarding parasitics
domainsto characterize critical performance metrics. The choica coupling. The resulting accurate models of these effects are
of domain will depend on a number of factors including: the typeused to replace the models that were created earlier in the design
of circuit and its size, the type of simulation and desired outputprocess.



210

RF CIRCUIT DESIGN

FIG. 9-8. The Eldo RF simulator from Mentor Graphics provides a set of dedicated algorithms to accurately and efpciently handle the multi-GHz signals in
modern wireless communication applications. It features steady-state analysis of RFIC circuits excited with periodic (single-tone) or quasi-periodic
(multi-tone) sources as well as a complete RF toolbox, including Smith Chart diagrams, gain and stability circles, and minimum noise bgure. Eldo RF is part
of the Mentor IC design Bow, which includes Design Architect IC and IC Station for front-end and back-end analog and mixed-signal design.

Note that net-based RLC extractors also have their place in tithe chip, producing an executable speci“cation. System require-
RFIC "ow, but they require designer input to manage whichments serve as the “rst speci“cation to drive the chip-level
parasitic effects to include in the extraction. Unfortunately, itrequirements, and ultimately turn into repeatable testbenches
is not always clear which parasitic effects are most critical irand regression simulations.

the circuit context. Rigorous EM extraction of the entire block

) Once a high-level executable speci“cation is achieved, the design
should be used to remove any doubt in the process. g P g

process continues by identifying areas of concern in the design.
Full-Chip Veri“cation Pla_ns are then develop_ed for how each area of concern wiII_ be

. . ) i Vveri“ed. The plans specify how the tests are preformed and which
The “nal step in the design process, prior to tape-out or addip|,cys are at the transistor level during the test. Resist the temp-
tional chip integration, is to perform full-chip veri“cation in & 440 to specify and write models that are more complicated than

system (e.g., behavioral) testbench. The veri“cation can includgecessary. Start with simple models and only model additional
transistor-level circuits for multiple circuit blocks with incor- otects as needed.

poration of all extracted parasitics. The system should allow
designers to select the particular level of abstraction for individHDL Multi-Level Simulation
ual circuit blocks in order to make reasonable trade-offs betweenhis process starts with HDL modeling (including all RF blocks

accuracy and simulation run time. and any analog content and/or digital blocks) for the entire RFIC
being added to the system-level testbench. First a behavioral
RFIC DESIGN FLOW EXAMPLE model of the full chip within a top-level testbench is created. Ini-

What follows is an example of a wireless RFIC "ow that is part oftially it is used to verify the partitioning, block functionality and
the Cadence Design Systems RF Design Methodology Kit whicldeal performance characteristics of the IC. Then, it serves as the
is based on the Advanced Custom Design Methodology (ACD)asis to facilitate mixed-level simulations, where blocks can be

Fig. 9-9 depicts the wireless RFIC "ow. In this "ow, the design inserted at the transistor level and veri“ed in a top-level context.

collateral from the system design process is used as the “rg'lhis behavioral model/testbench also serves as the regression
and highest abstraction level. System-level descriptions forrﬁamplate, allowing for continuous veri“cation as blocks mature.

the executable testbench for the top-level chip. Models of thén the full simulation environment, several views of the same
surrounding system are combined with a high-level model o€ircuit will exist including, for example, a behavioral view, a
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System
environment(s)

L

HDL mixed-level siumulation

I—> Mixed-level partitioning

Calibrated HDL models — ===p Circuit design —

Spiral inductor
Synthesis/modeling

=—=p Circuit simulation

Time
domain

Frequency
domain

¥
Electromagnetic

Layout . .
simulation
2
e Signoff net extraction

FIG. 9-9. Wireless RFIC Bow utilized as part of the Cadence Design Systems RF Design Methodology Kit.

pre-layout transistor-level view, and several views of parasititmplement the circuit. Analog-capable routers can help with
information. As blocks mature, it may be necessary to add mordifferential pairs and shielding wires, and allow for manual con-
transistor-level information to test RF/analog and RF/digitaktraints per line. Highly sensitive circuitry requires a manual
interfaces. This will require the use of a mixed-signal simulatorlpproach.

capable of handling analog, digital, and RF descriptions and

mixed behavioral-level with transistor-level abstractions. YouParasitic Extraction

will need to pick the appropriate views of each block and manag®nce the layout is complete, EM simulation is used to pro-
the runtime versus accuracy tradeoffs through simulation optiongde highly accurate models for passive components. Net-based
by.as an example,sending the transistors to a FastSPICE parasitic extraction becomes a key element of the process as

simulator or keeping the transistors in a full SPICE mode. layouts emerge. Less sensitive interconnects may require RC
o _ only, whereas more sensitive lines may require RLC. For lines
Block Circuit Design with spirals attached, these can be extracted fully with RLC plus

During this stage a preliminary circuit design is created thathe associated inductor component, even with substrate effects
allows for early circuit exploration and a “rst-cut look at perfor- added for those lines that are the most sensitive. Lines that con-
mance speci“cations. This early exploration leads to a top-levehin a fullZ extraction can be mixed and matched with the com-

"oorplan, which for RFIC is sensitive to noise concerns andponent models for passive components that were created earlier.

block-level interconnect. Passivecomponents(e.g.,spiralindu%—I during this st desianers will check t whether noi
tors) are then synthesized and an initial placement of them dn>° 'tu 9 h SS 39?,{’ Ielsg € Sd chec gfﬁe € ; tqsy
the chip is completed. circuits (such as digital logic and perhaps s) are affecting

. o . the highly sensitive RF circuits. If so, they can either modify
Note that this approach enables two key activities: creating earhe "oorplan accordingly or add guardbands around the noisy
models for spiral inductors that can be used in simulation beforgircuitry.

the block-level layouts are complete, and allowing for an initial

analysis of mutual inductance between the spirals. Note that it is often impractical to both simulate the entire

design at transistor level and include all the parasitic informa-
Next, simulation is performed. A single PDK and associatedion. One approach is to extract calibrated behavioral models
environment allows for a smooth determination and selection afising the extracted view of the design blocks. This will not cap-
the simulation algorithm desired. Results are displayed througture the effects of the parasitics on interconnect between blocks;
an appropriate display for the simulation type selected. As cirtherefore, hierarchical extraction capabilities that extract only

cuits are completed at block level, they are veri“ed within theparasitics of interconnect between design blocks is required.
top-level context with behavioral stimulus and descriptions for

the surrounding chip. Calibrated Models
_ _ As blocks are completed, the initial behavioral models can be
Physical Implementation back annotated for key circuit performance parameters to provide

Layout automation (e.g., automated routing, connectivity-drivemore accurate HDL-level simulation. Veri“cation of a block by
layout, design-rule-driven layout, and placement) is used tmixed-level simulation, therefore, becomes a three-step process.
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First, the proposed block functionality is veri“ed by including track the input modulation, at various points along the baseband
an idealized model of the block in system-level simulationschain (outputs from the mixers, outputs from the DC offset can-
Next, the functionality of the block as implemented is veri“ed cellation circuit, outputs from the VGAs and from the tunable
by replacing the idealized model with the netlist of the block.“Iters).

Finally, the netlist of the block is replaced by an extracted modell.he simulation uses time-domain baseband data sources that
By comparing the results achieved from simulations thatinvolv%re the | and Q data of a WLAN 802.11b signal. These data
the netlist and extracted models, the functionality and accurac burces modulate a sinusoid via an idéal modulat.or to generate

of the extracted model can be veri'ed. From then on, m'XEC.i’che test signal at the input. If you have the | and Q time-domain

. \§ata waveforms for some other modulation format, you may
.by using the veri“ed exiracied model of the block rather than th‘flse this technique along with the Cadence Envelope Follower
idealized model. simulator or the Agilent Circuit Envelope simulator to generate

a modulated test signal.

SIMULATION EXAMPLE 1 The simulation time required depends linearly on the desired
To better understand how to verify that the blocks in an RFIGstop time, with about 10 minutes being the minimum to get
(e.g., ampli“ers, mixers, frequency dividers, and basebandseful information. The circuit has 2547 devices, 1377 of which
chain) are wired together correctly, consider the example of are nonlinear.

receiver with a wireless local area network (WLAN) 802'11.bThe data display in Fig. 9-11 shows comparisons between the

S|gn.al as shownin Fig. 9-10. T.h's example ut|I|.zesthe RF Des'gﬂ\put signal and the signals at various points in the receive chain.
Environment (RFDE) from Agilent Technologies. By changing the Vtest equation, you can select the test pointto be
For this example, the direct-conversion receiver consists dhe output of the mixer, the output of the DC offset cancellation
an LNA, I and Q mixers and baseband receive chains, and @rcuit, the output of the “rst variable gain ampli“er, or the output
frequency divider to generate quadrature LO signals. In thisfthe baseband “lter. The plots compare the spectra, magnitudes,
example, the task is to supply a WLAN 802.11b input signal tqphases, real and imaginary parts, and the trajectories of the input
the LNA, and verify that the | and Q baseband output signals stiland Vtest signals.

FIG. 9-10. This schematic, as viewed using Agilent TechnologiesO RFDE software design platform for large-scale RF/mixed-signal IC design, shows a
direct-conversion receiver.
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FIG. 9-11. Data display of a simulated WLAN 802.11b signal obtained using AgilentOs RFDE software design platform. Note that the data display also
calculates the OgenericO EVM, which is the result of including every time point (not just the symbol samples) in the EVM calculation. This data may also be
displayed as part of the Cadence simulation environment.

By changing the Vtest equation, you can see if there is a bloclrbitrary layout structures, which is more accurate than using
in the receiver chain that signi“cantly degrades the EVM. Also,analytical models. It should also be able to run simulations
you can make changes to various blocks to see if the EVM cathat include post-layout extractions. Any limitation on the type,

be improved. range, or capacity of simulation tools can impose major limits

A good strategy for minimizing BER is to “rst run relatively on accuracy, “exibility and design exploration.

quick simulations like this to test the EVM. When the EVM is g an example of the "exibility required for RFIC simulation,
minimized, the BER should be minimized as well, and thesgqnsider Fig. 9-12. The graphic depicts the spectrum for a direct
EVM simulations are much faster than simulating BER. Usingyo\wnconversion of either a direct-conversion receiver or trans-
this type of simulation, you can easily see whether your receivegitter. Two input signals are shown near the local oscillator
or transmitter is wired up correctly and which block is Causing(Lo) frequency, with downconversion to baseband terms at the
degradation. output. The simulation can be run using either the Agilent Har-
monic Balance or Circuit Envelope simulators available from
SIMULATION EXAMPLE 2 either Cadence or Agilent via the Cadence SpectreRF or Agilent

The high-frequency nature of RFIC circuits makes them espéyqyanced Design System (ADS) solutions. Both Cadence and
cially vulnerable to circuit impairments like compression, ”OiseAtgiIent provide these solutions.

distortion and phase noise, as well as physical parasitics tha

include interconnect impedance and coupling. In order to handlgsing the Harmonic Balance solution, this simulation would
these issues properly, you will require a simulator with the abilrequire three large-signal tones, one for the LO and one for each
ity to simulate large circuits with extracted parasitics and highRF signal. A two-tone simulation can also be used if the fre-
nonlinear designs. It should be capable of simulating signals auency difference between Flo and Frfl is an integer multiple of
whatever frequency you want and running EM simulations orthe frequency difference between Frfl and Frf2.
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With Circuit Envelope, only one large signal tone, for the LO,signal can be generated by an oscillator and/or a frequency
is required. Circuit Envelope simulation is a hybrid time- anddivider, in which case its frequency is determined automati-
frequency-domain simulation technique. Signals that are withically by the simulator while solving the oscillator and frequency
the envelope bandwidth that is centered on each large-signdivider.

analy3|§ tone are generated without requiring any ?dd't'on%—tig. 9-13 displays the Circuit Envelope simulation results. The
Iarg§—5|gngl aqalysus tones. The envelope pandmdth IS equ_al Eﬁuations show how a particular spectral tone can be plotted as
1'/(S|mulat|on time step). Tones that are within O'5/(S'mUI""t'0na function of the input signal amplitude. The design variables
time step) above 0 Hz are also generated. Flo, Frfl, and Frf2 specify the spectral tone. The input signal
The large-signal analysis frequencies in this Circuit Envelopamplitude is VRFamp_dB.

simulation are the LO frequency and its harmonics. The I‘q\lote that, in this example, the LO and its harmonics had to be
simulated along with baseband signals near DC due to the large

Fri2-Frfl
Flo-Frf2 Baseband Flo difference in signal frequencies. While a time-domain simula-
Flo-Frf1 centered tor cannot simulate such circuits ef‘ciently, frequency-domain
Baseband onFlo /et Fred simulators like Harmonic Balance and Circuit Envelope are well
Envelope \ M suited for circuits of this type.
« I ,
I I L - oy
0.5/(time step) 7 I L(time step) I MODELING
As opposed to system-level behavioral modeling, which
describes what the system does, modeling of active and passive
FIG. 9-12. Spectrum for a direct downconversion. on-chip elements during circuit design is done to improve the

FIG. 9-13. Shown here are the results of simulating a downconverting mixer using the Circuit Envelope simulator as part of AgilentOs Advanced Design
System (ADS)/RFDE. The RF tones are at 2.44875 and 2.44900 GHz, while the LO is at 2.45 GHz. The simulation required about 4.5 minutes.



FIG. 9-14. Spiral blters are complicated structures, with non-zero
thickness lines, underpasses, and more than one spiral metal layer
possible. Graphic courtesy of Applied Wave Research.

Measured Inductor Data

PORT 1 2 PORT
P 1 P 2
Z 50 Ohm Z 50 Ohm

Inductor Model

PORT PORT

FMRIND P 4
ID MSP1 Z 50 Ohm
NS 15

L1 80um

L2 155um

L3 165um

LN 35um

AB 0

W 10 um

S 5um

WB 10 um

HB 2um

LB Oum

TB 1um

RhoB 1

Z 50 0hm

FIG. 9-15. Inductor models can be quite sophisticated. This model for a
single layer spiral has thirteen physical parameters in order to match the

experimental data accurately. Graphic courtesy of Applied Wave
Research.
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this is often an extremely dif‘cult, nontrivial task (Fig. 9-15).
Note that the Cadence SpectreRF Simulator includes a Vir-
tuoso Passive Component Modeler (VPCM) capability which
enables synthesis, veri“cation and modeling of spiral induc-
tors and transformers. It is a complete "ow, integrated in the
Virtuoso Schematic editor and layout suite, and is compati-
ble with Assura. It produces a complete PDK component with
schematic, symbol, pcell layout, S-parameter “le and Spectre
models.

Note that a Foundry Design Kit (FDK) will provide many of
the passive models (e.g., metal-insulator-metal or metal-oxide-
metal capacitors) needed for designing RFICs. The RF Design
Methodology Kit from Cadence can be used to help generate
adesignes layout and an electrical model. As long as design rules
are followed and parameter ranges are not exceeded, these mod-
els are highly accurate. Because most foundries provide only
corner-case device models for device modeling, these models
may not be well suited for RF designs. Ideally, a model library
should include the following: corner cases, statistical models,
digital/analog mismatch models, pad models with RF electro-
static discharge, "icker-noise models, and substrate-resistance
models. The library also should include well-proximity and
shallow trench isolation stress effects.

Modeling Issues

If a suitable FDK is not available, the task of creating the model
falls to the engineer. Some of the issues that will need to be
considered when developing a spiral inductor model are:

€ The model must have some form of frequency-dependent

resistance to compensate for conductor losses.
Normally, spiral inductors are placed on the top layer
metal. The metal thickness and width are typically on
the order of a few microns in each dimension. At GHz
frequencies, these dimensions are on the order of a
skin depth for aluminum or copper, forcing the
currentedistribution in the conductors to change (e.g.,
crowding toward the surface of the line). This current
crowding increases the resistance in the inductor and
decreases the Q.

€ Inductance effects must be considered.
Current crowding affects the inductance as a function
of frequency. As it occurs at higher frequencies, the
internal inductance will go down, as the current and
"ux are being excluded from the interior of the lines.
Therefore, there is a frequency dependent inductance
effect, which also affects the Q.

€ Shielding can be used to isolate the inductor from the
substrate and minimize substrate effects.

“delity of the simulation. Especially problematicis the process of
modeling spiral inductors on RFIC circuits, which are critical for
“Itering and tuning purposes (Fig. 9-14). When modeling these
elements it is vital that the Q of the inductor and the resonance
be predicted accurately. Because of their complex structures,

The lossy substrate can contribute substantially to
reduction of the Q by providing a resistive loss
mechanism. Shielding placed below the inductor to
isolate it from the substrate can mitigate the
substratess effect on Q.
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€ Make an assumption regarding location of the ground PCD Design Flow
return. Propose System
Inductance is only uniquely de“ned when there is a Architocture
loop of current. Unfortunately, the modeler rarely has System
the luxury of knowing exactly where the return current Specification Feasibility Simulation
is going to be. Therefore, certain assumptions will l

have to be made regarding where the return current is,

e.g., on the substrate or on an intervening power plane. Solution Space Simulations

€ Capacitance can be dif‘cult to predict. l
A multi-turn spiral has a large amount of capacitive Capture & Bind Constraints
coupling to itself, which does not change much with 3 l
frequency. Charge will stay on the surface of a .goodZ System
conductor. Aluminum, for example, is a good Implementation ~ High-Speed PCB Layout
conductor well past 100 GHz. However, it is often l
dif‘cult to predict the capacitance, as the lines are g

. . .. . Verification

three-dimensional structures. This is where experience
and intuition can be important. l

€ Be careful when using the model in SPICE. System Fab & Assemble Prototype
Resistance and inductance will change with frequency. Test and l
As aresult, it may be tempting to make a model with Verification Hardware Test & Verify
frequency-dependent resistance and inductance. When
the model is exported to SPICE, however, undesirable l
behavior can occur. The response can become System Manufacture
completely nonphysical. Production l

€ Include underpass effect in the model. Product 8

The signal must be brought out from the center port of

the spiral inductor. Typically this is accomplished by

connecting to a line on a lower metal layer, creating an.,; ¢.44 Typical PCB design Row.
underpass. It is important that the effect of the

underpass be included in the model.

Electromagnetic simulation software can be used to obtain sim&chematic capture tools allow you to take components from a
lated data for inductor modeling and design. Several products aemponent library and place them on the schematic. You will
commercially available that use a variety of methods. They rangeeed to edit them as required to ensure that the component pack-
from general-purpose simulators to those that are speci“callpge details and silkscreen legend to be printed on the PCB are

customized for spiral inductor modeling in RFICs. as per requirements. If a component is not in the library, the
component is de“ned and its de“nition and details are added to
PCB DESIGN the component library. Existing library components may also

The printed circuit board (PCB) is used to mechanically suppor@€ed to be further edited to re”ect the actual circuit diagram,
and electrically connect electronic components using conductiv@ Step which requires that the pins of a particular component
pathways, or traces, that are etched from copper sheets laminafé@ye to be moved around as per desired circuit schematics. Once

onto a nonconductive substrate. In high-volume production, th@ll the parts have been placed on the schematics, the required
PCB is inexpensive, rugged and reliable. connections between pins of various components are drawn.

Next comes the PCB layout phase in which the schematic repre-
The Flow sentation is laid out via the use of a PCB layout design tool.
Atypical PCB functional design "owis illustrated in Fig. 9-16. In Considerations during this design phase include such things
the system speci“cation phase all design-speci“c requirementas design for manufacturability (DFM), signal integrity and
are gathered and a speci“cation is created. Next, a schemattMI/EMC. These considerations will generally impose certain
representation of the speci“cation is created or captured, usingstrictions on the PCB layout design and should be included
arange of schematic capture tools. Components for the schematith your basic design rules (e.g., the rules that you follow for
are chosen by the engineer based on a wide range of criteriayout pertaining to things like track width, track spacing, pad
which might include such things as price, support and availabilsizes, via sizes, and routing types). Veri“cation that the layout
ity. A netlist is then automatically generated, which will serve aswill provide the performance and function documented in the
input to the PCB Layout tool. speci“cation is then necessary.
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FIG. 9-17. Modern auto routers, such as the RE AutoRouter option to Mentor GraphicsO Board Station RE PCB placement-and-routing environment,
mimic the manual strategies used by a designer.

During layout, components that form the schematic are takepreviously speci“ed design rules. Any violations reported are
from the parts library or libraries and placed on the PCB layercorrected. After DRC, a “nal layout cleanup is done.

This process is aided by the use of PCB plac_ement and routingsie that radio transmitters and radio receivers are especially
(P&R) tools. All component placement constraints are taken 'm%if‘cult to design. PCB designers must therefore minimize par-

account. For example, heat dissipatio.n co.n:_sideratic_)ns may di(ét'sitic effects due to layout of components, or take them into
tate that some parts should be a certain minimum distance awad¥count with a general model and use simulation software such

frpm others, while signals that need to be I|m|ted n Iength. MaYs SPICE. Fortunately, many practical circuits can be laid out
dictate close placement of certain parts that involve those 3|gnall§Sing a much simpler lumped element model

Following placement, routing takes place. Traditionally, this proxg thjs stage, a “nal veri“cation is done to ensure that the design
cess would have involved a combination of both manual angyj| perform as expected. If any error is found then the PCB
automatic routing techniques. Today, though, with 80...90% @esign process must be iterated (e.g., from design speci“cation,
more of signals considered critical itis no longer feasible to mangyoyt, etc.) until such a time as the prototype passes veri“cation.
ually route critical nets. Insteathdayes auto routers are able to gnce the design has been fully veri“ed, it can be produced on a

route scorrect by designZ signals, following all the signal conv,gjume scale for delivery to the customer.
straints for each signal. Modern auto routers also route signals

in a manufacturing-optimized manner so that manual cleanup {5d€sired, the engineer can create a prototype for the purpose of

not necessary (Fig. 9-17). While some engineers may choose {82! Veri‘cation, using the design “les generated during PCB

spend time manually cleaning up their designs, this process {&Yout (€.9., ODB+ formatted manufacturing data). More

just not «do-ableZ for very large designs, as it would take severQft€n than not, though, it has become common to skip the proto-
weeks. type altogether. This process can be very time-consuming. More

importantly, todayes veri“cation tools now make it possible to
After routing, the engineer must perform a DRC check, wherebget the design right the “rst time, without having to build a
the PCB layout is tested against the netlist and the set girototype.
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PCB Design Tools package. Board area savings are realized by stacking the die
At every stage throughout this process, design tools can be use@rrtically versus a side-by-side approach.

to assist the RF engineer. These tools play a special role i8r sip is supported by design tools like the RF SiP Method-
ensuring design success, especially given the high-frequengyoqy Kit from Cadence Design Systems. The Kit accelerates
circuitimpairments itoday-s complex analog and RFICs, suchihe application of advanced EDA technologies to SiP designs
as compression, noise, distortion and phase noise, as well as @3¢ rRr/wireless applications. It provides methodologies that
physical parasitics like interconnect impedance and couplingnayimize design productivity and predictability for customers
wh|ch ma}ke ach|§V|ng deS|gn.cIosure bet\{veen RFICes SYS_t?TEveraging the advantages of SiP implementation. An integrated
a_nd circuit, electrical and physical, and design and test activitieggt of Sip design products, built around proven methodologies,
dif‘cult at best. enables complete front-to-back SiP design and implementation,
To aid RF designers, design tool vendors now offer not just poiritvhich you can leverage for techniques and methods to apply
tools, but PCB design "ows that are uni“ed with both the IC andto your own design. The Kit is comprised of a complete doc-
package domains. This allows the RF engineer to perform earlymented step-by-step methodology and "ow for designing a
analysis, I/0 buffer planning, optimization and implementationreal, multi chip IC package. It includes all the design data,

across all three implementation domains. "ow guides, and tutorials to jumpstart customers on a multi-chip
RF SiP Module design methodology, including package layout.
PACKAGING This methodology is also integrated with Cadencess Virtuoso

A package is used to house the component, system or subsystgRyironment.

being designed. RF packages are substantially different froRF packages can be designed in a wide range of materials (e.g.,
digital IC packages. They operate at much higher frequenciaseramics or advanced low dielectric materials). Two of the more

and usually have far fewer 1/Oes. Consequently, greater care musdmmon options in use are ceramics and laminates.
be taken when doing the layout of individual signal interconnects

and transmission line junctions. Ceramics

Additionally, in the GHz range, the effects of the physicalCeramics are inherently robust and allow for hermetic
properties of interconnect on electrical signals (e.g., dispersioRackaging,a feature that makes them especially useful in appli-
radiation losses, resonance and skin effects and even the sGRUONS requiring high reliability over a long period of time or
face roughness of a conductor) can have a signi“cant impact dier those that will be used in hostile environments _such as in
RF performance. In fact, the electrical parasitics arising fron$Pace or on the battle“eld. Because there is such a wide range of
the packaged product have become such a key problem for C,gramlcs t(a_chqolog_les to choose from, the use of this material in
designers that it has now brought packaging into the spotlight &&F Packaging is quite common today.

a system-level concern. These effects, therefore, must be careabrication process options include thin “Im or thick “Im. Thin
fully considered when designing RF packaging. Electromagnetitm technology offers the smallest feature size and the highest
modeling and three-dimensional EM models often play a criticatesolution. In contrast, thick “Im technology allows the printing

role in the RF package design process. of resistors and inductors directly onto the circuit. This tech-
_ nology is particularly useful in RF packaging where normal
Options lumped components can be dif‘cult to apply due to their inherent

There are a variety of packaging options and materials to choogmrasitic properties.

from. Which one you choose will depend in part on your endl_ow temperature co-red ceramics (LTCC) is a multilayer

application. For example, if the RF system in question is for Reramic substrate technology. It is especially well suited for RF

W|re|les§ mo?:lef product', tr;en y?u Wllldnged t? trtade IOE your pplications and products where a high integration level and/or
packaging choices against customer-driven factors like co igh reliability is needed.

performance and size.
eramic material options range from a standard material like

Packaging options range from standard single-die packages ; : ]
System-in-Package (SiP). SiP technology builds on the irmo_?ghtemperature co-“red ceramic (HTCC) alumina to more spe

vative arrav interconnect of ball arid array (BGA). It allow cialized options, like aluminum nitride with its excellent thermal
multiple dieywith cg?n Iecme?nar dgvice tecr):nf)lo ie)é to beocorsnloroloerties or HITCE ceramics, which have thermal expansion
P P y 9 ef‘cients that are better matched to the expansion coef‘cient

. ) . . . ) C
pmed inasingle pacl_<age._ Passive d_ewce.s may &}ISO be 'F‘C.'“dsa PCB materials. Ceramic materials are also available with a
in the package to deliver highly functional integration for digital variety of electrical properties. Lower dielectric constant ceram-

and radio frequency applications. ics, for example, allow for larger feature sizes and reduced
Another packaging option, RF Stacked Die System-in-Packag@ropagation delays.

is typically used in designs where the X-Y size constraint is

the critical requirement, such as for wireless communicatioh-aminates

applications. It allows for the combination of die (e.g., 2 to 4A laminate is a material that is made up of bonded layers. A
separate die) from different fabrication processes into a singleybrid laminate is a PCB like structure, normally with a FR4



Case Study 219

material core, that uses advanced materials on selected layetsice of packaging should never be an afterthought. You must
in order to meet rigorous RF performance requirements. Thesmplement a packaging strategy during the design phase in order
types of package substrates are particularly useful for RF systertsensure that you will meet all your requirements for reliability,
where signals in the GHz frequency range may be routed on thmanufacturability, RF performance, size and cost.

substrate surface between various active circuit elements. Th
have become increasingly importantin RF packaging due toth
low cost.

SAhrious EDA tools are now available to help you design an RF
eHackage. In addition to the EM modeling tools previously men-
tioned, there are also advanced packaging kits, such as the RF
] ) SiP Methodology Kit from Cadence Design Systems, which
Design Solutions offer guidance on different design techniques (e.g., for SiP).
Given the possible trade-offs and packaging options RF engiFhey cover RF components, together with packaging strategies,
neers now have at their disposal, it is clear to see that designing help you meet requirements for reliability, manufacturability,
an RF package requires a broad knowledge of material propeRF performance, size and cost. Kits also explain design rules for
ties and assembly processes, as well as athorough understandiifgerent types of packaging such as laminate and LTCC mod-
of high-frequency signal behavior. Making the right choice canyles, as well as the trade-offs between them, and present working
either make or break the success of your product. Therefore, thgiidelines for IC partitioning decisions early in the design phase.

CASE STUDY

Now that you have a better understanding of EDA tools, itis time
to take a closer look at how they can be utilized to streamline
the design process in the real world. The following case study
examines the design and analysis of an IEEE 802.11a (wireless
local area network) RF complementary metal-oxide semicon-
ductor (CMOS) transceiver using the Analog Of‘ce software
solution and design "ow illustrated in Fig. 9-18. The design
employs a conventional con“guration widely used in the silicon
RFIC community and 0.18m CMOS technology from Taiwan
Semiconductor Manufacturing Company. Note that other design
tools,such as the Genesys software environment from Agilent
Technologies,may also be used for this design process.

System-Level Transceiver Design

The system-level diagram of the 802.11a transceiver, shown in
FIG. 9-18. The 802.11a design Row within the Analog Ofbce design Fig. 9-19, is captured using pre-built behavioral blocks in the
environment from Applied Ware Research. Visual System Simulator (VSS) software. The design employs a

FIG. 9-19. The 802.11a transceiver system-level diagram with behavioral blocks representing major functions of the entire RF transceiver chain,
including the channel characteristics.
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FIG. 9-20. The NMOS transistor is characterized before use in the circuit to ensure accurate and adequate performance.

homodyne architecture, i.e., direct conversion of the RF signal modulated RF signal in the 5.150 to 5.825 GHz band is the
in 5.15 to 5.825 GHz band to baseband. The transceiver consisigput to the LNA. The LNA must provide a suf‘cient gain to
of a baseband and RF circuits. The transmitter baseband circuitsinimize the impact of mixer noise on the overall noise “gure
include a 64 quadrature amplitude modulation (QAM) modulatoof the receiver. A single-ended, 50nput source is assumed for
and orthogonal frequency division multiplexing (OFDM) modu- the LNA, which ampli“es the input signal by 20 dB, with a noise
lator. Receiver baseband circuits include a 64 QAM demodulatdigure of 1.2 dB.

and OFDM demodulator. The transmitter RF circuits are coms o yown-converter directly converts the ampli‘ed RF signal

pnse_d B up-qon\{ert_er mixers and power a.mpl| ers, while theto DC. It consists of two mixers with LO signals offset by 90
receiver RF circuits include up-converter mixers and low-nois

. . ) $etween the I and Q mixers. The mixer has a conversion gain of
receiver ampli“ers. The local oscillator frequency is set to RF,

) 6 dB, and noise “gure of 5dB.
frequency as per the homodyne architecture.

The goal of the system-level design is to determine RFIGNA Design

speci“cations from system-level speci“cations. During systeMrpe | NA selected is a differential cascode common source
simulation, the noise “gure and nonlinearity of the poweramph-amp”uer_ Note that in this example, noise “gure, power con-

“er (PA), LNA, and up- and down-converter mixers and phasesymption, input impedance, gain, and linearity are considered
noise of the local oscillator (LO), are varied and system paCkecBgether in designing the LNA.

error rate (PER) is monitored against speci“cations.

Prior to the start of the circuit design phase, the TSMC ui8- Device Characterization

RF CMOS process is selected. A process design kit (PDK) ighe design optimizes the noise “gure of the LNA, while taking
then developed and installed within the Analog Of‘ce designpower consumption into account. The optimum device width is

environment. about 16Qum (NR= 64). DC and AC characteristics of a device
o . . with a width of 160Qum are simulated, as shown in Fig. 9-20.
Circuit-Level Receiver Design The DC simulation displays the drain currehtsf with various

The homodyne receiver portion of the IEEE 802.11a transceivdyias settings of drain to source voltag&d), and gate to source
consists of two main RF circuits: an LNA and a down-convertervoltage ¥/ys) of the negative-channel metal-oxide semiconductor
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FIG. 9-21. LNA circuit design and analysis results including gain, noise bgure, and stability.

(NMOS) device. A set-up for measuritigs vs. Vgs for various  desirable to minimize the noise “gure. S11920t0S30dB in
settings ofVys is also shown. A set-up for measurihgvs.Vgs  the frequency of interest.

can be used to extrag. Note that output impedance is not matched to 1Qbfferen-

AC simulation display$r and Y- and S-parameters. A set-up for tial because the LNA is intended to be integrated with an 1/Q
measuring a gain of a transistor versus frequency can be useddemodulator. An inductor is used as a load at the drain to pro-
observeT of the transistor at a particular bias setting as the gaiwide more headroom, to resonate out the capacitance seen at the
goes to 1. For the bias setting of interest, thef the device is  output load, and to provide suf‘cient gain. The Q of the load
about 44 GHz. Itis also used to monitor the Y-parameters. A setrductors at the drain must be low enough to cover the entire
up for measuring S-parameters of the transistor at a particuléand of 5.15 t0 5.85 GHz. The gain of the LNA is 20 dB over the
bias setting is shown. band of interest.

A stability factor, K, of the LNA is greater than 1 to ensure
Circuit Design the stability over the band of interest and other frequencies.
Once the device characteristics are simulated, a bias current® prevent a negative resistance and thus avoid instability, it
14 mA is selected for the differential pair, as shown in Fig. 9-21is important that the differential pair not see a capacitance at the
An estimated noise “gure within the power constraint is abousource. In order to take advantage of automatic measurements
1.5to 1.9dB. A noise simulation shows a noise “gure of 1.2 dBofimpedance, S-parameter, gain, noise, 1-dB compression point
in the frequency range of 4 to 6 GHz and 1.1dB at 5.2 GHz.  (and IP3), and intermodulation components, a balun is used to

Next, input impedance is matched to 100differential convert the differential inputs of the LNA input single-ended.

impedance. Since inputimpedance of an NMOS device is mostlyhe LNA circuit is duplicated with differential input signal
capacitive, a real term of the impedance must be provided. Isources for different simulations. One circuit is used to simu-
order to minimize the noise, an inductive source degeneratiolate gain, noise, S11, ard},, and stability factor K. Another
method is used to present a real term in the frequency of interestircuit with two tone frequencies and a power swept at the input
The capacitive term of input impedance is sresonated outZ by gort is used to simulate input IP3 and 1-dB compression point.
series inductor at the input. A high Q of the series inductor iSThe 1-dB compression point £10 dBm and IP3 is» 10 dBm.
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FIG. 9-22. The down-converter mixer design circuit schematic with bias voltages annotated and several simulation results including isolation, conversion
loss vs. LO power and noise bgure.

Another circuit with a single tone frequency and a power at thénother identical mixer circuit with a single RF input power
input port is used to simulate the input and output voltages ittevel is used to simulate the intermodulation components of the
time domain. mixer.

o . Transmitter Circuit Design
Down-Converter Circuit Design . . . . .
The direct conversion transmitter consists of two main RF

A down-converter consists of two mixers, converting from R.Fcircuits: an up-converter and a PA. The PA in the design has

tog.lcb' F;g. 9|;22 stlowst(?m exgmple .Of an RF T'.Xer dej'?n L:ﬁmgn output power of 40 mW and outputs a modulated RF signal
a Gilbert cell con“guration. One mixer circuit is used for the, . =155 5 26 GHz band.

simulation. The simulation shows a noise “gure of only 5dB,
so it may not be including all the noise sources. The bias and ]

the load resistor determine the conversion gain. The conversidiP-Converter Design

gain is about 6 dB as shown in S21 of a large signal S-parametéhe up-converter consists of two double-balanced active mixers
simulation and noise gain simulation. for I and Q modulation. The lower differential pair takes base-
and signals and the upper switching pairs take differential local
scillator signals tuned to the desired RF output signal. The local
oscillator frequency should be varied from 5.18 to 5.26 GHz. For
simulation purposes, the input center frequency is 50 MHz. Ifthe
outputs of | and Q paths are summed, the lower sideband will
The isolation of LO-IF ports and LO-RF ports is simulated bybe selected as the output. If the outputs of | and Q paths are
mismatching the RF driver differential pair and LO switch- subtracted, the upper sideband will be selected as the output.
ing pairs. The LO signal is monitored at the IF and RFThe linearity requirement is set high to ensure no degradation of
ports separately, using a large signal S-parameter (LSS) NMhearity in the overall transmitter for OFDM and 64 QAM mod-
measurement. ulation. The 1-dB compression point is set 10dB higher than

The source degeneration inductors at the source of the RF di
ferential pair improve the linearity of the mixer. The 1-dB
compression point is abo8tL0 dBm of input power at the mixer
RF port.
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FIG. 9-23. Up-converter mixer design and analysis results, including noise bPgure, conversion loss vs. LO power, and isolation.

the operating power level. For instance, the input 1-dB compre®r swept power is applied to the input port while the intermodu-
sion point is 8 dBm and the input power level in us&@dBm  lation components are monitored at the output port. Small signal
or less. An RF system simulation using VSS software with ampedance and S-parameters as well as large signal impedance
behavioral model for up-converter showed 8 dB back-off fromare monitored for the matching. Fig. 9-23 shows the various
the 1-dB compression point to guarantee no BER degradatiomeasurements mentioned above.

assuming 4 to 5dB back-off from the 1-dB compression point

for PA operation. PA Design
) ] The PA has a single-ended, common-source con“guration with
Mixer Design two gain stages. The target frequency band is 5.18...5.26 GHz.

The bias and size of the transistors are selected to provide tagthough the average output power in this frequency band is
necessary linearity and gain. The mixer has a conversion loss ab mw (16 dBm), OFDM and 64 QAM modulation signaling
about 5dB, as shown by the L&xSneasurement if the differen-  raises the required output peak power to 21 dBm. An RF system
tial LO power level is 10 dBm. The noise “gure is about 1.5 dB, simulation using VSS software with a behavioral model for the
which means it is not simulating correctly. The large signalPA also shows that 21 dBm is the required 1-dB compression
impedance is monitored at the LO port for matching purposespoint at the output. It is challenging to design a PA to deliver

Itis important to provide a proper isolation between the LO andN® nécessary output power with a required linearity in CMOS
the output port. The LSS measurement monitors the LO sign&fchnology at alow power supply voltage. Therefore, the bulk of
level at the output port. The 1-dB compression point at the inpdf'€ effortin this design is focused on exploring the design space
is 8dBm as shown by sweeping the baseband input power 4 @chieve optimum linearity.

the RF output is monitored. 8 dBm of a differential input power

is referenced to a 100input impedance load. Since the input PA Device Characterization

of the up-converter is at baseband frequency, the input signdhe output device size is selected by sweeping the current vs.
should have an option to sweep voltages rather than power. Twbias and device size, given the trade-off between power gain,
tone simulations should show the intermodulation and harmonilinearity and ef‘ciency. Allowing for loss, the output power is
components. A two-tone harmonic balance source with a “xedlesigned for 22 to 23 dBm. Although the output resistance of
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FIG. 9-24. The PA design and analysis results, including gain vs. power, pout vs. pin, and load pull data contour.

22 is required to deliver 23 dBm with a 3V supply voltage, awire connection) should help without degrading the noise “gure.
larger device of 960 m/0.18um (thus smaller output resistance) Additionally, a small resistor at the gate can provide stability over
is selected to achieve a better linearity and power gain. The gagewider band. The K value is greater than 2 at the frequency band
is biased with a trade-off between the linearity and ef‘ciency.of interest.

The emphasis, however, is placed on the linearity, and therefo
it is biased as a class A ampli“er (wimgsé Vin > 0.1V). The
device size of the “rst stage is 480n/0.18um.

r/g’proper matching of input and output delivers an optimal power
gain. A matching network consists of a DC blocking capacitor
to prevent the loading of circuits and an impedance transforma-
tion. A high pass L-match is used. The impedance at the input
PA Circuit Design and output is transformed up to 50Since the input and output

Given the output power and linearity requirement, thetransistorjgandar.]ce changes W'.th the power level, the matchlng_ should
be monitored at a varying power level. The software displays

are sized to provide the necessary load and gain. Each stag S . . . :
“rst designed separately and then combined to resimulate t grge-3|gnal impedance (Z-comp) as the input power level is
overall performance. Since a PA operates at large input and ouﬁ\-’vept‘

put levels, it is important to simulate it in a large signal domain The power-added ef‘ciency is displayed by selecting *PAEZ. Itis
For instance, gain contours with an optimal load can be disabout 27% at the 1-dB compression point, as the PA is designed
played in a Smith Chart. In Fig. 9-24, four gain contours withfor high linearity.

maximum mcremgntal power gains of .20'8dB and 0.1dB aince the linearity is critical, it is important to simulate a 1-dB
Q|splayed along W.'th Sii ar_ld S22.The input and cMpmm"’uch:'ompression point and IM3 and IP3. The software simulates
ing shquld maximize the gain. The contour plotvshows that theYhem by applying a single-tone or two-tone harmonic balance
are optimally matched._Slland S22 are better S12HdB over source. Two-tone harmonic balance simulation shows a large
the frequency band of interest. signal S21 (LSS21) of 21 dB with an input 1-dB compression
Prior to matching to 50 input and output ports, the circuit must point at 3dBm (output at 22.6 dBm). The output IP3 is about
be stabilized. Since the inputimpedance of the circuitis negativel0 dBm and IM3 is about 33dB down from the output power
a small inductor at the emitter to ground (simulating the bondevel of 18 dBm. The 1-dB compression point at the output of
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22.6 dBm allows for better than 6 dB of peak-to-average raticSUMMARY
The design target was 5dB. EDA solutions for the RF industry are certainly far from being

The resulting 802.11a RF CMOS transceiver is an optimun®S mature and complete as those available to digital designers.
design. The LNA achieves adequate gain, low noise, and IP3, af¥Pnetheless, they can be used to more accurately and quickly
input match and stability are also adequate. The mixer achievé$sign RFICs and PCBs. A number of design "ows and tools
adequate conversion gain and isolation, low noise “gureNOW support these efforts, regardless of how simple or complex
and IP3. the design may be.
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WHAT IS RF? %

F design is affected by residual circuit values, such 10
s additional capacitances and inductances, exhibited
ven by transmission lines and circuit traces at high-
enough frequencies. These residual or eparasiticZ A
ircuit elements can even be found in the structures 5 5 j5(7.07/45)
of transistors used for RF and microwave frequencies. 3§

At lower frequencies, the physical wavelengths of signals are
very large so that the size of electrical components has little Origin
impact on these signals. For example, the very-low-frequency g 15 10
(VLF) range, which encompasses much of the human hearing 63.4

range of 20 Hz to 20 kHz, features signals with wavelengths as
long as 100 km (3kHz). The high-frequency (HF) band, with

frequencies from 3 to 30 MHz and wavelengths from 100 to

10m, has long been used for military tactical radios and for
amateur (shamZ) radio operators (the 30-m or 10-MHz range)
for the long-distance propagation properties of the waves.

45

10 5110 (11.18/ 63.4)
Signals in the very-high-frequency (VHF) range of 30 to

300 MHz and the ultra-high-frequency (UHF) range of 300 MHz

to 3 GHz have long been used for television broadcast, although

in recent decades the 800- and 900-MHz bands are better knoy rrequency Band Range Wavelengths
for use by cellular and cordless telephones. As cellular tele=

phones have migrated to higher-frequency use in the ban 1Y-F 310 30kHz 100 to 10km
around 1900 through 2100 MHz, additional wireless applicat LF 30 to 300 kHz 10to 1km
tions have grown in spot frequencies such as 2450 MHz, suchyr 0.3 to 3MHz 1 t0 0.1km
as wireless local area networks (WLANSs) and BluetBotfhe

over-used frequency is also the designated frequency for ind SHF 3 to 30MHz 1000 10m
trial heating and microwave ovens, since 2450 MHz is the watef-VHF 30 to 300 MHz 10to1lm
absorption frequency that results in heating of water-containingynr 300 to 3000 MHz 100 to 10 cm
materials. SHF 310 30GHz 10to 1cm
Super-high frequencies (SHFs) from 3 to 30 GHz are generallygyg 30 to 300 GHz 10to 1mm

known as microwave frequencies, and extremely high frequen=
cies (EHFs) from 30 to 300GHz are known as millimeter-
wave frequencies because of their small signal wavelength$#BLE Al. Frequencies and wavelengths

Microwave frequencies at 12 and 18 GHz are commonly asso-

ciated with direct-broadcast-satellite (DBS) television applica”A Word about Antennas

tions and line-of-sight digital radios. The smaller wavelength#\ntennas make the work of the RF front end possible. Because
of millimeter-wave signals make them well suited for radarthey are relatively simple structures with an entirely electromag-
systems, especially within speci“c narrow operating-frequencyetic (EM) behavior, antennas are among the most misunder-
bands, such as 77 GHz, which is commonly used in automotivetood component in the radio front end. In specifying antennas
collision-avoidance systems. for a radio front end, it is enough to know that the antenna must




228

RF CIRCUIT DESIGN

be properly connected to the remainder of the RF front end btranslates into degraded noise “gure. In some cases, the losses
means of an antenna coupling network. Also, the function obf interconnecting cable must also be considered when judging
that network differs depending on whether it is used with theahe effects of antenna matching to system receive sensitivity.
front end as a receiver or as a transmitter. When used witWhen used with the transmitter, the antenna coupling network
the front-end receiver, the task of the antenna-coupling netnust produce the maximum radiated power from the associated
work is to provide the highest sensitivity possible. To do thistransmit electronics.

the network should achieve the lowest loss possible, since loss
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any of the design equations contained in earlier
chapters require that the user be familiar with  ExaMPLE B-1
vector algebra. Itis the intent of this appendix to
provide, for those who are unfamiliar with this
subject, aworking knowledge of vector addition,

The input impedance of a transistor is found to be
Z= 25S j10 ohms. Express this impedance in polar

subtraction, multiplication, and division. notation.

i in Fi T Soluti
As illustrated in Fig. B-1, a vector may be expressed in either otion _ . .
rectangular or polar form. Irectangularform, the vector quan- The magnitude of the resulting vector R) is found as:
tity is expressed as a sum of its coordinate parts. Thus, the vector R= X+ y2

A shown in Fig. B-1 can be expressed as the sum of 5 units in .
thex direction and 5 units in thgdirection, or A= 5+ j5. That 625+ 100
same vector may be expressegatar notation as a distanc&) = 26.9

from the point of origin at an angle ) from thex axis. If vector

A were measured, its length would be found to be 7.07 units at

The resulting angle from thex axis is found to be:

an angle of 45from thex axis. Thus, = arctan?
X
A=5+j5 or A= 7.07_45 310
.. X = arctan——
Similarly, vector B can be expressed in rectangular form as 3 25
5Sj10 or in polar form as 11.18563.4 . Note that negative =5218
angles are measured clockwise from thaxis while positive Thus,Z= 25 % j10 ohms can also be expressed as
angles are measured counterclockwise. 7=26.9 $21.8 ohms.
Nf,  3dB Nf, 7dB Nfy 15dB
@ @
mathematical calculations. Any vector expressed in rectangu-
lar form may be converted to polar form (Example B-1) using
FIG. B-1. Vector coordinates in rectangular and polar form. the following formulas:
= 2+ \2 = Y
Mixer R= x¢+y* and = arctanx
ZF':IDtZIf 3,;5;':1 IF The conversion from polar to rectangular notation (Example B-2)
can be made by using the following formulas:
Insertion NFp  3dB Insertion Conversion NF  4dB
Loss 6dB G 10bB Loss 10dB Loss 7dB X= Rcos and y= Rsin
N Frcvr N Fpreamp N FC
VECTOR ADDITION
RECTANGULAR/POLAR AND POLAR/ Two vector quantities can be added by performing two separate
RECTANGULAR CONVERSION additions, one for the respectivec components and one for the

Rather than plotting a vector to graphically determine its comrespectivey components (Example B-3). Of course, the resultant
ponent parts, it is more convenient to perform a few simplenay be expressed in either rectangular or polar form.
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EXAMPLE B-2

The input impedance of a transistor is found to be
Z=26.9_S521.8 . Express this impedance in rectangular
form.

Solution
First:
x= Rcos
= 26.9c0s521.8)
= 26.9(0.9285)
=25
and then:
y= Rsin

26.9sin521.8 )
26.9(50.3714)
S 10

Thus,Z= 25S j10 ohms.

EXAMPLE B-3

An impedance ofZ; = 11.18 _63.40 ohms is added in
series with an impedance oz, = 18.03 S$56.3 ohms.
What is the resulting series impedance {Zexpressed in
rectangular form?

Solution

Before the addition can be performed, the polar quantities
of the problem must be transformed to rectangular
notation. ForZ;:

Ry cos
11.18cos(634 )
5

X1

R sin 1
11.18sin(634 )
=10

Y1

Thus,
Z1 = 5+ j10ohms
Forz,:
Xo = Ry cos ,
= 18.03c0s856.3 )
=10

EXAMPLE B-3(Continued)

Y2 = Resin »
18.035sin(356.3 )
S 15

Thus,Z = 10 S j15 ohms.

To perform the addition, add the respectivex components
and the respectivey components.

XT= X1+ X
=5+ 10
=15

Yr=Y1+t Y,
10S 15

=85

Thus,Zr= 155 j50hms.

VECTOR SUBTRACTION

Vector subtraction is performed in a similar manner to that of
addition (Example B-4). The two vector quantities must “rst

EXAMPLE B-4

Using the following values:
V;=11.18 _63.40
V, = 18.03 _$56.3

Perform the calculation, ¥ = V; SV,

Solution

Both quantities must brst be expressed in rectangular
form. ForV:

X1 = Ry cos 1
11.18cos(634 )

5

R sin 1
11.18sin(634 )
=10

Y1

and, then, for V,:

Xo = R, COS »
18.03c0s556.3 )
=10

Continued on next page



EXAMPLE B-4,Cont
Yo = Resin »
= 18.03sin(356.3 )
=S 15

Subtracting thex and y components, we get:
X1 S X

5510

=S5

XT

=y, Sy,
10 S (515)

25

Yr

Therefore,V1=S 5+ j25.

be expressed in rectangular form, and their respeatiaady
components may then be subtracted.

VECTOR MULTPLICATION

Multiplication of two vectors is accomplished by “rst converting
both vectors to polar form. The magnitud&$ 6f the vectors are
then multiplied and their angles are added (Example B-5). Thu

Rr=RiR and 1= 1+ »

EXAMPLE B-5

For a transistor,$; = 5.6 _60 and S;,=0.1_30 . Find
the product $1 5.

Solution
Both S parameters are already in polar form, therefore:
Rr= RiR
= (5.6)(0.1)
= 0.56
and,
1+
60 + 30
90
Thus, the productS;;1 S, is equal to 0.56 90 .

VECTOR DIVISION

Vector division is performed by “rst converting both vectors to

polar form. The vector quotient is then found bividing the

Real, Imaginary, and Magnitude Components 231

magnitudes and subtracting the angles (Example B-6). Use the

formulas:
R -
Rr=_— and 1= 18
R
EXAMPLE B-6
Perform the following vector division:
Vi
Vr= =
T VA
where
V; = 40_60
V,=5+j5
Solution

V; is already in polar form. Convertv, to polar form.
V, = 7.071_45

Divide the magnitudes.

Rr

P Subtract the angles.

Therefore, the quotient is equal to 5.66 15 .

REAL, IMAGINARY, AND MAGNITUDE
COMPONENTS

Several references are made throughout the text to the ereal part,Z
the «imaginary part,Z and the smagnitudeZ of a complex vector
(Example B-7). These components are described as follows:

When given the complex vector V, where
V=R _
=X+ jy
thereal part of the vector V is given as:
Re(V)= x
the imaginary part of the vector V is given as:
Im(V) = jy
and the magnitude of the vector V is, then, given as:
VI=R
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EXAMPLE B-7
Given the complex vectoiV = 10_60 , bnd ReV), Im(V),
and |V|.
Solution
First, express the vector in rectangular form.
x= Rcos
= 10cos(60)
=5

y= Rsin
105sin(60)
8.66

Therefore,V = 5+ j8.66 and

ReV) =5
Im(V) = j8.66
V= 10



BIBLIOGRAPHY

+2-3 GHz Broadband TRL Match EmithMatch User ManuaFebruary 26, 2007, p 12.

Anderson, L. H., *How to Design Matching Network${am Radig April 1978.

«Auriga: Modeling & Veri“cation.Z [Online] Available http://www.ftlsystems.com/eda/Auriga/, March 23, 2007.

Basic Smith Chart Principles/Techniques.Z SmithMatch User Manual.. February 26, 2007. p 10.

Besser, L., «Take the Hassle Out of FET Amp Desigwﬁ\l September 1977.

Besser, L., *Update Ampli“er Design With Network Synthesisliérowaves October 1977.

Bindra, Ashok. <Key Semiconductor Technology Trends to Watch.Z RF Design. [Online] Available http://rfdesign.com/r‘c/cmos_and_
compound_ics/semiconductor-technology-trends-0107, January 1, 2007.

«Bipolar junction transistor.Z [Online] Available http://en.wikipedia.org/wiki/Bipolar_junction_transistor, August 1, 2007.

«Bipolar Transistor.Z [Online] Available http://searchsmb.techtarget.com/sDe"nition/0Esid44_gci211668,00.html, March 28, 2001.

Blyler, John, *RF Board Designers Confront Many Challenges,Z Embedded Intel magazine, Spring 2007 [http://www.embeddedintel.com/
technology_applications.php?app45]

Blyler, John E., *Wireless Networking: Overview and RoadmapZ, IEEE Oregon Section (IEEE 802.11 Wireless LAN Technology), 2001.

Blyler, John, «Understanding Low-Power Designs,Z Wireless Systems Design magazine, June 2001, Pp. 57...58.

Breed, Gary. *A Heritage of technology and Innovation: The History of Agilent EEsof EDA.Z [Online] Available http://eesof.tm.agilent.com/pdf/
history_2001.pdf, 2001.

Brown, W. L.,*Donet Guess at Bias Circuit Desigrﬁectronic DesignMay 9, 1968.

Browne, Jack, *ADCs Clear Way To Digital Receivers,Z Microwave & RF magazine (www.mwrf.com).

Burwasser, A., *Wideband Mono*“lar AutotransformerRE Design January/February 1981.

Burwasser, A., *How to Design Broadband JFET Ampli“ers to Provide Top Performance From VLF to Over 100 Mz Radio November
1979.

Byrne, Patrick J. *Innovation in Measurement: How the dynamics of the electronics industry are leading to measurement innovation.Z Agilent
Measurement Journal. First quarter 2007, Pp. 9...10.

«C++ .Z [Online] Available http://en.wikipedia.org/wiki/C%2B%2B, August 5, 2007.

«Cadence RF Design Methodology Kit.Z [Online] Available http://cadence.com/products/kits/RF_Design/index.aspx, March 14, 2006.

«Cadence RF SIP Methodology Kit.Z [Online] Available http://cadence.com/products/kits/rf_sip_methodology/index.aspx#, March 14, 2006.

Carlson, A.,Communications SystemdcGraw-Hill, New York, NY, 1975.

Carson, R.High Frequency Ampli“ersJohn Wiley & Sons, New York, NY, 1975.

Chatterjee, Pallab. « That 80es Short or AMS IP Creation Flashback.Z Wireless Chip Designer, [Online] Available, July 21, 2006.

Chern, Jue-Hsien. *Transitioning To A New Mixed-Signal Design Methodology.Z Chip Design, [Online] Available, February 20, 2007.

Cohn, S. B., *Direct-Coupled-Resonator FilteBfdceedings of the IREFebruary 1957.

Cohn, S. B., *Dissipation Loss in Multiple-Coupled Resonator FiltdPsiteedings of the IRRugust 1959.

«dBw.Z RFID Glossary. [Online] Available http://www.r‘d4u.com/glossary.asp, February 25, 2007.

Decibel.Z Wikipedia. [Online] Available http://en.wikipedia.org/wiki/Decibel, August 2, 2007.

DeMaw, M. F.,Practical RF Communications Data for Engineers and Technigitdmsvard W. Sams & Co., Inc., Indianapolis, IN, 1978.

DeMaw, M. F., «The Practical Side of Toroid<Z5T Magazinglune 1979.

DeMaw, M. F., sMagnetic Cores in RF CircuitsF Design April 1980.

+Designing Impedance Matching Networks.Z [Online] Available http://www.mathworks.com/applications/dsp_comm/demos:zhtprilects/
demos/shipping/rf/imped_match.html, May 3, 2007.

Dishal, M., sExact Design and Analysis of Double and Triple Tuned Band-Pass Ampliers¢éedings of the IRBune 1947.



234

Bibliography

Dunn, John. sSpiral Inductor Modeling On RFICs.Z March 2007, Pp. 1...7.

«Example: Ef‘ciently Simulating a Direct-Conversion Receiver or Transmitter.Z [Online] Available http://eesof.tm.agilent.com/products/
design_"ows/r“c/examples_05.html, March 21, 2007.

«Example: Veri“cation and Troubleshooting of a Receiver with a WLAN 802.11b Signal.Z [Online] Available http://eesof.tm.agilent.com/products/
design_"ows/r“c/examples_01.html, March 21, 2007.

*Field-Effect Transistor.Z [Online] Available http://searchsmb.techtarget.com/sDe“nition/0Esid44_gci213961,00.html, August 8, 2000.

*Field effect Transistor.Z [Online] Available http://en.wikipedia.org/wiki/Field_effect_transistor, August 3, 2007.

Fink, D. G.,Electronics Engineerse HandboolcGraw-Hill, New York, NY, 1975.

Fisk, J., *How to Use the Smith Chart#am Radig March 1978.

Geffe, P..Simpli“ed Modern Filter DesignJohn F. Rider, New York, NY, 1963.

*GENESYS.Z [Online] Available http://www.eagleware.com/products/genesys/genesys.html, 2006.

Grammer, G., *Simpli“ed Design of Impedance Matching Network3ST MagazineMarch 1957.

Grossman, M., sFocus on Ferrite Materials: They Star as HF Magnetic Célesffonic DesignApril 30, 1981.

Gupta, S., Bayless, J., and Peikari, Bircuit Analysis Intext Educational Pub., Scranton, PA, 1972.

Hall, C., *RF Chokes, Their Performance Above and Below ResonaHeayRadio June 1978.

Hardy, J. High Frequency Circuit DesigrReston Publishing Co., Inc., Reston, VA, 1979.

Harper, C. A.Handbook of Components for ElectroniddcGraw-Hill, New York, NY.

Heimlich, Mike. «Challenges and Solutions: Module Design.Z PowerPoint Presentation. May 4, 2007, Pp. 1...65.

Heimlich, Mike and Scott Wedge. *Meeting the Multi-Gbps Design Challenge with Signal Integrity Design.Z PowerPoint Presentation. May 4,
2007, Pp. 1...28.

Hejhall, Roy, *Systemizing RF Power Ampli“er Desigriibtorola AN-282A1975.

Hejhall, Roy, *RF Small Signal Design Using Two-Port Parametériaiorola AN-215AFebruary 1977.

Hejhall, Roy, *Understanding Transistor Response ParameMaigfola AN-139A1974.

Hewlett-Packard Components, sTransistor Parameter Measuremidategl@it-Packard AN-77-IFebruary 1967.

Hewlett-Packard Components, *A Low Noise 4 GHz Transistor Ampli“er Using the HXTR-6101 Silicon Bipolar Transksew|&tt-Packard
AN-967 May 1975.

Hewlett-Packard Components, *A 6 GHz Ampli“er Using the HFET-1101 GaAs FE&WXlett-Packard AN-97FFebruary 1978.

Hewlett-Packard Components, *S-Parameter Techniques for Faster, More Accurate Network BisigetZPackard AN-95-1

Hewlett-Packard Components, *S-Parameter Deslgevilett-Packard AN-154pril 1972.

Hewlett-Packard Components, sMicrowave Transistor Bias Consideratidesiett-Packard AN-944;Dctober 1973.

*High-pass “Iter.Z Wikipedia [Online] Available http://en.wikipedia.org/wiki/High-pass_"“Iter, July 22, 2007.

Hoff, 1. M., *Pi-Network Design for High-Frequency Power Ampli“erdfam Radig June 1978.

Hooijmans, Pieter W. *RF Front End Application and Technology Trends.Z Proceedings of Design Automation Conference, June 2...6, 2003
Pp. 73...78.

Horvitz, Robert. «Frequency Conversion and New Technologies: Challenges and Opportunities in Spectrum Management,Z Presented at the Cent
for Strategic Research, Moscow, June 20, 2006.

Howe, H. Jr., *Basic Parameters Hold the Key to Microstrip-Ampli“er Desidgi, October 5, 1980.

«Impedance Matching and the Smith Chart: The Fundamentals.Z [Online] Available http://www.maxim-ic.com/appnotes.cfm/appnote_number/742,
March 23, 2001.

sIntroduction to the RF BS XE Flow.Z RF in BSXE Fldvserss Manual, V8.13-1. Pp. 1...10.

Kaufman, M. and Seidman, A., Handbook of Electronics Calculations for Engineers and Technicians, McGraw-Hill, New York, NY, 1979.

Kraus, H. and Allen, C., *Designing Toroidal Transformers to Optimize Wideband Performéieetinics August 16, 1973.

Krauss, H., Bostian, C., and Raak, $qglid State Radio Engineeringohn Wiley & Sons, New York, NY, 1980.

Lenk, J.,Handbook of Simpli“ed Solid State Circuit Desjd?rentice-Hall, Englewood Cliffs, NJ, 1971.

Litty, T. P., sMicrostrip RF Ampli“er Design,/RF Design January/February 1979.

Llamas, Ramon and Ryan Reith. «Converged Mobile Device Market Surges Ahead on 42% Growth in 2006, According to IDC.Z [Online] Available
http://www.idc.com/getdoc.jsp?containesldrUS20578607, February 26, 2007.

«Low Noise Amplifer Design with GENESYS.Z May 22, 2007, Pp. 1...24.

«Low-pass “Iter.Z Wikipedia. [Online] Available http://en.wikipedia.org/wiki/Low-pass_“lter, August 2, 2007.

Miller, J., Solid State Communications: Design of Communications Equipment Using Semiconddc®raw-Hill, New York, NY, 1966.

Millman, J. and Halkias, Cintegrated Electronics: Analog Digital Circuits & SystephcGraw-Hill, New York, NY, 1972,

Mini-Circuits, «Constant-Impedance IF Bandpass Filters Improve Circuits Performance,Z www.minicircuits.com.

Motorola Semiconductor Products Inc., *Semiconductor Noise Figure Consideratitotsdla AN-42]1 August 1976.

Myoung, Robert and Denis Soldo. *System in Package (SiP) and Stacked Package Solutions.Z 2006 Worldwide Application Workshop, Pp. 1...1:

Nash, Eamon, *Measurement and Control of RF Power,Z Analog Devices (www.analog.com).

Neilson, Dave and Tom Quan. «System/Circuit Design and Analysis of an IEEE 802.11a RF CMOS Transceiver.Z Application Note, March 2007,
Pp. 1...10.

«ParkerVision: Our Story.Z [Online] Available http://www.parkervision.com/about_us/our_story.php, February 20, 2007.

+PCB Design Process.Z [Online] Available http://www.pcbdesignexpress.com/designprocesses.jsp, March 23, 2007.

Quan, Tom. «Design Suite Provides Advanced Technology for Analog and RFIC Design.Z High Frequency Electronics. May, 2004, Pp. 50...55.

*Radio ... History of Radio.Z [Online] Available http://www.telecompie.com/radio/history.html, February 13, 2007.



Bibliography 235

Reference Data for Radio Enginegksoward W. Sams & Co., Inc., Indianapolis, IN, 1975.

Rencher, Mark. «*VHDL-AMS Extensions Enable RF Harmonic Balance Simulation.Z High Frequency Electronics. March 2004, Pp. 44...47.

*RF Design Environment 2006.Z [Online] Available http:/eesof.tm.agilent.com/products/rfde2006_updatel1.html, March 16, 2007.

*RF Design Environment ... Verilog-A Complier.Z [Online] Available hitp://eesof.tm.agilent.com/products/rfde2003c_verilog.html, March 16, 2007.

*RF Design Methodology and Flow.Z White Paper. 2006, Pp. 1...8.

*RF IC Flow.Z [Online] Available http://cadence.com/whitepapers/r‘c_"ow_wp.pdf, 2004, Pp. 1...7.

RF Packaging ... Technical, [Online] Available http://www.kjas-interconnect.com/RFTechnical.html, 2002.

*RF Toolbox 2.1.Z [Online] Available http://www.mathworks.com/products/rftoolbox/index.html, March 25, 2007.

*RLC Circuit.Z Wikipedia [Online] Available http://en.wikipedia.org/wiki/RLC_circuit, June 22, 2007.

Rousset, Jean, «From W-CDMA RF Front-End Speci“cations to Requirements,Z consultant to Agilent Technologies (www.agilent.com).

Ruthroff, C., *Some Broadband TransformerBriiceedings of the IRAugust 1959.

Sando, S., *Very Low-Noise GaAs FET Preamp for 432 MH#afn Radig April 1978.

Scherer, D., «Bdayes Lesson...Learn About Low-Noise DesifticFowaves April 1979.

Sentz, R.Voltage and Power Ampli“erdHolt, Rinehart & Winston, Inc., New York, NY, 1968.

SerDes Signal Integrity Design and Analysis.Z Seminar. December 2006, Pp. 9...22, 30...31.

Sevick, J., *Broadband Matching Transformers Can Handle Many Kilowdtsgronics November 25, 1976.

Shuch, Paul, «Solid State Microwave Ampli“er Desigrh-lim Radig October 1976.

Shulamn, J. M., *T-Network Impedance Matching to Coaxial Feedliréad Radio September 1978.

Smith, P. H. Electronic Applications of the Smith Chart: In Waveguide, Circuit, & Component AnalsiGraw-Hill, New York, NY, 1969.

Stickley, John and Wade Stone. «Combining the power of MATLAB for signal generation and analysis with an RTL representation in a high
performance emulator.Z Chip Design, [Online] Available http://iwww.chipdesignmag.com/print.php?ar88Rissueld 0, April 10, 2007.

+SystemVerilog.Z [Online] Available http:/en.wikipedia.org/wiki/SystemVerilog, July 21, 2007.

+SytemC: De“nition and recommended Links.Z [Online] Available http://www.eeglossary.com/systemc.htm, July 25, 2007.

Transistors.Z [Online] Available http://www.ic2forum.com/viewtopic.pkx®2, November 9, 2006.

Trout, B. «Small-Signal RF Design With Dual-Gate MOSFETd#torola AN-478A1971.

+Using GENESYS with VNA Data for Matching.Z Using GENESYS with a Vector Network Analyzer, May 15, 2007, Pp. 1...16.

«Verilog.Z [Online] Available http://en.wikipedia.org/wiki/Verilog, August 3, 2007.

«Verilog-AMS.Z [Online] Available http://en.wikipedia.org/wiki/Verilog-AMS, December 22, 2006.

«VHDLZ [Online] Available http://en.wikipedia.org/wiki/VHDL, August 2, 2007.

Viklund, Per. Personal Interview. March 7, 2007.

Wetherhold, E. E., *Design 7-Element Low-Pass Filters Using Standard Value Capadihg,danuary 7, 1981.

Williams, A. B., Electronic Filter Design HandbogiMcGraw-Hill, New York, NY, 1981.

Witzke, Edward, sAnApproach to Wireless Communications at Sandia National,Z SAND2002-3312, October 2002 [http://www.prod.sandia.gov/cgi-
bin/techlib/access-control.pl/2002/023312.pdf].

Yen, Albert. sFoundry Support Is Critical to SoC Design and Implementation.Z Chip Design. [Online] Available http://www.chipdesignmag.com/
display.php?articlekd 964&issueld 20, December 2006/January 2007.

Ziemer, R. E. and Tranter, WPrinciples of Communications: Systems, Modulation & Naitgughton Mif'in Co., Boston, MA, 1976.

Zverev, A.,Handbook of Filter Synthesidohn Wiley & Sons, New York, NY, 1967.

Zverey, A., *Introduction to Filters Electro-TechnologyJune 1964.



A
Absorption, 66, 67
AC resistance, 1, 5, 11
Active coupling, 32, 34...35
ADCss effect, on front-end design, 197
Addition, vector, 229...230
Adjacent-channel power ratio (ACPR), 196
Admittance, 105, 109, 110, 122
conversion of impedance to, 75
load, 139...149
manipulation, 81...86
source, 139
Agilent Harmonic Balance, 213
Air core
inductor design, single-layer, 9...10
inductors, 10...11, 13
Algebra, vector, 229...232
Alumina substrate, 3...4
Aluminum, 1
AM detector receivers, 187...188
American Wire Gauge, 1, 9...10
Ampli“er(s)
and linearity, class-A, 169...175
class-B power, 175...176
class-C power, 176
driver, 178, 180
power, 178
small-signal RF, 125...164
RF power, 169...183
Antennas, 227...228
Area, cross-sectional, 1
Attenuation
characteristics, 37
ultimate, 24
Automatic gain control (AGC), 196
Automatic shutdown circuitry, 181
AWG, seeAmerican Wire Gauge

B

Balun, 181...182

Band-reject “lters, 196

Band-rejection “Iter design, 60...61
Bandpass “lter design, 57...61

Bandpass “lters, 196

Bandstop “Iter, 37

Bandwidth, 23, 26, 28, 29, 35, 37, 58...59

Base spreading resistance, 104
Bell Laboratories, 72
Beryllia substrate, 3...4
Bessel
“lters, 37...38, 40, 48...50, 61...62
response, 40, 48...50
Beta, 104, 115, 127
Bias
networks, 127, 128...130
transistor, 2
stability, 128, 129
Biasing, transistor, 127...130, 169...176
Bi“lar-type windings, 182...183
Bipolar transistor, 128...129
Bit-error rate (BER), 195
Bonding wire, 104
Broadband transformers, 181...182, 183
Butterworth
“Iters, 37
response, 40...42
tables, 41, 42

C

C/C++ , 205

Capacitance
collector-to-base, 115
distributed, 7, 10
emitter diffusion, 104
feedback, 104
interwinding, 9, 10, 20...21
parasitic, 3...4

Capacitive
coupling, 32...33
reactance, 5

Capacitor(s), 1, 2, 61, 75, 103...104
ceramic, 5...6
chip, 6
"at ribbon, 6
metalized-“Im, 7
mica, 6...7
NPO, 6...7
parallel-plate, 4
real-world, 4...5
temperature compensating, 6
types, 5...7
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Carbon
composition resistors, 2, 3
granules, 2
Ceramic capacitors, 6
Ceramics, 218
Charge carriers, 1
Chebyshev
“Iter, 37, 40, 42...48, 53...55, 51...53, 62
polynomials, 44
response, 40, 42...48
Chip capacitors, 6
Circle(s)
constant
gain, 146...147
reactance, 74...75
resistance, 72, 74, 88
family of, 72...75
stability, 147...153
Circuit Envelope simulation, 214
Circuit Q, 67, 69, 86
Class
-A ampli“ers and linearity, 169...175
-B power ampli“ers, 175...176
-C power ampli“ers, 176
of ampli“cation, 169
CMOS technology, 186
Coaxial feedlines, matching to, 180...181
Coil length, 9
Collector
load resistance, 178...180
-to-base capacitance, 115
Combiners, signal, 2
Common
-emitter
circuit, 104
current gain, 115
Complex
conjugate, 63...64, 67, 86, 90
impedances, 66
loads, dealing with, 66...67
Component(s), 1...21, 24, 86
Q, 28
real, imaginary, and magnitude, 231...232
Conductance, 81, 109, 130...131
Conduction angle, 174, 175, 176
Conductors, 1
Conjugate match, simultaneous, 107, 131...132, 142...143, 147
Conjugately matched, 130
Constant
dielectric, 4
gain circle, 146...147
resistance circles, 72, 74, 88
Conversion
formulas, 114
of impedance to admittance, 75...81
Copper, 1, 2
Core(s)
characteristics, 12...13
ferrite, 13
magnetic, 12, 13
powdered-iron, 13

Coulomb, 2, 4
Coupling
active, 32, 34...35
capacitive, 32...33
critical, 32
inductive, 32, 33...34
mutual, 32
of resonant circuits, 32...36
passive, 34...35
top-L, 34, 35
transformer, 32, 33, 34
transistor, 32, 34
Critical coupling, 32
Cross-sectional area, 1
Current
density, 1
gain, 128
common-emitter, 115
Cutoff frequency, 40, 41, 50, 61

D
Data sheets, 13...18, 103, 116...123, 140, 178
RF power transistor, 169
understanding RF transistor, 115, 122...123
DC
beta, 115
current gain, 128
Dealing with complex loads, 66...67
Decibels, 24
Density
current, 1
"ux, 12, 19
magnetic "ux, 10...11
Design
for a speci“ed gain, 147
for optimum noise “gure, 152...153
using S parameters, 141...168
using Y parameters, 130...141
Design languages, 203
C/C++ , 205
MATLAB, 205...207
RF toolbox, 207
Simulink, 207
SPICE, 207...208
SystemC, 205
SystemVerilog, 204
Verilog, 204
Verilog-A, 204
Verilog-AMS, 204
VHDL, 204
VHDL-AMS, 204
VHDL-AMS/FD, 205
VHDL-RF/MW, 205
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materials, 4, 5

particulates, 2
Direct-conversion receiver, 189...190
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factor, 4,5

thermal, 2
Distortion, 174...175
Distributed capacitance, 7, 10
Division, vector, 231
Driver ampli“ers, 177
Dual network, 57

E

Effective series resistance, 5

Effects of “nite Q, 61...62

Electronic design automation (EDA), 203
Emitter diffusion capacitance, 104
Equivalent circuit, transistor, 104...109
External feedback, 108

F
Family of circles, 74...75
Feedback, 108, 130...131
capacitance, 104
characteristics, 107, 115
resistance, 104
Feedlines, matching to coaxial, 180...181
Ferrite, 9, 11, 13
cores, 13
toroidal cores, 183
FET, see“eld-effect transistor
Field-effect transistor, 129
Filter
band-reject, 196
bandpass, 196
bandstop, 37
Bessel, 37, 40, 48, 50, 62
Butterworth, 37, 40...42, 62
Chebyshev, 37, 40, 42...48, 53...55, 51...53, 62
design, 37...62
band-rejection, 60...61
bandpass, 57...60
high-pass, 53...55
high-pass, 25, 53...55, 196
high-Q, 39, 42
low-pass, 37, 52, 57, 196
low-Q, 39
medium-Q, 40
response, 23...24
second-order, 38...39
third-order, 38
three-element, 38...39
two-pole, 38
types, 40...50, 62
Finite Q, effects of, 61...62
Fixed-chip inductors, 8
Flat ribbon capacitors, 6
Flux
density, 12, 19
linkage, 7, 9
Formulas, conversion, 114
Four-element “lter, 41, 46
Frequencies, radio, 1, 2, 6, 23, 103
Frequency
and impedance scaling, 50...53
cutoff, 40, 41, 50, 61
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response, 59
transition, 115
Front-end ampli“ers
IP3,195...196

G

Gain, 107...108, 125
bandwidth product, 115
characteristics, 103
current, 115
dc current, 128
design for a speci“ed, 147
maximum available, 131
power, 115,131, 178
transducer, 139

Gauge, American Wire, 1, 9

Gilbert-cell mixer, 192

Grid-leak detector, 189

H
Harmonic distortion, 174, 175
Heat energy, 2
High temperature co-“red ceramics (HTCC), 218
High-pass
design, 53...56, 57
“Iter, 25, 196
High-Q “Iters, 39, 42, 50, 62
Hybrid-yu model, 104
Hysteresis, 13

IEEE 802.11a RF CMOS transceiver, case study, 219..

Imaginary components, 231...232
Impedance(s), 2...3, 109
characteristics, 5, 8
complex, 66
large-signal, 169
load, 72, 86...88, 90
manipulation, 75
matching, 63...102, 125, 178, 180
on the Smith Chart, 86
scaling, 50...53
series, 81
source, 23, 72, 86...88, 90
to admittance, conversion of, 75...81
transformation, 29...32
values, plotting, 75
Incident wave, 114
Inductance, 1, 2, 19
Inductive
coupling, 32, 33...34
index, 19
Inductor(s), 1,5, 7...11, 61, 75, 81, 104
air-core, 10...11, 13
design
single-layer air-core, 9...10
toroidal, 19...20
“xed-chip, 8
lossless, 8, 9
magnetic core, 13
real-world, 7...9
toroidal, 11...12
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Input
impedance, large-signal, 169
network design, 133, 144, 150, 162
resistance, 104, 105
Insertion loss, 24, 28...29, 37, 38, 39, 61
Insulation resistance, 5
Intermodulation distortion, 174
Interstage matching, 178...180
Interwinding capacitance, 9, 10, 20
IP3, 195...196
IRN-8, 19

K
K, seedielectric constant

L
L network, 64...66, 67, 69
Laminates, 218...219
Large-signal
impedance parameters, 183
input impedance, 169
output impedance, 169
Linearity, 174...175, 176
Linvill stability factor, 130, 132, 139...141

Load impedance(s), 23, 29...32, 63...64, 65, 72, 86...88, 111...112

Q, 37...38
re”ection coef‘cient, 142...143, 146
resistance, 26, 63
optimum collector, 178
Load(s)
admittance, 139
complex, 66...67
Loaded Q, 23, 26...28, 29...32, 34, 37...39, 86
Logic Synthesis tools, 203
Lossless
elements, 61
inductor, 9
Low-pass
“Iter, 25, 37, 38, 52, 58, 196
prototype, 39...40, 48, 50
Low-Q
“Iters, 39, 62
matching networks, 69...72
Low temperature co-“red ceramics (LTCC), 218

M
MAG, 130...131, 139, 142, 147
see alsanaximum available gain
Magnetic
Core(s), 12,13
inductors, 13
materials, 10...11
“eld, 1
"ux density, 11
Matching
circuit, 64
networks, 69...72
to coaxial feedlines, 180...181
Materials, dielectric, 4, 5
MATLAB, 205...207
Maximum available gain, 131, 142

Medium-Q “Iter, 40, 50

Metal-“Im resistors, 2, 3

Metalized-“Im, 7

Mica capacitors, 6...7

Microwave Associates, 155...161
Miller effect, 105

Minimum detectable signal (MDS), 195
Modern communication receiver, case study, 197...201
Multichip module, 185

Multi-element matching, 88...90, 95
Multiplication, vector, 231

N
Negative positive zerggeeNPO and temperature compensating
capacitor
Network
dual, 57
L, 64...66, 67, 69
tapped-L, 31
Neutralization, 140
Neutralized power gain, 108
Noise
and the low-pass prototype, 39...40
factor, 194, 195
“gure, 115
design for optimum, 152...161
"oor, 195
Normalization, 75
Normalized load impedance, 111

@)

Output
impedance, large-signal, 169
network design, 134, 145, 149, 163
resistance, 104, 105...107, 178

P
Packaging

design solutions, 219

options, 218...219
Parallel

-plate capacitor, 4

resonant circuit, 23
Parameters

S, 110...114

two-portY, 109...110

Y, 109...110, 114
Parasitic

capacitance, 3

reactance, 3
Passband, 23, 24, 26, 32, 38, 40, 42...44
Passive coupling, 34...35
Permeability, 11, 12, 13
Phase shift keying (PSK), 188
Pi network, 67...69, 70, 180
Place-and-Route (P&R) tools, 203
Plotting impedance values, 75
Polar

notation, 229

rectangular conversion, 229



Polynomials, Chebyshev, 44...45
Powdered iron, 13
cores, 13
materials, 19
Power
ampli“er(s)
class-B, 175...176
class-C, 176
design, 178
RF, 169...183
combiners, 182
factor, 5
gain, 107...108, 115, 131, 178
splitters, 182
transfer of, 63, 64
transistor
characteristics, RF, 169
data sheet, RF, 169
Practical winding hints, 20, 182...183
Printed circuit board (PCB) design
"ow, 216...217
tools, 218
Prototype, low-pass, 39...40, 48, 50...52

Q

Q,5,9,11, 13,19, 20, 24, 86...88, 92
circuit, 67, 69
effects of “nite, 61

R
Radiation resistance, 180
Radio frequencies, 1, 2, 6, 23
the transistor at, 103...123
Reactance(s), 63...64, 66, 75
capacitive, 5
circles, 74
parasitic, 3
Real
imaginary, and magnitude components, 231...232
-world inductors, 7...9
Receiver architectures
AM detector receivers, 187...188
direct-conversion receiver, 189...190
front-end ampli“ers
IP3,195...196
selectivity, 196...197
superheterodyne receivers
intermodulation and intercept points, 192
local oscillators, generation, 190...191
mixers, 191...192
preselection “lters, 193...194
system sensitivity and noise, 194...195
TRF receiver, 189
Rectangular
notation, 229
polar conversion, 229
Re"ected wave, 111

Re”ection coef‘cient, 72, 75, 111, 112, 114, 142...143

Resistance
ac,1,5,11

Index

base spreading, 104
circles, 74
effective series, 5...6
feedback, 104
input, 104, 105, 106
insulation, 5
load, 63
optimum collector load, 178
output, 104, 105, 107, 178...179
radiation, 180
source, 63
virtual, 67, 72
Resistor(s), 1, 2...3, 104
carbon-composition, 2, 3
equivalent circuit, 2...3
metal-“Im, 3
thin-“Im chip, 3
wirewound, 2...3
Resonance, 24...26, 37, 60, 64, 66
Resonant circuits, 23...36, 60
coupling of, 32...36
parallel, 23
Responses
Bessel, 40, 48, 50
Butterworth, 40...42
Chebyshev, 40, 42, 44...50
passband, 40, 42, 59
RF
ampli“er design, small-signal, 125...168
and antennas, 227...228
circuit design, 37
design tools, 203...225
front-end design, 185...201
ADCes effect on, 197
power
ampli“ers, 169...183
transistor
characteristics, 169
data sheet, 169
spectrum, 1
transistor data sheets, understanding, 115...123
RF toolbox, 207
RFIC design "ow
block circuit design, 211
calibrated models, 211...212
circuit design, 209
circuit layout, 209
full-chip veri“cation, 210
HDL multi-level simulation, 210...211
parasitic extraction, 209...210, 211
physical implementation, 211
system design, 208...209
RICON Harmonic Balance simulator, 205
Ripple, 24, 38, 42...44, 52
Rollett stability factor, 142, 147, 161

S
S andY parameters, 114, 122,123, 183
S parameters, 103, 109...114
and the two-port network, 112...114
design using, 141...168
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Scaling, 40
frequency and impedance, 50...53
Scattering parameters, 141...142
see alsd parameters
Schematic Capture tools, 203
Second-order
distortion, 174...175
“lter, 37, 39
intercept point, 175
Selectively mismatching, 140, 147
Selectivity, of receiver, 188, 196...197
Self-inductance, 1
Sensitivity, of receiver, 188, 194
Series
circuit, 65
impedance, 75...86
Shape factor, 24, 37
Shielding a transformer, 34
Shunt
component, 65
inductor, 86
Shutdown circuitry, automatic, 181
Signal
combiners, 2
-to-noise ratio, 188, 195
Signal in noise and distortion (SINAD), 195
Silver, 1
Simulation, 212...214
tools, 203
Simulink, 207
Simultaneous conjugate matching, 107, 131, 141, 147
Single-ended mixers, 191
Single-layer
air-core inductor design, 9...10
winding, 20
Skin
depth, 1, 2
effect, 1, 3,9
Small-signal RF ampli“er design, 125...168
Smith, Phillip, 72

Straight-wire inductors, 1...2
Subtraction, vector, 230
Superheterodyne receivers

intermodulation and intercept points, 192...

local oscillators, generation, 190...191
mixers, 191...192
preselection “Iters, 193...194
system sensitivity and noise, 194...195
Susceptance, 81, 90, 190
SystemC, 205
System-in-package (SiP), 185, 218
SystemVerilog, 204

T
T network, 69, 71, 180
Tapped
-C transformer, 31, 36
-L network, 31
Temperature
characteristics, 6
coef‘cient, 6
compensating capacitors, 6
Thermal
dissipation, 2
noise, 188, 194, 195
Thin-“Im chip resistors, 3
Third-order
distortion, 174...175
“Iter, 37
Three-element
“Iter, 38, 39
matching, 67...69
network, 67
Top-L coupling, 34, 35
Toroidal
cores, ferrite, 183
inductor design, 19...20
inductors, 11...12
Toroids, 11...13
Transducer gain, 139, 146

Smith Chart, 63, 72...86, 88...90, 105, 112...114, 147, 151...152, 16@ansfer of power, 63, 64

construction, 72...75
impedance matching on, 86...90
Software de“ned radio (SDR), 197
Source
admittance, 139
impedance, 23, 29, 63...64, 72, 86...88
re”ection coef‘cient, 147, 161
resistance, 24, 25, 26, 63
Spectrum, RF, 1
SPICE, 207...208
Spiral inductor modeling, 214...216
Spurious-free dynamic range (SFDR), 195
Stability
calculations, 130...131
circles, 147...152
factor
Linvill, 130, 132, 139, 141
Rollett, 142, 147, 161
Stern, 131, 140
Stern stability factor, 131, 140

Transformer(s)
broadband, 181...182, 183
coupling, 32, 33, 34
impedance, 30
shielding a, 34
tapped-C, 31, 36
transmission-line, 182...183
Transistor(s)
as a two-port network, 109...110
at radio frequencies, 103...123
bias networks, 2
biasing, 127...130, 169...176
bipolar, 125, 128
characteristics, RF power, 169
data sheet(s)
RF power, 169
understanding, 115...123
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Transition frequency, 115
Transmission
line
theory, 111...112
transformers, 182
loss, 75
Traveling wave, 112
TRF receiver, 189
Tri“lar-type windings, 182
Tuned-radio-frequency receivasgeTRF receiver
Twisted-pair winding, 183
Two
-element
“Iter, 38
L networks, 67, 69
matching, 86
-pole “lter, 38
-port
device, 112...114
network, 152...153
S parameters and, 112...114
transistor as, 109...110
Y parameters, 110

U
Ultimate attenuation, 24

Unconditionally stable transistors, 131, 140, 142...143, 151

Understanding RF transistor data sheets, 115...123
Unilateralization, 140

Unilateralized power gain, 108
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Unstable transistors, designing with potentially, 139...141
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Vector
addition, 229
algebra, 229...232
division, 231
multiplication, 231
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\eri“cation tools, 203
Verilog, 204
Verilog-A, 204
Verilog-AMS, 204
VHDL, 204
VHDL-AMS, 204
VHDL-AMS/FD, 205
VHDL-RF/MW, 205
Virtual resistance, 68, 69
Virtuoso Passive Component Modeler (VPCM), 215
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w
Wideband matching networks, 69...72
Winding hints, practical, 182...183
Wire, 1...2, 20, 104
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size, 9, 10
Wirewound resistors, 2...4
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