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Preface

The annual worldwide sales of cellular phones has exceeded $2.5B. With 4.5 mil-
lion customers, home satellite networks comprise a $2.5B industry. The global
positioning system is expected to become a $5B market by the year 2000. In
Europe, the sales of equipment and services for mobile communications will
reach $30B by 1998. The statistics are overwhelming.

The radio frequency (RF) and wireless market has suddenly expanded to
unimaginable dimensions. Devices such as pagers, cellular and cordless phones,
cable modems, and RF identification tags are rapidly penetrating all aspects of
our lives, evolving from luxury items to indispensable tools. Semiconductor and
system companies, small and large, analog and digital, have seen the statistics
and are striving to capture their own market share by introducing various RF
products.

RF design is unique in that it draws upon many disciplines unrelated
to integrated circuits (ICs). The RF knowledge base has grown for almost a
century, creating a seemingly endless body of literature for the novice.

This book deals with the analysis and design of RF integrated circuits
and systems. Providing a systematic treatment of RF electronics in a tutorial
language, the book begins with the necessary background knowledge from
microwave and communication theory and leads the reader to the design of
RF transceivers and circuits. The text emphasizes both architecture and circuit
level issues with respect to monolithic implementation in VLSI technologies.
The primary focus is on bipolar and CMOS design, but most of the concepts
can be applied to other technologies as well. The reader is assumed to have a
basic understanding of analog IC design and the theory of signals and systems.

The book consists of nine chapters. Chapter 1 gives a general introduction,
posing questions and providing motivation for subsequent chapters. Chapter 2
describes basic concepts in RF and microwave design, emphasizing the effects
of nonlinearity and noise.

Chapters 3 and 4 take the reader to the communication system level,
giving an overview of modulation, detection, multiple access techniques, and
wireless standards. While initially appearing to be unnecessary, this material is
in fact essential to the concurrent design of RF circuits and systems.

Chapter 5 deals with transceiver architectures, presenting various receiver
and transmitter topologies along with their merits and drawbacks. This chapter

xiii



Xiv Preface

also includes a number of case studies that exemplify the approaches taken in
actual RF products.

Chapters 6 through 9 address the design of RF building blocks: low-noise
amplifiers and mixers, oscillators, frequency synthesizers, and power amplifiers,
with particular attention to minimizing the number of off-chip components. An
- important goal of these chapters is to demonstrate how the system requirements
define the parameters of the circuits and how the performance of each circuit
impacts that of the overall transceiver.

I have taught approximately 80% of the material in this book in a 4-unit
graduate course at UCLA. Chapters 3, 4, 8, and 9 had to be shortened in a ten-
week quarter, but in a semester system they can be covered more thoroughly.

Much of my RF design knowledge comes from interactions with col-
leagues. Helen Kim, Ting-Ping Liu, and Dan Avidor of Bell Laboratories, and
David Su and Andrew Gzegorek of Hewlett-Packard Laboratories have con-
tributed to the material in this book in many ways. The text was also reviewed by
anumber of experts: Stefan Heinen (Siemens), Bart Jansen (Hewlett-Packard),
Ting-Ping Liu (Bell Labs), John Long (University of Toronto), Tadao Nak-
agawa (NTT), Gitty Nasserbakht (Texas Instruments), Ted Rappaport (Vir-
ginia Tech), Tirdad Sowlati (Gennum), Trudy Stetzler (Bell Labs), David Su
(Hewlett-Packard), and Rick Wesel (UCLA). In addition, a number of UCLA
students, including Farbod Behbahani, Hooman Darabi, John Leete, and Ja-
cob Rael, “test drove” various chapters and provided useful feedback. I am
indebted to all of the above for their kind assistance.

I would also like to thank the staff at Prentice Hall, particularly Russ Hall,
Maureen Diana, and Kerry Reardon for their support.

Behzad Razavi
July 1997



INTRODUCTION TO RF
AND WIRELESS
TECHNOLOGY

“This phone uses GFSK modulation in DECT-TDMA/TDD with zero-IF 1/Q
detection,” said the engineer. “How can we modify it to work with DCS1800
as well?” asked the manager. “We would need to add a duplexer, at least
one more LO with SSB mixing, and probably two SAW filters,” replied the
engineer . ..

Telephones have gotten much more complicated than they used to be. So
have RF circuits. The nonspecialist who uses a cellular phone (cellphone) to
call home probably does not know that hundreds of scientists and engineers
have worked for almost a century to make wireless technology affordable. Nor
does he know that there is more computing power in the phone than in some
of the early personal computers.

Wireless technology came to existence when, in 1901, Guglielmo Marconi
successfully transmitted radio signals across the Atlantic Ocean. The conse-
quences and prospects of this demonstration were simply overwhelming; the
possibility of replacing telegraph and telephone communications with wave
transmission through the “ether” portrayed an exciting future. However, while
two-way wireless communication did materialize in military applications, wire-
less transmission in daily life remained limited to one-way radio and television
broadcasting by large, expensive stations. Ordinary two-way phone conversa-
tions would still go over wires for many decades.

The invention of the transistor, the development of Shannon’s informa-
tion theory, and the conception of the cellular system—all at Bell Laboratories—
paved the way for affordable mobile communications, as originally imple-
mented in car phones and eventually realized in portable cellular phones.

But why the sudden surge in wireless electronics? Market surveys show
that in the United States more than 28,000 people join the cellular phone sys-
tem every day, motivating competitive manufacturers to provide phone sets
with increasingly higher performance and lower cost. In fact, the present goal

1



2 Chap. 1  Introduction to RF and Wireless Technology

is to reduce both the power consumption and price of cellphones by 30% every
year—although it is not clear for how long this rate can be sustained. A more
glorious prospect, however, lies in the power of two-way wireless communica-
tion when it is introduced in other facets of our lives: home phones, computers,
facsimile, and television. While an immediate objective of the wireless industry
is to combine cordless and cellular phones so as to allow seamless communica-
tions virtually everywhere, the long-term plan is to produce an “omnipotent”
wireless terminal that can handle voice, data, and video as well as provide com-
puting power. Other luxury items such as the global positioning system (GPS)
are also likely to become available through this terminal sometime in the future.
Personal communication services (PCS) are almost here.

1.1 COMPLEXITY COMPARISON

To gain an early perspective on modern RF design, first consider the sys-
tem depicted in Fig. 1.1, a simple frequency modulation (FM) transceiver. In
Fig. 1.1(a), Q, operates as both an oscillator and a frequency modulator; that

Vee
L4
D, x
Q,
Cy
1 q
C, I Ay
(a)
Vee

AAA
vy

wy 1

(b)

Figure 1.1 (a) FM transmitter, (b) FM receiver.
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is, the audio signal produced by the microphone varies the bias voltage across
the varactor diode D, thereby modulating the frequency of oscillation. In the
receive path, Q serves as both an oscillator and a demodulator, generating the
audio signal at node X. The result is then amplified and applied to the speaker.
Now consider the circuit of Fig. 1.2, the RF section of a cellphone [1]. This
circuit is orders of magnitude more complex than the FM circuits of Fig. 1.1,
and we will postpone its analysis until Chapter 5. Why have RF designers gone
from the circuit of Fig. 1.1 to that of Fig. 1.2? What is the thought process behind
this evolution? Is all of this complexity really necessary? These questions will
be answered in Chapters 2 through 5 as we develop our understanding of RF
communication systems and architecture and circuit design issues.

1.2 DESIGN BOTTLENECK

Today’s pocket phones contain more than one million transistors, with only a
small fraction operating in the RF range and the rest performing low-frequency
“baseband” analog and digital signal processing (Fig. 1.3). In other words, the
baseband section is, in terms of the number of devices, yet several orders of
magnitude more complex than the circuit of Fig. 1.2. The definition of RF and

. baseband will become clear later, but here we note that the RF section is still

the design bottleneck of the entire system. This is so for three reasons.

RF —-1 Baseband
Section |-=—] Section

Figure 1.3 RF and baseband processing in a transceiver.

Multidisciplinary Field In contrast to other types of analog and mixed-
signal circuits, RF systems demand a good understanding of many areas that
are not directly related to integrated circuits (ICs). Shown in Fig. 1.4, most of
these areas have been studied extensively for more than half a century, making
it difficult for an IC designer to acquire the necessary knowledge in a reasonable
amount of time. Even at present, the literature pertaining to RF design appears
in more than 30 journals and conferences.

Owing to this issue, traditional wireless system design has been carried out
at somewhat disjointed levels of abstraction: communication theorists create
the modulation scheme and baseband signal processing; RF system experts plan
the transceiver architecture; IC designers develop each of the building blocks;
and manufacturers “glue™ the ICs and other external components together. In
fact, architectures are often planned according to the available off-the-shelf
components, and ICs are designed to serve as many architectures as possible,
leading to a great deal of redundancy at both system and circuit levels.
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Communication

Microwave Theory Random

Theory \ l / Signals

Signal RF Desi Transceiver
Propagation o Architectures
s / \ o
Access / \ - o
Wireless CAD
Standards Tools

Figure 1.4 Disciplines required in RF design.

As the industry moves toward higher integration and lower cost, RF and
wireless design demands increasingly more “concurrent engineering,” thereby
requiring IC designers to have sufficient knowledge of all the disciplines shown
in Fig. 1.4.

RF Design Hexagon RF circuits must process analog signals with a wide
dynamic range at high frequencies. It is interesting to note that the signals must
be treated as analog even if the modulation is digital or the amplitude carries no
information. (This will be clarified in later chapters.) The trade-offs involved
in the design of such circuits can be summarized in the “RF design hexagon™
shown in Fig. 1.5, where almost any two of the six parameters trade with each
other to some extent. We will see these trade-offs in Chapters 6 to 9, but our
observation here is that, while digital circuits directly benefit from advances in
IC technologies, RF circuits do not as much. This issue is exacerbated by the fact
that RF circuits often require external components—for example, inductors—
that are difficult to bring onto the chip even in modern IC processes.

Noise -s—» Power

SN

Linearity Frequency
Supply

Voltage“ Gain

Figure 1.5 RF design hexagon.

Design Tools Computer-aided analysis and synthesis tools for RF ICs
are still in their infancy, forcing the designer to rely on experience, intuition,
or inefficient simulation techniques to predict the performance. For example,
nonlinearity, time variance, and noise in RF circuits usually require studying
the spectrum of signals, but the standard ac analysis available in SPICE uses
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only linear, time-invariant models. Thus, circuits are simulated in the time
domain so as to include nonlinear or time-variant effects, and the resulting
waveforms are subsequently transformed to the frequency domain to obtain
the spectrum. The difficulty is that the time-domain simulation must be run
for a long period to resolve closely spaced frequency components. In addition,
spectral averaging techniques may be necessary if random noise is used in the
time-domain analysis.

Another issue in simulating RF circuits relates to external components
that cannot be modeled by typical devices in SPICE. For example, surface
acoustic wave (SAW) filters, used in both the receive and the transmit paths,
exhibit input and output impedances that can be characterized only by scat-
tering (S) parameters—essentially a table of numbers. Modeling such circuits
with RLC networks provides a first-order approximation, but it may not predict
effects such as instability and impedance mismatch.

1.3 APPLICATIONS

In addition to familiar wireless products such as pagers and cellular phones, RF
technology has created many other markets that display a great potential for
rapid growth, each presenting its own set of challenges to RF designers.

WLANs Communication among people or pieces of equipment in a
crowded area can be realized through a wireless local area network (WLAN).
Using frequency bands around 900 MHz and 2.4 GHz, WLAN transceivers
can provide mobile connectivity in offices, hospitals, factories, etc., obviating
the need for cumbersome wired networks. Portability and reconfigurability are
prominent features of WLANS.

GPS The use of GPS to determine one’s location as well as obtain
directions becomes attractive to the consumer market as the cost and power
dissipation of GPS receivers drop. Operating in the 1.5-GHz range, such sys-
tems are under consideration by automobile manufacturers, but they may be
available as low-cost hand-held products sometime in the near future.

RF IDs REF identification systems, simply called “RF IDs,” are small,
low-cost tags that can be attached to objects or persons so as to track their
position. Applications range from luggage in airports to troops in military
operations. Low power consumption is especially critical here as the tag’s
lifetime may be determined by that of a single small battery. RF ID products
in the 900-MHz and 2.4-GHz range have recently appeared in the market.

Home Satellite Network The programs and services available through
satellite television have attracted many consumers to home satellite networks.
Operating in the 10-GHz range, these networks require the addition of a dish
antenna and a receiver to a television set and directly compete with cable TV.
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1.4 ANALOG AND DIGITAL SYSTEMS

To gain a general, preliminary view of wireless transceivers, first consider the
simple “analog” architecture shown in Fig. 1.6. In the transmit path, the signal
generated by the microphone modulates a high-frequency carrier, and the re-
sult is amplified and “buffered” so as to drive the antenna. In the receive path,
the signal is amplified by a low-noise amplifier (LNA), the spectrum is trans-
lated to a lower frequency by a “downconverter” (usually a mixer) to facilitate
subsequent demodulation, and the demodulated output is amplified to drive
the speaker.

Power
Amplifier
Voice [)—={ Modulator
Carrier
()
Low-Noise Audio
Amplifier Amplifier
Downconverter —»{ Demodulator *D—»q

Carrier
(b)
Figure 1.6 Block diagram of a generic analog RF system: (a) transmitter,
(b) receiver.

Now, consider the “digital” transceiver shown in Fig. 1.7. Here, the voice
signal is first digitized by an analog-to-digital converter (ADC) and compressed
to reduce the bit rate and hence the required bandwidth [Fig. 1.7(a)]. Next, the
data undergoes “coding” and “interleaving” [2]. These two functions format
the data such that the receiver can detect and minimize errors by performing
the reverse operations. Since rectangular pulses are usually not optimum for
modulation, the data is then “shaped™ before it is applied to the modulator and
the power amplifier (PA). In the receive path [Fig. 1.7(b)], the signal is ampli-
fied, downconverted, and digitized. Subsequently, demodulation, equalization,
decoding and deinterleaving, and decompression are performed in the digital
domain. The resulting data is then converted to analog form by a digital-to-
analog converter (DAC), amplified, and applied to the speaker.
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Figure 1.7 Block diagram of a generic digital RF system: (a) transmitter,
(b) receiver.
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In the simplest case, the performance of these transceivers can be quan-
tified in terms of the maximum distance across which they operate while pro-
viding satisfactory reception. This is determined by both the power delivered
to the antenna and the sensitivity of the receiver, particularly the noise of the
LNA."However, in a realistic environment, many different transceivers operate
simultaneously, often in close proximity, thereby interfering with each other.
Furthermore, the communication medium is quite complex: reflections from
buildings and other obstacles can result in destructive interference at a given
point, suppressing the received signal strength to undetectable levels. In such
an environment, signal processing in the digital transceiver achieves a higher
performance than that of the analog system.

Looking at the two transceivers of Figs. 1.6 and 1.7, the reader may won-
der which parts are related to “RF electronics.” As we will see in other chapters,
the exact definition of RF depends on the system, but we tentatively consider
the signal to be in the RF domain if it is analog and its spectrum is not centered
around zero frequency. This indicates that in Fig. 1.6 all the building blocks ex-
cept for the audio amplifier are RF circuits. Similarly, in Fig. 1.7, the modulator,
the PA, the LNA, and the downconverter operate in the RF range. Modern
RF electronics, however, includes much more than the design of such building
blocks. For example, the trade-offs at the system level must be carefully studied
in each case [3, 4].

This book primarily deals with the design of RF integrated circuits, but,
following the premise of Fig. 1.4, it provides the reader with background in
other related areas as well. As will be seen throughout the book, RF ICs, RF
architectures, and wireless systems are strongly coupled, and the reader will
frequently need to utilize this background knowledge.

1.5 CHOICE OF TECHNOLOGY

The viable IC technology for RF circuits continues to change. Performance,
cost, and time to market are three critical factors influencing the choice of
technologies in the competitive RF industry. In addition, issues such as level of
integration, form factor, and prior (successful) experience play an important
role in the decisions made by the designers.

At present, GaAs and silicon bipolar and BiCMOS technologies consti-
tute the major section of the RF market. Usually viewed as a low-yield, high-
power, high-cost option, GaAs field-effect and heterojunction devices nonethe-
less have maintained a strong presence in RF products [5], especially in power
amplifiers and front-end switches.

While GaAs processes offer useful features such as higher (breakdown
voltage)(cutoff frequency) product, semi-insulating substrate, and high-quality
inductors and capacitors, silicon devices in a VLSI technology can potentially

! The type of modulation is also an important factor, but we ignore it for the moment.
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provide both higher levels of integration and lower overall cost, as demon-
strated in complex circuits such as frequency synthesizers. In fact, all building
blocks of typical transceivers are available in silicon bipolar technologies from
many manufacturers.

The third contender is CMOS technology. Supported by the enormous
momentum of the digital market, CMOS devices have achieved high transit fre-
quencies, e.g., tens of gigahertz in the 0.35-um generation. As we will see in this
book, “RF CMOS" has suddenly become the topic of active research. CMOS
technology must nevertheless resolve a number of practical issues: substrate
coupling of signals that differ in amplitude by 100 dB, parameter variation with
temperature and process, and device modeling for RF operation.
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2

BASIC CONCEPTS
IN RF DESIGN

RF designers draw upon many concepts that originate from the theory of sig-
nals and systems. In this chapter, we describe these concepts and define the
terminology used in RF electronics so as to prepare the reader for the material
in the following chapters.

Beginning with nonlinear systems, we describe effects such as harmonic
distortion, gain compression, cross modulation, and intermodulation. We then
briefly study intersymbol interference and Nyquist signaling, review random
processes and noise, and introduce approaches to representing noise in circuits.
Finally, we describe passive impedance transformation.

2.1 NONLINEARITY AND TIME VARIANCE

A system is linear if its output can be expressed as a linear combination (super-
position) of responses to individual inputs. More accurately, if for inputs x;(r)
and x,(1)

x1(t) = y1(), x(1) = y(1), (2.1)
where the arrow denotes the operation of the system, then
axi(t) + bxa(t) — ayi(t) + by(1), (2.2)

for all values of the constants @ and 5. Any system that does not satisfy this
condition is nonlinear. Note that according to this definition, we consider a
system nonlinear if it has nonzero initial conditions or finite “offsets.”

"
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A system is time invariant if a time shift in its input results in the same
time shift in its output. Thatis, if x(¢) — y(¢),then x(r — ) — y(t — 1), for
all values of 7. A system is time variant if it does not satisfy this condition.

While nonlinearity and time variance are intuitively obvious concepts,
they may be confused with each other in some cases. For example, consider
the switching circuit shown in Fig. 2.1(a). The control terminal of the switch is
driven by vj,1(f) = Aj cosw;t and the input terminal by v;,2(f) = A, cos w!.
We assume the switchisonif vjp; > 0 and off otherwise. Isthissystem nonlinear
or time variant? If, as shown in Fig. 2.1(b), the path of interest is from vjy; to
Vout» (While vy, is part of the system and still equal to A, cosw»t), then the
system is nonlinear because the control is only sensitive to the polarity of vjy,
and time variant because v, also depends on vj,;. On the other hand, if, as
shown in Fig. 2.1(c). the path of interest is from vjn t0 vou (While viy is part
of the system and still equal to A; cos w;1), then the system is /inear [Eq. (2.2)]
but time variant. Thus, general statements such as “switches are nonlinear™ are
ambiguous. As we will see in Chapter 6, these distinctions are critical in the
design of mixers.

(a) (b)

(c)

Figure 2.1 (a) Simple switching circuit. (b) nonlinear time-variant system,
(c) linear time-variant system.

Another interesting result of the above observation is that a linear system
can generate frequency components that do not exist in the input signal. This
is possible if the system is time variant, for example, Fig. 2.1(c). Since in this
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circuit, voy can be considered as the product of vy, and a square wave toggling
between 0 and 1, the output spectrum is given by

— sin(nmr/2) n
Vour(f) = Vina(f) x Y — (f - —T_l) (23)
+00 F
_ Z sin(nm/2) Vi (f - _"-_) . (2.4)
nm T

h=—00

where x denotes convolution, §(-) is the Dirac delta function, and 77 = 27 /.
Thus, the output consists of vertically scaled replicas of Vip, (f) shiftedbyn /7.

A system is called “memoryless” if its output does not depend on the past
values of its input. For a memoryless linear system,

y() = ax(1), (2.5)

where « is a function of time if the system is time variant [e.g., Fig. 2.1(c)]. For
a memoryless nonlinear system, the input-output relationship can be approxi-
mated with a polynomial,

y(t) = ap + a1 x(t) + oax?(t) + a3x>(t) + +- -, (2.6)

where ¢; are in general functions of time if the system is time variant. Fig.2.2(a)
illustrates an example where the input signal is applied to the base of Q; while
Q> and Q3 are periodically switched by means of a square wave. For ideal
bipolar transistors, the circuit can be viewed as in Fig. 2.2(b) and

Vout(f) = (151 exp ;—?)S(I) * R, (2.7)

where Ig; represents the saturation current of Oy, Vr = kT /g, and s() isa
square wave toggling between —1 and +1.

Figure 2.2 (a) Switching differential pair with tail current source driven by a
signal, (b) equivalent circuit of (a).
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The system described by (2.6) has “odd symmetry” if itsresponse to —x (1)
is the negative of that to x (7). This occursif ¢; = 0 for even j. A circuit having
odd symmetry is called differential or “balanced.” For example, the bipolar
differential pair of Fig. 2.3 exhibits the following input-output characteristic:

v.
Vout = RIgg tanh W (2.8)
T
which is an odd function.
Vee
=R RE Vour
*+—o V10—
Q, Q, T
Vin in
", va—
@ lee
(a) (b)

Figure 2.3  Bipolar differential pair along with its input-output characteristic.

A system is called “dynamic” if its output depends on the past values of
its input(s) or output(s). For a linear, time-invariant, dynamic system,

y(®) = h(®) * x(t), (2.9)

where A(t) denotes the impulse response. If a dynamic system is linear but
time variant, its impulse response depends on the time origin; if §(r) — h(¢),
then §(t — t) — h(t, v). Thus,

y(#) = h(t, 7) * x(1). (2.10)

Finally, if a system is both nonlinear and dynamic, then its impulse re-
sponse can be approximated with a Volterra series [1, 2], a topic beyond the
scope of this book.

2.1.1 Effects of Nonlinearity

While many analog and RF circuits can be approximated with a linear model
to obtain their response to small signals, nonlinearities often lead to interesting
and important phenomena. For simplicity, we limit our analysis to memoryless,
time-variant systems and assume

y(t) ~ ax(t) + ax’(t) + asx(1). (2.11)
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The reader is cautioned, however, that the effect of storage elements and higher-
order nonlinear terms must be carefully examined to ensure (2.11) is a plausible
representation.

Harmonics If a sinusoid is applied to a nonlinear system, the output
generally exhibits frequency components that are integer multiples of the input
frequency. In Eq. (2.11),if x(¢) = A cos wt, then

y(t) = ajAcoswt + ozzAz cos® wt + a3A3 cos’ t (2.12)
2 3

(XzA CY3A
(1 + cos2wt) +

2

= wjAcoswt +

(3 coswt + cos 3wt)

(2.13)
AZ 3

oy A? o3 A
cos 2wt +

= — A
> +(Ot1+

3C¥3A3’

o
) cos wi + cos 3wt .

(2.14)

In Eq. (2.14), the term with the input frequency is called the “fundamental”
and the higher-order terms the “harmonics.”

From the above expansion, we can make two observations. First, even-
order harmonics result from «; with even j and vanish if the system has odd
symmetry, i.e., if it is fully differential. In reality, however, mismatches corrupt
the symmetry, yielding finite even-order harmonics. Second, in (2.14) the am-
plitude of the nth harmonic consists of a term proportional to A" and other
terms proportional to higher powers of A. Neglecting the latter for small A,
we can assume the nth harmonic grows approximately in proportion to A”.

Gain Compression  The small-signal gain of a circuit is usually obtained
with the assumption that harmonics are negligible. For example, if in (2.14),
a1 A is much greater than all the other factors that contain A, then the small-
signal gain is equal to «;. This quantity can be seen in the familiar differential
pair of Fig. 2.3 to be equal to

Uout . ! E¥ R

Un  2Vp
However, as the signal amplitude increases, the gain begins to vary. In fact,
nonlinearity can be viewed as variation of the small-signal gain with the input
level. This is evident from the term 33 A* /4 added to o1 A in (2.14), as well as
the input-output characteristic shown in Fig. 2.3.

In most circuits of interest, the output is a “compressive™ or “saturating”
function of the input; that is, the gain approaches zero for sufficiently high input
levels. In (2.14) this occurs if @3 < 0. Written as a; + 3a3A%/4, the gain is
therefore a decreasing function of A. In RF circuits, this effect is quantified by
the “1-dB compression point,” defined as the input signal level that causes the

(2.15)
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small-signal gain to drop by 1 dB. If plotted on a log-log scale as a function of

the input level, the output level falls below its ideal value by 1 dB at the 1-dB
compression point (Fig. 2.4).

20log A om? *
'f ------

: L
Ai.¢8 20 log A,

Figure 2.4 Definition of the 1-dB compression point.

To calculate the 1-dB compression point, we can write from (2.14)

3. .
20log |y + —a3A% 5| = 20log|a;| — 1dB. (2.16)
S 4 1-dB

/ o
a3

A measure of the maximum input range of the circuit, the 1-dB com-
pression point occurs around —20 to —25 dBm (63.2 to 35.6 mV,, in a 50-2
system) in typical front-end RF amplifiers.

That is,

Desensitization and Blocking Circuits with compressive characteristics
exhibit an interesting effect when they process a weak, desired signal along
with a strong interferer. Since a large signal tends to reduce the “average” gain
of the circuit, the weak signal may experience a vanishingly small gain. Called
“desensitization,” this effect can be analyzed for the characteristics of (2.11) by
assuming x (1) = A, cosw;t + A coswsf. The output is

3 3
¥ = (alAl + Za;,A? + EagAlAg) coswyt + -+, (2.18)

which, for A; < A,, reduces to
3
}’(I) = ((11 -+ EogA%) Al coswit + ---. (219)

Thus, the gain for the desired signal is equal to («; + 3oz3A% /2), a decreasing
function of A, if 3 < 0. For sufficiently large A;, the gain drops to zero, and
we say the signal is “blocked.” In RF design, the term “blocking signal™ usually
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refers to interferers that desensitize a circuit even if the gain does not fall to
zero. Many RF receivers must be able to withstand blocking signals 60 to 70
dB greater than the wanted signal.

Cross Modulation Another phenomenon that occurs when a weak sig-
nal and a strong interferer pass through a nonlinear system is the transfer of
modulation (or noise) on the amplitude of the interferer to the amplitude of the
weak signal. Called “cross modulation.” this effect is evident from Eq. (2.19).
where variations in A, affect the amplitude of the output component at ;.
For example, if the amplitude of the interferer is modulated by a sinusoid
A>(1 + m cos wy,t) cos wyt, where m is the modulation index and less than
unity, then (2.19) assumes the following form:

3 % m>  m?
¥y = [onAl + 50{3A1A§ (1 = Y + —2—c052w,,,r

+ 2m cos wmt)] coswyt + ---. (2.20)

Thus, the desired signal at the output contains amplitude modulation at w,, and
2wy, .

A common case of cross modulation arises in amplifiers that must sirul-
taneously process many independent signal channels, e.g., in cable television
transmitters. Nonlinearities in the amplifier corrupt each signal with the am-
plitude variations in other channels.

Intermodulation While harmonic distortion is often used to describe
nonlinearities of analog circuits, certain cases require other measures of non-
linear behavior. For example, suppose the nonlinearity of an active low-pass
filter is to be evaluated. If, as depicted in Fig. 2.5, the input sinusoid frequency is
chosen such that its harmonics fall out of the passband, then the output distor-
tion appears quite small even if the input stage of the filter introduces substantial
nonlinearity. Thus, another type of test is required here. Commonly used is
the “intermodulation distortion” in a “two-tone” test.

|H (jo)|

— .
®

Figure 2.5 Harmonic distortion in a low-pass filter.

When two signals with different frequencies are applied to a nonlinar sys-
tem, the output in general exhibits some components that are not harmonics of
the input frequencies. Called intermodulation (IM), this phenomenon arises
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from “mixing” (multiplication) of the two signals when their sum is raised to a
power greater than unity. To understand how Eq. (2.11) leads to intermodula-
tion, assume x () = A cosw;t + A, cos w,t. Thus,

y(t) = a1(Ajcoswit + Ay cosant) + aa(Ajcoswit + A coswat)’
+ a3z(Ajcoswir + Ar coswzt)3. (2.21)

Expanding the left side and discarding dc terms and harmonics, we obtain
the following intermodulation products:

w = w; * w; : txA1A;cos(w; + W)t + ap Ay Ay cos(w; — wn)t (2.22)

= 2wy £ w; : mcos(zm + an)t + mcos(zm — wn)t
(2.23)
= 2w £ w; : &Li%il- cos(2wy + wy)t + g—#ﬁ cos(Qwy — wy)t
(2.24)
and these fundamental components
W= w,w : (alAl + %ogA? + gogAlA%) cos wit
- (oqu - §a3A§ - %a;,AzA%) cos wat. (2.25)

Of particular interest are the third-order IM products at 2w — @, and 2w, —
illustrated in Fig. 2.6. The key point here is that if the difference between w,
and w; is small, the components at 2w; — w; and 2w, — w; appear in the
vicinity of @, and w,, thus revealing nonlinearities even in cases such as the
LPF of Fig. 2.5. In a typical two-tone test, A = A, = A, and the ratio of the
amplitude of the output third-order products to o) A defines the IM distortion.
For example, if ¢;A = 1V, and 303A%/4 = 10 mV,,,, then we say the IM
components are at —40 dBc, where the letter “c” means “with respect to the
carrier.”

el

®y O ' ®q Ws
2031-0)2 20)2- (OF

Figure 2,6 Intermodulation in a nonlinear system.
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Intermodulation is a troublesome effect in RF systems. As shown in
Fig. 2.7, if a weak signal accompanied by two strong interferers experiences
third-order nonlinearity, then one of the IM products falls in the band of in-
terest, corrupting the desired component. While operating on the amplitude
of the signals, this effect degrades the performance even if the modulation is
on the phase (because zero-crossing points are still affected.) Note that this
phenomenon cannot be directly quantified by harmonic distortion.

Interferers
‘¥ Low~-Noise
AA Desired Amplifier A

-‘ C’I}annel l ?

Figure 2.7 Corruption of a signal due to intermodulation between two interferers.

The corruption of signals due to third-order intermodulation of two nearby
interferers is so common and so critical that a performance metric has been de-
fined to characterize this behavior. Called the “third intercept point” (7 Ps),
this parameter is measured by a two-tone test in which A is chosen to be suf-
ficiently small so that higher-order nonlinear terms are negligible and the gain
is relatively constant and equal to «;. From (2.23), (2.24), and (2.25), we note
that as A increases, the fundamentals increase in proportion to A, whereas the
third-order IM products increase in proportion to A* [Fig. 2.8(a)]. Plotted on
a logarithmic scale [Fig. 2.8(b)]. the magnitude of the IM products grows at
three times the rate at which the main components increase. The third-order
intercept point is defined to be at the intersection of the two lines. The hori-
zontal coordinate of this point is called the input / P; (/1 P3), and the vertical
coordinate is called the output / P; (O1 P3).

T 20log(ci1A)
o1A -
3 H 3
3034 +20109(3 013A")
- —-
b A IlP;  2010gA

(a) (b)

Figure 2.8 Growth of output components in an intermodulation test.
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It is important to appreciate the advantage of I P; over a simple IM mea-
surement. If the magnitude of IM products (normalized to that of the carrier)
is used as a measure of linearity, then the input amplitude with which the test
is performed must be specified. The third intercept point, on the other hand, is
a unique quantity that by itself can serve as a means of comparing the linearity
of different circuits.

From the input-output characteristic of Eq. (2.11), we can derive a simple
expression for I P;. Let x(f) = A cosw;t + A coswyt. Then,

9 9
y(t) = (Q’l + 20'3142) Acoswit + ((XI + 20’3142) A cos w;t

3 3
=+ Za3A3 cos(2w; — an)t + Za3A3 cos(2wy — @)t + -+ -.
(2.26)

If a; >> 93 A% /4, the input level for which the output components at w; and
w; have the same amplitude as those at 2w; — @, and 2w; — w, 1s given by

3
la1|Arps = Z|“3|A?p3- (2.27)
Thus, the input 7/ P; is
4 (05}
Arps = [ =|—I, (2.28)
3 a3

and the output 7 P; is equal to a1 A p3.

The parameter I P; characterizes only third-order nonlinearities. In prac-
tice, if the input level is increased to reach the intercept point, the assumption
o1 3> 923 A?/4 no longer holds, the gain drops, and higher-order IM products
become significant. In fact, in many circuits the 7 P; is beyond the allowable
input range, sometimes even higher than the supply voltage. Thus, the practical
method of obtaining the 7 P; is to measure the characteristic of Fig. 2.8(b) for
small input amplitudes and use linear extrapolation on a logarithmic scale to
find the intercept point.

A quick method of measuring the I P; is as follows. Let us denote the
input level at each frequency by Aj,, the amplitude of the output components
at wy and w; by A, .2, and the amplitude of the / M5 products by A 3. Then
from (2.26), we have

Aver _  lon|Ai
Arms 3las| A /4
4lai| 1

= S (2.30)

(2.29)
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which, in conjunction with (2.28), reduces to

A o A2 ,
N o ZEES (2.31)
Arms Aj,
Consequently,
20log Ap1,w2 — 20log Ajps = 20log A7 py — 20log A2, (2.32)
and

1
20log Ap3 = ~(20l0g Aurwr — 20l0g Arys) + 20log Ain.  (2.33)

Thus, if all the signal levels are expressed in dBm, the input third intercept point
is equal to half the difference between the magnitudes of the fundamentals and
the 7 M3 products at the output plus the corresponding input level [Fig. 2.9(a)].
The key point here is that / P; can be measured with only one input level,
obviating the need for extrapolation.

Main Signal
Power

?‘ "?I"

®q 02

o
[0)]

20— Wy 205~ W4

1P,

'dBm= 2 |dBm

: -
’\ P,
20log Ajp
(a) (b)

Figure 2.9 (a) Calculation of 7 P; without extrapolation, (b) graphical
interpretation of (a).

Shown in Fig. 2.9(b) is a geometric interpretation of the above relation-
ship. Since line L; has a slope equal to unity and line L, a slope equal to 3,
an input increment A P /2 yields an equal increment in L, and an increment
equal to 3AP /2 in L,, reducing the difference between the two lines to zero.

The above approach provides an estimate of / P; in initial phases of
the design or characterization. The actual value of 7 P;, however, must still
be obtained through accurate extrapolation to ensure that all nonlinear and
frequency-dependent effects are taken into account.
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Another measurement method encountered in the literature is to apply
a single tone, plot the third harmonic magnitude versus the input level, and
obtain the intercept point by extrapolation. From the example of Fig. 2.5, we
note that this technique does not yield a correct value for [ Ps.

To gain a better feeling about the required linearity in typical RF systems,
let us calculate the amount of corruption that a 1-4'V ., signal experiences by
two 1-mV,,, interferers in an amplifier having an // P; of 70 mV,,;;s (= —10
dBm) (Fig. 2.10). Neglecting desensitization and cross modulation, we can
write

Asig.uul o Aint.out

; (2.34)

Asig.in Aint.in
where Agg denotes the signal amplitude and Ajy the interferer amplitude. It
follows from (2.31) that

2
Asigout  _ Asigin © AT ps

o 3
A M3 00t Aint.in

(2.35)

where Asig.in =1 uVens. Arpz = 70 mV,pg, and Ajpin = 1 mV,,,,5. Thus,
the ratio is equal to 4.9 =~ 13.8 dB.

“—1MVms 4o - —10dBm

1 UWVims
b o] 4
: | - £ . .
Wy O ® ¢ g @ )
20

1~ W 205~ Wy

Figure 2.10 Example of achievable SN R in the presence of large interferers.

[tis also instructive to find the relationship between the 1-dB compression
point and the input 7 P; for a third-order nonlinearity. From (2.17) and (2.28),
we conclude that the two are related by

Ai- 0.145
148 _ (2.36)

Arp3 4/3
~ —9.6dB. (2.37)

2.1.2 Cascaded Nonlinear Stages

Since in RF systems, signals are processed by cascaded stages, it is important to
know how the nonlinearity of each stage is referred to the input of the cascade.
In particular, it is desirable to calculate an overall input third intercept point in
terms of the / P; and gain of the individual stages.
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Consider two nonlinear stages in cascade (Fig. 2.11). If the input-output
characteristics of the two stages are expressed, respectively, as

yi(t) = ayx(t) + aax*(t) + a3x’ (1) (2:38)
ya(t) = Bini(t) + Boyi(t) + Bayi(t), (2.39)
then

ya(t) = Bilonx(®) + aax?(t) + asx’(t)]
+ Balanx(t) + arx’(t) + asx’ (1))

+ Bslonx(t) + axx?(t) + asx* (). (2.40)
Considering only the first- and third-order terms, we have
»() = apix(t) + (@3pr + 2028, + a3 f)xX (1) + -+, (241)
Thus, from (2.28)
Arps = \/il i == (2.42)
3 a3 + 21028 + a3

Interestingly, proper choice of the values and signs of the terms in the denomina-
tor can yield an arbitrarily high / P;. In practice, however, other considerations
such as noise, gain, and active device characteristics may not permit this choice.
As a worst-case estimate, we add the absolute values of the three terms in the
denominator.

P, , 1Py ,
x(t) | ; y, (1) | F ¥, (1)

Figure 2.11 Cascaded nonlinear stages.

Equation (2.42) can be simplified if the two sides are inverted and squared:

1 3lespil + 2oncafs| + |aipsl (2.43)
Ao 4 a1 B ‘
1 3o o
- 282 c: (2.44)
Alpsa 2B Alp32

where A;p3 1 and A; p3 2 represent the input 7 P; points of the first and second
stages, respectively. Note that Ajps, A;p31.and Ajp; > are voltage quantities
rather than power quantities.
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From the above result, we note that as « increases, the overall [ P; de-
creases. This is because with higher gain in the first stage, the second stage
senses larger input levels, thereby producing much greater / M5 products. (Re-
call that / M5 products grow with the third power of the input amplitude.)

To gain more insight, we assume x(f) = A cos w;f + A cos w,? and iden-
tify the various IM products. Referring to Fig. 2.12, we make the following
observations.'(1) The fundamental input components are amplified by approxi-
mately ¢ in the first stage and f; in the second. Thus the output fundamentals
are o fB1A(coswt + coswyt). (2) The I M5 products generated by the first
stage, namely, (3ar3/4) A*[cos(2w; — w7)t + cos(2w, — wy )t]. are also amplified
by B1 when they appear at the output of the second stage. (3) The second stage
senses o} A(cos w1 +cos wyt) atits input and hence generates these / M3 prod-
ucts: (383/4) (o1 A)® cos(Qw — wa)t + (3B3/4) (@1 A)? cos(2ws — wy)t. (4) The
second-order nonlinearity in y;(f) generates components at @; — w;, 2w;, and
2w,. Upon experiencing a similar nonlinearity in the second stage, such com-
ponents are translated to 2w; — w; and 2w, — w;. More specifically, as shown
in Fig. 2.12, y,(¢) contains terms such as 28,[a1 A cos w7 - @2 A? cos(w; — wy)t]
and 28, (1 A cos wot-0.5a, A% cos 2w t). The resulting third-order IM products
can be expressed as (3o 282 A%/2)[cos(2w; — w;)t + cos(2wr — wy)t].

From these observations, we can write

y2(t) = a1 Bi1A(coswit + coswyt)

3a3 e} 3 ' 3
4 ( 0"_‘/31 % 0“11& + aljzﬁz)A’[cos(wa — wo)t

+ cosQwr, — w)t] + -+, (2.45)

obtaining the same / P; as above.

In many RF systems, each stage in a cascade has a narrow frequency
band. Thus, the components described in the fourth observation above fall out
of the band and are heavily attenuated. Consequently, the second term on the
right-hand side of (2.44) becomes negligible, giving

i . 1 4+ a%
2. A2
Alps Alp3,i

This equation readily gives a general expression for three or more stages:
1 1 a? a?B?

2 ¥ 3 + b 2l ,
Alpa Alp3 Alp3a
where A;ps 3 denotes the input / P; of the third stage. Thus, if each stage in

a cascade has a gain greater than unity, the nonlinearity of the latter stages
becomes increasingly more critical because the / P; of each stage is effectively

: (2.46)
Alpsa

4 -, (2.47)
Alpsa

! The spectrum of A coswr consists of two impulses, each with a weight A/2. We drop the
factor 1/2 in the figures for simplicity. The end result is still correct.
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Figure 2.12 Intermodulation mechanisms in cascade of two nonlinear stages.

scaled down by the total gain preceding that stage. We should emphasize that
(2.47) is merely an approximation. In practice, more precise calculations or
simulations must be performed to predict the overall 7 P;.

2.2 INTERSYMBOL INTERFERENCE

Linear time-invariant systems can also “distort” a signal if they do not have
sufficient bandwidth. Attenuation of high-frequency components of a peri-
odic square wave in a low-pass filter is a familiar example of such behavior
[Fig. 2.13(a)]. However, limited bandwidth has a more detrimental effect on
random bit streams. To understand the issue, first recall that if a single ideal
rectangular pulse is applied to a low-pass filter, the output exhibits an exponen-
tial tail that becomes more significant as the filter bandwidth decreases. This
occurs fundamentally because a signal cannot be both time limited and band-
width limited: when the time-limited pulse passes through the band-limited
system, the output must extend to infinity in the time domain.
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(a) (b)

Figure 2.13 Response of a low-pass filter to (a) a periodic square wave, (b) a random
sequence of ONEs and ZEROs.

Now suppose the output of a digital system consists of a random sequence
of ONEs and ZEROs, each ONE represented by an ideal rectangular pulse and
each ZERO by the absence of such a pulse. If this sequence is applied to a low-
pass filter, the output can be obtained as the superposition of the responses to
each input bit [Fig. 2.13(b)]. We note that each bit level is corrupted by decaying
tails created by previous bits. Called “intersymbol interference” (ISI), this
phenomenon leads to higher error rate in the detection of random waveforms
that are transmitted through band-limited channels.

The problem of ISI is particularly troublesome in wireless communica-
tions because the bandwidth allocated to each channel is fairly narrow. Methods
of reducing ISI include pulse shaping (“Nyquist signaling”) in the transmitter
and “equalization™ in the receiver. We briefly describe Nyquist signaling here
and refer the reader to the extensive literature on equalization for ISI mitiga-
tion [3, 4].

In order to reduce ISI, the pulse shape can be chosen such that it is less
susceptible to interference with its shifted replicas. In Nyquist signaling, each
pulse is allowed to overlap with past and future pulses, but the shape is selected
such that ISI is zero at certain points in time. Illustrated in Fig. 2.14, the idea
is that all other pulses go through zero at the point when the present pulse
reaches its peak. Thus, if the bit stream is sampled at 1 = kT, no ISI exists.

A simple calculation leads to a basic condition for Nyquist signals. For a
pulse shape, p(t), to introduce zero ISI, we have

p(kTs) = 1 ifk = 1 (2.48)
=0 ifk £ 0 (2.49)
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Figure 2.14  Pulse shape with no ISI.

Using a train of impulses to sample this pulse, we obtain

p@t) - Y 8@t — kTs) = 8(1). (2.50)
Taking the Fourier transform of both sides, we have
1 k
P(f)*?sza(f—ﬁ) = 1. (2.51)
That is,
1 k\
r P (f = 75) = 1 (2.52)

Originally proposed by Nyquist and shown in Fig. 2.15, this result indicates that
the shifted replicas of P (f) must add up to a flat spectrum. For example, a sinc
waveform satisfies this condition because its Fourier transform is a rectangular
box.

A pis_k_
"'sp(f Ts)

——

f

Figure 2.15 Nyquist’s condition for the spectrum of a pulse shape
that gives no ISIL.

A sinc pulse shape, however, introduces difficulties in the design of the
system. The filter required to produce the rectangular spectrum becomes quite
complex if a sharp cutoff is necessary. Furthermore, the substantial signal
energy near the edge of the spectrum complicates the filtering requirements
in both the transmit and receive paths. In addition, the sinc waveform decays
slowly with time, introducing considerable ISI in the presence of timing errors
in the sampling command.

A pulse shape often employed in Nyquist signaling is related to a “raised
cosine” spectrum. Shown in Fig. 2.16, the time- and frequency-domain expres-
sions of this function are, respectively,

sin(mt/Ts) cos(mwat/Ts)

T TR (233)
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P(t)
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(a) (b)
Figure 2.16 Raised-cosine pulse: (a) in time domain, (b) in frequency domain.
and
l—o
Pif)=1s 0 < |f| < (2.54)
2Ts
y & T l -« l -« 1+«
= 2|1 +cos—=(|f] - ) < If] <
2 (64 ZTS 2T5 2TS
l+a
=0 o s
| f1 2T,

where 0 < o < 1 is the “rolloff” factor. It is interesting to note that (1) p(¢)
decays faster than a sinc function, (2) for & = 0, p(t¢) reduces to a sinc function,
and (3) P(f) is similar to a box spectrum but with smooth edges.

The trade-off in the choice of « is between the decay rate in the time
domain and the excess bandwidth (with respect to a box spectrum) in the fre-
quency domain. Typical values of « are between 0.3 and 0.5.

Raised-cosine signaling can also be visualized as shown in Fig. 2.17. Here,
each bit is represented by an impulse, and the data stream is applied to a filter
whose transfer function is given by (2.54). From this point of view, the operation
is called “raised-cosine filtering.”

As explained in Chapter 3, many applications incorporate a filter whose
transfer function is equal to the square root of that in (2.54).

2.3 RANDOM PROCESSES AND NOISE

Random processes are an integral part of communications, used to represent
both signals and noise. In this section, we provide a brief review of random
processes and noise to the extent required for and in a language suited to RF
design. The primary goal is to develop an intuitive understanding of these phe-
nomena and the relationships governing their behavior. The reader is assumed
to be familiar with concepts such as random variables and probability density
functions (PDFs).
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Raised-Cosine
Filter

g |

Figure 2.17 Raised-cosine filtering.
2.3.1 Random Processes

The trouble with random processes is that they are random! Engineers who
are used to dealing with well-defined, deterministic, “hard facts™ often find
the concept of randomness difficult to grasp, especially if it must be incorpo-
rated mathematically. To overcome this fear of randomness, we approach the
problem from an intuitive angle.

We consider a phenomenon random because we do not know or simply
do not need to know everything about it. We characterize the process with
only a few parameters and functions and solve most problems without any
other information about the process. Experience shows that this approach is
feasible and adequate in many applications, including RF design. In other
words, we are fortunate that most random processes encountered in RF design
lend themselves to relatively simple modeling.

For our purposes, a random (actually a “stochastic™) process can be de-
fined as “a family of time functions.” If we measure the noise voltage across a
resistor as a function of time today, the waveform is different from that mea-
sured tomorrow? (Fig. 2.18). To know everything about the noise voltage, we
would need to perform an infinite number of measurements, each one for an in-
finite length of time. Since a single waveform measurement in general does not
provide adequate knowledge of the process, even simplest random processes
extend in two dimensions; i.e., they require a collection of measurements, hence
the phrase “family of time functions.” This is the principal difference between
random and deterministic signals—and the primary source of confusion. In
using an ordinary signal generator, we always consider the output a single
predictable and well-defined waveform (except perhaps for the phase at the
power-up time, which is usually unimportant). With a random signal, e.g., the

R a2 3 :
~ This should not be confused with time variance in a system.
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Figure 2.18 Noise viewed as a family of time functions.

voice going through a phone line, we do not have this luxury and must resort
to statistics obtained from multiple measurements.

We must emphasize that the reason why the theory of random signals is
useful and practical is that in most cases of interest such signals can be modeled
with simple statistical functions that indicate, among other things, how much
and how fast the amplitude varies with time. Furthermore, the statistical models
can be used in conjunction with the familiar theory of deterministic signals and
systems, often allowing us to momentarily forget about randomness and utilize
more intuitive analysis techniques.

How is a random process characterized? What aspects of its statistics are
important? How are these aspects incorporated in system analysis? We answer
these questions by first making some simplifying assumptions.

Statistical Ensembles  As mentioned above, full characterization of a
(continuous-time) random signal, e.g., the noise voltage across a resistor, re-
quires a “doubly infinite” set: an infinite number of measurements, each for
an infinite length of time (Fig. 2.18). Now suppose, rather than one resistor,
we consider a very large number of identical resistors and measure their noise
voltages simultaneously (still for a very long time). We would expect these two
experiments to yield the same statistical results. The large set of resistor noise
voltages is called an “ensemble,” and each of the waveforms is called a “sample
function.”

How do we measure the average value of the noise voltage of a resistor?
Our familiar approach is to measure the noise, n(z), for a long time, T, and
calculate the average (or dc component) as

1 +T/2
< n(t) >= lim — n(t)dt. (2.55)
T=oo &' J_112
This notion of dc component of a random signal is called the “time average.”
Another definition of the average value is based on simultaneous sam-
pling of all the waveforms in an ensemble (Fig. 2.19). Here, we compute the
average by adding the sampled values and normalizing the sum to the number
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Figure 2.19 Averaging over sample functions.

of waveforms. Called the “ensemble average™ or “statistical average.” this type
is formally defined as

e +00

nit) = [ n(t)P,(n)dn, (2.56)
—00

where P,(n) is the probability density function of the process.

From the above definitions arise two questions. First, is the time average
measured today equal to that measured tomorrow? Not necessarily. A process
whose statistical properties are invariant to a time shift is called “stationary”
(more accurately “strict-sense stationary™). Thus. the concept of time average is
useful for stationary processes, e.g., noise voltage of a resistor held at a constant
temperature. Fortunately, most of the random phenomena in RF systems can
be considered stationary.

The second question is: Is the time average of a stationary process equal
to the ensemble average? Not always, but for most random processes of interest
in this book. we can assume so, thus avoiding ensemble averages.

The time and ensemble averages defined above are of first order. Higher-
order averages can also be defined. Of particular interest are second-order
averages. for they represent the power of signals. In the time domain,

+T/2
< n%(t) >= lim — / n*(t)dt, (2.57)
Tooc T -T/2

which is also called the “mean square” power (with respect to a 1-£2 resistor)
if n(r) is a voltage quantity. The second-order ensemble average is

n2(r) = f ln:(r)P,,(n)dn. (2.58)

ok

For our purposes, < n%(t) > = n2(1).

Probability Density Function When considering a random signal in the
time domain, we usually need to know how often its amplitude is between
certain limits. For example, if a binary data sequence is corrupted by additive
noise (Fig. 2.20), it is important to find the probability that a logical ONE is
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interpreted as a ZERO and vice versa, that is, how often the noise amplitude
exceeds half of the signal amplitude. The amplitude statistics of a random signal
x(t) is characterized by the probability density function, P, (x), defined as

P.(x)dx = probabilityof x < X < x + dx, (2.59)

where X is the measured value of x () at some point in time. To estimate the
PDF, we sample x(7) at many points (for many functions in the ensemble),
construct bins of small width, choose the bin height equal to the number of
samples whose value falls between the two edges of the bin, and normalize the
bin heights to the total number of samples. Note that the PDF provides no
information as to how fast the random signal varies in the time domain.

t

Figure 2.20  Binary signal corrupted by noise.

An important example of PDFs is the Gaussian (or normal) distribution.
The central limit theorem states that if many independent random processes
with arbitrary PDFs are added, the PDF of the sum approaches a Gaussian
distribution. Itis therefore not surprising that many natural phenomena exhibit
Gaussian statistics. For example, since the noise of a resistor results from
random “walk” of a very large number of electrons, each having relatively
independent statistics, the overall amplitude follows a Gaussian PDF.

The Gaussian PDF is defined as

1 —(x —m)?
202

Px) = (2.60)
where o and m are the standard deviation and mean of the distribution, re-
spectively.

From the PDF of the amplitude of a random signal, we can also answer the
following question: If a large number of samples are taken, what percentage
will fall between x; and x,? This is given by the area under P, (x) from x; to
X», and for a Gaussian PDF:

P = [ e (2.61)
X <X < X)= exp ————dx. ‘

x, OA/27 202
For finite x; and x,, the integral on the right-hand side must be calculated
numerically. A simpler version of this integral, called the error function, is
tabulated in many references:

erf(x) = exp —d u. (2.62)

7=h
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It is useful to remember that for a Gaussian distribution approximately 68% of
the sampled values fall between m — o and m + o and 99% between m — 3o
and m + 30.

Power Spectral Density Since our knowledge of random signals in the
time domain is usually quite limited, it is often necessary to characterize such
signals in the frequency domain as well. In fact, as we will see throughout
this book, the frequency-domain behavior of random signals and noise proves
much more useful in RF design than do their time-domain characteristics.

For a deterministic signal x(7), the frequency information is embodied in
the Fourier transform:

+00

X)) = f x(t)exp(—j2n ft)dt. (2.63)
—00

While it may seem natural to use the same definition for random signals, we

must note that the Fourier transform exists only for signals with finite energy,’

+0c0

By e / Ix(1)I*dt < oo, (2.64)
—oC

i.e., only if |x(¢)|* drops rapidly enough as t — oc. As shown in Fig. 2.21, this

condition is violated by two classes of signals: periodic waveforms and random

signals. In most cases, however, these waveforms have a finite power:

+T/2
P = lim — lx(2)?dt < oo. (2.65)
Tooc T =T

For periodic signals with P < o0, the Fourier transform can still be defined
by representing each component of the Fourier series with an impulse in the
frequency domain. For random signals, on the other hand, this is generally not
possible because a frequency impulse indicates the existence of a deterministic
sinusoidal component. Another practical problem is that even if we somehow
define a Fourier transform for a random (stationary or nonstationary) process,
the result itself is also a random process [5].

Figure 2.21 Signals with infinite energy.

3 The definition of energy can be visualized if x(r) is a voltage applied across a 1-2 resistor.
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From the above discussion we infer that frequency-domain characteristics
of random signals are embodied in a function different from a direct Fourier
transform. The power spectral density (PSD) (also called the “spectral density”
orsimply the “spectrum™)is such a function. Before giving a formal definition of
PSD, we describe its meaning from an intuitive point of view [6]. The spectral
density, Sy(f). of a random signal x(¢) shows how much power the signal
carries in a unit bandwidth around frequency f. As illustrated in Fig. 2.22,
if we apply the signal to a bandpass filter with a 1-Hz bandwidth centered at
f and measure the average output power over a sufficiently long time (on the
order of 1 s), we obtain an estimate of Sy ( f). If this measurement is performed
for each value of f, the overall spectrum of the signal is obtained. This is in
fact the principle of operation of spectrum analyzers.*

Band-Pass
Filters Power
1 Hz Meters
e
— —D-@
Ll g
f, f
1 Hz
-
— " —>®
—
Vi o—4 f, f ':> ol :
: SN
= f; f, f f
L’ 1 Hz
- -
L @
Iy 1
Figure 2.22 Measurement of spectrum.
The formal definition of the PSD is as follows [3]:
. X ()P
S = } B ——— ;
() A (2.66)
where
¢ i
Xr(f) =f x(t) exp(—j2nr ft)dt. (2.67)
0

. Building a low-loss BPF with 1-Hz bandwidth and a center frequency of. say, 1 GHz is im-
practical. Thus, actual spectrum analyzers both translate the spectrum to a lower center frequency
and measure the power in a band wider than 1 Hz.
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The definition can be understood with the aid of a corresponding computational
algorithm (Fig. 2.23): (1) truncate x(¢) to a relatively long interval [0, 7], (2)
calculate the Fourier transform of the result and hence | X1 (f)|%, (3) repeat
steps 1 and 2 for many sample functions of x(¢) (e.g., for many noise voltage
waveforms measured across a resistor). and (4) take the average of all | X7 ( f) |

functions to arrive at | X7(f)|? and normalize the result to 7. This algorithm
proves useful in time-domain simulations incorporating random noise wave-
forms.

;—_lxr(f)l2

x(t)
mno.adovap»c:>m Lx,(nf?
A%M—»@“m ER i

W”v“v“v*rrﬁwmr

Figure 2.23  Algorithm for PSD estimation.

Since S;(f) is an even function of f for real x(¢) [3], as depicted in
Fig. 2.24(a) the total power carried by x(¢) in the frequency range [ f; f>] is
equal to

- £ fa
f S, (F)df + f S (f)df = f 25.(N)df.  (268)
-f 1 i

In fact, the right-hand side integral is the quantity measured by a spectrum
analyzer; 1.e., the negative-frequency part of the spectrum is folded around
the vertical axis and is added to the positive-frequency part [Fig. 2.24(b)]. We
call the representation of Fig. 2.24(a) the “two-sided” spectrum and that of
Fig. 2.24(b) the “one-sided” spectrum.

S, (1)

=Y

= f2 —f4 0 f1 f2 f

(a) (b)

Figure 2.24 (a) Two-sided and (b) one-sided spectra.
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In graphical analysis of frequency-domain operations, it is generally sim-
pler to use a two-sided spectrum, whereas actual noise calculations are more
easily carried out with a one-sided spectrum. Nevertheless, these two repre-
sentations bear no fundamental difference—though they can cause confusion.

As an example of S;(f), we consider the thermal noise voltage across a
resistor of value R. The two-sided PSD is

S.(f) = 2kTR, (2.69)

where k is the Boltzmann constant and equal to 1.38 x 1072 J/K and T is the
absolute temperature. Such a flat spectrumis called “white™ because it contains
the same level of power at all frequencies.

Equation (2.69) raises two interesting questions. First, is the total noise
power of a resistor [the area under S,(f)] infinite? In reality, S, ( f) is flat for
only | f| < 100 GHz, dropping beyond this frequency such that the total power
remains finite [3]. Second, is the dimension of 2kT R power per unit bandwidth
(W/Hz)? No, the actual dimension is mean square voltage per unit bandwidth.
We tacitly assume that this voltage is applied across a 1-£2 resistor to generate
a power of 2kT R in a 1-Hz bandwidth. In circuit noise calculations, we often
write

V2 = 4kTR - Af, (2.70)

where 7,12 is the mean square noise voltage generated by resistor R in a band-

width Af. Called the “spot noise™ for Af = 1 Hz, V;? is measured in V?2/Hz.

To summarize the concepts of PDF and PSD, we note that the former is
a statistical indication of how often the amplitude of a random process falls
in a given range of values while the latter shows how much power the signal
is expected to contain in a small frequency interval. In general, the PDF and
PSD bear no relationship: thermal noise has a Gaussian PDF and a white PSD,
whereas flicker (1/f) noise has the same type of PDF but a PSD proportional

tol/f.

Random Signalsin Linear Systems The principal reason for defining the
power spectral density function is that it allows many of the frequency-domain
operations used with deterministic signals to be applied to random processes
as well. It can be shown that if a signal with spectral density S, (f) is applied
to a linear time-invariant system with transfer function H (s) (Fig. 2.25), then
the output spectrum is

Sy(f) = Sx(NHIH, (2.71)

where H(f) = H(s = j2nf) [3]. This agrees with our intuition that the
spectrum of the signal is shaped by the transfer function of the system. It can
also be shown that if x(1) is Gaussian, so is y(t) [3].
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S, (f) lH(£)] ? s, (f)
| LGN

Figure 2.25 Noise shaping in a linear system.

2.3.2 Noise

Noise can be loosely defined as any random interference unrelated to the signal
of interest.” This definition distinguishes between noise and deterministic phe-
nomena such as harmonic distortion and intermodulation. As other random
processes, noise is characterized by a PDF and a PSD.

Present in all circuits is thermal noise, generated by resistors, base and
emitter resistance of bipolar devices, and channel resistance of MOSFETs
[Fig. 2.26(a)]. The thermal noise of MOS devices is modeled as a current source
connected between the drain and source with a PSD,

2.72)

(b)

Figure 2.26 (a) Thermal and (b) shot noise in devices.

Sy " . . .
- Itis often said that if there were no noise. there would be no analog designers.



38

Chap. 2 Basic Concepts in RF Design

where g,, is the transconductance of the transistor. Derived for long-channel
devices [7], the factor 2/3 may need to be replaced with higher values for
channel lengths below 1 pzm [8]. Note that the distributed gate resistance of
MOSFETs also contributes thermal noise [9], but the effect can be minimized
through careful layout.

In addition to thermal noise, active devices may exhibit shot and flicker
noise as well. Shot noise is a Gaussian white process associated with the transfer
of charge across an energy barrier (e.g., a pn junction) having a PSD

12 =241, (2.73)

where g is the charge of an electron and / the average current. For a bipolar
transistor, the collector and base current shot noise is modeled as a current
source connected between the collector and emitter and another between the
base and the emitter [Fig. 2.26(b)].

Flicker noise arises from random trapping of charge at the oxide-silicon
interface of MOSFETSs. Represented as a voltage source in series with the gate,
the noise density is given by

et 2 (2.74)
" WLCox f’ '
where K is a process-dependent constant. While the effect of flicker noise may
seem negligible at high frequencies, we must note that nonlinearity or time
variance in circuits such as mixers or oscillators can translate the 1/f -shaped
spectrum to the RF range (Chapters 6 and 7).

Input-Referred Noise The noise of a two-port system can be modeled
by two input noise generators: a series voltage source and a parallel current
source (Fig. 2.27) [10]. In general, the correlation between the two sources
must be taken into account. We use an example to illustrate the idea. Consider
the circuit shown in Fig. 2.28(a), where we assume proper biasing ensures that
M, is in saturation and carries a drain current of /p. This circuit has only one
dominant source of thermal noise: that due to the channel and represented by

I;}D. For the model of Fig. 2.28(b), we calculate V_n2 by shorting the input port
and I by leaving it open. Since the circuits of Figs. 2.28(a) and (b) must produce

Noisy
Circuit

Noiseless
Circuit

—0

Figure 2.27 Representation of noise by input noise generators.
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- Zin
(a) (b)

Figure 2.28 (a) MOS amplifier, (b) equivalent input noise generators.

the same output noise in both cases, we have g2 V2 = I2,) and g2 12|Z;,|> =

I,fD, where Z;, denotes the input impedance of the circuit. Thus, for 13[)

4kT (2gm/3), we obtain V? = 8kT /(3g,) and I} = 8kT/(3gm|Zin|*). Since
V, and [, represent the same noise mechanism, they are correlated.

We note that if |Z;,| = 00, I? — 0, and V2 is sufficient to represent
the noise. At radio frequencies, however, | Z;,| is relatively low (in some cases
around 50 2 by design), thereby necessitating the use of both V,? and 2.

The key point in the above example is that even though the actual cir-
cuit may have no physical input noise current, the representation using input-
referred sources must include 2.

Noise Figure In many analog circuits, the signal-to-noise ratio (SNR),
defined as the ratio of the signal power to the total noise power, is an important
parameter. In RF design, on the other hand, even though the ultimate goal is to
maximize the SNR for the received and detected signal, most of the front-end
receiver blocks are characterized in terms of their “noise figure” rather than the
input-referred noise. This is partly for computational convenience and partly
from tradition.

Noise figure has been defined in a number of different ways. The most
commonly accepted definition is

SN Ri
SN Rouw’

where SN R, and SN R,y are the signal-to-noise ratios measured at the input
and output, respectively. Note that the above ratio is called the “noise factor™
in most textbooks, with the term noise figure applied to 10 log,,(noise factor).
We do not make this distinction here.

It is important to understand the physical meaning of (2.75). Noise figure
is a measure of how much the SNR degrades as the the signal passes through
a system. If a system has no noise, then SN Ry, = SN Rj,, regardless of the
gain. This is because both the input signal and the input noise are amplified (or

noise figure = (2.75)
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attenuated) by the same factor and no additional noise is introduced. Therefore,
the noise figure of a noiseless system is equal to unity. In reality, the finite noise
of a system degrades the SNR, yielding NF > 1.

Compared to input-referred noise, the definition of NF in (2.75) may
seem rather complicated: it depends on not only the noise of the circuit under
consideration but the SNR of the preceding stage. In fact, if the input signal
contains no noise, SN R;; = o0 and NF = 00, even though the circuit may
have only a finite internal noise. For such a case, NF is not a meaningful
parameter. In RF design, on the other hand, this does not occur because even
the signal in the first stage of a receiver is corrupted by the noise due to the
radiation resistance of the antenna.

Calculation of the noise figure is generally simpler than (2.75) may sug-
gest. As depicted in Fig. 2.29, we assume SN R, is the ratio of the input signal
power to the noise generated by the source resistance, Rgs, and modeled by

V. If the voltage gain from Vi, to the input port of the circuit (node P) is
equal to «, the SNR measured at this node is
a?V?
SNRy, = = (2.76)
a?Vie

For a voltage gain of A, from P to V,y, the SNR measured at the output is
equal to
a’AZV2
SNRoix = - 2.77)
[Vis + (Vu + LRs)?Ja?A2
V-2
= - 3 (2.78)
[Vis + (Vu + 1,Rs)?]

where V), and [, Rs are added before squaring to account for their correlation.
It follows that,

VI%S =+ (Vn + InRS)2

NF = (2.79)
Vis
V. + I, Rs)?
=14 Yot Rs) (2.80)
Vis

The NF is usually specified for a 1-Hz bandwidth at a given frequency. Called
the “spot” noise figure to emphasize the very small bandwidth, this quantity
can be obtained from (2.80) as

(Vs + InRs)?
4TRs

NF =1 (2.81)
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Figure 2.29 Calculation of noise figure.

where V,, and I, are also measured in unity bandwidth and at the same fre-
quency.

Equation (2.81) indicates that the noise figure is a function of the source
impedance, Rg. In general, knowledge of the NF for a given source impedance
is not sufficient to calculate the NF for a different source impedance because R
appears in both the numerator and the denominator of the fraction in (2.81).
In traditional RF systems, however, most building blocks are designed so as to
exhibit 50- input and output resistance® (with negligible reactance), thereby
avoiding ambiguity in NF calculation. As we will see in Chapter 6, this issue
still requires attention in certain cases.

For simulation purposes, it is beneficial to write (2.81) as

4kTRs + (Vy, + I, Rs)?

NF = :
4kT R (52
A%[4kTRs + (V, + I,Rs)?] 1
_ AT s+ ( 5)?] (2.83)
A? 4kT Rg
Vr?out 1
~ A? 4kTRs’ (284)

where A = @A, and V? out TEPresents the total noise at the output. Thus, to
calculate N F'in Flg 2 29 we divide the total output noise power by the square
of the voltage gain from Vi, to V,,x and normalize the result to the noise of Rs.

As an example of noise figure calculation, consider the single resistor,
Rp. shown in Fig. 2.30(a). What is the noise figure of this circuit with respect
to a source resistance Rg? From Fig. 2.30(b), the total output noise voltage is
given by

Vr:ou[ - 4kT(RS”RP), (2.85)
and the gain is
T (2.86)
" Rs+Rp '

TV systems, the characteristic and termination impedances are 75 Q.
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It follows from (2.84) that
(Rs + Rp)* 1

NF = 4kT(Rs||R 2.
( b” P) Rz 4kTRS ( 87)
=1+ . 2.88
Rp. (48)

Thus, the noise figure is minimized by maximizing Rp. Interestingly, the condi-
tion for minimum noise figure does not coincide with that for maximum power
transfer (Rs = Rp).

-
R 8§ T . Vn.out
A'A'l' o i
' -+
F :
Vin é i =R R
~ ; P s Rp
(a) (b)
Figure 2.30  (a) Calculation of noise figure of resistor Rz, (b) equivalent circuit

of (a).

Asanother example, let us compute the noise figure of the amplifier shown
in Fig. 2.31(a). The circuit consists of a common-source stage and a feedback
source follower so as to provide an input resistance equal to Rg. Neglecting
body effect, channel length modulation, parasitic capacitances, and the noise of
I, we utilize the equivalent circuit shown in Fig. 2.31(b) to calculate the total
output noise. The condition Rj, = Rg translates to

1 1
Rs = A
gm21+ gmRp
The noise current of M5 flows through Rg/2, generating an output noise voltage

equal to (/,2Rs/2)gm1 Rp. The noise current of Rp and M; is multiplied by
the output resistance of the circuit, which for R;, = Rg reduces to

(2.89)

Rp
Rout = 7(1 # ngRS)- (290)

The total output noise power is therefore equal to
1 1
Vi = WTRs (36015 ) + {12 R3EARS

R?.
+ Uzp + ) —>(1 + gmaRs)? (2.91)
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Figure 2.31 (a) Feedback amplifier with input match, (b) noise equivalent circuit
of (a).

2
= kT Rsgy, Rp + SkTgmRgn R}

4kT 8 R} 5
e R_D o nggml T(l + gmaRs)". (2.92)
Thus, the noise figure is
o 1

NF = 5% (2.93
A2 4kT Rg )

2 1 2 (1 + gmRs)*
=14 =gmRs+{—+ = : 2.94
38m2 S (RD 3gml> g’%ﬂRS ( )

subject to the condition g, Rs = (1 + gmiRp) .

Noise Figure of Cascaded Stages For a cascade of stages, the overall
noise figure can be obtained in terms of the NF and gain of each stage. Consider
the system shown in Fig. 2.32, where input noise generators and input and
output resistances of each stage are shown. Note that reactive components of
the impedances are nulled and A,; and A, denote the unloaded voltage gain
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Figure 2.32 Cascaded noisy stages.

of the two stages. The total noise power at the input of the first stage can be
written as

2

E Riny 2 2 Rin]
Vn.in] = [In](RS”Rinl) + anm] S = VRsm. (2.95)
in in

We also note that the total noise power at the input of the second stage is

Rin2 ?
Vi = VimAd (ﬁ)
ou in2
R T
I2(R R; | A . S— 2.96
+ [nZ( outl|| m2) s 2 ,‘Rinz T Routl] ( )

Thus, the total output noise power of the cascade equals A, V. SR} /(RL +
Rour)?. Since the total voltage gain from Vj, to V, equals

Rinl Rinz RL

Avior = i1 2 : 2.97
o Rs + Rimi " Rown + Rz Rown + Ry i)
the overall noise figure is
1 R; . 1
Ny = e f . F P2, = 2.98
tot %.mt v2 (RL + Routz) n,in2 4kTRS ( )
Using (2.95) and (2.96) and simplifying the result, we have
4kT R I.1Rs + V,1)?
NFoy = s + (ImRs + V1)
4kT Ry
Lo Rowtt + Vi2)? 1
(n2 outl2 nZ) : . (2.99)
Av1 ( Rin1 )h 4kT Rs
Rs + Rim

The first term on the right-hand side can be identified as the NF of the first stage
with respect to a source impedance Rg. The second term. on the other hand,
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is not as straightforward. In the special case where Rs = Rin1 = Rou1 = Rinz.
we have

(In2Rs + Vn2)? 1

A% 4kT Rs
NF -1

= D] 5 e, (2.101)

A
vl
where N F; is the noise figure of the second stage with respect to a source
impedance Rgs.

In the general case, we simplify (2.99) using the concept of “available
power gain,” Ap. This type of gain is defined as the available power at the
output (the power that the circuit would deliver to a conjugate-matched load)
divided by the available source power (the power that the source would deliver

to a conjugate-matched circuit.) The available output power of stage 1 in
Fig.232is

NFtot =NF]+

(2.100)

Poay = V2 [Tl 2A2 s (2.102)
o "\Rs + Rt/ " 4Row’ '
and the available source power is
v_2
Piourceav = —. (2.103)
source 4RS
Thus,
Rinl )2 2 RS
Ap = | ——m ) A;;—. 2.104
i (R.S + Rin1 ll Routy ( )

Noting that the noise figure of stage 2 with respect to a source impedance R
is

(Inz Routl + Vn2)2

NF: = 1 g 2.105
2, Routl : 4kTRoul1 ( )
we can write (2.99) as
NF gounn — 1
NFo = NFygs + 2":’ B (2.106)
P

where N Fj gs denotes the noise figure of stage 1 with respect to a source
impedance Rs.

Similarly, for m stages,
NF2—1+“_ NF, — 1

NFga=1+(NF, —-1)+
o : Apl Apl i Ap(m—l)

. (2.107)

where the N F of each stage is calculated with respect to the source impedance
driving that stage. This is called the Friis equation [11]. Expressing the overall
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noise figure in terms of the noise figure of each stage, this relation proves
especially useful if a receiver employs various off-the-shelf building blocks that
are characterized independently by manufacturers.

The Friis equation indicates that the noise contributed by each stage de-
creases as the gain preceding the stage increases, implying that the first few
stages in a cascade are the most critical. Conversely, if a stage exhibits atten-
uation (loss), then the noise figure of the following circuit is “amplified” when
referred to the input of that stage. This occurs, for example, if a narrowband
lossy filter is interposed between the antenna and the low noise amplifier in a
receiver to reject out-of-band interferers (Chapter 5).

Noise Figure of Lossy Circuits  Passive filters used in RF receivers have
a finite in-band loss. In addition to attenuating the desired signal, lossy circuits
in general contribute noise as well, a fact that may not be obvious if we consider
an ideal LC filter [Fig. 2.33(a)] as an example. Recall, however, that many RF
circuits are required to have well-defined resistive input and output impedances
for proper matching. For example, the filter placed between the antenna and
the LNA can be viewed as depicted in Fig. 2.33(b). Our goal is to find the
relationship between the noise figure and the loss of a passive circuit with
resistive input and output impedances.

Rs
-0
Vin *—’ﬂﬁﬁ‘—l—" Vout Vin Y Filter ‘-I =R, Vou
I - 3 f—ﬁ 1 -
= = R in Rout
(a) (b)

Figure 2.33 (a) LC attenuator, (b) lossy circuit matched at input and output.

Consider a linear time-invariant passive reciprocal network as shown in
Fig. 2.34(a) with real input and output impedance. It can be proved [5] that if
the output resistance is R,y. then the noise Thevenin equivalent circuit is as
depicted in Fig. 2.34(b), with the PSD of the voltage source given by 4kT Ry.

Note that Ry, and hence V;? generally depend on the source impedance, Rg.

Rout
Passive [°
a2 : — L1+
Rs= Reciprocal Vnz
Circuit | o =
Rout
(a) (b)

Figure 2.34 (a) Passive reciprocal network, (b) Thevenin noise model of (a).
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Now consider the circuit of Fig. 2.35(a). In analogy with the concept of
available power gain, we define the power loss L as P,/ Pout, where Py, is the
available source power and P, the available power at the output. To calculate
the signal loss, the circuit can be modeled by the Thevenin equivalent shown in
Fig. 2.35(b). Note that this circuit is the equivalent for the signal, whereas that
in Fig. 2.34(b) is for the noise. Since P, = Viﬁ /(4Rg) and Py = V% i/ (4Row).
we have
Vi Row

L = — s
VfH Rs

(2.108)

To compute the noise figure, we find the output noise voltage and the voltage
gain. With a load Ry, Fig. 2.34(b) implies that

R2
V2 = 4kT Ry, & ' 2.109
1,out t (RL + ROUI)Z ( )
The voltage gain from Vi, to Vi in Fig. 2.35(b) is
Vru R
A, = : (2.110)
' Vin RL + Roul
Thus,
NF = 4kTR Va 1 (2.111)
B V2, 4kT R '
= L. (2.112)

We conclude that for a passive reciprocal network the noise figure is equal to
the loss if the latter is defined as above.

Rg
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+ =
Vin () ' : Circuit *“ =R Vou
= | | e
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R Rout
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= R Vout

=
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Figure 2.35 (a) Circuit for noise figure calculation, (b) equivalent circuit of (a).



48 Chap. 2  Basic Concepts in RF Design

To reinforce the above concepts, we calculate the overall noise figure
of a lossy filter followed by a low-noise amplifier (Fig. 2.36). From the Friis

equation,
NF -1
NFor = NFas & -‘”LN+ (2.113)
=L+ (NFgya — 1L (2.114)
= L. NFrxi; (2.115)

where the noise figure of the LNA is calculated with respect to the output
resistance of the filter.

Rs
Vi é:‘ Filter LNA R, Vout
g L

Figure 2.36  Cascade of lossy filter and LNA.

2.4 SENSITIVITY AND DYNAMIC RANGE

Sensitivity The sensitivity of an RF receiver is defined as the minimum
signal level that the system can detect with acceptable signal-to-noise ratio. To
calculate the sensitivity, we write

NF = 2.116
SN Rou ( )
Pyig/ PRs
I ———— 2.117
SN Ry ( )

where Py, denotes the input signal power and Pgrs the source resistance noise
power, both per unit bandwidth. It follows that

Pis = Prs ' NF - SNR,ut. (2.118)

Since the overall signal power is distributed across the channel bandwidth, B,
the two sides of (2.118) must be integrated over the bandwidth to obtain the
total mean square power. Thus, for a flat channel,

Psig.tot = Prs - NF - SNRyy - B. (2-119)

Equation (2.119) predicts the sensitivity as the minimum input signal that
yields a given value for the output SN R. Changing the notation slightly and
expressing the quantities in dB or dBm, we have

P minldBm = Pgrslam/mz + NFlag + SN Ryinlas + 10log B,  (2.120)
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where Py, min is the minimum input level that achieves SN R, and B is ex-
pressed in hertz. Note that (2.120) does not depend on the gain of the system.

Assuming conjugate matching at the input, we obtain Pgg as the noise
power that Rg delivers to the receiver:

Ppe = Wiis 1 (2.121)
4 Rm ’

= kT (2.122)

= —174 dBm/Hz (2.123)

at room temperature. We thus simplify (2.120) as
Pp min = —174dBm/Hz + NF + 10log B 4+ SN Rpin. (2.124)

Note that the sum of the first three terms is the total integrated noise of the
system and is sometimes called the “noise floor.” Since Pj, iy is a function of
the bandwidth, a receiver may appear very sensitive simply because it employs
a narrowband channel (but of course at the cost of low information rate.)

Dynamic Range Dynamic range (DR) is generally defined as the ratio
of the maximum input level that the circuit can tolerate to the minimum input
level at which the circuit provides a reasonable signal quality. This definition is
quantified in different applications differently. For example, in analog circuits
such as op amps and analog-to-digital converters the dynamic range is defined
as the ratio of the “full-scale” (FS) input level to the the input level for which
SNR = 1. The full scale is typically the input level beyond which a hard
saturation occurs and can be easily found by examining the circuit, and the
minimum input level is determined by the noise floor.

In RF design, on the other hand, the situation is more complicated. Con-
sider a simple common-source stage. How do we define the input full scale for
such a circuit? It is possible to define the FS as the input voltage for which
the transistor is at the edge of triode region. However, if a sinusoid with full-
scale swing is applied to the circuit, the output exhibits substantial distortion.
Also, the minimum signal must provide an SNR greater than unity, for example
SN Rpin in Eq. (2.120). For these reasons, we base the definition of the upper
end of the dynamic range on the intermodulation behavior and the lower end
on the sensitivity. Such a definition is called the “spurious-free dynamic range™
(SFDR).

The upper end of the dynamic range is defined as the maximum input
level in a two-tone test for which the third-order IM products do not exceed
the noise floor. Expressing all of the quantities in dBm, we can rewrite (2.33)
as
Poul - PIM.out

Prips = Pa + 5 .

(2.125)
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where Pjarou denotes the power of /M5 components at the output. Since
Pouwt = Pin+ G and Py out = Prm.in + G, where G is the circuit’s power gain
in dB and Pj s in is the input-referred level of the / M3 products, we have

Piips = P+ w (2.126)
_ 3P0 — PIM.in‘ (2.127)
2
and hence
B e 2Pr1ps + PlM.in. (2.128)

3

The input level for which the IM products become equal to the noise floor is
thus given by

2Pips + F .
Pomax = —2 T — P; (2.129)
where F = —174dBm + NF + 10log B.

The SFDR is the difference (in dB) between Piy max and Py min:

2P F
SFDR = _’%Jr_. — (F 4+ SNRu) (2.130)
H P s~ B
i ’”’33 ) _ SN Roin. (2.131)
For example, if a receiver with NF = 9 dB, P;;p3 = —15 dBm, and

B = 200 kHz requires an SN Rpin = 12 dB, then SFDR =~ 53 dB.

The spurious-free dynamic range represents the maximum relative level
of interferers that a receiver can tolerate while producing an acceptable signal
quality from a small input level.

2.5 PASSIVE IMPEDANCE TRANSFORMATION

At radio frequencies, we often resort to passive circuits to transform imped-
ances—from high to low and vice versa or from complex to real and vice versa.
While active devices may also seem a plausible choice for such operations, in
some cases only passive components can achieve the required performance.
For example, a 3-V power amplifier can deliver a maximum of P = 3?/(2 x
50) = 90 mW to a 50-L2 load. To increase the output power, a circuit must be
interposed between the PA and the load so as to “amplify” the voltage swings
while requiring no higher supply voltage (Chapter 9). This is performed by
passive matching circuits.
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Figure 2.37 Equivalent series and parallel RC circuits.
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Before studying transformation techniques, let us consider the RC cir-
cuits of Fig. 2.37. The quality factor Q of the series combination, defined as
the impedance of the capacitor divided by the resistor, is equal to 1/(RsCsw),
approaching infinity as Rg goes to zero. Similarly, the Q of the parallel combi-
nation is equal to RpCpw. If Q isrelatively high (greater than approximately
5) and the band of interest relatively narrow, then one network can be converted
to the other. The two circuits are equivalent if

Rp B RsCss + 1

= 2.132
RpCps + 1 Cgs ( )

oL, 108 3 = jJo, Rplp = 'l/(R_nga)Z) and RpCp + RsCs — RpCs = 0.
Assuming Rp > Rg, we have Cp = Cs and

1
Rp " —}m ——, 2.133
P~ Rs(Cap (2133)

where C = Cp = Cg. Thus, the conversion changes the value of the resistance
according to (2.133) while keeping the value of the capacitance nearly constant.
We can also write Rp =~ Q%R s, where Qg is the Q of the series network.
Similar results can easily be derived for RL counterparts.

Transformation of impedance can be accomplished by transformers. An
ideal transformer with a turn ratio of m scales an impedance by a factor m?. In
reality, however, high-frequency transformers exhibit loss, capacitive coupling
between the primary and the secondary, and even unwanted resonances, thus
complicating the design and requiring careful modeling. For this reason, we
study other approaches to impedance transformation.

Consider the network shown in Fig. 2.38(a), where the capacitive divider
is utilized to transform Rp to a higher value. With the assumptions of high
Q and narrow bandwidth, the parallel combination of Cp and Rp can be
converted to the series circuit shown in Fig. 2.38(b), where Cs = Cp and
Rs ~ 1/[Rp(Cpw)?]. Combining C; and Cs into C,,, We arrive at the circuit
of Fig. 2.38(c), which can be converted to the parallel network of Fig. 2.38(d),
with Cypr & C1Cp/(C1+Cp) and Ripr ~ 1/[Rs(Ceqw)?] = (14+Cp/C1)*Rp.
Thus, the capacitive divider “boosts” the value of Rp by a factor (1+Cp/C)>%.
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Figure 2.38 Impedance transformation by means of a capacitive divider.

Fig.2.39(a) depicts a similar transformation circuit using inductive voltage
division. For the equivalent circuit of Fig. 2.39(b), we have L,y & Ly + Lp
and Ryt & (1 + L,/ Lp)*Rp if the Q is high and the band of interest narrow.

O mem—
Ly

Liot = Ryot
Lp Rp

A

(a) (b)
Figure 2.39 Impedance transformation by means of an inductive divider.
A network often employed to transform a resistance to a lower value is
illustrated in Fig. 2.40(a). Converting Cp and Rp to the series combination
shown in Fig. 2.40(b), we have Cs = Cp and Rs = 1/[Rp(pr)2]. In the

vicinity of resonance, L; and Cgs resonate and the network is approximately
equivalent to a resistor equal to 1/(C%,w2Rp).

Lty Gy

Ly
—/F———
Cp Rp =ARg
o
(a)

Figure 2,40 Transformation of a resistance to a lower value.

We should note that the assumption of high Q is not always valid, par-
ticularly if on-chip inductors are used. Thus, the accuracy of the foregoing
derivations must be checked in such cases.
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3

MODULATION
AND DETECTION

Analog and digital modulation and detection are essential functions in commu-
nication systems. While new methods of performing these functions continue
to appear, certain schemes have matured over the years and are employed in
many RF applications.

This chapter deals with basic modulation and detection techniques used
in today’s RF transceivers, describing the merits and limitations of each method
and emphasizing the implications in the design of RF ICs. Following a brief de-
scription of important aspects of modulation schemes, we review analog ampli-
tude, phase, and frequency modulation. Next, we study binary and quadrature
digital modulation techniques, focusing on their role in RF communications.
Finally, we describe the power efficiency of various modulation schemes and
consider noncoherent detection.

3.1 GENERAL CONSIDERATIONS

The transmitted waveform in RF communications is usually a high-frequency
carrier modulated by the original signal. Various reasons exist for modulation:
(1) in wired systems, coaxial lines exhibit superior shielding at higher frequen-
cies; (2) in wireless systems, the antenna size should be a significant fraction of
the wavelength to achieve a reasonable gain; (3) in most cases, the communica-
tion must occur in a certain part of the spectrum because of FCC regulations;
and (4) in some applications, modulation allows simpler detection at the receive
end in the presence of nonidealities in the communication channel.

In the context of modulation, it is common practice to define two types
of signals. A “baseband” signal is defined as one whose spectrum is nonzero
in the vicinity of @ = 0 and negligible elsewhere [1] [Fig. 3.1(a)], for exam-
ple, the signal generated by a microphone or a video camera. A “passband”
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(a) (b)

Figure 3.1 (a) Baseband and (b) passband signals.

signal! is a waveform whose spectrum is nonzero in a band around a “carrier”
frequency @, and negligible outside this band [1] [Fig. 3.1(b)]. While mathe-
matically imprecise, these definitions are adequate for our purposes because
in RF design the signal bandwidths of interest are usually much less than the
carrier frequencies.

Modulation converts a baseband signal to a passband counterpart. From
another point of view, modulation varies certain parameters of a carrier (e.g., a
sinusoid) according to the baseband signal. These two definitions are equivalent
because a passband signal can always be expressed as

x(t) = a(t)cos[w.r + B(1)], (3.1)

where a(z) and 6(r) are generally functions of time [1]. In other words, we
begin with a periodic carrier signal A cos(w.f + @) and vary its amplitude or
phase to perform modulation. In (3.1), the argument w.t + 6(¢) is called the
“total phase™ and 6(t) the “excess phase.” We also define the instantaneous fre-
quency as the time derivative of the phase: w. +d# /dt is the “total frequency”
and d6/dt is the “excess frequency” or the “frequency deviation.” Note that,
depending on the modulation scheme, a baseband signal with bandwidth B
may occupy a different bandwidth when converted to a passband waveform.
This will be clarified later.

The inverse of modulation is demodulation or detection, with the goal
being to extract the original baseband signal with minimum noise, distortion,
ISI, etc. Thus, as depicted in Fig. 3.2, a simple communication system con-
sists of a modulator/transmitter, a channel (e.g., air or coaxial cable), and a

Transmitter Receiver

Modulator Channel Demodulator [

Figure 3.2 Simple communication system.

! The term “bandpass” is also used. Passband is consistent with baseband and bandpass with
low-pass.
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receiver/detector. Since the overall performance depends on the design of
both the modulator and the detector, modulation schemes are usually studied
in conjunction with proper demodulators. We refer to the combination of the
two as “modems.”

Important Aspectsof Modems Inanalyzing the system shown in Fig. 3.2,
the primary objective is to find the “quality” (e.g., SNR) of the output of the
detector in the presence of attenuation and interference in the channel as well
as noise at the input of the detector. For a given channel attenuation (also
called “path loss™) and transmitted power, the quality depends on the type of
the modem. Thus. if the modem achieves higher tolerance of noise, then either
the transmitted power can be reduced, providing longer “talk time” in portable
devices, or a higher path loss can be accommodated, allowing communication
over a longer distance.

Another important property of modulation schemes is the required band-
width. Assuming a certain bandwidth for the baseband signal, we calculate
ithat occupied by the modulated waveform in each case. Called the “spec-
tral efficiency,” this criterion plays an important role in choosing a modem for
limited-bandwidth applications such as wireless networks.

The third attribute of modulation techniques that is of great concern in RF
design is the “power efficiency.” a reference to the type of power amplifier that
can be used in the transmitter. As we will see later in this chapter, some mod-
ulated waveforms can be processed by means of nonlinear amplifiers without
spectral spreading or loss of information whereas some others require linear
amplifiers. Since nonlinear power amplifiers are generally more efficient than
their linear counterparts (Chapter 9), it is desirable to employ a modulation
scheme that lends itself to nonlinear amplification.

In summary, the choice of modems is based on three important aspects:
quality, spectral efficiency, and power efficiency.

Additive White Gaussian Noise Channel Inordertocompare the “noise
tolerance™ of different receivers, we assume the transmitted signal power is
constant and the received signal is corrupted by additive white Gaussian noise
(AWGN) having a power spectral density equal to Ny /2 (Fig. 3.3). The AWGN
assumption proves adequate in taking into account the inherent noise of the
receiver. However, the noise introduced by adjacent interferers is generally
not white and must be considered separately. Furthermore, the noise in some
demodulators (e.g., envelope detectors) is multiplicative rather than additive.

0. -

Figure 3.3  White spectrum assumed for additive Gaussian noise.
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3.2 ANALOG MODULATION

3.2.1 Amplitude Modulation

For a baseband signal xpg(f), an amplitude-modulated (AM) waveform can
be constructed by writing (3.1) as xoy (1) = A.[1 + mxpp(t)] cos w.t, where
m is called the “modulation index.” Illustrated in Fig. 3.4 is a method of gen-
erating an AM signal along with the corresponding waveforms and spectra:
multiplication by cos w,t simply translates the spectrum of xgg(#) to the band
around £w,. Thus, the bandwidth of x 47 (7) is twice that of x g (#). The signal
A, cos w.t is generated by a “local oscillator™ (LO).

(b)

Figure 3.4 Amplitude modulation in (a) time domain. (b) frequency domain.

An AM signal can be demodulated using a multiplier and a low-pass filter.
Depicted in Fig. 3.5(a), this technique translates the AM spectrum back to the
baseband. Note that here the receiver must ensure the local oscillator generates
the same frequency as the carrier frequency of x4 (7).

If the term 1 + mxpp(f) remains positive for all 7, then the envelope
of the waveform shown in Fig. 3.4(a) does not cross zero, and a leaky peak
detector can be used to demodulate the signal [Fig. 3.5(b)]. The simplicity of
this circuit has made it the dominant choice in AM radios.

xam(t) o—+®—> LPF | ™ I ' .
* Vin Cy T EE Ry Vout
cosMt o 4 o

(a) (b)

Figure 3.5 AM detectors.
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It can be shown that the SNR at the output of both detectors is

A2m’xg (1)

SNRow = =18
0

; (32)

where x% z(t) and B denote the mean square value and bandwidth of xp5(7),
respectively [1]. In the case of an envelope detector, (3.2) actually holds only
for sufficiently high SNR at the input, a reasonable assumption because the
quality of reception is acceptable only if the SNR exceeds approximately 25

dB. Note that the transmitted power is equal to AZ[1 + m*x% 5(1)]/2.

Except for broadcast radios and the sound in television, amplitude mod-
ulation finds limited use in today’s wireless systems. This is because carrying
information in the amplitude both makes the signal susceptible to noise and
requires a highly linear power amplifier in the transmitter.

3.2.2 Phase and Frequency Modulation

Phase modulation (PM) and frequency modulation (FM) are important con-
cepts that are encountered not only within the context of modems but also in
the analysis of such circuits as oscillators and frequency synthesizers.

In Eq. (3.1),if a(z) is a constant, A., and the excess phase. 6(z), is linearly
proportional to the baseband signal, we say the carrier is phase modulated,
xpym(t) = A.cos[w.t + mxgp(r)], where m is the phase modulation index.
Forexample, if xpp(f) = af,then xpp (1) = A, cos(w,+ma)t, indicating that
a ramp baseband waveform simply shifts the carrier frequency by a constant
value.

Similarly, if the excess frequency, df/dt, is linearly proportional to the
baseband signal, we say the carrier is frequency modulated, xpy (1) =
A cos[w.t + m f ix xpp(t)dt], where m is the frequency modulation index.
For example, with a dc baseband signal, xpp(t) = A, we have xpy(t) =
A, cos(w. + mA)t. Thus, a dc input to a frequency modulator shifts the car-
rier frequency by a constant value, a useful result in the context of voltage-
controlled oscillators (Chapter 7).

Figure 3.6 shows a baseband signal and the corresponding phase- and
frequency-modulated waveforms. Note that in general it is not possible to
determine whether a waveform is FM or PM if the baseband signal is unknown.
Also, the maximum frequency deviation is equal to mdxgp(t)/dt in PM and
mxpp(t) in FM.

The nonlinear dependence of xpy(t) and xzps(t) upon xgp(r) makes it
difficult to calculate the bandwidth occupied by the modulated waveforms. We
return to this problem later.



Sec. 3.2 Analog Modulation 59

xgg(t)

-
t

XPM(t)

xpu(1)

Figure 3.6 Phase- and frequency-modulated waveforms corresponding to a
square wave baseband signal.

Analog FM is more widely used than analog PM, perhaps because it is
easier to perform frequency modulation and demodulation. Figure 3.7 illus-
trates a simple frequency modulator, where the resonance frequency of an LC
oscillator is varied in proportion to the baseband signal. The voltage-dependent
capacitor required here is usually a reverse-biased varactor diode whose junc-
tion capacitance varies with xpp (7).

Voltage-Controlled
Oscillator

A E—

xgg(t) o—1]

Figure 3.7 Simple frequency modulator.

Frequency demodulation can be performed, in principle, by any circuit
whose transfer function is sensitive to frequency. For example, a high-pass filter
(i.e., a differentiator) generates an output swing proportional to the signal fre-
quency (Fig. 3.8), in essence converting FM to AM. For vj,(t) = A, cos[w 1 +
m [ xpp(t)dt], the output can be approximated as the time derivative of the
input:

Vout(f) & A R1Ci[w, + mxpp(t)]sin [w(t + m [xBB(t)dt] . (33)

Thus, if w.+mx g (¢) always remains positive, an envelope detector can be used
to recover xgp(f). Itisimportant to note that variations in the amplitude of v;,
corrupt the demodulated waveform, thereby mandating the use of “limiters™
before the differentiators.
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C

1
Vino— Vout

Figure 3.8 Simple frequency demodulator.

The nonlinear dependence of xgy () upon xpg(f) makes it difficult to
calculate the bandwidth occupied by the modulated waveform. We first con-
sider a simple case called “narrowband FM,” defined as a signal for which
m [ xpp(t)dt < 1 rad. The FM waveform can then be approximated as

xemng(t) = A cosw.l — A.m(sin w(‘f)f.YBB(f)df. (34)

Consequently, as shown in Fig. 3.9(a), the spectrum consists of the carrier and
that of f xppg(t)dt translated to =w,, indicating that the bandwidth of x g (1)
is somewhat /ess than that of x 4,7 (¢) of Fig. 3.4(a) because of the 1/s attenua-
tion resulting from integration.

Xgg(f) X

(b)

Figure 3.9 Narrowband FM with (a) random and (b) sinusoidal modulation.
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A special case of narrowband FM that proves quite useful is for a sinu-
soidal baseband signal, e.g., xgp(f) = A, cosw,. In this case, we have

m

XFM.NB(t) = A cosw bt — ApAc— sin .t sin wy,! (3.5)

Wy

ApnAcm

= A,cosw.t — cos(w, — wp)t
Wiy
AnAcm
- cos(w,. + wpy)t. (3.6)
2wy,

[lustrated in Fig. 3.9(b), the resulting spectrum consists of impulses at +w,
and “sidebands” at +(w, £ w,,).

Equations (3.5) and (3.6) yield three important points. First, for the nar-
rowband FM assumption to hold, we must have mA,, /w,, < 1 rad. Second,
as wy, increases, the magnitude of the sidebands decreases; i.e., higher mod-
ulating frequencies have less weighting in the FM signal. Third, if xzy (1) =
A, cosw.t — (mAy, /@) sinwy,t], then the maximum frequency deviation is
equal to mA,,. Note that the spacing between the sidebands and the carrier is
equal to w,, and has no relationship with the maximum frequency deviation.

While a useful concept in many communication circuits, narrowband FM
has limited application in modems because of its low SNR, an issue described
below. As the next step toward a realistic case, we consider an FM signal with a
sinusoidal baseband waveform, but without the restriction mA,, /,, < 1 rad.
If xgp(t) = A, coswnt, then xpp(t) = A. cos[wet — (MAy/wp) sin wpyt].
This expression can be expanded as

+oc

xem(t) = Ac ) Ja(B) cos(@e + nwp)t, (3.7)

n=—oc

where J,(-) denotes the nth order Bessel function of the first kind and 8 =
mAp/wn. If B < 1rad (narrowband FM), then Jy(B) = 1, J1(B) = £B/2.
and J,(B) = 0 for |[n| > 1. Thus, xpp (1) = A.cosw.t + (A.B/2) cos(w, +
wm )t —(A.B/2) cos(w.—w,y, )t thesame resultasthatin (3.6). As B approaches
and exceeds unity, the coefficients J,,(f) become significant for [n| > 1, intro-
ducing components at . =+ nw,,. Shown in Fig. 3.10 are examples of the FM
spectra for 8 = 1 and B = 2. More general cases of FM such as multiple-
frequency or Gaussian modulation are treated in [2].

An important conclusion to be drawn from the above analysis is that the
bandwidth of FM signals depends on m, A,,, and w,,. In fact, if the bandwidth,
Bryr. is defined as that containing 98% of the signal power, then Bpy =~
2(B + 1)Bgp, where Bpp is the bandwidth of the baseband signal [1]. This is
called Carson’s rule.
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Figure 3.10 FM spectra for two different values of 8.

In Eq. (3.6), we noted that as the frequency of the modulating signal in-
creases, the magnitude of the corresponding component in the FM waveform
decreases. The FM demodulator thus compensates for this rolloff by intro-
ducing larger gain at higher frequencies, as can be seen in the differentiator
of Fig. 3.8. However, this leads to amplification of noise at high frequencies,
thereby degrading the overall SNR. For this reason, most FM transmitters shape
the baseband spectrum by amplifying the high-frequency end (“preemphasis™)
(Fig. 3.11). In the receiver, the detected signal is applied to a low-pass filter
to cancel the preemphasis (“deemphasis”), at the same time suppressing high-
frequency noise. This method does not usually increase the required bandwidth
significantly if the original baseband spectrum has a low-pass shape.

Pre-
emphasis

(a)

De-

—=1 Detector |—» emphasis

(b)
Figure 3.11 Preemphasis and deemphasis in FM.
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For an FM detector without preemphasis and deemphasis, it can be shown
that

SN Ry 2 X%B ()
=6 + 1)==— 38

SNR, B (B + 1) V2 (3.8)

where Vp is the peak value of xpp(r) [2]. With preemphasis and deemphasis,

SN Rout
SNR;,

B\? x% (1)
= 282 Bl —) 2l 3.9
BB + )(ﬁ) 2, (39)

where B is the bandwidth of the baseband signal and f; is the —3-dB corner
frequency of the low-pass filter used in deemphasis. For typical applications,
(3.9) yields a value 10 to 15 dB higher than (3.8) [1]. In both cases, the perfor-
mance strongly depends on §, revealing a trade-off between signal quality and
bandwidth efficiency.

The last attribute of FM systems to be considered is the power efficiency.
Since an FM signal has a constant envelope and carries the information in
the zero crossings, it can be processed by a nonlinear power amplifier with no
corruption of the baseband signal or increase in the required bandwidth. Thus,
FM signals are well suited to high-efficiency (inevitably nonlinear) PAs,

3.3 DIGITAL MODULATION

In “digital” RF systems, the carrier is modulated by a digital baseband signal.
As explained in Chapter 4, digital modulation offers many advantages over
analog modulation and is widely used in wireless systems.

The digital counterparts of AM, PM, and FM, are called amplitude shift
keying (ASK), phase shift keying (PSK). and frequency shift keying (FSK),
respectively. Figure 3.12 illustrates examples of these waveforms for a binary
baseband signal. In RF applications, PSK and FSK find wider usage than does
ASK because of their lower sensitivity to amplitude noise.

As mentioned in Section 3.1, analysis of a modem entails quantifying
three parameters: signal quality, spectral efficiency, and power efficiency. The
quality of digital signaling methods is expressed in terms of the bit error rate
(BER), defined as the average number of erroneous bits observed at the output
of the detector divided by the total number of bits received in a unit time. Thus,
the goalis to calculate the probability of error in the presence of noise and other
interferers.
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ASK PSK
(a) (b)
FSK

(c)

Figure 3.12 (a) Amplitude, (b) phase, and (c) frequency shift keying.

3.3.1 Basic Concepts

Analysis of digital modems requires a number of conceptual tools that are not
used in the more familiar analog modulation systems. We briefly review some
of the essential concepts here.

Binary and M-ary Signaling A natural choice of the digital baseband
signal is a binary waveform, which can be expressed as

xpp(t) = ) _bup(t — nTy), (3.10)

where b, is the bit value in the time interval [n T}, (n + 1)7}] and assumes one
of two values, e.g.. 0 and 1 or —1 and +1. For a rectangular pulse shape, the
receiver may simply decide whether the (peak) value of the waveform is less
or greater than a threshold to detect the bit value.

In practice, it is sometimes advantageous to employ multilevel “digital”
signals to modulate the carrier, usually because bandwidth requirements can
be relaxed. Shown in Fig. 3.13 is an example where the original binary data
stream is subdivided into groups of two bits, and each group is converted to
one of four possible levels by means of a D/A converter. We note that the
resulting waveform exhibits fewer transitions per unit time but requires higher
amplitude resolution in the detector. Called “* M -ary” signaling, such a scheme
can also be represented by (3.10) if b, assumes all of the discrete levels. To
avoid confusion with the binary case, each transmitted level here is called a
“symbol” rather than a bit. In Fig. 3.13, the “symbol rate” is one-half the
original bit rate.
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Figure 3.13 Four-level digital representation of a binary data stream.

Basis Functions  With the baseband signal described by (3.10), we now
consider the representation of digitally modulated waveforms. As an example,
the binary FSK signal of Fig. 3.12(c) can be written as

= A.cosant, ifb, = 1. (3.12)

This indicates that every transmitted bit can be represented by an inner product,
xpsk(t) = a1 (1) + a2 (r) (3.13)

= [ay 2] - [¢1() ¢2(1)], (3.14)

where [a) @3] = [0 A.] or [A. 0], ¢1(1) = cosant, and ¢(t) = coswst. In
other words, xpsk (#) is expressed as a linear combination of two functions.

The idea of representing a waveform as a linear combination of “basis
functions™ should be familiar from Fourier series: a function x(7) (with finite
energy) can be written as

>0 o0
X(t) = Za,, cosnwt + Zb,, sin nwt, (3.15)

n=0 n=0

over the interval fy <t <ty + T, where @ = 1/7". An important property of
the Fourier series is the “orthogonality™ of the basis functions, namely.

T
/ cos nwt cosmwt = 0, (3.16)
0
T
/ cosnwt sinmwt = 0, (3.17)
0
T
f sin nwt sinmwt = 0, (3.18)
0

forn #m.
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With the above observations, we now state that each symbol in a digitally
modulated waveformisrepresented by a linear combination of orthogonal basis
functions,’

x(t) = a1 (1) + 2¢2(t) + - + anodn(1), (3.19)

where
Ts
O (O ()dt = 0 (3.20)

0

for m # k and Ty is the symbol period. The number N is called the “dimen-
sion” of the set of basis functions.

The reader may wonder about the motivation behind the foregoing de-
velopment. We justify this by two reasons. First, expressing waveforms as a
linear combination of functions allows a unified treatment and fair compar-
ison of many seemingly different modulation schemes. Second, orthogonal
basis functions form a “minimum set” for representing waveforms, and, more
importantly, they can be used in optimum detection of signals.

Signal Constellations For dimensions below 4, we can visualize the
modulated waveforms in terms of the coefficients in their inner products. That
is,in x(t) = [ay @z -] [@1 (1) P2(F) - - -], we simply ignore the basis functions
and plot all possible values of the vector [a «; -- -] in cartesian coordinates.
Thus, for the binary FSK signal of Fig. 3.12(c), we obtain the plot shown in
Fig. 3.14(a). Called a “signal constellation” or a “signal space.” such a plot
proves valuable in understanding various effects in digital modems.

Oa
+A c

I o — - B R S
+A c a'] 0 +A c a1
(a) (b)

Figure 3.14  Signal constellations of (a) FSK, (b) ASK.

2 The basis functions are usually normalized so as to have unit energy over 7, but here we
ignore this detail.



Sec. 3.3 Digital Modulation 67

As another example, consider the binary ASK waveform of Fig. 3.12(a).
where the modulated signal corresponding to each bit is expressed as

rikpll) = A coswd, b, = 1, (3.21)
= i if b, 0. (3.22)

l

Consequently, xss5x (f) = a1¢(t), where a; assumes a value of 0 or A, and
¢1(t) = cos w.t. This scheme has one dimension, with the constellation shown
in Fig. 3.14(b).

An immediate application of signal constellations is in understanding the
effect of noise upon detection of the received waveform. Suppose as shown
in Fig. 3.15, a binary ASK signal is corrupted by some noise, n(t), and the
result is applied to an envelope detector. The signal thus obtained resembles
the original baseband waveform, but with substantial amplitude noise. There-
fore, an analog comparator with a threshold at midway between the expected
high angi low levels is added to sense the transitions and generate a less noisy
output.”

o e 1 PR
(a)

(b)

Figure 3,15  Effect of noise on (a) an ASK signal and (b) its constellation.

What happens if the rms value of the noise is increased? If the noise
amplitude is large enough, the output of the envelope detector occasionally
crosses the threshold erroneously, producing an incorrect bit value at the output
of the comparator. In other words, as the noise amplitude becomes comparable
with half the difference between the high and low levels, the probability of error
rises rapidly.

Tosee the effect of noise on the constellation, we examine the levels at the
output of the envelope detector for a long time, obtaining a “noise band™ around
each point [Fig. 3.15(b)]. A greater noise amplitude widens the variations of the
detected level. thereby increasing the probability of error, whereas a greater
difference between the two points (e.g., larger signal amplitude) decreases this
probability. Thus, the cartesian distance between the points in a constellation
is an indication of the robustness of the modulated signal to noise. In fact, the
points with minimum distance have the most significant impact on the bit error
rate. We also see intuitively that if the two levels in Fig. 3.15(b) occur with
equal probability, then the decision threshold should be at A, /2.

“ This detection technique is not optimum, but used here to illustrate a point.
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As another example, consider the binary (orthogonal) FSK constellation
of Fig. 3.14(a) in the presence of noise. The resulting signal space appears as
shown in Fig. 3.16. As the noise power increases, the “clouds™ extend beyond
the decision boundary, thereby causing errors in the detector.

Oz

.~ Decision

+A c
Boundary

Figure 3.16  Effect of noise on FSK constellation.

Optimum Detection The manner in which the baseband signal is ex-
tracted from the modulated waveform has great impact on the overall per-
formance of the system, in particular the signal quality. Since the baseband
signal is digital, the detector output must be sampled every bit period, T}, to
determine the received value. This is illustrated in Fig. 3.17.

n(t) Tp

{

* Baseband
xm-»@-— Demodulator ] —o— | Data

Figure 3.17  Signal detection by sampling.

To understand the problem of optimum detection, we begin with the
simple case depicted in Fig. 3.18. Suppose a single pulse (not necessarily mod-
ulated) is to be detected in the presence of additive noise. How should the pulse
be shaped so as to maximize the signal-to-noise ratio at the sampling instant?
We may surmise that if 42(¢) = §(¢) and the sampling is synchronized such that
the peak value of the pulse is sensed, the output SNR is high [Fig. 3.19(a)).

n(t) Ty

Filter +
x(t)—» h(t) ] — o —DBa;eat::nd

Figure 3.18 Use of filter in detector.

However, we can take advantage of the random nature of noise by per-
forming averaging in one bit period. Shown in Fig. 3.19(b) is an example where
the input pulse is integrated from 0 to 7} and the sampling occurs at t = T7},.
In this case, noise components that vary significantly in a period of 7, tend to
average out.
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Figure 3.19 Detector with (a) sampling the peak value, (b) integration over one
bit prior to sampling.

The example of Fig. 3.19(b) leads us to the concept of “matched filter.” It
can be shown that for a pulse p(¢) thatis corrupted by additive white noise, there
exists an optimum filter that maximizes the SNR at the sampling instant [1].
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Called a matched filter (Fig. 3.20), such a circuit has an impulse response given
by h(t) = p*(T, — t), where the right-hand side is the conjugate of p(¢)
reversed in time and shifted to the right by 7,. In most cases of interest, p(t) is
real and h(t) = p(T, — ). Note that the magnitude of the Fourier transform
of h(t) is equal to that of p(z).

n(t) Ty
* Matched Filter +
x(t)-=(F h(t) P B o

h(t)=p*(T,—1)
Figure 3.20 Deltection using matched filtering.
To gain an intuitive feeling about matched filters, let us assume p(t) is a

rectangular pulse as shown in Fig. 3.21. In the absence of noise, the filter output
is equal to

y(t) = p(t) * h(t) (3.23)
+0oc
= f p(t — D)h(t)dr, (3.24)

that is, a triangular pulse with a maximum value at t = 7;,. We note that the
impulse response is that of an integrator (with the output “dumped” att = 7.)
This confirms our earlier conviction about averaging the noise.

If the input to a matched filter consists of a pulse p(7) and additive white
noise with power density Ny/2, then the maximum SNR is equal to [1]

SN Rmax = iy (3.25)
max — No ' o
where
~+o0
B, = f |p(0)|dt. (3.26)
—00

We say E, is the energy of the signal. If p(r) is a voltage quantity, E,, is the
energy dissipated in a 1-£2 resistor driven by p(¢). Equation (3.25) yields two
interesting results. First, SN R, depends on the energy of the pulse but not
its shape. Second, SN Ry,.x does not depend on the bandwidth occupied by the
pulse or the matched filter.
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Figure 3.21 Optimum detection of a rectangular pulse.

With the above development, we are now ready to study the optimum
detection of modulated signals. We first recognize that if the input waveform
corresponding to a bit is a real function, p(z), then the matched filter output
at the end of the bit period can be written as

+0o0

Ty = f x(O)h(Tp, — t)dt (3.27)
b5

:f x(t)p(r)dr, (3.28)

where x(f) = p(t) + n(t). If p(t) is zero outside the interval [0 7], then

1.'=Tb
(Ty) = f x(0)p(r)dr. (3.29)
=0

Equation (3.29) is an important result, suggesting that a “correlation function™
must be performed between the input (including both the signal and the noise)
and the known pulse shape, p(¢), for one bit period. Illustrated in Fig. 3.22,
this technique reduces to the topology of Fig. 3.21 if p(¢) is a rectangular pulse.

Tp

{

T
x(t)—b—?—— f b L | o ey (t)
0

p(t)

Figure 3.22 Optimum detection using a correlator.
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The function p(r) can assume any shape, including the modulated wave-
forms of Fig. 3.12. But it is important to synchronize the starting point of the
pulse in x (¢) with that of p(r), because timing misalignment results in a smaller
peak value at the correlator output. This issue is resolved by “bit (or symbol)
synchronization.”

Now recall that a digitally modulated waveform can be expressed as a
linear combination of the basis functions. To detect the value of the transmitted
level, we can generalize the idea of the correlator. Shown in Fig. 3.23 is an
example for a two-dimensional signal space, where the correlation between
the input and each basis function is computed and the results are properly
combined to generate the baseband waveform. The operation of this receiver
is more intuitively understood if we consider the familiar case of binary FSK,
shown in Fig. 3.24. Here, each correlator serves to find how “similar” xpgx ()
is to coswf or coswst by integrating xpsx (1) coswit and xgsg (1) cos wot
over one bit period. The adder then decides which sampled value is greater,
generating the output binary value accordingly.

Tg

- !
-—->®—> j;s—c-—o/o—

d4(1)
0, (t) Ts

x(1)o— — xgg(t)

L Encoder ~—|

Figure 3.23 Correlation receiver for two-dimensional signal space.

Coherent and Noncoherent Detection The binary FSK receiver of Fig.
3.24 can be used to distinguish between two methods of detection. First, note
that the basis functions cos w;t and cos w;¢ are generated in the receiver, for
example, by means of two oscillators, whereas the waveform xrgsg (¢) is syn-
thesized in the transmitter. Now suppose, due to start-up phase uncertainty,
one of the oscillators actually produces sin w;t while the received waveform
is A, coswit. The correlation of these signals over one bit period is equal to
zero if Ty is an integer multiple of 27 /w;. The receiver thus fails to generate a
correct output. This example indicates the need for phase synchronization be-
tween the carrier of the received signal and the oscillator output in the receiver.
Detection schemes that require phase synchronization are called “coherent.”
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Figure 3.24 Coherent FSK detector.

By contrast, some modulated waveforms can be demodulated using “non-
coherent” detection. A simple example is the FM detector of Fig. 3.8. Another
example is the binary FSK detector illustrated in Fig. 3.25. This circuit employs
two narrowband filters centered at w; and w, followed by envelope detectors
to determine which frequency is received during a bit period.

Envelope
Detector
(08} |
+
s (1) h Baseband
FSK\l)o— Data

Envelope ‘
; Detector

QP

Figure 3.25 Noncoherent FSK detector.

Coherent detectors are usually based on the matched filter concept, pro-
viding a lower bit error rate than do their noncoherent counterparts. However,
the latter are more widely used in RF design owing to their lesser complexity
(Section 3.5)

Definition of Bandwidth In our study of analog FM, we noted that
98% of the signal power lies in a bandwidth equal to 2(8 + 1)B. In digital
modulation, it is common practice to specify the “99% bandwidth,” namely, that
containing 99% of the signal power. Although somewhat arbitrary, the choice
of this percentage must be consistent for all modulation schemes. Alternatively,
the signal bandwidth can be defined in terms of the relative amount of power
that appears in an adjacent channel. Illustrated in Fig. 3.26, the idea is that the
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Signal Adjacent
Channel Channel

B B

Figure 3.26  Adjacent channel power.

definition of the bandwidth serves to show how closely the signal channels can
be spaced, i.e., how much each channel is corrupted by adjacent channels. For
example, we say for a bandwidth of 30 kHz, the signal exhibits an “adjacent
channel power” (ACP) of —50 dBc, meaning that the power in the adjacent
30-kHz channel divided by the power in the channel carrying the modulated
signal is equal to —50 dB.

3.3.2 Binary Modulation

Digital modulation with binary baseband waveforms can be performed as ASK,
PSK, or FSK. Since ASK is rarely used in RF applications, we consider only
binary PSK (BPSK) and binary FSK (BFSK) here. The goal is to study the bit
error rate, spectral efficiency, and power efficiency of each scheme. We assume
the received signal is corrupted by additive white Gaussian noise and find the
BER of coherent and, if possible, noncoherent detectors in each case.

Before considering any specific modulation, we analyze a general corre-
lator for waveforms modulated by equal-probability binary levels. In contrast
to the simple correlator of Fig. 3.22, here we assume fwo possible (real) pulse
shapes p;(¢) and p,(t) to represent binary data. This is because in some cases
a logical ZERO is not transmitted as a simple “low” level. For example, in
BFSK, pi(t) = Ac.coswit and py(t) = A.coswyt for 0 < t < T,. Shown in
Fig. 3.27(a), the optimum receiver thus correlates the input with each of these
pulses and compares the results to determine the bit.* This configuration can
be simplified as in Fig. 3.27(b), revealing that the equivalent filter is matched
to pi(t) — pa(t). Therefore, from (3.25)

BN By o= o (3.30)

4 Note that pi(t) and p,(1) are not necessarily orthogonal in this case.
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Figure 3.27 (a) Coherent binary receiver, (b) simplified version of (a).

where
+00
Ei= [ 1m0 - pofa (331)
—00
Also, it can be shown that E,; is maximum if pi(1) = —p,(7).
In the absence of noise, the output of the integrator in Fig. 3.27(b) at
t = T, assumes one of two distinct values, A; and A, (e.g., Ay = +1 and
Az = —1), corresponding to x(t) = p;(t) and x(t) = p,(t), respectively.

The decision threshold is set at (A} + A3)/2. In the presence of noise, on the
other hand, the sampled value is equal to A; 4+ n(7}) or Ay + n(7}), where
n(T}) is the noise amplitude at the output of the integrator at t = 7. Note
that n(73) may be not be white, but it is still Gaussian because of the linearity
of the correlator.

Now recall from probability theory that if two independent random vari-
ables are added, their probability density functions are convolved. Conse-
quently, as illustrated in Fig. 3.28, the quantities A; + n(7}) and A; + n(7})
exhibit two overlapping Gaussian distributions, indicating that an error occurs
if A} + n(T}) exceeds the threshold and p;(t) is transmitted or if Ay + n(7}3)
falls below the threshold and p,(t) is transmitted. Since the probability that
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PDF with no Noise PDF of Noise
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Figure 3.28 Calculation of PDF for binary data with additive noise.

pi1(t) is transmitted is equal to 1/2, the probability of the first error event is

- B 1 —(u — Aq)?
Be i o f . anik . L (3.32)
(

‘ p
2 Jiar+An)2 /2m0} 20,

where o, is the standard deviation of n(t). The second error event has the
same probability, and hence the total probability of error is P, = 2P,;.
With a change of variable, v = (4 — Ay)/0,, we have

™ 1 —v?
P, :f exp dv (3.33)
(A2—A1)/Qon) V27T 2 |

A; — A
=0 (2——') , (3.34)
20,
where Q(:) is
—u?

Qx) = _f exp -——du {3:35)

While not available in closed form, this function can be approximated as

exp i (3.36)

Qx) =~ B \/_
for x > 3. Note that the result in (3.34) holds for any filter, although (A; —
A1)/(20,) depends on the type of the filter.

The argument of the Q function in (3.34) is the ratio of two quantities
(signal and noise) at the output of the integrator. It is more convenient to
express this ratio in terms of signal and noise at the input of the detector. This
is possible for a correlator (matched filter) implementation if we make two
observations. First, linear superposition implies that the quantity A; — A is
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the response of the receiver to an input x(r) = pi(t) — p2(¢) (although such
an input does not occur in actual transmission). Second, since the filter (or
correlator) is matched to p(t) — pa2(¢), if x(z) = pi(t) — pa(¢) is applied,
the SNR at the sampling instant is equal to (A, — A;)*/0?, which reaches a
maximum given by (3.30). Thus, (A, — A1)?/o; = 2E;/ Ny and, hence,

P, = Eq 337
e“Q m ()

Equation (3.37) is an important result, suggesting that the error rate de-
pends on only the (difference) signal energy and the noise spectral density. We
emphasize the conditions under which (3.37) holds: additive white Gaussian
noise channel and matched-filter (coherent) detection.

The derivations considered thus far apply to all binary modulation
schemes. We now study the implications of the above analyses in specific
modems.

BPSK In BPSK, the binary baseband data selects one of two opposite
phases of the carrier. Illustrated in Fig. 3.29(a), the modulated signal can be
written as xgpsk(t) = Accos(w.t + ¢). where ¢ = 0 or 180°. To obtain
the constellation, we write xgpsx (f) = acosw.f, where @ = +A,. or —A,
[Fig. 3.29(b)]. Since p;(t) = —pa(1), the correlating signal in the detector is
p1(t) — p2(t) = 2p1(t) = 2A.cosw,t [Fig. 3.29(c)]. Thus, in the absence of
noise, the output of the integrator at t = 7, is equal to

e
Vit = [ +2A? cos® wtdt, (3.38)
0

For large w,, Vipe & £A2T}, yielding the baseband binary data.

To calculate the error rate with the aid of the results in (3.31) and (3.37),
we recognize that

+00
Bi= [ n® - poFar (3:39)
-
Tp
- / (2A, cos w.1)?dt (3.40)
V]
= 247, (3.41)
and hence
AT,
P.=0 T (3.42)
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Baseband

p1(t) =+A;cos®ct @——\:Tj_‘
@ T 0 e &
pz(t) =—Accosm¢t®—f o -
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* 0 ata
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Figure 3.29 BPSK (a) modulator, (b) constellation, and (c¢) demodulator.

To make fair comparisons with other modulation schemes, we define the (av-
erage) energy per bit as E, = A2T}/2, thus obtaining

P.ppsk = Q (‘/ %) ; (3.43)

Note that E}, contains both the amplitude and the period of the signal, revealing
that the error rate can be lowered by increasing the signal power or decreasing
the data rate. The quantity E,/Nj is an indication of the signal-to-noise ratio
in the receiver.

We find the spectrum of a BPSK waveform by making two observations.
First, the modulator of Fig. 3.29(a) can be modified as shown in Fig. 3.30, where
the baseband data toggles randomly between +1 and —1 and is multiplied by
A, CcOsw,t:

xgpsk = xpp(t).A;cosw,t. (3.44)

Thus, the spectrum of xgpsk (¢) is simply that of xgg(¢) translated to £aw,.
Second, a random binary waveform, x(#), employing pulse shapes + p(t) and
—p(t) to represent ONEs and ZEROs, respectively, has the following power
spectral density,

S:(@) = — P, (3.45)
T

where P(w) is the Fourier transform of p(t) [1]. If p(¢) is a rectangular pulse
with duration 7, and unity amplitude, then P(w) = [2sin(w7}/2)]/w, and
A?sin’[(w + w)Tp/2) 4 AZsin’[(w — w:)T/2)

S = —
spsk(@) Ty (w + wc)? Ty (@ — w)?

(3.46)
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xgg(t) T —>®—>XBPSKU)

Accosm t

Figure 3.30 Simplified BPSK modulator.
The power efficiency of BPSK is discussed in Section 3.4.

BFSK In BFSK, the binary baseband data selects one of two carrier
frequencies with equal amplitudes [Fig. 3.31(a)].” The modulated signal is writ-
ten as xgrsk (1) = oy coswit + a3 cos wrt, where [ag az] = [0 A.] or [A. 0].
For the two basis functions to be orthogonal over one bit period, we must have

Ty
f cos wnt cos wrtdt = 0. (3.47)
0

For w; +w; > w; —w,, the above equation reduces to [sin(w; —w;) T} ]/ (w; —
@) = 0. Thus, (w1 — @) T, = nm, and for minimum spacing between ®; and
wy, w1 —wy =n/Tpor fi — fr=1/2T).

o
Baseband 2

p (t)=A.cosmqt . g " Decision

: Boundary

P,(t)=A;cosm,t @J

(a) (b)

Ty
xgrsk (1) - | el i ,. Baseband
0 Data

A.cosmt-A;cosm,t

xgrsk (t)

(c)

Figure 3.31 BFSK (a) modulation, (b) constellation, (¢} detection.

3 This approach is called “discontinuous™ FSK because the phase changes abruptly.
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In contrast to BPSK, orthogonal BFSK is a two-dimensional scheme,
exhibiting the constellation in Fig. 3.31(b). Here, pi(f) = A.cosw;f and
pa(t) = A cosant; thatis, pi(t) # —pa(t). As we will see below, this yields
interesting differences between the error behavior of BPSK and BFSK.

Shown in Fig. 3.31(c), a BFSK detector correlates the input with p;(t) —
pa(t) = A coswit — A, coswyt. Consequently, the output of the integrator
at t = T}, in the absence of noise is equal to A2T},/2 for xprsg = A cos w;t
and —A2T;/2 for xprsk = Accoswyt.

The bit error rate for coherent BFSK detection is calculated with the aid
of (3.31) and (3.37). Since p;(7) and p,(¢) are orthogonal,

T;

E; = [pi(t) + pa(t))d: (3.48)
0
= AT} (3.49)
Thus,
A2T,
P.=0 A (3.50)

As with BPSK, we define the average energy per bit as E, = A27},/2, thereby

obtaining
E
Peprsk = Q (1/72)' (3.51)

Comparison of (3.43) and (3.51) indicates that, for a given probability of
error and noise density, the bit energy in BFSK must be twice that in BPSK.
What is the reason for this difference? From the constellations of Figs. 3.29(b)
and 3.31(b), we observe that for a given value of carrier amplitude, A., the
amount of noise that can corrupt a bit so much that the correlator output crosses
the threshold erroneously is higher in BPSK than in BFSK. In other words, the
minimum distance between the points in the constellation is greater in BPSK.
From another point of view, recall that in SN Ry = 2E4/Ny. the value of E4
reaches its maximum if p;(f) = —p,(¢), which is the case for BPSK but not
for BFSK.

The above difference is often stated as “BPSK has a 3-dB advantage over
BFSK.” Nevertheless, BFSK is widely used in low data rate applications (such
as pagers) where £} can be maximized by allowing a long 7. The popularity
of BFSK stems from the simplicity of its detection, especially in noncoherent
systems (Section 3.5), and its power efficiency (Section 3.4).

The spectrum of FSK signals is generally difficult to calculate [1]. From
Carson’s rule, the 98% bandwidth is approximately equal to By = 2(Af +
1/Tp), where Af = f; — f> [1]. In orthogonal FSK, Af = 1/(27}) and
Br = 3/T,.



Sec. 3.3 Digital Modulation 81

The power efficiency of BFSK is discussed in Section 3.4.
3.3.3 Quadrature Modulation

In many applications, it is beneficial to subdivide a binary data stream into pairs
of two bits and represent each pair with one of four levels before performing
modulation. For example, bits b,, and b,,.; can be impressed upon a single
carrier as

x(t) = bpA.cosw.t — by Acsinw,t. (3.52)

This is possible because cos w.f and sin w,.f are orthogonal functions.

Called “quadrature modulation™ or “quadrature multiplexing,” this op-
eration is illustrated in Fig. 3.32, where a serial-to-parallel (S/P) converter sep-
arates consecutive bits into one stream for the upper arm and another for the
lower arm. Since each group of two bits (one in each arm) constitutes a symbol,
the symbol rate is half the bit rate (Section 3.3.1), indicating that the required
bandwidth is half that of BPSK. This is the principal reason for the wide use of
quadrature modulation.

A
*_>
Binary cost;)t +
Baseband —| sip ¢ x(t)
Data Converter sinw t 2
B
Binary
Baseband I I I | l
Data -
A
B | —
=

Figure 3.32 Quadrature modulation.

To obtain the constellation, we assume bits b,, and b, are rectangular
pulses with a height &1 and write the modulated signal as x (1) = «; cos w .t +
o5 sin w.f, where a1 and @ can each take on a value of +A, or —A,.. The
constellation is shown in Fig. 3.33.
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Figure 3.33  Signal constellation for quadrature modulation.

Quadrature modulation encompasses two broad categories: quadrature
phase shift keying (QPSK) and minimum shift keying (MSK). The first includes
more specific types such as offset QPSK (OQPSK) and 7 /4-QSPK, and the
second has a widely used subset, Gaussian MSK (GMSK).

Why are there so many types of quadrature modulation? Recall that
three parameters determine the performance of a modulation technique for
RF applications: BER, spectral efficiency, and power efficiency. The above
schemes exhibit different trade-offs among these parameters.

QPSK Ifin (3.52), the bit waveform is a rectangular pulse, a QPSK sig-
nal is obtained. From another point of view, in analogy with BPSK, one of four
phases of a sinusoid is selected according to the symbol; that is, xgpskx () =
V2A, cos(w.t +km/4), k=1,3,5,7.

Coherent detection of QPSK signals can be performed as shown in Fig.
3.34. Here, the circuit correlates the input with cos w.f and sin w.f to determine

Tg

v

_>§_. j;rs_.._o/o__..

cos(.t P/S

Baseband
T
sin¢t Ts Converter Data

L’ ITS—D—O/O——.-
0

Figure 3.34 Coherent QPSK detection.
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the most likely value for the symbol from the set [=1 +1]. A parallel-to-serial
(P/S) converter then multiplexes every two bits in a symbol so as to produce
the baseband binary data.

Upon comparison of Figs. 3.29(b) and 3.33, we may conclude that QPSK
has a higher probability of error than does BPSK because each point in the
constellation of Fig, 3.33 can be mistaken for three other points and the min-
imum distance between the points is the same in both schemes. A more
careful analysis, however, indicates otherwise. First, since a fair compari-
son requires that the transmitters produce the same output power, we write
the two modulated waveforms as xgpsg (1) = A cosw.t and xgpsk () =
A, cos(w.t + ki /4), so that they both have an average power of A2/2. Thus,
Xopsk(t) = :t(Ac/ﬁ) cosw.t + (Ac/ﬁ) sin w.!, yielding the constellation
in Fig. 3.35(b). Here, the points are closer to each other, further strengthening
our postulate that QPSK has a higher BER. But a fair comparison also requires
that the overall bit rates be equal in the two cases. This means that, for a base-
band binary data with period 7}, the correlator in a BPSK receiver [Fig. 3.29(¢)]
integrates the input for 7} seconds, whereas those in a QPSK detector (Fig. 3.34)
integrate the input for 7s = 27} seconds. The sampled level (i.e., the energy)
is therefore equal to A27},/2 in the first case and (v/2A./2)2(2Tp) = A2T}, in
the second case. Consequently, the bit energy in BPSK is less than the symbol
energy in QPSK.

o2k
Ac
+ —_—
| -
5 ‘ s ¥ : : >
-Ac 0 +Ac (11 Ac: H Ac Olq
b Lp—
V2 R F
SRSV e ¥
Ac
V2

Figure 3.35 Signal constellation of BPSK and QPSK for equal output power.

We summarize the above observations as follows: compared with BSPK,
QPSK has more adjacent points, smaller minimum distance, but higher symbol
energy. If all of these are taken into account. it can be proved that BPSK and
QPSK have nearly equal probabilities of error; that is, P, = Q(/2Ep/Ny) [1].

Since a QPSK waveform can be viewed as the summation of two BPSK
signals, the spectrum of QPSK waveforms is similar to that of their BSPK coun-
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terparts but the bit stream is “slowed down” by a factor of two (S/P conversion)
before quadrature multiplexing. Thus, the spectral density can be derived from
that in (3.46) by substituting 27}, for 7}.

Animportant drawback of QPSK is large phase changes at the end of each
symbol. As depicted in Fig. 3.36, when the waveforms at the output of the S/P
converter change simultaneously from, say, [-1 — 1] to [+1 + 1], the carrier
experiences a 180° phase step or, equivalently, a transition between two diag-
onally opposite points in the constellation. As we will see in Section 3.4, such
transitions are undesirable if the waveform is to be filtered and subsequently
processed by a nonlinear power amplifier.

A

— A

B

Binary ‘
Baseband —» S/p

|

Figure 3.36  Phase transitions in a QPSK waveform.

A variant of QPSK that remedies the above drawback is offset QPSK. As
shown in Fig. 3.37, the data streams are offset in time by half the symbol period
after S/P conversion, thereby avoiding simultaneous transitions in waveforms
atnodes A and B. The phase step is therefore only £90°. Fig. 3.38 illustrates
the phase transitions in the time domain and in the constellation. The bit error
rate and spectrum of OQPSK are identical to those of QPSK [1].

Despite the advantage of smaller phase change, OQPSK suffers from a
critical drawback: it does not lend itself to “differential encoding™ [4]. We defer
this topic to Section 3.5 , but point out here that differential encoding plays an
important role in noncoherent receivers, the most popular type in today’s RF
applications.

Another variant of QPSK is “m /4-QPSK” [3, 4]. In contrast to OQPSK,
this scheme can be differentially encoded and is used in American and Japanese
phone systems (Chapter 4). In 7 /4-QPSK; the signal set consists of rwo QPSK
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Figure 3.37 Offset QPSK modulator.

schemes, one rotated by 45° with respect to the other:
n
xi(t) = Accos (wet + k) kodd, (3.53)
i 4
x2(1) = Accos (wct + AZ) k even. (3.54)

As shown in Fig. 3.39, the modulation is performed by alternately taking the
output from each QPSK generator.

Figure 3.38 Phase transitions in OQPSK.

To better understand the operation, let us study the simple implementa-
tion of a 7 /4-QPSK generator in Fig. 3.40. After S/P conversion, the digital
signal levels are scaled and shifted so as to present =1 in the upper QPSK

Accos(mch‘% k=1,3,5,7 2{"'
Baseband '
Data x(t)
Accos((x)chTn k=2,4,6,8 —f

Figure 3.39 Conceptual generation of 7 /4-QPSK signals.
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Figure 3.40 Generation of 7 /4-QPSK signals.

modulator and 0 and ++/2 in the lower. The outputs are therefore equal to
x1(1) = ajcosw 1 + azsinw.t, where [a) az] = [£A, £ A ], and x2(7) =
B1 cos wet + B sin w.t, where [B; B2] = [0 £+/2A.] and [£+/2A, 0]. Thus, the
constellation alternates between the two depicted in Fig. 3.40. Now consider
a baseband sequence of [11, 01, 10, 11, 01]. As shown in Fig. 3.41, the first
pair, [1 1], is converted to [+A. + A.] in the upper arm, producing y(7) =
A cos(wct + 7 /4). The next pair, [0 1], is converted to [0 —+/2A,] in the
lower arm, yielding y(t) = —~+/2A. cos wt. Following the values of y(¢) for
the entire sequence, we note that the points chosen from the two constellations
appear as in Fig. 3.41(a) as a function of time. The key point here is that,
since no two consecutive points are from the same constellation, the maximum
phase step is 135, 45° less than that in QPSK. This is illustrated in Fig. 3.41(b).
Thus, in terms of the maximum phase change, 7 /4-QPSK is an intermediate
case between QPSK and OQPSK.

The spectrum and BER of 7 /4-QPSK are identical to those of QPSK.
We discuss the power efficiency of QPSK and its variants in Section 3.4.

In our treatment of the QPSK family, we have assumed that the base-
band bits are represented by rectangular pulses. In band-limited applications,
however, it is desirable to employ a pulse shape whose spectrum drops sharply
in the adjacent channels. For example, the raised-cosine signal described in
Section 2.2 provides both a tight spectrum and ISI-free operation.
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Figure 3.41 (a) Evolution of 7/4-QPSK in time domain, (b) possible phase
transitions in the constellation.

In practice, the raised-cosine filter is decomposed into two sections, one
placed in the transmitter and the other in the receiver (Fig. 3.42). Using a
transfer function equal to the square root of (2.54), the two sections together
allow Nyquist signaling while the section used in the receiver also operates as
a matched filter. This technique is described in [5].

. % ﬁj— -

Baseband . =
: 1\ Raised-Cosine|

s sty

Figure 3.42 Decomposition of a raised-cosine filter into two sections.

MSK Minimum shift keying can be described from several different
points of view, each providing more insight into the underlying principles. We
first utilize OQPSK to arrive at MSK, but eventually view MSK as a type of
FSK to understand GMSK.
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Recall from Eq. (3.52) that in quadrature modulation, every two consec-
utive bits, b,, and b,,.. are impressed on quadrature phases of a carrier. If
b, and b, are rectangular pulses, abrupt phase changes arise in the modu-
lated waveforms, leading to a wide spectrum and presenting difficulties in the
design of power amplifiers (Section 3.4). This consideration warrants the use
of “continuous phase modulation” schemes [6, 7]. One such scheme is MSK.

Suppose in OQPSK, we use half sinusoids, rather than rectangular pulses,
to represent the levels that are multiplied by the carrier. More specifically, as
shown in Fig. 3.43, let us multiply the levels in the upper arm by cos w;# and
those in the lower arm by sin w;f, where @y, = 7/(273) [9]. Thus, x(¢) =
Ay COS W11 COS Wl — A+ SIN W11 sin wt, where a,, and a,, ., are rectangular
pulses toggling between +1 and —1 with a width of 27}, and offset with respect
to each other by 7;,. As shown in Fig. 3.43, x(¢) exhibits no abrupt changes in
the phase or, equivalently, in the slope of the amplitude. To understand why,
first note that a,, changes only at t = (2k 4+ 1)7} and a,,+; only at t = 2kT}.
Now suppose a,, goes from +1 to —1 while a,,+1 = +1. Thus, x(r) goes from
2 cos{wy + w )t to 2 cos[(w, — wy)t + m], where t = (2k 4+ 1)7},. As a result,
the phase change is A¢ = (w, —w )t +7 — (w1 + o)t = 2wt +71 = =2k
because w; = 7/(2T3). The same can be proved for the other three possible
transitions in a,, and a,,+, indicating that the phase is always continuous.

While exhibiting the same error rate as QPSK, MSK exhibits a sharper
decay in its spectrum than the rectangular-pulse QPSK family. The smooth
phase transitions in MSK lower the signal power in the sidelobes of the spec-
trum, but at the cost of widening the main lobe. As a rule of thumb, if the phase
of the bandpass signal has finite derivatives up to and including order n, then
the spectrum of the signal decays at a rate proportional to f2*" [8]. In fact,
for MSK, we have

Smsk(f) =

16A2T, [ cos’2a Ty (f — fo)]
n? ln — 16T (f — fo)*P
cos?[2n Tp(f + )]
[1 — 16T2(f + f )"

that is, a decay proportional to f*. This should be compared to (3.46).

The above rule of thumb suggests that even more spectrally efficient
schemes can be obtained if the phase change is made smoother than that in
MSK. This has led to a more general class of MSK signals [8], of which Gaus-
sian MSK is an example. To arrive at GMSK, we first state without proof that
the MSK signal of Fig. 3.43 can also be written as

(3.55)

T
XMSK“) -— \/iA,_-COS l:wct +/ mep(t g me)dt] s (3.56)
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Figure 3.43 MSK modulation and signal constellation.

where the summation represents the binary baseband signal; that is, b,, = +1
and p(r) is a rectangular pulse of width 7. In GMSK, on the other hand, p(7)
is a smoother function. Note that (3.56) can be viewed as frequency modulation
and, with a rectangular p(z), as FSK.

In GMSK, the pulse shape p(r) is obtained by passing the baseband
rectangular pulses through a filter with a Gaussian impulse response, A(1) =
exp(—at®). As depicted in Fig. 3.44, to obtain the output of the filter, x5 (1) *
h(t), we can calculate (dxpgp/dt) = h(t) and integrate the result. This method
shows that for a narrow Gaussian response (large «), the filter output is close
to a rectangular pulse with width 7}, and as A(r) becomes wider, so does the
output.

The derivation of the GMSK power spectral density is difficult, but we
intuitively expect the spectrum to decay faster if the time-domain modulating
pulse, p(f), becomes smoother. For example, if & = 1, the 99% bandwidth is
less than 1.2/T}, [10].
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Figure 3.44 GMSK modulation.

While our analysis indicates that the lower the value of «, the narrower
the spectrum, the choice of o depends on another factor as well: intersymbol
interference. In contrast to previous modulation schemes, GMSK allows the
modulating pulse to be wider than T}, thus suffering from ISI. As o decreases,
ISI becomes more significant. In typical systems, « is in the vicinity of 0.3,
requiring ISI mitigation in the receiver. The power efficiency of MSK and
GMSK is described in Section 3.4.

The spectra and error probabilities of various modulation schemes are
given in [11, 12, 13].

3.4 POWER EFFICIENCY OF MODULATION SCHEMES

In our study of various modulation techniques thus far, we have frequently
mentioned that power efficiency is an important aspect. In this section, we deal
with this issue.

3.4.1 Constant- and Variable-Envelope Signals

A modulated waveform x(r) = A(t) cos[w.t 4+ ¢ ()] is said to have a constant
envelope if A(z) does not vary with time. Otherwise, we say the signal has a
variable envelope.
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Constant- and variable-envelope signals behave differently in a nonlinear
system. Suppose A(f) = A, and the system exhibits a third-order memoryless
nonlinearity:

y(t) = asx’(t) + -+ (357)
= a3A> cos’[wet + d()] + -+ (3.58)
a3 A3 303 A3

3;40 cos[3w.t + 3¢(1)] + 1 < cos[wet + ¢(1)]. (3.59)
The first term in (3.59) represents a modulated signal around @ = 3w,.. Since
the bandwidth of the original signal, A, cos[w.t + ¢ (2)], is typically much less
than w,, we note from Carson’s rule that the bandwidth occupied by cos[3w, .t +
3¢(t)] is also quite small. Thus, the shape of the spectrum in the vicinity of w,
remains unchanged.

Now consider a variable-envelope signal applied to the above nonlinear
system. Writing x(r) as

x(t) = xy(t) coswet — xp(1) sinwt, (3.60)

where x;(¢) and x¢(¢) are the baseband 1 and Q components, we have

y(t) = a3[x;(¢) coswet — xg(t)sin ot + -+ (3.61)
3w.t + 3cosw,t
_ oq,x?(t)cos @ 4 S @,
3, . —COs3w.t + 3sin w1
- ey —— (3.62)

Thus, the output contains the spectra of x? (r) and x‘zz(!) centered around w,.
Since these components generally exhibit a broader spectrum than do x; (¢) and
xo(t). we say the spectrum “grows™ when a variable-envelope signal passes
through a nonlinear system.

An exception to the above observation occurs if the baseband pulse shape
istectangular. Ashigher powers of arectangular waveform are still rectangular,
the modulated signal spectrum has a sinc’w7}, shape for any nonlinearity.

3.4.2 Spectral Regrowth

Consider the simple transmitter illustrated in Fig. 3.45. Here, a low-pass filter
precedes the modulator to limit the bandwidth of the signal, thereby suppress-
ing spectral leakage into adjacent channels. The PA amplifies and buffers the
result, delivering the required signal level to the antenna.

What is the effect of filtering on a digitally modulated signal? Intuitively,
we expect limiting the bandwidth tends to smooth out the abrupt transitions in
the time domain. For example, a QPSK waveform appears as shown in Fig. 3.45
after filtering, exhibiting greater variation in its envelope as the filter bandwidth
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Figure 3.45 Effect of bandlimiting on the envelope of a QPSK waveform.

decreases. We also note that envelope variation due to filtering becomes more
pronounced at greater phase steps.

What is the implication of envelope variation? The one-to-one cor-
respondence between the band-limited spectrum and the time-varying en-
velope indicates that if the power amplifier is to maintain the spectrum to
the limited bandwidth, then it must also amplify the envelope variations [in-
early. This can be seen by expressing the modulated waveform as x(1) =
xp(t) cosw.t — xp(t)sinw.t. If the PA exhibits significant nonlinearity, then
the shape of x;(r) and x(r) is not preserved and the spectrum is not limited
to the desired bandwidth. This effect is called “spectral regrowth™ [14, 15] and
can be quantified by the relative adjacent channel power [15].

The above discussion can be summarized as follows. Abrupt phase changes
in a digitally modulated waveform, for example, QPSK, result in envelope
variations if a filter limits the bandwidth. Such variations in turn require a
linear power amplifier so as to avoid spectral regrowth. As explained in Chap-
ter 9, linear PAs are typically less efficient than nonlinear PAs. For a 40%
efficiency—which is rarely achieved in linear PAs—and a 1-W output power,
the PA consumes a total of 2.5 W, a considerable amount with respect to the
power dissipation of the rest of a portable phone. Nonlinear PAs, on the other
hand, exhibit efficiencies as high as 60%. Thus, it is desirable to employ mod-
ulation schemes that do not experience spectral regrowth when processed by
nonlinear amplifiers. This aspect of modulation formats is called power effi-
ciency.

A simple example of power-efficient modulation is FM. From xp (1) =
A cos[w.t +m [ xgp(1)dt], we see that FM waveforms have no abrupt phase
change and exhibit a constant envelope. FM and FSK signals can therefore be
amplified by means of nonlinear PAs with no spectral regrowth.
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From the illustration of Fig. 3.45, we conclude that filtered QPSK is quite
susceptible to spectral regrowth. For example, if root raised-cosine filtering is
used in the baseband so as to achieve a narrowband, the resulting envelope
variation requires a relatively linear power amplifier [17, 16]. This drawback is
less severe in OQPSK and 7 /4-QPSK by virtue of smaller phase steps allowed
in these schemes.

More power efficient than the QPSK family are MSK signals because
their constant envelope allows processing by nonlinear PAs. However, MSK
signals typically require a wider band than QPSK waveforms with raised-cosine
filtering.

In summary, digital modulation schemes exhibit a trade-off between spec-
tral efficiency and power efficiency. As the signal bandwidth is more limited—
by filtering or pulse shaping—the power amplifier must achieve a higher lin-
earity so as to avoid spectral regrowth. Different wireless systems have aimed
at one of these extremes: pulse-shaped QPSK modulation with narrow chan-

nels but linear PAs or MSK modulation with wider channels but nonlinear PAs
(Chapter 4).

3.5 NONCOHERENT DETECTION

In Section 3.3.1, we saw that matched filters, an example of which are coherent
detectors (correlators), provide the highest signal-to-noise ratio and hence the
lowest probability of error. Coherent detectors, however, require that the
phase of the local oscillator in the receiver bear a strict relation to that of the
received signal. Called “carrier recovery,” establishing such a phase alignment
necessitates substantial circuit complexity and becomes especially difficult at
low signal levels in the presence of interferers and signal fading. For this reason,
many RF systems employ noncoherent detection despite its somewhat inferior
performance.

Noncoherent FSK Detection In Section 3.3.1, we briefly studied a non-
coherent FSK detector. Shown in Fig. 3.46, this configuration employs two
bandpass filters (for binary modulation), each followed by an envelope detec-
tor, to determine which frequency is received. Since w; — w; is typically much
less than w; and w,, the input spectrum is first translated to a lower frequency
so as to relax the Q and the precision of the center frequency required of the
bandpass filters.

Derivation of the probability of error for this detector is rather involved.
We only state the result for the practical case of sufficient difference between
w; and w; so that their spectral overlap is negligible [1]

1 —E

P, = —exp

—_ 3.63
2 2T,B, Ny 28%)
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Figure 3.46 Noncoherent FSK detection.

where B is the (effective) bandwidth of each bandpass filter and E; is the bit
energy, Ep = A%Tb/Z. If B, =1/T,,then

(3.64)

For error rates on the order of 1073, (3.64) requires an E; /N that is
1.5 dB greater than that in coherent FSK detection [Eq. (3.51)]. In many
applications, the lower complexity justifies this loss in the performance.

Differential Phase Shift Keying While in FSK it is possible to determine
the frequency corresponding to each bit (using bandpass filters or frequency de-
modulators), in PSK the phase relates to the time origin and has no “absolute”
meaning. For example, a 90° phase shift in a QPSK waveform converts the
constellation to a similar one, but with all the symbols interpreted incorrectly.
Thus, simple PSK waveforms cannot be detected noncoherently. However, if
the information lies in the phase change from one bit (or symbol) to the next,
then a time origin is not required and noncoherent detection is possible. This
is accomplished through “differential” encoding and decoding of the baseband
signal before modulation and after demodulation, respectively.

Let us consider binary differential PSK (DPSK). The rule for differen-
tial encoding is that if the present input bit is a ONE, then the output state of
the encoder does not change, and vice versa. This requires an extra starting
bit (of arbitrary value). The concept can be better understood by consider-
ing the implementation depicted in Fig. 3.47(a). An exclusive-NOR (XNOR)
gate compares the present output bit, Dy (m7},), with the present input bit,
D;,(mT}), to determine the next output state,

Dow[(m + 1)T}] = Din(mTp) @ Doy (mTy), (3.65)
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Input Data 0111001101
EncodedData 1 0 0 0 0 1 0 0 0 1 1
Decoded Data 0111001101

(c)

Figure 3.47 (a) Differential encoding. (b) differential decoding, (c) example of
encoded and decoded sequence.

implying that if D;,(m7T,) = 1, then Doy [(m + 1)T] = Dow(mT}p), and
if Din(mT) = 0 then Dyy[(m + 1)T3] = Dow(mTp). The extra starting
bit mentioned above corresponds to the state of the flipflop before the data
sequence begins.

The DPSK signal received by a system can be decoded by a reverse op-
eration, depicted in Fig. 3.47(b). It can be easily shown that phase shifts in the
encoded signal do not alter the differentially decoded output of the receiver.

Differential signaling does not provide the lowest bit error rate because
it is not based on matched filtering. From another point of view, in coherent
demodulation the signal is compared with a low-noise reference (oscillator),
whereas in differential detection two noisy signals are compared with each
other [12]. It can be shown that the probability of error for DPSK is

1 —E;
P, = —exp ;
2 Ny

(3.66)

where E;, = AZ2T,/2. This result indicates that for an error rate of less than

1073, DPSK requires approximately 3 dB higher Ej/N; than does coherent
PSK [Eq. (3.43)].
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4

MULTIPLE ACCESS
TECHNIQUES AND WIRELESS
STANDARDS

The modulation and detection techniques described in Chapter 3 provide the
basis for communication between only one transmitter and one receiver. For a
large number of transceivers in a network, additional methods are required to
ensure proper communication among multiple users. Such methods are called
“multiple access techniques.”

The complexity of wireless systems mandates that they conform to a “stan-
dard.” In addition to modulation and multiple access techniques, a wireless
standard includes such details as frequency bands, timing, and data coding,
while defining precise tests for the performance of transceivers.

Following a brief overview of the properties of mobile communication
systems, we describe in this chapter three general multiple access techniques
that are commonly used in RF systems. These are frequency-division multi-
ple access (FDMA), time-division multiple access (TDMA ). and code-division
multiple access (CDMA). We then study several popular wireless standards,
namely, North American Digital Communication, Global System for Mobile
Communciations, Qualcomm CDMA, and Digital European Cordless Tele-
phone.

4.1 MOBILE RF COMMUNICATIONS

98

A mobile system is one in which users can physically move while communicat-
ing with one another. Examples include pagers, cellular phones, and cordless
phones. Itis the mobility that has made RF communications powerful and pop-
ular. The transceiver carried by the user is called the “mobile unit” (or simply
the “mobile™), the “terminal,” or the “hand-held unit.” The complexity of
the wireless infrastructure often demands that the mobiles communicate only
through a fixed, relatively expensive unit called the “base station.” Each mo-
bile receives and transmits information from and to the base station via two RF
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channels called the “forward channel™ or “downlink™ and the “reverse chan-
nel” or “uplink,” respectively. Most of our treatment in this book relates to the
mobile unit because, compared to the base station, hand-held units constitute
a much larger portion of the market and their design is much more similar to
other types of RF systems.

Cellular System  With the limited available spectrum (e.g., 25 MHz
around 900 MHz), how do hundreds of thousands of people communicate in a
crowded metropolitan area? To answer this question, we first consider a simpler
case: thousands of FM radio broadcasting stations may operate in a country in
the 88-108 MHz band. This is possible because stations that are physically far
enough from each other can use the same carrier frequency (“frequency reuse™)
with negligible mutual interference (except at some point in the middle where
the stations are received with comparable signal levels). The minimum distance
between two stations that can employ equal carrier frequencies depends on the
signal power produced by each.

In mobile communications, the concept of frequency reuse is implemented
in a “cellular” structure, where each cell is configured as a hexagon and sur-
rounded by six other cells [Fig. 4.1(a)]. The idea is that if the center cell uses
a frequency f; for communication, the six neighboring cells cannot utilize this
frequency but the cells beyond the immediate neighbors may. In practice.
more efficient frequency assignment leads to the *7-cell” reuse pattern shown
in Fig. 4.1(b). Note that in reality each cell utilizes a group of frequencies.

(b)

Figure 4.1 (a) Simple cellular system, (b) 7-cell reuse pattern.

The mobile units in each cell of Fig. 4.1(b) are served by a base station,
and all of the base stations are controlled by a “mobile telephone switching
office™ (MTSO).

Co-Channel Interference Animportantissue in a cellular system is how
much two cells that use the same frequency interfere with each other (Fig. 4.2).
Called co-channel interference (CCI), this effect depends on the ratio of the
distance between two co-channel cells to the cell radius and is independent
of the transmitted power. Given by the frequency reuse plan, this ratio is
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Figure 4.2 Co-channel interference.

approximately equal to 4.6 for the 7-cell pattern of Fig. 4.1(b) [1]. It can be
shown that this value yields a signal-to—co-channel interference ratio of 18
dB [1].

Handoff What happens when a mobile unit “roams” from cell A to cell
B (Fig. 4.3)? Since the power level received from the base station in cell A
is insufficient to maintain communication, the mobile must change its server
to the base station in cell B. Furthermore, since adjacent cells do not use the
same group of frequencies, the channel must also change. Called “handoff,”
this process is performed by the MTSO. Once the level received by the base
station in cell A drops below a threshold, the MTSO hands off the mobile to
the base station in cell B, hoping that the latter is close enough. This strategy
fails with relatively high probability, resulting in dropped calls.

MTSO

Figure 43 Problem of handoff.

To improve the handoff process, second-generation cellular systems al-
low the mobile unit to measure the received signal level from different base
stations, thus performing handoff when the path to the second base station has
sufficiently low loss [1].

Path Loss and Multipath Fading Propagation of signals in a mobile
communication environment is quite complex. We briefly describe some of the
important concepts here. Signals propagating through free space experience a
power loss proportional to the square of the distance, d, from the source. In
reality, however, the signal travels through both a direct path and an indirect,
reflective path (Fig. 4.4). It can be shown that in this case, the loss increases
with the fourth power of the distance [1]. In crowded areas, the actual loss
profile may be proportional to d? for some distance and d* for another.
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j Direct Path ’t_ log(loss)
?

Figure 4.4 Indirect signal propagation and resulting loss profile.

In addition to the overall loss profile depicted in Fig. 4.4, another mech-
anism gives rise to fluctuations in the received signal level as a function of
distance. Since the two signals shown in Fig. 4.4 generally experience different
phase shifts, possibly arriving at the receiver with opposite phases and roughly
equal amplitudes, the net received signal may be very small. Called “multipath
fading” and illustrated in Fig. 4.5, this phenomenon introduces enormous vari-
ations in the signal level as the receiver moves by a fraction of the wavelength.

log(loss)

Figure 4.5 Multipath loss profile.

In reality, since the transmitted signal is reflected by many buildings and
moving cars, the fluctuations are quite irregular. Nonetheless, the overall re-
ceived signal can be expressed as

xr(t) = ai(t) cos(w.t + 61) + ax(t) cos(wet + 6>)
+ --- 4+ aycos(w.t + 6,) (4.1)

n n
= | Y aj(t)cost; | coswet — | Y a;(t)sinb; | sinwet. (4.2)
j=1 j=1

Note that for large n, each summation has a Gaussian distribution. Denoting
the first summation by A and the second by B, we have

xgr(t) = v A% 4+ BZcos(w.t + ¢), (4.3)



102

Chap.4  Multiple Access Techniques and Wireless Standards
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Figure 4.6 Rayleigh distribution.

where ¢ = tan~'(B/A). Itcanbeshown that the amplitude, A,, = v/ A% + B2,
has a Rayleigh distribution (Fig. 4.6) [2], exhibiting losses greater than 10 dB
below the mean for approximately 6% of the time.

From the above discussion, we conclude that in an RF system the trans-
mitter output power and the receiver dynamic range must be chosen so as to
accommodate signal level variations due to both the overall path loss (roughly
proportional to d*) and the deep multipath fading effects. While it is theo-
retically possible that multipath fading yields a zero amplitude (infinite loss)
at a given distance, the probability of this event is negligible because moving
objects in a mobile environment tend to “soften™ the fading.

Diversity The effect of fading can be lowered by adding redundancy
to the transmission or reception of the signal. “Space diversity” or “antenna
diversity” employs two or more antennas spaced apart by a significant fraction
of the wavelength so as to achieve a higher probability of receiving a nonfaded
signal.

“Frequency diversity” refers to the case where multiple carrier frequen-
cies are used, with the idea that fading is unlikely to occur simultaneously at
two frequencies sufficiently far from each other.

“Time diversity” is another technique whereby the data is transmitted or
received more than once to overcome short-term fading.

Delay Spread Suppose two signals in a multipath environment experi-
ence roughly equal attenuation but different delays. This is possible because the
absorption coefficient and phase shift of reflective or refractive materials vary
widely, making it likely for two paths to exhibit equal loss and unequal delays.
Addition of two such signals yields x(t) = Acosw(t — 1)) +Acosw(t — 1) =
2A cos[ 2wt —wTy —wT3) /2] cos[w (t1 — T2) /2], where the second cosine factor
relates the fading to the “delay spread,” At = 77 — 12. An important issue
here is the frequency dependence of the fade. As illustrated in Fig. 4.7, small
delay spreads yield a relatively flat fade, whereas large delay spreads introduce
considerable variation in the spectrum.

In a multipath environment, many signals arrive at the receiver with dif-
ferent delays, yielding rms delay spreads as large as several microseconds and
hence fading bandwidths of several hundreds of kilohertz. Thus, an entire
communication channel may be suppressed during such a fade.
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Figure 4.7 (a) Flat and (b) frequency-sclective fading.

Large delay spreads introduce another difficulty as well: if the delay
spread is comparable with the bit period of the digital modulating waveform,
then multiple replicas of the signal are received with different delays, giving
rise to considerable intersymbol interference.

Interleaving The nature of multipath fading and the signal processing
techniques used to alleviate this issue is such that errors occur in clusters of
bits. In order to lower the effect of these errors, the baseband bit stream in
the transmitter undergoes “interleaving” before modulation. An interleaver
in essence scrambles the time order of the bits according to an algorithm known
by the receiver [1]. Interleaving can also be viewed as a type of time diversity
with no overhead (although it entails some latency).

4.2 MULTIPLE ACCESS TECHNIQUES

4.2.1 Time- and Frequency-Division Duplexing

The simplest case of multiple access is the problem of two-way communication
by a transceiver, a function called “duplexing.” In old walkie-talkies, for ex-
ample. the user would press the “talk™ button to transmit while disabling the
receive path and release the button to listen while disabling the transmit path,
This can be considered a simple form of “time-division duplexing” (TDD),
whereby the same frequency band is utilized for both transmit (TX) and re-
ceive (RX) paths, but the system transmits for half of the time and receives for
the other half. Illustrated in Fig. 4.8, TDD is usually performed fast enough to
be transparent to the user.

Another approach to duplexing is to employ two different frequency
bands for the transmit and receive paths. Called “frequency-division duplex-
ing” (FDD) and shown in Fig. 4.9, this technique incorporates bandpass filters
to isolate the two paths, allowing simultaneous transmission and reception.
Since two such transceivers cannot communicate directly, the TX band must be
translated to the RX band at some point. In wireless networks, this translation
is performed in the base station.
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TDD Command

Figure 4.8 Time-division duplexing.

[tis instructive to contrast the two duplexing methods by considering their
merits and drawbacks. In TDD, an RF switch with a loss less than 1 dB follows
the antenna to alternately enable and disable the TX and RX paths. Even
though the transmitter output power may be 100 dB above the receiver input
signal, the two paths do not interfere because the transmitter is disabled during
reception. Furthermore, TDD allows direct (“peer-to-peer”) communication
between two transceivers, an especially useful feature in short-range, local area
network applications. The primary drawback of TDD is that the strong signals
generated by all of the nearby mobile transmitters fall in the receive band, thus
desensitizing the receiver.

In FDD systems, the two front-end bandpass filters are combined to form
a “duplexer filter.” While making the receivers immune to the strong signals
transmitted by other mobile units, FDD suffers from a number of issues. First,
components of the transmitted signal that leak into the receive band are atten-
uated by typically only about 50 dB. Second, owing to the trade-off between
the loss and the quality factor of filters, the loss of the duplexer is typically
quite higher than that of a TDD switch. Note that a loss of, say, 3 dB in the
RX path of the duplexer raises the overall noise figure by 3 dB (Chapter 2) and
the same loss in the TX path of the filter means that only 50% of the signal
power reaches the antenna. While providing acceptable isolation between the
TX and RX paths, typical duplexers indeed exhibit a loss of 2 to 3 dB.

fT Base fa
/ Station \
X | ﬂ / \ _D_ -] X
RX —— D_ _D_ —i— RX
7 fa

Figure 4.9 Frequency-division duplexing.
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Another issue in FDD is the spectral leakage to adjacent channels in the
transmitter output. This occurs when the power amplifier is turned on and off
to save energy or when the local oscillator driving the modulator undergoes a
transient. By contrast, in TDD such transients can be timed to end before the
antenna is switched to the power amplifier output.

Despite the above drawbacks, FDD is employed in many RF systems,
particularly in cellular communications, because it isolates the receivers from
the signals produced by mobile transmitters.

4.2.2 Frequency-Division Multiple Access

In order to allow simultaneous communication among multiple transceivers,
the available frequency band can be partitioned into many channels, each of
which is assigned to one user. Called frequency-division multiple access (Fig.
4.10), this technique should be familiar within the context of radio and televi-
sion broadcasting, where the channel assignment does not change with time.
In multiple-user, two-way communications, on the other hand, the channel as-
signment may remain fixed only until the end of the call; after the user hangs up
the phone, the channel becomes available to others. Note that in FDMA with
FDD, two channels are assigned to each user, one for transmit and another for
receive.

Channel Channel
1 N

o
(O}

Figure 410  Frequency-division multiple access.

The relative simplicity of FDMA made it the principal access method
in early cellular networks, called “analog FM" systems. However, in FDMA
the minimum number of simultaneous users is given by the ratio of the total
available frequency band and the width of each channel, often translating into
insufficient capacity in crowded areas.

4.2.3 Time-Division Multiple Access

In another implementation of multiple-access networks, the same band is avail-
able to each user but at different times (time-division multiple access). Illus-
trated in Fig. 4.11, TDMA periodically enables each of the transceivers for a
time slot (7). The overall period consisting of all of the time slots is called
a frame (7r). In other words, every Ty seconds, each user finds access to the
channel for T; seconds.
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Figure 4.11 Time-division multiple access.

What happens to the data (e.g., voice) produced by all other users while
only one user is allowed to transmit? To avoid loss of information, the data is
stored (“buffered”) for T — T seconds and transmitted as a burst during one
time slot (hence the term “TDMA burst”). Since buffering requires the data to
be in digital form, TDMA transmitters perform A/D conversion on the analog
input signal. Digitization also allows speech compression and coding,.

TDMA systems have a number of advantages over their FDMA counter-
parts. First, as each transmitter is enabled for only one time slot in every frame,
the power amplifier can be turned off during the rest of the frame, thus saving
considerable power. In practice, settling issues require that the PA be turned on
slightly before the actual time slot begins. Second, since digitized speech can be
compressed in time by a large factor, the required communication bandwidth
can be smaller and hence the overall capacity larger. Equivalently, as com-
pressed speech can be transmitted over a shorter time slot, a higher number of
users can be accommodated in each frame. Third, even with FDD, the TDMA
bursts can be timed such that the receive and transmit paths in each transceiver
are never enabled simultaneously.

The need for A/D conversion, digital modulation, time slot and frame
synchronization, etc., makes TDMA more complex than FDMA. With the
advent of VLSI DSPs, however, this drawback is no longer a determining factor.

In most actual TDMA systems, a combination of TDMA and FDMA is

utilized. In other words, each of the channels depicted in Fig. 4.10 is time shared
among many users.
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4.2.4 Code-Division Multiple Access

Our discussion of FDMA and TDMA implies that the transmitted signals in
these systems avoid interfering with each other in either the frequency domain
or the time domain. In essence, the signals are orthogonal in one of these do-
mains. A third method of multiple access allows complete overlap of signals in
both frequency and time, but employs “orthogonal messages™ to avoid inter-
ference. This can be understood with the aid of an analogy [3]. Suppose many
conversations are going on in a crowded party. To minimize crosstalk, different
groups of people can be required to speak in different pitches(!) (FDMA), or
only one group can be allowed to converse at a time (TDMA). Alternatively,
each group can be asked to speak in a different language. 1f the languages are
orthogonal (at least in nearby groups) and the voice levels are roughly the same,
then each listener can “tune in” to the proper language and receive information
while all groups talk simultaneously.

Direct-Sequence CDMA  In “code-division multiple access,” different
languages are created by means of orthogonal digital codes. At the beginning of
communication, a certain code is assigned to each transmitter/receiver pair, and
each bit of the baseband data is “translated™ to that code before modulation.
Shown in Fig. 4.12(a) is an example, where each baseband pulse is replaced
with an 8-bit code by multiplication. A method of generating orthogonal codes
is based on Walsh's recursive equation

w, W,
Wan = [w,, ‘w—,,]'

where -W—,, is derived from W, by replacing all the entries with their comple-
ments. For example,

(4.5)

Wi [8 (1’] (4.6)

Fig. 4.12(b) shows examples of 8-bit Walsh codes (i.e., each row of Wy).

_ el [l JUUHT
S ' |
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(a) (b)
Figure 4.12 (a) Encoding operation in DS-CDMA; (b) examples of Walsh code.
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In the receiver, the demodulated signal is decoded by multiplying it by
the same Walsh code. In other words, the receiver correlates the signal with the
code to recover the baseband data.

How is the received data affected when another CDMA signal is present?
Suppose two CDMA signals x;(f) and x,(1) are received in the same frequency
band. Writing the signals as xg 1 (t) - Wi () and xgp,(1) - Wa(r), where W (¢)
and W,(r) are Walsh functions, we express the output of the demodulator as
y(t) = [xgp1 (1) . Wi(t) + xppa(t) . Wa(t)]. W, (2). Thus, if W, (r) and W,(¢) are
exactly orthogonal, then y(7) = xppi(t) - Wi(#). Inreality, however, x;(¢) and
x,(t) may experience different delays, leading to corruption of y(¢) by xgpa(t).
Nevertheless, for long codes the result appears as random noise.

The encoding operation of Fig. 4.12(a) increases the bandwidth of the data
spectrum by the number of pulses in the code. This may appear in contradiction
to our emphasis thus far on spectral efficiency. However, since CDMA allows
the widened spectra of many users to fall in the same frequency band (Fig. 4.13),
this access technique has no less capacity than do FDMA and TDMA. In fact,
CDMA can potentially achieve a higher capacity than the other two [4].

User 1 l‘ —= ,/ \' =
® Dg ®
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Figure 4.13  Overlapping spectra in CDMA.

CDMA is a special case of “spread spectrum”™ (SS) communications,
whereby the baseband data of each user is spread over the entire available
bandwidth. In this context, CDMA is also called “direct-sequence™ SS (DS-SS)
communication, and the code is called the “spreading sequence” or “pseudo-
random noise.” To avoid confusion with the baseband data, each pulse in the
spreading sequence is called a “chip,” and the rate of the sequence is called the
“chip rate.” Thus, the spectrum is spread by the ratio of the chip rate to the
baseband bit rate.

[t is instructive to reexamine the above decoding operation from a spread
spectrum point of view (Fig. 4.14). Upon multiplication by W;(z), the desired
signal is “despread,” with its bandwidth returning to the original value. The
unwanted signal, on the other hand, remains spread even after multiplication
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Figure 414 Despreading operation.

because of its low correlation with W, (7). For a large number of users, the
spread spectra of unwanted signals can be viewed as white Gaussian noise.

An important feature of CDMA is its soft capacity limit [1]. While in
FDMA and TDMA the maximum number of users is fixed once the channel
width or the time slots are defined, in CDMA increasing the number of users
only gradually (linearly) raises the noise floor [1].

A critical issue in DS-CDMA is power control. Suppose, as illustrated in
Fig. 4.15, the desired signal power received at a point is much lower than
that of an unwanted transmitter,' for example, because the latter is at a
shorter distance. Even after despreading, the strong interferer greatly raises
the noise floor, degrading the reception of the desired signal. For multiple
users, this means that one high-power transmitter can virtually halt commu-
nications among others, a problem much less serious in FDMA and TDMA.
For this reason, when many CDMA transmitters communicate with a receiver,
they must adjust their output power such that the receiver senses roughly equal
signal levels. To this end, the receiver monitors the signal strength correspond-
ing to each transmitter and periodically sends a power adjustment request to
each one. Since in a cellular system users communicate through the base sta-
tion, rather than directly, the latter must handle the task of power control. The
received signal levels are controlled to be typically within 1 dB of each other.

T \l\nterferer Desired
Signal
—_— =

l Desired Interferer
Despreader |—»

o
“

Figure 4.15 Effect of strong interferer in CDMA.

! This situation arises in our party analogy if two people speak much more loudly than others.
Even with different languages, communication becomes difficult.
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While adding complexity to the system, power control generally reduces
the average power dissipation of the mobile unit. To understand this, note
that without such control, the mobile must al/ways transmit enough power to
be able to communicate with the base station, whether path loss and fading
are significant or not. Thus, even when the channel has minimum attenuation,
the mobile unit produces the maximum output power. With power control, on
the other hand. the mobile can transmit at low levels whenever the channel
conditions improve. This also reduces the average interference seen by other
users.

Frequency-Hopping CDMA  Another type of CDMA that has begun to
appear in RF communications is “frequency hopping™ (FH). Illustrated in Fig.
4.16, this access technique can be viewed as FDMA with pseudorandom channel
allocation. The carrier frequency in each transmitter is “hopped™ according to a
chosen code (similar to the spreading codes in DS-CDMA). Thus, even though
the short-term spectrum of a transmitter may overlap with those of others,
the overall trajectory of the spectrum, i.e., the PN code, distinguishes each
transmitter from others. Nevertheless, occasional overlap of the spectra raises
the probability of error.
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Figure 4.16 Frequency-hopping CDMA.

Due to rare overlap of spectra, frequency hopping is somewhat similar
to FDMA and hence more tolerant of different received power levels than is
direct-sequence CMDA. However, FH may require relatively fast settling in
the control loop of the oscillator shown in Fig. 4.16, an important design issue
studied in Chapter 8.

4.3 WIRELESS STANDARDS

From our study of modulation and multiple access techniques, we can see that
making a phone call in a wireless system entails a great many complex opera-
tions. Furthermore, the existence of nonidealities such as noise and interference
mandates a precise specification of communication parameters, for example,
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SNR, BER, occupied bandwidth, and extraneous emissions. A wireless stan-
dard defines all the details and constraints that govern the design of transceivers
used in a wireless system.? While providing the “boundary conditions,” such a
standard does not specify how the actual transmit and receive paths must be im-
plemented, allowing some flexibility in the choice of transceiver architectures
(Chapter 5).

In this section, we study the “air interface™ of a number of standards used
in cellular and cordless phone systems.

4.3.1 Advanced Mobile Phone Service

Among the earliest wireless standards, Advanced Mobile Phone Service
(AMPS) employs FDMA with analog FM and FDD. Partitioned into 30-kHz
channels, the transmit and receive bands of the mobile phone are 824-849 MHz
and 869-894 MHz, respectively [Fig. 4.17(a)]. Thus, the system can support ap-
proximately 830 users simultaneously.> The 20-MHz separation between the
two bands allows the use of relatively low loss duplexer filters [Fig. 4.17(b)].

869-894 MHz D
FDD

30 kHz
—f |-

Duplexer

Analog

f

—<—< Frequency |-=— \slioicel
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o
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Figure 417 (a) AMPS air interface, (b) duplexer characteristics.

2 The documentation of some standards is several thousand pages long.

In reality, only half of these are given to each long-distance carrier.
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In addition to the voice channel, AMPS requires control and supervisory
signals to initiate, maintain, and terminate a call. These signals are transmitted
over the same channel and are described in [1].

4.3.2 North American Digital Standard

As the first digital cellular system in the United States, North American Digital
Cellular (NADC) system employs TDMA with 7 /4-DQPSK and FDD [Fig.
4.18(a)]. Designed to be compatible with AMPS, NADC uses the same transmit
and receive bands with 30-kHz channel spacing while providing six times the
capacity of AMPS. The bit rate in each channel is 48.6 kb/s.

869-894 MHz D
FDD

30 kHz
| Duplexer
—— -
. Digital
f |=DQPSK Baseband
4 “ Signal
824-849 MHz :]l Modulator g
(48.6 kb/s)
(a)
X
One Frame - |
1{2|3]|a]|5]s : RX
________ One Slo T
& == s N -
1.85 ms

(b) (c)

Figure 418 NADC (a) air interface, (b) frame structure, (c) TX and RX time slots.

The TDMA frame structure used in NADC is illustrated in Fig. 4.18(b)
[1]. Each frame is 1944 bits (40 ms) long and consists of 6 time slots, and each
time slot carries approximately 260 bits of data along with 64 bits of control
and synchronization information. Note that, as shown in Fig. 4.18(c), the trans-
mit and receive time slots are offset by 1.85 ms [5]. This significantly relaxes
transceiver design issues such as leakage of the transmitted signal to the receive
band and desensitization of the low-noise amplifier by the power amplifier.

Most first-generation digital phones in the United States actually operate
with both AMPS and NADC to provide a wider coverage for users. Called
dual-mode AMPS/NADC systems, these phones are designed according to
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Interim Standard 54 (IS-54), developed by the Electronic Association and the
Telecommunication Industry Association.

For details of control signals and interleaving in IS-54, the reader is re-
ferred to [1].

4.3.3 Global System for Mobile Communication

Originally developed as a unified wireless standard for Europe, GSM* has
become the most widely used cellular standard in the world. In addition to
regular phone calls, GSM supports many other services such as facsimile and
ISDN [1], making the mobile phone a versatile communicator.

The GSM standard is a TDMA/FDD system using GMSK modulation.
with a transmit band of 890-915 MHz and a receive band of 935-960 MHz
[Fig. 4.19(a)]. Accommodating eight time-multiplexed users, each channel is
200 kHz wide, and the data rate per user is 270 kb/s. The TDMA frame struc-
ture is depicted in Fig. 4.19(b). Each frame is4.615 mslong and consists of 8 time

935-960 MHz D
FDD
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Duplexer
— -
Digital
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—— .
890-915 MHz Modulator Signal
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(b)

Figure 419 GSM (a) air interface and (b) frame structure.

4 GsM originally stood for Groupe Speciale Mobile.
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slots each carrying 114 bits of data along with other control and training bits.
Similar to NADC, the TX and RX time slots are offset by three time slots
so that the transmitter and the receiver do not operate simultaneously. The
total capacity of the system is given by the number of channels in the 25-MHz
bandwidth and the number of users per channel, approximately 1000.

GSM employs a variety of data and control channels. The reader is re-
ferred to [1] for details.

4.3.4 Qualcomm CDMA

A wireless standard based on direct-sequence CMDA has been proposed by
Qualcomm, Inc.. and adopted for the North America as IS-95. Using FDD,
the air interface employs the same transmit and receive bands as those in IS-54
(Fig. 4.20). In the mobile unit, the 9.6 kb/s baseband data is spread to 1.23 MHz
and subsequently modulated using OQPSK. The link from the base station
to the mobile unit, on the other hand, incorporates QPSK modulation. The
logic is that the mobile must use a power-efficient modulation scheme (Chapter
3), whereas the base station transmits many channels simultaneously and must
therefore employ a linear power amplifier regardless of the type of modulation.
In both directions, IS-95 requires coherent detection, a task accomplished by
transmitting a relatively strong “pilot tone™ (e.g., unmodulated carrier) at the
beginning of communication to establish phase synchronization.

869-894 MHz
e
FDD

1.23 MHz

Duplexer
A R
——D—b Digital
Baseb
f 0QPSK ® as.e;e a:'nd
824-849 MHz Modulator ? gna

(9.6 kbls)

PN Sequence

Figure 420 1S-95 air interface.

In contrast to the other standards studied above, IS-95 is substantially
more complex, incorporating many techniques to increase the capacity while
maintaining a reasonable signal quality. We briefly describe some of the fea-
tures here. For more details, the reader is referred to [3, 6, 7].

Power Control As mentioned in Section 4.2.4, in CDMA the power
levels received by the base station from various mobile units must differ by
no more than approximately 1 dB. In IS-95, the output power of each mobile
is controlled by an open-loop procedure at the beginning of communication
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so as to perform a rough, but fast adjustment. Subsequently, the power is set
more accurately by a closed-loop method. For open-loop control, the mobile
measures the signal power it receives from the base station and adjusts its trans-
mitted power so that the sum of the two (in dB) is approximately —73 dBm. If
the receive and transmit paths entail roughly equal attenuation, £ dB, and the
power transmitted by the base station is Py, then the mobile output power P,
satisfies the following: Py —k + P, = —73 dBm. Since the power received by
the base station is P, — k, we have P,, — k = —73 dBm — Py, a well-defined
value because Pp; is usually fixed. The mobile output power can be varied by
approximately 85 dB in a few microseconds.

Closed-loop power control is also necessary because the above assump-
tion of equal loss in the transmit and receive paths is merely an approximation.
In reality, the two paths may experience different fading because they operate
in different frequency bands. To this end, the base station measures the power
level received from the mobile unit and sends a feedback signal requesting
power adjustment. This command is transmitted once every 1.25 ms to ensure
timely adjustment in the presence of rapid fading.

Frequency and Time Diversity Recall from Section 4.1 that multipath
fading is often frequency selective, causing a notch in the channel transfer
function that can be several kilohertz wide. Since IS-95 spreads the spectrum
to 1.23 MHz, it provides frequency diversity, exhibiting only 25% loss of the
band for typical delay spreads [3].

IS-95 also employs time diversity to use multipath signals to advantage.
This is accomplished by performing correlation on delayed replicas of the re-
ceived signal (Fig. 4.21). Called a “rake receiver,” such a system combines
the delayed replicas with proper weighting factors, «;, to obtain the maximum
signal-to-noise ratio at the output. That is, if the output of one correlator is
corrupted, then the corresponding weighting factor is reduced and vice versa.

Rake receivers are a unique feature of CDMA. Since the chip rate is much
higher than the fading bandwidth, and since the spreading codes are designed

x(t)oTbATb-A—;—»A—;—»
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Figure 4.21 Rake receiver.



116

Chap. 4 Multiple Access Techniques and Wireless Standards

to have negligible correlation for delays greater than a chip period, multipath
effects do not introduce intersymbol interference. Thus, each correlator can be
synchronized to one of the multipath signals.

Variable Coding Rate  The variable rate of information in human speech
can be exploited to lower the average number of transmitted bits per second.
In IS-95, the data rate can vary in four discrete steps: 9600, 4800, 2400, and
1200 b/s. This arrangement allows buffering slower data such that the trans-
mission still occurs at 9600 b/s but for a proportionally shorter duration. For
example, if the speech rate is 2400 b/s, then data can be accumulated for 50%
of the time and transmitted only for the other 50%. This approach further
reduces the average power transmitted by the mobile unit, both saving battery
and lowering interference seen by other users.

Soft Handoff Recall from Section 4.1 that when the mobile unit is as-
signed a different base station, the call may be dropped if the channel center
frequency must change (e.g., in IS-54 and GSM). In CDMA, on the other hand,
all of the users in one cell communicate on the same channel. Thus, as the mo-
bile unit moves farther from one base station and closer to another, the signal
strength corresponding to both stations can be monitored by means of a rake
receiver. When it is ascertained that the nearer base station has a sufficiently
strong signal, the hand-off is performed. Called “soft handoff,” this method can
be viewed as a “make-before-break” operation. The result is lower probability
of dropping calls during handoff.

4.3.5 Digital European Cordless Telephone

The Digital European Cordless Telephone (DECT) standard was originally
adopted as a cordless phone framework in Europe. The flexibility of this stan-
dard, however, has made it attractive for a wide range of applications. Designed
to allow connection to other systems such as GSM, DECT provides mobility
to local area network users, for example, in buildings.

Using TDMA/FDMA, DECT operates with TDD in the frequency band
1880 MHz to 1900 MHz [Fig. 4.22(a)]. Time-shared among eight users, each
channel is 1.73 MHz wide, yielding a total capacity of 120. The modulation
scheme is Gaussian frequency shift keying (GFSK), a type of GMSK.

Shown in Fig. 4.22(b) is the DECT TDMA frame structure. It consists of
24 time slots (12 for transmit and 12 for receive) with a total duration of 10 ms.
Each time slot contains 32 preamble bits, 388 data bits, and 60 guard bits.

In contrast to cellular standards, DECT aims at low cost and low power
in the design of the portable phone rather than spectral efficiency. For exam-
ple, the wide channel spacing simplifies the design of frequency synthesizers
(Chapter 8).
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Figure 422 DECT (a) air interface and (b) frame structure.
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TRANSCEIVER
ARCHITECTURES

Our study of multiple access techniques and standards in Chapter 4 treated
wireless systems at the mobile station level. In this chapter, we move down
to the transceiver architecture level. Complexity, cost, power dissipation, and
the number of external components have been the primary criteria in selecting
transceiver architectures. As IC technologies evolve, however, the relative
importance of each of these criteria changes, allowing approaches that once
seemed impractical to return as plausible solutions.

In this chapter, we describe heterodyne, homodyne, image-reject, digital-
IF, and subsampling receivers and direct-conversion and two-step transmitters.
While, at present, only a few of these architectures are used in actual products,
a detailed treatment of their design issues and trade-offs helps determine their
potential for emerging applications.

To provide a view of the state of the art, we conclude this chapter with a
study of five specific RF products currently used in wireless systems,

5.1 GENERAL CONSIDERATIONS

18

The wireless communications environment, especially in urban areas, is often
called “hostile” because it imposes severe constraints upon transceiver design.
Perhaps the most important constraint is the limited spectrum allocated to each
user (e.g., 30 kHz in IS-54 and 200 kHz in GSM). From Shannon’s theorem, this
translates to a limited rate of information, mandating the use of sophisticated
techniques such as coding, compression, and bandwidth-efficient modulation,
even for voice signals.

The narrow bandwidth available to each user also impacts the design
of the RF section. As depicted in Fig. 5.1, the transmitter must employ nar-
rowband modulation. amplification, and filtering to avoid leakage to adjacent
channels, and the receiver must be able to process the desired channel while
sufficiently rejecting strong neighboring interferers.
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Figure 5.1 (a) Transmitter and (b) receiver front ends of a wireless transceiver.

To gain a better feeling about the difficulty of interference rejection, sup-
pose a 900-MHz receiver incorporates a bandpass filter to select a 30-kHz chan-
nel while rejecting interfering channels 60 kHz away (Fig. 5.2). If a simple
second-order LC filter is to provide 60 dB of attenuation at 45 kHz from the
center, then its equivalent Q is on the order of 107, a value difficult to achieve
even in such filters as surface acoustic wave (SAW) devices. It is important to
note that typical filters exhibit a trade-off between the loss and the Q. Now
recall from Chapter 2 that a lossy circuit “magnifies” the noise figure of the
succeeding stage by the attenuation factor. For example, if in Fig. 5.1(b) the

Bandpass
Filter

\—> 45 KHz <
l 60 dB

Figure 5.2  Rejection required of a hypothetical front-end bandpass filter.
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bandpass filter has a loss of 2 dB and the LNA a noise figure of 2 dB, the overall
noise figure rises to 4 dB. Thus, the choice of the BPF is governed by both
the out-of-band rejection and the in-band loss, with the latter being the more
critical parameter.

It is important to distinguish between the band and the channel: the for-
mer includes the entire spectrum in which the users of a particular standard are
allowed to communicate (e.g., the GSM receive band spans 935 MHz to 960
MHz), whereas the latter refers to the signal bandwidth of only one user in the
system (e.g., 200 kHz in GSM). We also apply the terms “band selection” and
“channel selection™ to the operations that reject out-of-band interferers and
out-of-channel (usually in-band) interferers, respectively. The above calcula-
tion of the Q indicates that a practical front-end BPF can only select the band
of interest, postponing the task of channel selection to some other point in the
receiver (Fig. 5.3).

Desired LNA
Channel
—{ BPF —O—D
; » )

——————
' Receive
Band

Figure 5.3 Band selection at the front end of a receiver.

'We should also note that the transfer function of front-end filters has a
finite transition bandwidth. Shown in Fig. 5.4 is an example where the out-of-
band rejection at 20 MHz offset with respect to the receive band is approxi-
mately equal to 30 dB. In other words, an interferer appearing at this frequency
is attenuated by only 30 dB, a critical issue in the design of both the receive
path and the frequency synthesizer (Chapter 8).

TX RX
Band Band

10 dB/div.

20 MHz/div.

Figure 5.4 Typical duplexer characteristic.



Sec. 5.1 General Considerations 121

Since large in-band interferers accompany the received signal even after
the front-end BPF., the nonlinearity of the following stages, particularly that of
the low-noise amplifier and the mixer, becomes important. As explained in
Chapter 2 and illustrated in Fig. 5.5, odd-order nonlinearities yield intermod-
ulation products that fall in the desired channel. As third-order distortion is
usually dominant, the 7 P; of each stage must be sufficiently high to avoid cor-
ruption of the signal by the intermodulation products. Although distorting the
amplitude, this effect is important even if the signal carries information only in
its phase or frequency, because the zero-crossing points of the desired signal
are corrupted by the intermodulation product.

Interferers

/ \

Desired
Channel LNA

wq Wz ¢ w

20)1 -'0)2 20)2 —-® 1
Figure 5.5 Effect of nonlinearity in the front end.

The loss of the front-end BPF also impacts the transmit path. If the power
amplifier generates 1 W, then an attenuation of 2 dB in the filter translates to
370 mW loss of power, more than the typical power consumed by the entire
receive path! The BPF must therefore exhibit minimal in-band loss while ad-
equately suppressing the harmonics and out-of-band spurious components of
the transmitted signal.

The above observations also indicate the importance of controlled spec-
tral regrowth through proper choice of the modulation scheme and the power
amplifier (Chapter 3). The out-of-channel intermodulation products created
by the PA cannot be suppressed by the BPF and must be acceptably small by
design.

Another important concern in the design of transceivers is the dynamic
range of the signals. With multipath fading and path loss, the required dynamic
range for the received signal is typically greater than 100 dB. As the minimum
detectable signal is in the microvolt range, not only the input noise of the
receiver but also cross-talk become critical. An interesting example arises in
FDD systems when the finite attenuation of the transmitted signal in the receive
band is considered. Asillustrated in Fig. 5.6, if the TX power amplifier delivers
1 W to a 50-Q2 antenna, the peak-to-peak voltage swing at the antenna is equal
to 20 V. Thus, from the duplexer characteristic of Fig. 5.4, we note that the
leakage to the receive path is on the order of 30 mV pp (& —26 dBm). Since
the LNA 1-dB compression point is in the vicinity of —~25 dBm, the leakage
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Figure 5.6 Desensitization of LNA by PA output leakage.

signal may significantly desensitize the LNA. As explained in Chapter4, NADC
and GSM systems avoid this issue by offsetting the transmit and receive time
slots, but analog FDD standards such as AMPS require high isolation.

At the other extreme of the dynamic range, the receiver may experience
large signals, for example, amplitudes as high as several hundred millivolts, if it
is close to a transmitter. While the signal amplitude is not critical per se in PM
and FM systems, the receive path must still process the signal correctly. This
issue often leads to the use of automatic gain control (AGC).

The last general issue relates to power amplifiers. In recent generations
of RF transceivers, the PA is periodically turned on and off to save power.
However, the large current drawn by the PA (a peak value of several amperes)
introduces tremendous noise in the supplies and, with typical battery output
impedances, may change the battery voltage by several hundred millivolts. For
this reason, noise immunity and supply rejection of all of the building blocks
become important.

5.2 RECEIVER ARCHITECTURES

5.2.1 Heterodyne Receivers

As mentioned above, filtering a narrow channel that is centered at high fre-
quencies and is accompanied by large interferers demands prohibitively high
Q’s. In heterodyne' architectures, the signal band is translated to much lower
frequencies so as to relax the Q required of the channel-select filter. Illus-
trated in Fig. 5.7(a), the translation is carried out by means of a mixer, which
in this chapter is viewed as a simple analog multiplier. To bring the center
frequency from w; to w,, the signal is first mixed with a sinusoid Ag cos wyt,

! In this book., we donot distinguish between heterodyne and superheterodyne architectures.
The term heterodyne derives from hetero (different) and dyne (to mix).
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where wy = w; — wy, thereby yielding a band around @, and another around
2w; — wy. A low-pass filter then removes the latter. This operation is called
“downconversion mixing” or simply “downconversion.” Because of its typi-
cally high noise, the downconversion mixer is preceded by a low-noise amplifier
[Fig. 5.7(b)]. The sinusoid is generated by a local oscillator, and its frequency
will be hereafter denoted by w; o (= wy in Fig. 5.7).

£3 LPF —
W4 ® ?
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Figure 5.7 (a) Simple heterodyne downconversion, (b) inclusion of an LNA to
lower the noise figure.

Called the “intermediate frequency™ (IF), the center of the downcon-
verted band (w,) is a critical parameter, bearing trade-offs with many other
aspects of the performance. This will be explained below.

Problem of Image How are the LO frequency and the IF chosen? The
principal consideration here is the “image frequency.” To understand the is-
sue, note that a simple analog multiplier does not preserve the polarity of the
difference between its two input frequencies, i.e., for x,(z) = A; cosw;t and
x2(t) = Ajcoswst, the low-pass filtered product of x;(¢) and x,(¢) is of the
form cos(w; — wy)t, no different from cos(w; — w;)t. Thus, in a heterodyne
architecture, the bands symmetrically located above and below the LO fre-
quency are downconverted to the same center frequency (Fig. 5.8). If the
received band of interest is centered around w; (= wrp — w;r), then the
image is around 2w o — w1 (= wro + @;r) and vice versa.
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Figure 5.8 Problem of image in heterodyne reception.

The problem of image is a serious one. While each wireless standard
imposes constraints upon the signal emissions by its own users, it may have
no control over the signals in other bands. The image power can therefore be
much higher than that of the desired signal, requiring proper “image rejection.”

The most common approach to suppressing the image is through the use
of an “image-reject filter,” placed before the mixer. As depicted in Fig. 5.9, the
filter is designed to have a relatively small loss in the desired band and a large
attenuation in the image band, two requirements that can be simultaneously
met if 2w; ¢ is sufficiently large.
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Figure 5.9 Image rejection by means of a filter.

How large can 2w, be? Recall that the premise in a heterodyne archi-
tecture is to translate the center frequency to a sufficiently low value so that
channel selection by means of practical filters becomes feasible. However, as
2wy r increases, so does the center of the downconverted band, requiring a
higher Q in the IF filter. Shown in Fig. 5.10 are two cases corresponding to
high and low values of IF so as to illustrate the trade-off. A high IF leads to
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Figure 5.10 Rejection of image versus suppression of interferers for (a) high IF and (b) low

IF.

substantial rejection of the image whereas a low IF allows great suppression
of nearby interferers. The choice of IF therefore depends on trade-offs among
three parameters: the amount of image noise, the spacing between the desired
band and the image, and the loss of the image-reject filter. To minimize the
image, we can either increase the IF or tolerate greater loss in the filter while
increasing its Q. Since the gain of the LNA is typically less than 15 dB, the
filter loss should not exceed a few dB, reducing the trade-off to one between
the image noise and the value of IF.

From the above discussion, we infer that the heterodyne architecture of
Fig. 5.9 exhibits a trade-off between image rejection and channel selection.
Since the image degrades the sensitivity of the receiver, we say the choice of
the IF entails a trade-off between sensitivity and selectivity.

Two other factors influence the choice of the IF: the availability and the
physical size of filters for different frequencies. Employing SAW or crystal
devices, these filters have been used at certain frequencies, e.g., 10.7 MHz (in
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FM radios), 71 MHz, etc., and hence can be less costly than if they must be
designed for other frequencies. Furthermore, to reduce the form factor of
portable systems, smaller filters and hence higher IFs are more attractive.

An important drawback of the heterodyne architecture is that the image-
reject filter is usually realized as a passive, external component. This fur-
thermore requires that the preceding stage—the LNA—drive the 50-$2 input
impedance of the filter, inevitably leading to more severe trade-offs between
the gain, noise figure, stability, and power dissipation in the amplifier (Chapter
6). In FDD systems, the duplexer may also serve to reject the image if the IF
is high, thereby allowing direct connection of the LNA to the mixer.

The local oscillator frequency, @ o, can be either higher or lower than
the center of the desired band. Called “high-side injection™ and “low-side
injection,”? respectively, the two cases entail different issues. On the one hand,
it is desirable to use the latter so as to minimize the LO frequency and hence
facilitate the design of the oscillator (Chapter 7). On the other hand, if the
image bands below and above the desired band exhibit different amounts of
noise (for example, one is used for low signal level communications and the
other for a high-power wireless standard), then w; o must be chosen so as to
avoid the noisy image band.

Problem of Half IF  An interesting effect in heterodyne receivers is the
“half IF” problem [3]. Suppose, as shown in Fig. 5.11, in addition to the desired
band around w;,, an interferer at (wi, +@; 0)/2, 1.¢., half of the IF from the de-
sired band toward the LO frequency, is also received. If in the downconversion
path, the interferer experiences second-order distortion and the LO contains
a significant second harmonic as well, then the IF output exhibits a component
at |(win + wro) — 2wro| = w;r. Another possibility is that the interferer is
translated to (@i, — wro)/2 = w;r/2 and subsequently undergoes second-
order distortion in the baseband, causing its second harmonic to fall into the
downconverted band of interest.

Desired Interferer
Band

LNA
image
Oin 5 Do © Filter f 0 OF O -
: 2
(0)] ®
__ln';__LQ cosS® pt

Figure 5.11  Problem of half IF in heterodyne reception.

2 These have also been called “supradyne” and “infradyne,” respectively.
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In order to suppress the half-IF phenomenon, second-order distortion
in the RF and IF paths must be minimized, and a 50% LO duty cycle must
be maintained. It may also be necessary that the image-reject filter achieve
sufficient attenuation at (w;, + wro)/2.

Dual-IF Topology The trade-off between sensitivity and selectivity in
the simple heterodyne architecture of Fig. 5.7 often proves quite severe: if the
IF is high, the image can be suppressed but complete channel selection is diffi-
cult, and vice versa. To resolve this issue, the concept of heterodyning can be
extended to multiple downconversions, each followed by filtering and amplifi-
cation. Illustrated in Fig. 5.12, this technique performs partial channel selection
at progressively lower center frequencies, thereby relaxing the Q required of
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each filter. Most of today’s RF receivers employ two stages of downconversion,
hence the name “dual-IE.” Note that the second downconversion entails the
problem of image as well. For narrow-channel standards such as IS-54, the
second IF is often equal to 455 kHz whereas for wide-channel applications
such as DECT, it may be several megahertz. Nevertheless, these numbers vary
greatly in present systems.

Recall from Chapter 2 that in a cascade of gain stages the noise figure is
most critical in the front end and the linearity in the back end. Thus, an opti-
mum design scales both the noise figure and the / P; of each stage according
to the total gain preceding that stage. Now suppose the receiver of Fig. 5.12
exhibits a total gain of, say, 40 dB from A to G. If the two IF filters provided no
channel selection, the 7 P; of the IF amplifier would need to be more than 40
dB higher than that of the LNA, e.g., in the vicinity of +30 dBm. However, it is
difficult to achieve such high linearity with reasonable noise, power dissipation,
and gain, especially if the circuit must operate from a low supply voltage. In
practice, since each IF filter suppresses adjacent channel interferers to some
extent, the linearity required of the stages following that filter is relaxed pro-
portionally. This is sometimes loosely stated as “every dB of gain requires one
dB of prefiltering.”

Shown in Fig. 5.12 are the spectra at different points in the dual-IF re-
ceiver. The front-end filter selects the band while providing some image re-
jection as well. After amplification and image-reject filtering, the spectrum
at point C is obtained. A sufficiently linear mixer then translates the desired
channel and the adjacent interferers to the first IF. Partial channel selection in
BPF; permits the use of a second mixer with reasonable linearity. Next, the
spectrum is translated to the second IF, and BPF; suppresses the interferers to
acceptably low levels.

What happens at the second IF? In analog FM systems, the demodulation
is performed at this frequency, thus reproducing the analog baseband signal.
In digital modulation systems, the second downconversion typically generates
both in-phase (I) and quadrature (Q) components of the signal while translating
the spectrum to zero frequency (Fig. 5.13). (This is sometimes called a “single-
IF” topology because it does not include a second intermediate frequency.)

Since the received signal suffers from multipath fading and IS, it is con-
verted to digital form after 1/Q detection for further processing. Depending
on the interference rejection of the filters and the gain range provided by the
AGC circuit, the resolution of A/D converters required here varies between
approximately 4 and 10 bits.

Our analysis of heterodyne architectures indicates that the choice of the
N F, I P;, and gain of each stage in the receive path depends on those of the
preceding and following stages, thereby demanding considerable iteration at
the architecture and circuit levels to arrive at an acceptable distribution of gain
in the receiver building blocks. Moreover, as described in Chapter 6, each mixer
generates many spurious components whose frequencies are related to those
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Figure 5.13 Quadrature downconversion.

of the RF and IF signals and the oscillators. Some of these components may
fall in the desired channel, degrading the signal quality. Thus, the “frequency
planning” of the receiver plays a key role in the overall performance that can
be achieved.

The selectivity and sensitivity of the heterodyne architecture have made it
the dominant choice in RF systems for many decades. Despite the complexity
and the need for a large number of external components, heterodyning is still
viewed as the most reliable reception technique.

5.2.2 Homodyne Receivers

In our study of heterodyne receivers, the reader may have wondered why the RF
spectrum is not simply translated to the baseband in the first downconversion.
Called “homodyne,” “direct-conversion,” or “zero-IF” architecture,’ this type
of receiver entails vastly different issues from heterodyne topologies.

Shown in Fig. 5.14 is a simple homodyne receiver, where the LO frequency
is equal to the input carrier frequency. Note that channel selection requires
only a low-pass filter with relatively sharp cutoff characteristics. The circuit of
Fig. 5.14(a) operates properly only with double-sideband AM signals because
it overlaps positive and negative parts of the input spectrum. For frequency-
and phase-modulated signals, the downconversion must provide quadrature
outputs [Fig. 5.14(b)] so as to avoid loss of information. This is because the two
sides of FM or QPSK spectra carry different information and must be separated
into quadrature phases in translation to zero frequency.

The simplicity of the homodyne architecture offers two important advan-
tages over a heterodyne counterpart. First, the problem of image is circum-
vented because w;p = 0. As a result, no image filter is required, and the LNA
need not drive a 50-€2 load. Second, the IF SAW filter and subsequent down-
conversion stages are replaced with low-pass filters and baseband amplifiers
that are amenable to monolithic integration.

3 The term homodyne, stemming from homo (same) and dyne (to mix). has been historically
used for only coherent reception. We do not make this distinction here.
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Figure 5.14 (a) Simple homodyne receiver, (b) homodyne receiver with
quadrature downconversion.

If the homodyne architecture is so simple, why has it not become popular
in RF systems? Direct translation of the spectrum to zero frequency entails a
number of issues that do not exist or are not as serious in a heterodyne receiver.

Channel Selection Rejection of out-of-channel interferers by an ac-
tive low-pass filter is more difficult than by a passive filter, fundamentally be-
cause active filters exhibit much more severe noise-linearity-power trade-offs
than do their passive counterparts. The baseband processing in each branch of
Fig. 5.14(b) can assume one of the three permutations shown in Fig. 5.15 [6].

Ay A,
— Channel Channel
Select Amp ADC Select ADC
—1 Filter | Filter
(a) (b)
A,

Channel
ADC :y Select
| Filter

(c)

Figure 5.15 Three permutations of baseband functions.
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In Figure 5.15(a), a low-pass filter suppresses out-of-channel interferers,
allowing A; to be a nonlinear, high-gain amplifier and the ADC to have a
moderate dynamic range (roughly 4 to 8 bits depending on the gain control
in the RF domain and the type of modulation.) However, the low-pass filter
imposes tight noise-linearity trade-offs.

The second permutation, shown in Figure 5.15(b), relaxes the LPF noise
requirements while demanding a higher performance in the amplifier. A lin-
earized one-stage differential amplifier may be employed here to provide some
gain before channel filtering. Furthermore, another amplifier may be inter-
posed between the LPF and the ADC to overcome the noise of the latter.

The third permutation, Figure 5.15(c), suggests the possibility of channel
filtering in the digital domain. In this case, the ADC must both achieve a high
linearity so as to digitize the signal with minimal intermodulation of interferers
and exhibit a thermal and quantization noise floor well below the signal level,
which may be in the range of a few hundred microvolts.

DC Offsets Since in a homodyne topology the downconverted band
extends to zero frequency, extraneous offset voltages can corrupt the signal
and, more importantly, saturate the following stages. To understand the origin
and impact of offsets, consider the receiver shown in Fig. 5.16, where the LPF is
followed by an amplifier and an A/D converter. Let us make two observations.

LNA
A B C X
> LPF ADC
LO Y 1

Leakage cosw gt
(a)

N B c X
—D—» LPF ADC

Interferer f
Leakage .
cosm ot

(b)

Figure 5.16  Self-mixing of (a) LO signal, (b) a strong interferer [5].

First, the isolation between the LO port and the inputs of the mixer and
the LNA is not infinite; that is, a finite amount of feedthrough exists from the
LO port to points A and B [Fig. 5.16(a)]. Called “LO leakage,” this effect
arises from capacitive and substrate coupling and, if the LO signal is provided
externally, bond wire coupling. The leakage signal appearing at the inputs of
the LNA and the mixer is now mixed with the LO signal, thus producing a DC
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component at point C. This phenomenon is called “self-mixing.” A similar
effect occurs if a large interferer leaks from the LNA or mixer input to the LO
port and is multiplied by itself [Fig. 5.16(b)].

Second, the total gain from the antenna to point X is typically around
80 to 100 dB so as to amplify the microvolt input signal to a level that can be
digitized by a low-cost, low-power ADC. Of this gain, typically 25 to 30 dB is
contributed by the LNA/mixer combination.

With the above observations, we can obtain a rough estimate of the offset
resulting from self-mixing to appreciate the problem. Suppose in Fig. 5.16(a)
the LO signal has a peak-to-peak swing of 0.63 V (= 0 dBm in a 50-$2 system)
and experiences an attenuation of 60 dB as it couples to point A. If the gain of
the LNA/mixer combination is 30 dB, then the offset produced at the output of
the mixer is on the order of 10 mV. We also note that the desired signal level at
this point can be as low as approximately 30 ;4 V,,,s. Thus, if directly amplified
by the remaining gain of 50 to 70 dB, the offset voltage saturates the following
circuits, thereby prohibiting the amplification of the desired signal.

The problem of offset is exacerbated if self-mixing varies with time. This
occurs when the LO signal leaks to the antenna and is radiated and subse-
quently reflected from moving objects back to the receiver. For example, when
a car moves at a high speed, the reflections may change rapidly. Under these
conditions, it may be difficult to distinguish the time-varying offset from the
actual signal.

From the above discussion, we infer that homodyne receivers require
some means of offset cancellation. While high-pass filtering may seem the
natural solution here [4], two issues oppose the use of this technique. First, as
explained in Chapter 3, the spectrum of many commonly used signals exhibits a
peak at the zero frequency; that is, it contains substantial energy (information)
near dc. For a 200-kHz channel, if the high-pass filter removes only the band
from 0 to 20 Hz, the bit error rate rises to above 10~ [5], indicating the need for
a very low corner frequency. Second, in addition to demanding prohibitively
large capacitors, this method also fails to track fast variations in the offset
voltage, performing only a coarse cancellation.

The problem of offset can be alleviated using one of two techniques.
First, the baseband signal in the transmitter can be encoded such that, after
modulation and downconversion, it contains little energy near DC. Called “DC-
free coding,” this is particularly suited to wideband channels, for example, in
DECT, where a few kilohertz of the channel can be wasted with no significant
drop in the data rate.

The second technique is to exploit the idle time intervals in digital wireless
standards to carry out offset cancellation. Shown in Fig. 5.17 is an example,
where a capacitor stores the offset between consecutive TDMA bursts, while
introducing a virtually zero corner frequency during the reception of data. For
a typical TDMA frame of a few milliseconds, offset cancellation is performed
with sufficient frequency to take into account variations due to moving objects.
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Figure 5.17 Simple offset cancellation in a TDMA system.

In practice, the thermal noise due to §; in Fig. 5.17 that is stored on
the capacitor (k7 /C noise) is significant, mandating large values for C;. For
example, if a 1-pu V¢ signal received at the antenna experiences a gain of 30
dB before offset cancellation, then C; must be at least 200 pF so that /kT /C
remains 15 dB below the signal level. For I and Q channels using differential
circuits, this requires four large capacitors. However, if the offset is canceled
after baseband preamplification [Fig. 5.15(b)], the value of the offset-storage
capacitors can be reduced.

A general difficulty with offset cancellation in a receiver is that interferers
may be stored along with offsets. This occurs because, as explained above,
reflections of the LO signal from nearby objects must be included in offset
cancellation, and hence the antenna cannot be disconnected (or “shorted™)
during this period. While the timing of the actual signal (the TDMA burst) is
well defined, interferers can appear any time. A possible approach toalleviating
this issue is to sample the offset (and the interferer) several times and average
the results.

We should also note that the problem of offset is much less severe in
heterodyne architectures. Since the first LO frequency is not equal to the input
carrier frequency, self-mixing may arise only for interferers [Fig. 5.16(b)], and
dc offsets thus generated can be removed because the IF signal is far from zero
frequency. Furthermore, in analog FM systems the second IF is nonzero and in
digital modulation systems signal amplification and (partial) channel filtering at
the first IF simplify the removal of the offset after the second downconversion.

I/Q Mismatch  Asshown in Fig. 5.14(b), for phase and frequency modu-
lation schemes, a homodyne receiver must incorporate quadrature mixing. This
requires shifting either the RF signal or the LO output by 90° (Fig. 5.18). As
explained later in this chapter and in Chapter 7, shifting the RF signal generally
entails severe noise-power-gain trade-offs, making it more desirable to use the
topology in Fig. 5.18(b). In either case, the errors in the nominally 90° phase
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Figure 5,18 Quadrature generation in (a) RF path, (b) LO path.

shift, and mismatches between the amplitudes of the I and Q signals corrupt
the downconverted signal constellation, thereby raising the bit error rate. Note
that, as shown in Fig. 5.19, all sections in the I and Q paths contribute gain and
phase error.
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Figure 519 1/Q mismatch contributions by various stages.

To gain more insight into the effect of I/Q imbalance, suppose the received
signal xi,(¢) = a cos wct +bsinwct, where a and b are either —1 or +1. Now
let us assume that the I and Q phases of the LO signal are

€ )
Xrolf) =2 (1 + 5) cos (wrr - 5) (5.1)

_ €\ . e
xro,0(t) = 2 (1 - E) sin (w‘.t — 5) . (5.2)
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where the factor 2 is included to simplify the results and € and # represent
amplitude and phase errors, respectively. Multiplying x;,(¢) by the two LO
phases and low-pass filtering the results, we obtain the following baseband

signals:

xpp (1) = a (1 + %)

xpp,0() = —a (1 - %) smg- +(
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Figure 5.20 Effect of I/Q mismatch on QPSK signal constellation: (a) gain error,
{b) phase error.

Fig. 5.20 shows the resulting signal constellation with finite € or #. This effect
can be better seen by examining the downconverted QPSK signals in the time
domain (Fig. 5.21). Gain error simply appears as a nonunity scale factor in
the amplitude. Phase imbalance, on the other hand, corrupts each channel by
a fraction of the data pulses in the other channel, in essence degrading the
signal-to-noise ratio if the I and Q data streams are uncorrelated.

.....

(a)

iNi=T=.
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Figure 5.21  Effect of I/Q mismatch on a demodulated QPSK wavefom: (a) gain error,

(b) phase error.



136

Chap. 5 Transceiver Architectures

In practice, it is desirable to maintain the amplitude mismatch below 1
dB and phase error below 5°, but these bounds depend on the type of modu-
lation [7].

While heterodyne architectures may also employ I/Q downconversion in
the last stage (Fig. 5.13), their mismatch requirements are much more relaxed.
This is for two reasons. First, since the frequency at which I and Q phases
are separated is about one to two orders of magnitude lower than that in ho-
modyne counterparts, the two paths are much less sensitive to mismatches in
parasitics. Also, in IC design, the lower frequency allows the use of large de-
vices to improve the matching without excessive power dissipation. Second,
in heterodyne receivers, the signal is amplified by approximately 50 to 60 dB
before I/Q separation, requiring only one or two more stages afterwards. By
contrast, each channel of a homodyne architecture incorporates several stages
of gain and filtering, each of which contributes mismatches. We should also
note that heterodyne topologies can perform the I/Q separation in the digital
domain to avoid mismatch issues (Section 5.2.4) whereas homodyne receivers
cannot.

The problem of I/Q mismatch has been an obstacle in discrete imple-
mentations, but it tends to improve as monolithic integration embraces more
sections of homodyne architectures. Furthermore, since mismatches vary neg-
ligibly with time, signal processing techniques may be utilized to correct the
points in the constellation.

Even-Order Distortion While only odd-order distortion has thus far
been considered a source of interference (Chapter 2), even-order nonlinearity
also becomes problematic in homodyne downconversion. Suppose, as illus-
trated in Fig. 5.22, two strong interferers close to the channel of interest expe-
rience a nonlinearity such as y(t) = a;x(¢) + apx?(¢) in the LNA. If x(¢) =
Ajcoswit + Aj coswst, then y(f) contains a term, wp A A, cos(wy; — wy)t, in-
dicating that two high-frequency interferers generate a low-frequency beat in
the presence of even-order distortion. Upon multiplication by cos w; pf in an
ideal mixer, such a term is translated to high frequencies and hence becomes
unimportant. In reality, however, mixers exhibit a finite direct feedthrough
from the RF input to the IF output. This is because, as explained in Chapter
6, mixers typically suffer from some asymmetry and their operation can be
viewed as vrr(t)(a + A coswypt), where a is a constant. Thus, a fraction of
vrr(t) appears at the output with no frequency translation. In typical differ-
ential mixers, the beat signal is attenuated by only 30 to 40 dB as it couples to
the output.

The problem of even-order distortion can be studied from another point
of view. Suppose in addition to phase or frequency modulation, the received sig-
nal exhibits some amplitude modulation as well. This could arise from filtering
in the transmitter (Chapter 3) or disturbance and fading during propagation.
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Figure 5.22  Effect of even-order distortion on interferers.

If xijp(t) = (A + ecoswpyt)(acoswct + bsinwct), where € cos w,t repre-
sents a low-frequency amplitude-modulating signal, then second-order distor-
tion yields a term such as (a®+b%) A€ cos w,, . Since this term is the modulating
signal translated to the baseband, it is often said that even-order distortion de-
modulates AM components. As mentioned above, this signal passes through
the mixer with finite attenuation, thereby corrupting the downconverted signal
of interest.

In our illustration here, we have assumed that only the LNA exhibits
even-order distortion. In practice, the mixer RF port may also suffer from the
same effect. requiring special attention in the design because the signals applied
to the mixer are amplified by the LNA and can create significant distortion.

Second-order distortion can be characterized using the “second-order
intercept point,” / P,. In a manner similar to the definition of / P; (Chapter
2), two equal-amplitude interferers are applied at the input and their low-
frequency beat signal is observed at the output. Plotting the beat signal power
versus the input power and extrapolating the results yield the 7 P;.

Can we use differential LNAs and mixers to suppress even-order distor-
tion? Two issues must be considered here. First, the antenna and the duplexer
filter are usually single-ended because they must operate with single-ended
power amplifiers in the transmit path. Thus, a means of converting the re-
ceived signal to differential form is necessary. The difficulty is that such means,
for example, transformers, typically exhibit several decibels of loss at high fre-
quencies, thus directly raising the overall noise figure. Second, if the LNA is
designed as a differential circuit, it requires higher power dissipation than a
single-ended counterpart to achieve a comparable noise figure.

Flicker Noise = As mentioned earlier, the gain through the front-end
LNA and mixer is typically around 30 dB, yielding baseband signal levels in the
range of tens of microvolts. The input noise of the following stages, e.g., ampli-
fiers and filters, is therefore still critical. In particular, since the downconverted
spectrum extends to zero frequency, the 1/f noise of devices substantially cor-



138

Chap. 5 Transceiver Architectures

rupts the signal, a severe problem in MOS implementations. For this reason,
it is desirable to achieve a relatively high gain in the RF range, for example,
through the use of active mixers rather than passive mixers (Chapter 6).

The effect of flicker noise can be reduced by a combination of techniques.
As the stages following the mixer operate at relatively low frequencies, they
can incorporate very large devices to minimize the magnitude of the flicker
noise. Moreover, periodic offset cancellation, e.g., between TDMA bursts,
also lowers noise components below approximately 1/7¢, where T¢ denotes
the time between consecutive offset cancellation instances.* In addition, if DC-
free coding is employed, the downconverted signal and hence the noise can be
high-pass filtered.

LO Leakage In addition to introducing DC offsets, leakage of the LO
signal to the antenna and radiation therefrom creates interference in the band
of other receivers using the same wireless standard. The design of the wire-
less standard and the regulations of the Federal Communications Commission
(FCC) impose upper bounds on the amount of in-band LO radiation, typically
between —50 and —80 dBm.

5.2.3 Image-Reject Receivers

The trade-offs governing the use of image-reject filters in heterodyne architec-
tures have motivated RF designers to seek other techniques of suppressing the
image. In this section, we describe two such techniques.

Before studying these architectures, we need to define a “shift-by-90°”
operation. A narrowband signal is shifted by 90° if its spectrum is multiplied by
G(w) = — jsgn(w), where sgn(w) is the signum (or sign) function.” Depicted
in Fig. 5.23, this operation converts sin wf to — cos wt and cos wt to sin wf; that
is, it replaces t with t — 7' /4, where T is the signal period. Note that for a real
signal, the shifted version remains real but experiences different phase changes
at negative and positive frequencies.

How can a signal be shifted by 90°? Figure 5.24 shows an RC-CR network
often utilized for this purpose. Here, for a sinusoidal input with frequency w,
the phase shifts of Vi (f) and Vouo(2) are equal to /2 — tan™ ' (RCw) and
—tan"'(RCw), respectively. Thus, Vg and Ve have a 90° phase difference
at all frequencies. We return to this circuit in Chapter 7.

4 This effect is called “correlated double sampling” in analog design.

: Multiplication by G(w) is equivalent to taking the Hilbert transform.



Sec. 5.2 Receiver Architectures 139

sinmf}\ * —cost
: A >

Kl

0 “.' '-.. :f t

(a)
+i2
+J
0 ® X 0 o " ! 0 ! "o
-j
-ir2 =12 -1
(b)

Figure 5.23  Shift by 90° in (a) time and (b) frequency domain.

The idea in image-reject architectures is to process the signal and the
image differently, allowing cancellation of the image by its negated replica.
The distinction between the signal and the image is possible because the two
lie on different sides of the LO frequency.

Vino—s

Vout2
R

IC

Figure 5.24  Shift-by-90° network.

Hartley Architecture An image-reject architecture originating from a
single-sideband (SSB) modulator introduced by Hartley in 1928 [8] isillustrated
in Fig. 5.25. Hartley’s circuit mixes the RF input with the quadrature phases of
the local oscillator, sin w; ot and cos wr ot , low-pass filters the resulting signals,
and shifts one by 90° before adding them together. To understand the underly-
ing principle, suppose the input signal is x(7) = Agr coswgpt + Ajpy COS Wil
where the first term represents the desired channel and the second term the
image. Without loss of generality, we assume low-side injection: wgr —wr o =
WL o — Wiy. Multiplying x () by the LO phases and neglecting high-frequency
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Figure 5.25 Hartley image-reject receiver.

components, we obtain the following signals at points A and B, respectively:

xa(t) = o sinfwro — wrp)t + A%Sin(ww — wim)t  (5.5)

xg(t) = A—gicm(wm — wgrp)t + %cosw;_o — wim)t.  (3.6)
Writing (5.4) as

¥alt) = —ARF sinlwrr — wrLo)t + %sin(w;_o — Wim)t (5.7)

and utilizing the result in Fig. 5.23(a), we have

A
xc(t) = +

F Aim
cos(wrr — wro)t — Tcos(cuLo — wim)1. (5.8)

Upon additon of x¢(7) and xg(r), we obtain Agzy cos(w;p — wrp)t at the
output. Thus, the RF signal is downconverted with no corruption by the image.
The key point here is that the signal components at B and C have the same
polarity, whereas the image components have opposite polarities. This occurs
because the 90° shift operation distinguishes between w; 9 — wgr < 0 and
wLo — Wim > 0. ‘

Hartley’s circuit can also be analyzed graphically. Suppose the input
signal consists of a desired band and its image (Fig. 5.26). Convolving the input
spectrum with those of sin w; ot and cos wy, ot and low-pass filtering the results,
we obtain the spectra at points A and B, X 4(w) and X g(w), respectively. In
X 4(w), £ j denotes multiplication of the corresponding part of the spectrum
by the same number. The 90° phase shift operation multiplies the negative-
frequency part of X 4 (w) by +j and the positive-frequency part by — j, thereby
producing the X (w) shown. The sum of X¢(w) and X g(w) is therefore free
from the image.

We should note that in practice the 90 phase shift is replaced with a +45°
shift in one path and a —457 shift in the other (Fig. 5.27).
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Figure 5.26 Graphical analysis of Hartley architecture.

The principal drawback of Hartley’s architecture is its sensitivity to
mismatches. If the LO phases are not in exact quadrature or the gains and
phase shifts of the upper and lower paths in Fig. 5.27 are not identical, then
the cancellation illustrated above is incomplete and the image corrupts the

R
LPF
f T
sinw ot "
RF —— IF
Input cos® gt = Input
. A
LPF
(o

Figure 5.27 Image-reject receiver with split phase shift stages.
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downconverted signal. To better understand this effect, let us perform the
calculation leading to (5.8) with the assumption that the LO phases are given
by Appsinwrot and (Arp + €) cos(wp ot + 6), where € and 6 denote the
amplitude mismatch and phase imbalance, respectively. The waveforms at
points A and B of Fig. 5.25 are then equal to®

AroARrF .
xa(t) = —2—8111(601,0 — WRF)t

AroAi
I sinong— Wt (5.9)

A
xg(t) = (ALo + 6)—§£ cos[(wro — wgrr)t + 0]

Ae’m
+ (Ao + G)T cos[(wro — wim)t + 6]. (5.10)

It follows that

A
xc(t)=ALo [ =

F Aim
cos{wrp — wWrp)t — —z—cos(wLo — w,-,,,)t:l « 311}

Addition of xg(f) and x¢(r) yields both the desired signal and a fraction of the
downconverted image:

(Aro + €)ARrF

Xipll) = - cos[(wpo — wgrr)t + 6]
M cos(wro — wWgrF)t (5.12)
Ry = 010 : 3P ol — w4 ]
- %cos(a)u) — @Wim)t. (5.13)

Let us now calculate the image-to-signal ratio at the output, i.e., the ratio
of the average power of x;, (), Pip, to the average power of x;;, (1), Pyip:

Pi A2, (ALo + €)* —2A10(ALo + €)cosh + A}

2 low = 5= - LO  (5.14)
Psig Agr (ApLo +€)?> +2A10(ALo + €)cosb + Aj,

Noting that A?, /A% is the image-to-signal ratio at the input, we define the
“image rejection ratio” (IRR) as P,/ Py;, divided by A? /A% -
A%? — 2ABcosf + B?

IRR = . 515
A2 +2ABcosf + B? i

® The reader may notice that x4(f) and x3(t) have a dimension of (volt)?. Mixers entail a
proportionality factor to generate proper output dimensions.
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where the quantities A = A;p and B = Ao + € embody the two different
gains of the channels. For ¢ < A;p and # < 1 rad, (5.15) can be reduced to

(AA/A) + 62
& ;

where AA/A = €/A o denotes the relative gain mismatch and 6 is expressed
in radians.

The above analysis includes only the gain and phase mismatch of the LO
signal. The reader can show that small mismatches in the mixers, LPFs, the two
ports of the adder, and additional errors due to the 90° shift stage in Fig. 5.25
can all be lumped in the quantities AA/A and @ of Eq. (5.16). For typical
matching in integrated circuits, image suppression falls in the range of 30 to 40
dB [9, 10], indicating a possible combination of 0.2 to 0.6 dB of gain mismatch
and 1 to 57 of phase imbalance.

A critical issue in the Hartley architecture is the gain mismatch resulting
from the 90° phase shift operation. In Fig. 5.27, for example, the two phase shift
stages exhibit equal gains only at w; = 1/(RC). Thus, for a given w; r, a gain
imbalance arises if the absolute value of R and C varies with the temperature or
the process. Specifically, if the resistors are equal to R+ AR and the capacitors
equal to C + AC, the relative gain imbalance is

AA _ (R+ARC +A0w -1 1

IRR =

(5.16)

= =+ . (5.17)
A J14+ (R 4+ AR?(C + AC)Y*w* 1+ RXC%e?
Since in the vicinity of w;r, RCw =~ 1, we have
AA AR/R + AC/C 1 )
~ - — (5.18)
A V2+ AR/R+AC/C 2
y 2 - i (5.19
R C’ Ik

For example, AR/R = 20% limits the image rejection to only 20 dB.

The gain mismatch between the two phase shift stages of Fig. 5.27 can also
arise from frequency deviation. This is because complete image cancellation
occurs at only w;r = 1/(RC). For example, if the channel bandwidth is not
much less than w;r, then IRR degrades substantially near the edges of the
channel.

How much image suppression is adequate? In most RF applications, the
overall suppression must be around 60 to 70 dB. Now recall that the front-
end filter in a transceiver also provides appreciable attenuation at the image
frequency if the IF is relatively high. Thus, with proper choice of the IF, an
image-reject architecture may achieve the required overall suppression, pro-
vided the gain error expressed by (5.19) is sufficiently small. Note, however,
that matching requirements in this topology are still much more stringent than
those in homodyne receivers.
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Monolithic implementation of the Hartley architecture entails other is
sues as well. First, since the low-pass filters in Fig. 5.25 cannot easily suppres:
strong interferers in the neighboring channels, the linearity of the adder is crit
ical, imposing additional noise-power trade-offs. Second, the loss and noise of
90° stage (e.g., the circuit of Fig. 5.24) are typically quite significant.

Weaver Architecture Inthe Hartley architecture, we noted that quadra-
ture downconversion followed by a 90° phase shift produces in the two paths
the same polarities for the desired signal and opposite polarities for the image.
Illustrated in Fig. 5.28, the Weaver architecture [11] replaces the 90° stage by a
second quadrature mixing operation to perform essentially the same function.
Without loss of generality, we assume @, < @;. As shown in Fig. 5.29, the
spectrum at point A is convolved with j[§(w + w;) — 8(w — @,)]/2, yielding
at point C the translated replicas with no factor j. Similarly, the spectrum at
point B is convolved with [§ (@ + @) + 6(w — w;)]/2 and hence is translated
both up and down in frequency. Subtracting the spectrum at point C from
that at point D, we note that the replicas of the image that fall in the band
of interest cancel each other, yielding the desired signal with no corruption.
Since the downconverted spectrum still contains the image at +w» + @ and
—w, —wj F, an output low-pass filter is required to select only the desired band.

— LPF
A c
RE ' sinm4t sin®,t - IF
Input cosqt cosW,t Output
* +
B D
L—>®—> LPF

Figure 528 Weaver image-reject receiver.

The two LO frequencies, w; and w,, in Fig. 5.28 can be chosen in dif-
ferent ways. For the case illustrated in Fig. 5.29, where the final spectrum is
not centered around zero frequency, the second mixing operation entails the
problem of “secondary image.” To understand this issue, suppose the input
spectrum contains an interferer at 2w, — wj, + 2w, (Fig. 5.30). Upon the first
downconversion, the interferer appears at 2w; — wj, + wq, that is, as the image
of the signal with respect to w;. In the second downconversion, the interferer
is not canceled because it is originally on the same side of w; o as the desired
signal. For this reason, the low-pass filters in Fig. 5.28 must, in fact, be replaced
with bandpass filters to suppress the secondary image.
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Figure 5.29  Graphical analysis of Weaver architecture.
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Figure 5.30 Problem of secondary image in Weaver architecture.
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The LO frequencies may also be chosen so as to translate the spectrum
to the baseband, i.e., w; = w; = wy,, thereby avoiding the issue of secondary
image and also alleviating some of the problems in homodyne architectures. In
particular, since w; can be relatively far from wj,, the leakage of the first LO
to the main input is much less serious and dc components due to self-mixing
can be removed by bandpass filters. Such filters also remove low-frequency
components generated by second-order distortion in the signal path. Moreover,
if sufficient gain is provided at the intermediate frequency and in the second
set of mixers, the flicker noise of the baseband stages becomes negligible.

The Hartley and Weaver architectures share one problem: incomplete im-
age rejection due to gain and phase mismatch. The Weaver circuit is free from
the gain imbalance described by (5.19), but it suffers from the secondary image
if the second downconversion translates the spectrum to a nonzero frequency.
Also, harmonics of the second LO frequency may downconvert unfiltered in-
terferers from the first IF to the second.

5.2.4 Digital-IF Receivers

In the dual-IF heterodyne architecture of Fig. 5.12, low-frequency operations
such as the second set of mixing and filtering can be performed more efficiently
in the digital domain. Shown in Fig. 5.31 is an example where the first IF
signal is digitized, “mixed” with the quadrature phases of a digital sinusoid,
and low-pass filtered to yield the quadrature baseband signals. This approach
is sometimes called a “digital-IF architecture.” Note that digital processing
avoids the problem of I and Q mismatch.

—>| Multiplier [2) LPF [2>1
Sinmt/L Digital

A
—D—F BPF r->®—> BPF —D—» ADC . Sinewave
* cosmt \;— Generator
cosw ot
L:) Multiplier =) LPF > Q

Figure 5.31 Digital-IF receiver.

The principal issue in this approach is the performance required of the
A/D converter. Since the signal level at point A in Fig. 5.31 is typically no
higher than a few hundred microvolts, the quantization and thermal noise of
the ADC must not exceed a few tens of microvolts. Furthermore, if the first IF
bandpass filter cannot adequately suppress adjacent interferers, the nonlinear-
ity of the ADC must be sufficiently small to minimize corruption of the signal
by intermodulation. Also, the ADC dynamic range must be wide enough to
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accommodate variations in the signal level due to path loss and multipath fad-
ing.” Additionally, the ADC must achieve an input bandwidth commensurate
with the value of IF while consuming a reasonable amount of power.

The above requirements make it difficult to employ a Nyquist-rate ADC
in the digital-IF architecture. Typical IF values of 50 to 200 MHz mandate
sampling rates in the range of 100 to 400 MHz, and linearity, noise floor, and
dynamic range requirements may necessitate resolutions greater than 14 bits,
Such performance cannot be obtained in today’s A/D converters even if cost
and power dissipation are not critical.

The ADC performance limitation can be partially alleviated by noting
that most ADCs incorporate sample-and-hold circuits and hence can perform
downconversion. Called the “sampling IF” architecture, such a configuration is
depicted in Fig. 5.32, where the ADC samples the signal at a rate slightly below
fr#- The spectrum of the downconverted, digitized signal thus lies around
fir — fs. This operation is followed by quadrature mixing and filtering to
translate the spectrum to the baseband.

+§+ BPF

flo

Figure 5.32 Sampling IF architecture.

While relaxing the ADC sampling rate by a factor of 2, this technique still
requires a combination of prohibitively high speed and high linearity. Never-
theless, it is utilized in base stations where many channels must be received and
processed simultaneously.

Digital IF and sampling IF architectures have not been used in portable
terminals because of ADC performance limitations. Their potential, however,
has made them the subject of active research [12, 14, 13].

5.2.5 Subsampling Receivers

In our discussion of receivers thus far, we have assumed that the (first) LO
frequency is in the vicinity of the RF band. Alternatively, the RF input can
be sampled at a much lower rate because narrowband signals exhibit only a
small change from one carrier cycle to the next. Called “subsampling,” the

7 Some of the signal level variation can be corrected through the use of AGC in the analog
domain.
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Figure 5.33 Subsampling in (a) time and (b) frequency domains.

idea is that a bandpass signal with bandwidth A f can be translated to a lower
band if sampled at a rate equal to or greater than 2Af. As illustrated in
Fig. 5.33 for ideal sampling, this operation creates replicas of the spectrum with
no aliasing.

Owing to the large reduction in the downconversion rate, the use of sub-
sampling can simplify the design of the local oscillator and its associated syn-
thesizer loop. Compared to an RF mixer, the sampling circuit itself may also
benefit from somewhat relaxed trade-offs.

Despite these features, subsampling suffers from an important drawback:
aliasing of noise. To understand this issue, consider the equivalent circuit of the
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sampler of Fig. 5.34(a) (when the switch is on). This circuit must have a band-
width at least equal to the input frequency, fj, so that the signal experiences
negligible attenuation. Thus, resistor R, contributes significant noise compo-
nents ranging from dc to beyond fj, depicted in Fig. 5.34(b) as a rectangular
spectrum for simplicity. Performing the subsampling operation of Fig. 5.33(b)
on this spectrum, we obtain the combined effect shown. Therefore, subsam-
pling by a factor m multiplies the downconverted noise power of the sampling
circuit by a factor 2m.

s Vout

Figure 5.34 (a) Equivalent circuit of a sampler. (b) aliasing of noise in
subsampling.

Subsampling also worsens the effect of noise in the sampling clock. It can
be proved that the clock phase noise power is “amplified” by m? [15].

5.3 TRANSMITTER ARCHITECTURES

An RF transmitter performs modulation, upconversion, and power amplifica-
tion, with the first two combined in some cases. In contrast to the variety of
approaches invented for RF reception, transmitter architectures are found in
only a few forms. This is because issues such as noise, interference rejection,
and band selectivity are more relaxed in transmitters than in receivers.

Before studying transmitter architectures, we briefly look at the interface
between the baseband signal and the RF section and that between the power
amplifier and the antenna.

Baseband/RF Interface Shown in Fig. 5.35 is the baseband/RF interface
in an analog or digital FM system. Here, the baseband signal directly modulates
the frequency of the carrier generated by a VCO. Recall from Chapter 3 that
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the output spectrum of a frequency modulator depends on the amplitude and
bandwidth of the modulating signal as well as the modulation index. Thus, the
baseband signal is first “conditioned” by means of a filter and/or a variable-gain
stage, compensating for manufacturing variations in the VCO characteristics.
Also, since the oscillator frequency drifts with time and temperature, it must
be stabilized by a feedback loop, i.e., a frequency synthesizer (Chapter 8).

Baseband Signal Modulated
: e 9 | vco =
Signal Conditioning Signal

Figure 5.35 Baseband/RF interface in an FM system.

In digital phase modulation systems, the interface between the baseband
signal and the RF transmitter is more complex. From Chapter 3, we note that
simple QPSK modulation can be performed as depicted in Fig. 5.36. In practice,
however, the data pulses must be shaped to minimize intersymbol interference
and/or limit the signal bandwidth (e.g., GMSK). Since pulse shaping in the ana-
log domain, especially at low frequencies, requires bulky filters, each incoming
pulse is mapped to the desired shape by a combination of digital and analog
techniques. Illustrated in Fig. 5.37 is an example [16, 17], where the input pulse
generates a sequence of addresses, e.g., it enables a counter, thereby producing
a set of levels from two read-only memories (ROMs). These levels are subse-
quently converted to analog form, yielding the desired pulse shape at points A

and B.
Baseband Serial/Parallel e (: ) " M‘;c:url::rd
Data Converter cos® gt ¢

pl

Figure 5.36 Baseband/RF interface in a quadrature modulation system.

A special case of the above approach is the GMSK circuit shown in
Fig.5.38. Recall from Chapter 3 thata GMSK signal isrepresented as xgysx ()
= Acos[wct + ¢ (1)], where @i (t) = [ Zh(t) = p(t — kT)dt and h(z) is the
impulse response of a Gaussian filter. Since the exact definition (and trunca-
tion) of /() impacts the channel bandwidth (i.e., the adjacent channel power),
digital implementation of the filter proves more accurate than an analog coun-
terpart. The phase produced by the filter, ¢, is then mapped to cos ¢, and
sin ¢ by means of two ROMs, and the results are converted to analog form
according to xgusk (1) = A cos w.t cos[¢y(1)] — A sin w1 sin[¢g(£)].
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Figure 5.37 Baseband pulse shaping.

An important issue in the modulators of Figs. 5.36 and 5.37 is the phase
and gain mismatch of the I and Q paths. Similar to the I/Q mismatch effect
in homodyne receivers, this imperfection leads to cross-talk between the two
data streams modulated on the quadrature phases of the carrier. A common
approach to quantifying the I/Q mismatch in a transmitter is to apply two sig-
nals Vj sin wi,t and Vj cos wipt to the I and Q input terminals and examine the
spectrum produced by the adder. In the ideal case, the output in the band of

Baseband Data

I

Gaussian
Filter .
sine
—— ] — —g
‘ ROM DAC LPF
f — sin® ot Modulated
Signal
COSUJLor
cosine
L ROM —=1 DAC || LPF

Figure 5.38 Baseband pulse shaping in GMSK systems.
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interest is simply given by vo (f) = Vo sin wipt sin wy ot + Vi cos winf coswy ot
= Wycos(wr o — wiy)t. On the other hand, in the presence of a gain mismatch
of € and phase imbalance of 6,

Vout (1) = Vjsin wjyt sin wy ot
+ Vo(1 4+ €) cos wint cos(wp ot + 6) (5.20)

Vi
As 30[1 + (1 + €) cos@]cos(wiy, — wrp)t
- ?O(l + €)sinfsin(wr g — wip)t
Vo
4 7[—1 + (1 + €) cos @] cos(win + wro)t

Vo .
— 7(1 + €)sin@ sin(wp o + wip)t (5.21)

Thus, the power of the sideband at w; ¢ + wj, divided by that of the sideband
at wrp — Wiy 18
P, B 1— (14 €)cost + €
P 14+ (Q+e€)cosh + €’

serving as a measure of the I/Q imbalance. In practice, the cross-talk between
the two data streams becomes negligible if the above test yields an unwanted
sideband about 30 dB below the desired signal.

(5.22)

PA/Antenna Interface  Asexplained in Section 4.1, the transmitter out-
put must pass through a duplexer filter or a TDD switch so that it can be sepa-
rated from the signal received by the antenna. Duplexer filters typically exhibit
aloss of 2 to 3 dB, thus dissipating 30 to 50% of the PA output power in the form
of heat. If the PA provides 1 W of power, then more than 300 mW is simply
wasted in the filter. Since the PA efficiency rarely exceeds 50%, this wasted
power corresponds to 600 mW drained from the supply. a value comparable
with the power consumed by the rest of a typical transceiver! In TDD switches,
on the other hand, the loss is between ().5 and 1 dB, yielding substantially higher
overall efficiency than in the case of FDD.

5.3.1 Direct-Conversion Transmitters

If the transmitted carrier frequency in Figs. 5.36 and 5.37 is equal to the local
oscillator frequency, the architecture is called “direct conversion.” In this case,
modulation and upconversion occur in the same circuit. As shown in Fig. 5.39,
the modulator is followed by a power amplifier and a matching network,® whose
role is to provide maximum power transfer to the antenna and filter out-of-band

8A bandpass filter may be interposed between the modulator and the PA to suppress the
harmonics.
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Figure 5.39  Direct-conversion transmitter.

components that result from the nonlinearities in the amplifier. Note that since
the baseband signal is produced in the transmitter and hence is sufficiently
strong, the noise of the mixers is much less critical here than in receivers.

The architecture of Fig. 5.39 suffers from an important drawback: dis-
turbance of the transmit local oscillator by the power amplifier. Illustrated in
Fig. 5.40, this issue arises because the PA output is a modulated waveform with
high power and a spectrum centered around the LO frequency. Despite vari-
ous shielding techniques employed to isolate the VCO, the “noisy” output of
the PA still corrupts the oscillator spectrum. This corruption occurs through a
mechanism called “injection pulling™ or “injection locking,” described in Chap-

ter 7. The problem worsens if the PA is turned on and off periodically to save
power.

Figure 5.40 Leakage of PA output to oscillator.

The phenomenon of LO pulling is alleviated if the PA output spectrum is
sufficiently higher or lower than the oscillator frequency. For quadrature mod-
ulation schemes of Figs. 5.36 and 5.37, this can be accomplished by “offsetting”
the LO frequency, that is, by adding or subtracting the output frequency of
another oscillator [18]. Figure 5.41 shows an example where the output signals
of VCO; and VCO; are mixed and the result is filtered such that the carrier
frequency is equal to w; + w,, far from either w; or w,.
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Figure 5.41 Direct-conversion transmitter with offset LO.
5.3.2 Two-Step Transmitters

Another approach to circumventing the problem of LO pulling in transmitters
is to upconvert the baseband signal in two (or more) steps so that the PA out-
put spectrum is far from the frequency of the VCOs. As an example, consider
the circuit shown in Fig. 5.42. Here, the baseband I and Q channels undergo
quadrature modulation at a lower frequency, w; (called the intermediate fre-
quency), and the result is upconverted to w; + w; by mixing and bandpass
filtering. The first BPF suppresses the harmonics of the IF signal, while the
second removes the unwanted sideband centered around @, — w,.

sin 0)1 t

cosqt

Q —»

(OFEL OV : Wq+0, @

®;

Figure 542 Two-step transmitter.

An advantage of two-step upconversion over the direct approach is that
since quadrature modulation is performed at lower frequencies, I and Q match-
ing is superior, leading to less cross-talk between the two bit streams. Also, a
channel filter may be used at the first IF to limit the transmitted noise and spurs
in adjacent channels.



Sec. 5.4 Transceiver Performance Tests 155

The difficulty in two-step transmitters is that the bandpass filter following
the second upconversion must reject the the unwanted sideband by a large
factor, typically 50 to 60 dB. This is because the simple upconversion mixing
operation produces both the wanted and the unwanted sidebands with equal
magnitudes. Owing to the higher center frequency, this filter is typically a
passive, relatively expensive off-chip device.

5.4 TRANSCEIVER PERFORMANCE TESTS

Today’s high-performance transceivers must pass more than 100 tests, each of
which subjects the system to an extreme condition that may occur when the
transceiver operates in a realistic environment. In this section, we summarize a
few important performance measurements that are commonly used in testing.

Sensitivity and Dynamic Range In most systems, a minimum detectable
signal level (in the absence of interferers) is specified. The GSM standard, for
example, requires an MDS of —120 dBm with an SNR of 9 to 12 dB. The 3-dB
variability in the SNR stems from the difference in the performance of various
types of demodulators and baseband functions, but the objective is to obtain a
BER of 1073, From Section 2.4,

Pyps = —174dBm + 10log B + NF + SNR, (5.23)

suggesting a maximum noise figure of 7 to 10 dB.

In addition to the overall noise figure and /I P;, several other character-
istics of transceivers impact the sensitivity and dynamic range. A common test
examines the response of the system to blocking signals by measuring in-band
intermodulation, out-of-band intermodulation, second-order intermodulation,
cross modulation, and reciprocal mixing. The first four effects are illustrated
in Fig. 5.43 for GSM [19], and the last is deferred to Chapter 7. Note that in
each case the desired channel contains a —98-dBm signal.

In Fig. 5.43(a), a —49-dBm unmodulated tone and a —50-dBm GMSK
modulated tone are applied in the fourth and eighth adjacent channels. At
the output of the receiver, the desired signal (simply called the carrier here)
is corrupted by intermodulation and noise. In this test, the output carrier-to-
(noise + intermodulation) [C /(N + I)] must not fall below 9 dB.

In Fig. 5.43(b), two out-of-band modulated tones with levels of —45 dBm
and —35 dBm are spaced such that their upper intermodulation product falls in
the desired channel while their second-order beat coincides with the IF band.
Under these conditions, the C /(N + I') of the IF signal must exceed 9 dB.

In the cross-modulation test of Fig. 5.43(c), a —23-dBm out-of-band
amplitude-modulated interferer is added to the input signal. The nonlinear-
ity of the receiver must be low enough to yield a C/(N + I) of greater than 9
dB.
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Figure 5.43 Typical blocking tests in GSM. (a) In-band intermodulation, (b)
out-of-band and second-order intermodulation, (¢) out-of-band cross modulation.

Unwanted Emissions The signal radiated by the antenna of a transmit-
ter must comply with strict rules imposed by both the wireless standard and the
FCC. To ensure negligible radiation in adjacent channels, each standard usu-
ally defines a modulation “mask™ below which the transmitter output spectrum
must lie. GSM, for example, provides the mask shown in Fig. 5.44.

10 dB/div.

100 kHz/div.

Figure 5.44 Modulation mask in GSM along with typical signal spectrum.
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In addition to the modulation mask, wireless standards typically specify
the relative adjacent channel power for the modulated signal (Chapter 4). The
IS-54 and I1S-95 standards require an ACP of less than —26 dBc and —42 dBc,
respectively [1].

The output of a transmitter may also contain harmonics, spurs, and ther-
mal noise, potentially interfering with the users in other standards. Harmonics
are generated in the modulator and the power amplifier while spurs arise from
mixers, oscillators, and parasitic resonances and nonlinearities in the PA. In
FDD systems such as AMPS, the output spurs that fall in the receive band
are particularly troublesome because the front-end duplexer attenuates such
components by only 50 to 60 dB. Similarly, the output thermal noise is critical
because it raises the noise floor in the receive path [2]. It is interesting to note
that the NADC and GSM systems have alleviated these two effects by offseting
the transmit and receive time slots so that the transmitter and the receiver do
not operate simultaneously (Chapter 4).

5.5 CASE STUDIES

In order to reinforce the transceiver design ideas and issues described thus
far, we analyze in this section several actual products that are incorporated
in wireless systems. Emphasizing monolithic integration, we begin with sim-
ple topologies and progress toward more sophisticated architectures. Other
developments in RF transceivers are described in [20-26].

5.5.1 Motorola's FM Receiver

The MC3362, manufactured by Motorola, Inc., is a dual-conversion FM re-
ceiver on a single chip [27]. Shown in Fig. 5.45 is the overall receiver including
some of the required external components. In a typical application such as
walkie-talkies or first-generation cordless phones, a 50-MHz signal received
by the antenna passes through an LC matching network and is applied to the
first downconversion mixer. Note that, for the sake of simplicity, neither an
LNA nor an image-reject filter is used, but the matching network suppresses
the image to some extent. Designed for a low-noise figure, the mixer is driven
by an LC VCO that operates at 10.7 MHz below or above the input frequency.
The resulting IF signal passes through a ceramic bandpass filter so as to reject
interferers to some extent, allowing the use of a second mixer with reasonable
noise figure and linearity. The second mixer is driven by a 10.245-MHz crystal
oscillator, generating a second IF equal to 455 kHz. Another ceramic filter
then completes the channel selection. At this point, the FM signal is still quite
small, but it can be amplified nonlinearly because intermodulation products
resulting from interferers are negligible. Thus, a multistage “limiting” ampli-
fier (consisting of six cascaded differential pairs) raises the signal level such
that it can drive the following FM demaodulator. Note that amplification of
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Figure 5.45 Simplified architecture of MC3362.

the signal before demodulation is more power-efficient than after because the
demodulator audio output would require /inear, low-noise gain stages.

In addition to the matching network and the ceramic filters, the receiver
of Fig. 5.45 requires other external components for the oscillators and the de-
modulator, bringing the total number of off-chip devices to approximately 25.
Designed to operate with supply voltages as low as 2 V, the circuit drains typi-
cally 5 mA of current while exhibiting an SNR of 20 dB for a 0.7-uV,,,s input.

5.5.2 Philips’ Pager Receiver

The Philips UAA2080T is a single-chip bipolar homodyne receiver designed for
FSK paging applications [28]. Fig. 5.46 shows the receiver along with the nec-
essary external components. At the front end, an L.C network performs both
matching and single-ended to differential conversion, with its output driving a
low-noise cascode differential amplifier. In contrast to the homodyne architec-
ture described in Section 5.2.2, this receiver splits the RF signal—rather than
the LO signal—into in-phase and quadrature components by means of two
LC networks. This approach is justified by the resulting simplicity of the LO
circuitry, as discussed below.

After downconversion to baseband, the signal is amplified, filtered, and ac
coupled to channel-select filters. The resulting I and Q phases of the FSK signal
then pass through limiting amplifiers before driving the FSK demodulator.

The LO frequency, typically around 470 MHz, is generated by a 235-MHz
oscillator followed by a frequency doubler. The oscillator actually operates at
the third harmonic (“overtone”) of a 78.3-MHz crystal. Since paging is received
atasingle fixed frequency, the oscillator frequency need not be variable (except
for small adjustments during manufacturing), thereby eliminating synthesizers.
This compact, low-power implementation, however, cannot easily generate
precise quadrature phases, thus requiring phase separation in the RF path.
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Figure 546 Simplified architecture of UAA2080T.

Itis instructive to examine the UAA2080T with respect to the homodyne
design issues described in Section 5.2.2. Since paging FSK signals have negligi-
ble energy in the vicinity of zero frequency, offsets in the downconverted path
are removed by ac coupling. The matching properties in bipolar technology
minimize the I/Q imbalance, and even-order distortion is suppressed through
the use of differential circuits. Furthermore, LO leakage is reduced by cas-
code configurations in both the LNA and the mixers. The problem of limited
dynamic range is less serious in this application for two reasons: (1) the FSK
signal uses a relatively high modulation index, that is, it deviates the carrier
frequency by a large amount, providing a relatively high SNR at the cost of
spectral efficiency (Chapter 3). and (2) the bit error rate can be as high as 3%
because redundancies are incorporated in the data stream to correct errors.

The UA2080T operates with a minimum supply voltage of 2 V while
drawing approximately 3 mA (in the active mode). For BER= 3% and a
data rate of 1.2 kb/s, the circuit requires an input level greater than —125 dBm
(0.126 uV,s) and tolerates interferers 60 dB above the desired signal. The
overall system utilizes about 30 external components.

5.5.3 Philips’ DECT Transceiver

Philips offers a chip set that can be used to build a DECT transceiver. Shown
in Fig. 5.47 is the overall 1.89-GHz TDD system designating each chip [29]. In
the receive path, the signal is converted to differential form and applied to an
image-reject LNA/mixer, UA2077. In order to achieve image rejection beyond
typical mismatch-limited values of 30 dB, the circuit provides digital control of
the gain and phase in the I and Q paths through several D/A converters. The
first IF signal, at 110 MHz, passes through a SAW filter and is subsequently
downconverted to a second IF equal to 9.8 MHz. Next, the result is bandpass
filtered by means of two ceramic devices, amplified by a limiting stage, and
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Figure 5,47 Philips' DECT transceiver.

applied to an FM demodulator. Note that the second IF here is much higher
than that in Fig. 5.45 because the DECT channel bandwidth of 1.7 MHz requires
a sufficiently high center frequency.

The transmit path consists of a VCO, a buffer, and a power amplifier.
During transmission, baseband Gaussian-shaped pulses directly modulate the
VCO, effecting Gaussian frequency shift keying. The actual timing of the sys-
tem is illustrated in Fig. 5.48. where the receive and transmit modes are sepa-
rated by a “blind slot.” At the end of the receive mode, the transmit VCO is
placed in a feedback loop (the synthesizer) to stabilize the frequency. Since the
loop requires approximately 250 us to settle, a blind slot precedes the signal
transmission to avoid leakage of the spectrum into adjacent channels. At the
end of the blind slot, the VCO is disconnected from the feedback loop so that
it can be modulated, and the power amplifier is turned on.

Receive Transmit
Blind Slot

VCOx in VCOqy in t
Closed Loop Open Loop

Figure 5,48 Timing diagram illustrating blind slot operation.

The principal issue in the transmitter of Fig. 5.47 is the errorin the VCO 7y
frequency due to three sources of disturbance. First, upon separation from the
feedback loop, the VCO control line experiences finite charge injection errors.
Second, when the power amplifier is turned on, its input impedance varies,

Baseband Data
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thereby changing the load impedance and hence the oscillation frequency of
the VCO. Third, the PA active current, about 250 mA, drops the battery voltage
by a few hundred millivolts, affecting the VCO output frequency. The sum of
these errors must not exceed 50 kHz (26 ppm at 1.9 GHz). Various isolation
and supply regulation techniques are employed to minimize these effects [29].
In practice, aging effects in the system clock frequency may limit the budget to
less than 30 kHz.

5.5.4 Lucent Technologies’ GSM Transceiver

Lucent Microelectronics (formerly AT&T Microelectronics) offers a single-
chip solution that, along with a low-noise amplifier and a power amplifier, can
form a complete GSM transceiver (up to the baseband interface). Figure 5.49
depicts the overall system. The receive path translates the 900-MHz input to
an IF of 71 MHz, performs partial channel selection by means of a SAW filter,
amplifies the signal by a programmable gain, and downconverts the result to
quadrature baseband components. In contrast to the receivers of Figs. 5.45
and 5.47, this architecture requires only two external filters in the receive path
(excluding the duplexer), but the IF SAW device tends to have higher loss (and
higher cost) if it must filter adjacent channels to sufficiently low levels.

The transmit path upconverts the baseband Gaussian-shaped data directly
to 900 MHz. To avoid VCO pulling, the required carrier signal is produced by
adding the frequencies of VCO; and a second oscillator, VCO;, operating at
117 MHz (Section 5.3.1). A buffer following the modulator delivers 0 dBm of
power to a 50-£2 load.

Baseband
[ |
LNA 71 MHz
Image SAW
Reject [ ] o
—D- Fi:ter & Filter |> s 4[| VCO, |284 MHz
L Baseband
117 MHz L’ Q
vco, vco,
Duplexer
LPF
Baseband
H
PA L
-4— LPF %0’
Baseband

Q

Figure 549 Lucent Technologies” GSM transceiver.
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The three VCOs employed in this architecture are embedded in synthe-
sizer loops (Chapter 8). The quadrature phases required of VCO; and the
transmit carrier signal are generated using different circuit techniques com-
mensurate with the frequency of operation and complexity. These techniques
are described in Chapter 7.

Fabricated in a 12-GHz bipolar technology, the GSM chip draws approx-
imately 60 mA from a 2.7-V supply.

5.5.5 Philips’ GSM Transceiver

Philips’ semiconductor offers a pair of RF and IF chips for GSM transceivers.
Figure 5.50 shows the overall system [30]. The receive path includes rwo LNAs
to allow the use of two low-cost, lossy image-reject filters. The gain of each LNA
can be digitally programmed, covering a range of 421 dB to —38 dB. The am-
plified signal is translated to an IF of 400 MHz by mixing with the output of a
1.3-GHz VCO. With the image lying at 1.7 GHz, the LNAs and the input stage
of the mixer are designed so that their cumulative gain drops by approximately
30 dB at the image frequency, thus relaxing the stopband suppression required
of the filters. The IF signal is then filtered and downconverted to baseband
quadrature channels. Since most of channel selection is performed in the base-
band by means of integrated fifth-order low-pass filters, the IF SAW filter has
relaxed requirements.

LNA LNA 400 MHz
Image Image
Reject Reject [ gﬁw
Filter Filter o

B

l B
Programmable LS LPE b aselband
- Gain
Duplexer -

0 VL01 VL02 = 90

o~ LPF b= g

— Level

Mixer | | ooniror | [LFIMEF
Baseband
Q

Figure 5.50 Philips GSM transceiver.
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The transmit path incorporates two steps of upconversion. In the first
step, the Gaussian-shaped baseband data is modulated on a 400-MHz carrier
and subsequently filtered by an LC circuit. In the second step, the signal is split
into quadrature phases and applied to a single-sideband mixer that is driven by
a 1.3-GHz oscillator. Suppressing the unwanted sideband by 20 dB, this mixer
relaxes the rejection required of the preceding filter. The 900-MHz signal is
then buffered and fed to the power amplifier.

The architecture of Fig. 5.50 incorporates only two oscillators to perform
all the frequency translations in both the receive and transmit paths, thereby
simplifying the prediction of various spurs that may result from coupling and
intermodulation. This strategy is feasible here because the system is time-
division (and frequency-division) duplexed. making it possible to share the
oscillators between the two paths. (Recall from Chapter 4 that the transmit
and receive time slots in GSM are offset by three time slots.)

Since both oscillators are external, the leakage of their outputs to other
parts of the circuit becomes problematic. In particular, if Vj , were at 400
MHz, then, similar to the case of homodyne downconversion, self-mixing would
corrupt the baseband signals by DC offsets. For this reason, V; g, is generated
at 800 MHz, and the frequency is divided by two on the IF chip.

An interesting provision in the transceiver of Fig. 5.50 is partial compat-
ibility with another standard, DCS1800 [30]. This standard is similar to GSM,
but operating around 1.8 GHz. The frequency of V¢, is chosen to be midway
between the bands of GSM and DCS1800, allowing the use of a 400-MHz IF
for both but requiring high-side injection in the former and low-side injection
in the latter. Thus, in principle, the two standards can share all sections of
the transceiver except for the LNAs, the image-reject filters, and the power
amplifier.

Fabricated in a 13-GHz BiCMOS technology, the GSM transceiver draws
a current of 50 mA in the receive mode and 105 mA in the transmit mode while
operating from a 2.7-V supply.
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6

LOW-NOISE AMPLIFIERS
AND MIXERS

With wireless standards and transceiver architectures described in Chapters 4
and 5, we move farther down to the circuit level in this and subsequent chapters. -
Beginning with the first circuits in the receive path, we describe the design
of low-noise amplifiers and downconversion mixers, emphasizing techniques
suited to integration in VLSI technologies. Following an overview of general
issues such as stability and input matching, we study the design of bipolar and
CMOS LNAs and introduce a number of circuit topologies from the state of the
art. Next, we deal with mixers, defining noise figure and conversion gain and
describing implementation in both bipolar and CMOS technologies. Finally,
we analyze noise in mixers and in cascaded stages.

6.1 LOW-NOISE AMPLIFIERS

166

6.1.1 General Considerations

In addition to the RF design hexagon described in Chapter 1, a number of other
considerations govern the design of low-noise amplifiers. Table 6.1 lists typically
acceptable values for the performance metrics of LNAs used in heterodyne
architectures. Itisinstructive to consider each value and its effect on the overall
performance.

Since the LNA is the first gain stage in the receive path, its noise figure
directly adds to that of the system. With a duplexer NF of approximately 2 dB,
this results in an overall value of 4 dB, if the noise of the stages following the
LNA is neglected. Thus, if, for example, an SNR of 8 dB in a bandwidth of 200
kHz is required, the input sensitivity is about —109 dBm (Section 2.4).

To gain a better feeling for a noise figure of 2 dB, suppose, as shown in
Fig. 6.1, we represent the input-referred noise of a bipolar transistor by a series
resistor, i.e., NF = 1+ R,/ Rs (the device capacitances and other resistances
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TABLE 6.1 Typical LNA characteristics in het-
erodyne systems.

NF 2dB
II.P; —10 dBm
Gain 15dB

Input and Output Impedance 50
Input and Output Return Loss —15dB
Reverse Isolation 20 dB
Stability Factor 3 |

are neglected here). Since the input-referred noise voltage per unit bandwidth
in given by

— 1
V2 = 4kT — 6.1
" (rb * 23»1) (&)
Vr
= 4kT —_—, 6.2
(rb ¥ 2IC) (62)

where I¢ is the collector current, we have R, = rp + V7 /(2Ic). For NF =
2 dB, R,y must not exceed 29 £2. Thus, O must be relatively large and biased
at a high current. In practice, the noise contributed by the load resistor and the
following stages necessitate a lower value for r, + V7 /(21¢).

Figure 6.1 Modeling noise of a bipolar transistor with an equivalent resistor.

The value of —10 dBm listed in Table 6.1 for the / P; together with NF =
2 dB leads to a certain spurious-free dynamic range. We calculate the maximum
magnitude of two adjacent interferers whose intermodulation product remains
below the noise floor. From Section 2.4,

2
SFDR = 3(1P3 — F) —12dB (6.3)
= 61 dB. (6.4)

The minimum gain of the LNA in a heterodyne architecture is governed
by three parameters: the loss of the image-reject filter and the noise figure and
I P; of the mixer. For a filter loss of 4 to 5 dB, a mixer noise figure of 10 dB, and
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a mixer / P; of +5 dBm, a gain of 20 dB in the LNA adequately suppresses the
input-referred noise while maintaining a reasonable equivalent 7 P;. We will
examine the performance of cascaded stages more rigorously at the end of the
chapter. Note that the LNA must provide this gain while driving 50 €2.

In homodyne architectures, the absence of the image-reject filter relaxes
the gain and drive requirements of the LNA. However, the issue of flicker noise
in the baseband circuits makes it desirable to maximize the gain in the RF range.

The interface between the antenna and the LNA entails an interesting
issue that divides analog designers and microwave engineers. Considering the
LNA as a voltage amplifier, we may expect that the ideal value of its input
impedance is infinity. From the noise point of view, we may require a transfor-
mation network to precede the LNA so as to obtain minimum NF. From signal
power point of view, we may utilize conjugate matching between the antenna
and the LNA. While each of these choices has certain merits and drawbacks,
the last one is dominant in today’s systems, i.e., the LNA is designed to have
a 50-2 resistive input impedance. This is because the bandpass filter follow-
ing the antenna (e.g.. the duplexer) is usually designed to be used in various
transceiver systems and must therefore operate with a standard termination
impedance, typically 50 €2. If the source and load impedances seen by the filter
deviate from 50 €2 significantly, then the passband and stopband characteristics
of the filter may exhibit considerable loss and ripples.

The quality of the input matching is expressed by the input “return loss,”
defined as 20log |I"|, where I" is the reflection coefficient with respect to a
source impedance Rp:

. Zin - RO (6 5)
" Zn+ Ry ‘
For simplicity, let Z;, = Ry + AR, obtaining
AR
N= ———. i
2Ry + AR (66)

Thus, for a return loss of —15 to —20 dB in a 50-Q2 system, AR &~ 15t0 9 Q2. In
reality, process and temperature variations and residual reactive terms impose
a tighter range on AR.

In heterodyne architectures, the LNA output impedance must also be
equal to 50 € so as to drive the image-reject filter with minimum loss and
ripple. Similar return loss constraints apply here as well.

The reverse isolation of LNAs determines the amount of LO signal that
leaks from the mixer to the antenna. The leakage arises from capacitive paths,
substrate coupling, and bond wire coupling. In heterodyne receivers with a high
first IF, the image-reject filter and the front-end duplexer significantly suppress
the leakage because the LO frequency falls in their stopband. In homodyne
topologies, on the other hand, the leakage is attenuated primarily by the LNA
reverse characteristics.
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In addition to the above parameters, the stability of LNAs is also of con-
cern. In the presence of feedback paths from the output to the input, the circuit
may become unstable for certain combinations of source and load impedances.
Since the terminal impedances of duplexers and image-reject filters cannot be
modeled accurately in SPICE simulations, an LNA design that is nominally
stable may oscillate at the extremes of manufacturing variations and perhaps
at unexpectedly high or low frequencies.

A constant often used to characterize the stability of circuits is the Stern
stability factor, defined as

1+ |AFF — |Su* — [Snf?
2|521]1812] '

where A = S§1152 — $125:. If K > 1 and A < 1, then the circuit is un-
conditionally stable, i.e., it does not oscillate with any combination of source
and load impedances. The difficulty in using X is that the § parameters of the
circuit must be calculated (or measured) for a wide frequency range to ensure
that K remains greater than unity at all frequencies. With SPICE simulations,
for example, some postprocessing is necessary to compute K.

Equation (6.7) suggests that stability improves as S, decreases, i.c., as
the reverse isolation of the circuit increases. In traditional RF design, this
is accomplished by “neutralizing” the input-output capacitive path, as shown
in Fig. 6.2(a). Thatis, L; and C, resonate at the frequency of interest. In
IC design, however, the parasitic capacitances of the floating inductor and
the coupling capacitor, Cy, load the input and output nodes. Alternatively,
the feedback can be suppressed through the use of a cascode configuration
[Fig. 6.2(b)], but at the cost of a somewhat higher noise figure.

K =

(6.7)

Vee Vee

x
i il
£
.

(a) (b)
Figure 6.2  Stabilization by (a) neutralization and (b) cascoding.
We should also note that K is a pessimistic measure of stability for it allows

arbitrary variation in the source and load impedances seen by the circuit. On the
other hand, if the load impedance of an LNA is well defined, e.g., in a homodyne
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or image-reject architecture, then stability is achieved by simply ensuring that
the real part of the input impedance remains positive at all frequencies. This
criterion is justified by the one-port model of oscillators described in Chapter 7.

As other amplifiers, LNAs may become unstable because of ac ground
and supply loops resulting from bond wire inductance. For the frequency range
of 900 MHz and above, even a few nanohenries of inductance may provide
considerable coupling between two stages through the ground node, thereby
causing oscillation. For this reason, precautions in the design and layout as well
as accurate package modeling are essential.

As a final general note, we should remark that the low noise required
of LNAs typically governs the choice of the topologies and parameter values
employed in the design. As will be seen below, this often means that only one
transistor—usually the input device—can be the dominant contributor to NF,
thus ruling out configurations such as emitter or source followers and resistive
feedback.

6.1.2 Input Matching

In order to illustrate the difficulties in creating an input resistance of 50 §2, we
study a number of circuit configurations.

Consider the common-source stage depicted in Fig. 6.3. We note that at
sufficiently high frequencies, Cr shorts the gate and drain terminals of M,
creating an input resistance roughly equal to R;|[(1/g,). Thus, the circuit
can in principle provide an input resistance equal to 50 2 at the frequency of
interest. More specifically, the real and imaginary parts of the input admittance,
excluding Cgg, can be written as

2,Cr + 8mRL(CL + CF)
R3(CL + Cr)?w? + 1

RICL(CL + CR)w? + 1+ gmRy

RI(CL + Cp)2a? + 1 )

MYin} = Ri.Crow

(6.8)

I{Yin} = Crow

(6.9)

Figure 6.3 Common-source stage.
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If gnRy > 1,Cr > Cp,and @ & 1/(R; CL), these expressions reduce

to
_ 8 Cr
MY} = 2 0, (6.10)
R
¥} = Crow (1 + ng L), (6.11)

suggesting that proper choice of 2C; /(g,CF) can yield a 50-§2 input resis-
tance. The drawback of this topology is the relatively low voltage gain at high
frequencies due to the bandwidth limitation at the output node.

In Fig. 6.4(a), a 50-€2 resistor is placed in parallel with the input, and the
capacitive part of the input impedance is canceled by an external inductor. The
termination resistor, however, generates noise as well. In fact, as shown in
Fig. 6.4(b) and proved in Chapter 2, the noise figure of a stage consisting of a
parallel resistor Rp with respect to a source resistance Ry is

R 4
NF =14 —, (6.12)
Rp

For Rp = Ry. the noise figure of the LNA exceeds 3 dB. The key point here is
that the circuit must exhibit a 50-2 input resistance without the thermal noise
of a 50-X2 resistor.

Vout

(a) (b)

Figure 6.4 (a) Resistive termination, (b) calculation of noise figure of a
termination resistor.

In Fig. 6.5(a), negative shunt feedback provides a low input impedance,
generating a 50-S2 real part with proper design. Shown in Fig. 6.5(b) is an imple-
mentation of this topology, where M5 senses the output voltage and feeds back
a current signal. The difficulties in this case are twofold. First, the feedback
signal may contain substantial noise, thus raising the noise figure to unaccept-
able levels. Second, the total phase shift around the loop may create instability
for certain source and load impedances. [Note the similarity between the LNA
of Fig. 6.5(b) and a three-stage ring oscillator.]
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Figure 6.5 (a) Input resistive termination by feedback, (b) simple implementation of (a).

Figure 6.6(a) depicts a common-gate stage designed to exhibit an input
resistance of 50 §2: that is, 1/(g,, + gms) = 50 Q. The input capacitance may be
nulled by means of an external inductor. The principal drawback of this method
is that the transconductance of the input transistor cannot be arbitrarily high,
thus imposing a lower bound on the noise figure. Considering only the channel
thermal noise of M, I,% = 4kT y gm (Where y = 2/3 for long-channel devices),
and using the equivalent circuits of Figs. 6.6(b) and (c), the reader can easily
prove that the noise figure is

NF =1+ y. (6.13)
If y = 2/3, (6.13) gives NF = 5/3 = 2.2 dB. Similarly, if a common-base
configuration is used to provide an input resistance equal to Rg and only the

collector shot noise is considered, then 1,? = 4kTg,, /2. and hence NF =
3/2=1.714dB.

In F— V%

(b) (©)

Figure 6.6 (a) Common-gate stage, (b) inclusion of channel noise, (¢) equivalent
circuit of (b).




Sec. 6.1 Low-Noise Amplifiers 173

While the above calculations suggest a reasonable noise figure for
matched-input common-gate and common-base topologies, in reality other
sources of noise degrade the performance substantially. Inshort-channel MOS-
FETs, the factor y may be quite higher than 2/3 [1], and in bipolar transistors,
the effect of the base resistance thermal noise may even exceed that of the
collector shot noise. Furthermore, in both cases the bias current source and
possibly the load generate additional noise.

Another method of creating an input resistance of 50 € is illustrated in
Fig. 6.7. Neglecting the gate-drain and source-bulk capacitance, we can write

L
Zy ~ EmbL

Lis 4 .
Ces Ml - GSS
Thus, proper choice of g, L1, and Cgy yields a 50-€2 real part. In practice,
the last two terms may not resonate at the frequency of interest, necessitating
the use of off-chip components at the input. At high frequencies, the required
value of L, becomes comparable with the inductance of the ground bond wire,
requiring multiple bonds or accurate modeling of the wire inductance. Also,
the reduction of the equivalent transconductance as a result of degeneration
may magnify the noise contributed by the devices connected to the drain of
M,.

(6.14)

Figure 6.7 Resistive termination by inductive degeneration.
6.1.3 Bipolar LNAs

We first study a simple common-emitter stage to understand its limitations.
Consider the circuit shown in Fig. 6.8(a), where Q, and I; define the bias
current of Q1, R, isolates the signal path from the noise of Q,, and R, sustains
the same voltage drop as that across R; resulting from the finite base current
of Q. If R, is sufficiently greater than Ry, the effect of the bias circuit upon
the LNA's performance can be neglected.

From Eq. (6.2), we note that Q; must be a large device biased at a rel-
atively high current. Increasing the device size, however, leads to a higher
input capacitance (both Cj, and the Miller multiplication of C;.), in effect
attenuating the input signal and “magnifying” the noise of Q; and R.. Fur-
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(a) (b)

Figure 6.8 (a) Simple bipolar LNA, (b) inclusion of base shot noise.

thermore, larger collector-base and collector-substrate capacitance lowers the
voltage gain, and increasing the bias current results in larger base-emitter diffu-
sion capacitance (& g,, Tr ) as well as greater base shot noise. For these reasons,
the noise figure reaches a minimum for a particular choice of the size and bias
current of Q.

As the next step in improving the accuracy of (6.2), we include the base
shot noise as a current source [Fig. 6.8(b)]:

Ic/B
2Vr

For a source resistance of Rg, the total input-referred noise voltage including
that of Ry is given by

I2 = 4T (6.15)

1 Fa R
V2, = 4kT (Rs + ry + 5 + "255), (6.16)

where the correlation between the collector shot noise and base shot noise has
been neglected. The noise figure is therefore equal to

VZ
NF = ot (6.17)
4kTRs
i R
T R g B82S (6.18)

Rs  2gmRs 2B

The noise figure reaches a minimum of N Fryin = 1 + /(1 4+ 2g,7p)/B for
Rsopt = +/B(1 +28mrs)/8gm. This equation does not take into account the
effect of parasitic capacitances. However, a reasonable high-frequency approx-
imation is to simply calculate the magnitude of 8 at the frequency of operation;
thatis, |B| = fr/f [2]. The accurate value of N F must be eventually obtained
from simulations.

The relation obtained above for R o suggests that a matching network
placed between the antenna and the LNA can provide minimum noise figure by
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transforming the antenna output impedance t0 R op. As mentioned earlier,
however, conjugate matching is more widely used than “noise matching.”

It is instructive to calculate the input / P; of the CE stage of Fig. 6.8(a).
The collector current of Q; can be written as

1% Vi
e = lsexp&)v:—" (6.19)
5

: vsao1+wn+1vi-+1vi3+ (6:20)
= Igex — + - = - — oo | (6.
s ¥ 2 \Vr 6\ vy

Comparing (6.20) with (2.11), we have «; = (1/Vy) exp(Vgeo/ Vr) and a3 =
[1/(6V7:3)] exp(Vgeo/ Vr),and hence, from (2.28), I P; = 2ﬁVr. This voltage
corresponds to a power level of —12.7 dBm across a 50-Q resistor. Thus,
to achieve an / P; greater than —10 dBm, additional linearization is usually
necessary.

The small-signal gain of the common-emitter stage depends on both the
parasitics of Q; and the load impedance. If the LNA is to drive a 50-Q load
while maintaining a reasonable gain, a second stage may be necessary. Thus,
the first stage must drive the input capacitance of the second stage and exhibit
sufficient gain to minimize the noise contribution of the latter. The two stages
are typically designed as one entity so as to minimize the overall noise figure
and maximize the input / P; and the gain.

With the above study of the limitations of a common-emitter stage, we
now consider a number of state-of-the art bipolar LNAs.

Fig. 6.9(a) shows the simplified circuit of a 900-MHz LNA consisting of
two common-emitter stages, one with inductive generation and the other with
resistive feedback [2]. Implemented with the bond wire that provides the
ground connection to the first stage, inductor L, plays two roles in the cir-
cuit: it both allows conjugate matching of the input and linearizes the circuit.
Neglecting the effect of C;, and r,, we can write the input impedance as

gmLe 1

C. + L.s + e (6.21)
Thus, with proper choice of g,,, L., and C,, we have rp + g, L./C,r = 50 €2,
while the last two terms in (6.21) cancel.

The feedback in the second stage serves to both linearize the circuit and
lower the output impedance, but at the cost of higher noise. The interface
between the two stages in an example of acommon problem: the proper choice
of gain of the first stage and noise and nonlinearity of the second. We note that
the gain of the first stage must be high enough to minimize the noise contributed
by the second stage, but not so high that the overall 7 P; is limited by the
nonlinearity of Q>. Thus, the full design requires some iteration to arrive at an
acceptable compromise.

Zin = rp +
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—— Vout

(a) (b)

Figure 6.9 (a) Two-stage LNA in [2], (b) biasing of the LNA.

The dc biasing of the LNA shown in Fig. 6.9(a) must ensure constant gain
against temperature and supply voltage variations. Fig. 6.9(b) illustrates the bi-
asing network in simplified form [2]. Amplifier A; along with resistor Rp; pro-
vides the base current of Q; such that Vx &~ 1.2 V. In addition, bandgap tech-
niques are utilized to generate a voltage proportional to absolute temperature,
Vprar. Added to a multiple of Vg, this voltage controls the bases of Q3 and
Q4 so as to make their small-signal gain independent of temperature and supply
voltage. For example, since V1 = Vprar +2VpE, the collector current of 0
can be expressed as Icy = (Vprar +2Vpe — Vees— Vee2)/R1 = Vprar /Ry,
where the voltage drop across Rg is neglected. Thus, the dc gain of the first
stage is equal to A,y = gmiR1 = Ic1R1/Vr = Verar/Vr. At 900 MHz,
on the other hand, the impedance of L, is significant, resulting in incomplete
cancellation of terms and yielding some temperature dependence.

Fabricated in a 13-GHz BiCMOS technology and operating from a 5-V
supply, the circuit of Fig. 6.9 achieves a noise figure of 2.2 dB, an input / P; of
—10 dBm, and a gain of 16 dB at 900 MHz [2].

Another bipolar LNA designed to drive a 50-2 load is depicted in Fig.
6.10 [3]. Employing negative feedback through a monolithic transformer to
linearize the circuit, the LNA can operate with supply voltages as low as one
Vg . Interestingly, the transformer reduces the amplifier gain at both low and
high frequencies, helping to stabilize the circuit. The external inductor L and
capacitor C; provide conjugate matching at the input.
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L

Vout

Figure 6.10 Bipolar LNA incorporating transformer feedback.

Drawing 2 mA from a 1.9-V supply, the circuit of Fig. 6.10 achieves a
noise figure of 2.8 dB and a gain of 9.6 dB at 1.9 GHz in an 11-GHz BiCMOS
technology. The transformer feedback boosts the input / P; to —3 dBm.

Another possible topology for bipolar LNAs is a common-base configu-
ration (Fig. 6.11). This circuit offers three advantages over a common-emitter
counterpart: simpler input matching, higher linearity, and greater reverse iso-
lation. Neglecting the emitter and base resistance, we can write the input
impedance as (g, +Cr5) ™!, obtaining a 50-Q resistive component for I¢ = 0.5
mA. The effect of Cj is either negligible or canceled by an external inductor.

—_— Vec
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e s

(o]

R in =
Figure 6.11 Common-base LNA.

In a common-base circuit, the source resistance, Rg, linearizes the input-
output characteristic by “softening™ the emitter current excursions. This is in
contrast to a common-emitter stage where the source resistance experiences
only the base current variations. With Ry = g I(= 50 Q), simulations predict
an input / P; of approximately —6.8 dBm for the circuit of Fig. 6.11. This topol-
ogy also exhibits a high reverse isolation if the base bias is properly bypassed,
proving especially useful in homodyne architectures. As mentioned in Section
6.1.2, the primary drawback of a common-base stage is a relatively high noise
figure.



178

Chap. 6 Low-Noise Amplifiers and Mixers
6.1.4 CMOS LNAs

While MOSFETs were considered slow, noisy devices up to about a decade ago,
scaling has dramatically improved their performance. Unlike bipolar transis-
tors, whose base resistance typically dominates the noise figure, MOSFETS
exhibit only one primary source of noise, that generated in the channel. Thus,
in submicron technologies, a reasonable combination of device and bias current
may provide acceptably low noise.

Before studying CMOS LNAs, we should mention that the distributed
gate resistance of MOS devices also contributes thermal noise. For a total
gate resistance Ry, it can be shown that the equivalent lumped model yields

a spot noise voltage of v,z,g = 4kT R, /3 [4]. Nevertheless, this resistance can
be minimized by laying out the transistor as a parallel combination of many
narrower devices.

Basic common-source and common-gate LNA configurations have prop-
erties and limitations similar to those of common-emitter and common-base
circuits. One exception is that, for typical bias currents and dimensions used in
RF applications, MOS devices are more linear than bipolar transistors.

To arrive at a CMOS LNA topology, let us consider the common-source
stage shown in Fig. 6.12(a), where C; represents the parasitic capacitance of
M, and the input capacitance of the following stage. Owing to the typically low
transconductance of MOSFETS, the voltage gain of this circuit is relatively low,
making the noise contributed by Ry and the following stage quite significant.
To increase the voltage gain, we replace Rp with a current source, as shown
in Fig. 6.12(b). If the output impedance of M, is sufficiently high, the gain
of this circuit is approximately equal to g,,1/(Cys). Since the current source
itself contributes noise, we postulate that the overall input-referred noise is
reduced if M, performs signal amplification as well [Fig. 6.12(c)] [5]. As the
bias current and drain voltage of M, strongly depend on the supply voltage, a dc
feedback network can be used to define the operating point [Fig. 6.12(d)]. The
key idea here is that the bias current is reused to provide a higher equivalent
transconductance: g,1 + gnu2. The circuit, however, exhibits a relatively high
input resistance.

The circuit of Fig. 6.12(d) is followed by a similar stage so as to drive a
50-€2 load. Note that a common-source stage exhibits a higher drive efficiency
than does a source follower because the gain of the former is equal to g, Ry
while that of the latteris R; /(1 + g R;) [S]. With g,, = 1/R; , the common-
source stage has a voltage gain of unity, whereas the source follower suffers
from attenuation by a factor of 2.

Fabricated in a 0.5-um CMOS technology and operating from a 2.7-V
supply, the 900-MHz LNA of Fig. 6.12(d) exhibits a minimum noise figure of
1.9 dB (with an external matching network), a gain of 15.6 dB, and an input
I P; of —3.2 dBm. The power dissipation is 20 mW.
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Figure 6.12 (a) Common-source stage with resistive load, (b) conversion of load
to current source, (c) use of load as amplifying device, (d) LNA in [5].

Shown in Fig. 6.13 is a 1.5-GHz CMOS LNA employing on-chip and off-
chip inductors [6]. In a manner similar to that described for the circuit of
Fig. 6.7, this LNA incorporates Lg and L, to create conjugate matching at the
input. At 1.5 GHz, the on-chip inductor L p provides significant voltage gain
even though its Q is less than 4. By contrast, a load resistor would require a
large voltage drop to provide a comparable gain.

The common-gate transistor, M, plays two important roles by increasing
the reverse isolation of the LNA: (1) it lowers the LO leakage produced by the
following mixer, and (2) it improves the stability of the circuit by minimizing
the feedback from the output to the input. Note that the same circuit with no
cascode device would be prone to oscillation.

The LNA of Fig. 6.13 is followed by another cascode stage so as to drive
a 50-2 load, with each stage drawing 10 mA. Fabricated in a 0.6-um CMOS
technology and operating from a 1.5-V supply, the circuit achieves a noise figure
of 3 dB, a gain of 20 dB, and an input / P; of —10 dBm.
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Figure 6.13 LNA in [6].

Fig. 6.14 illustrates an LNA topology originally implemented with MES-
FETs [7] and recently with CMOS devices [8]. In this circuit, both M; and M,
operate as common-source stages, but they share the same bias current. The
signal amplified by M, is coupled to the gate of M, by C; while the source
of M, is bypassed by C,. The circuit thus saves power through the reuse of
the bias current. In practice, the parasitic bottom-plate capacitance of C; may
limit the RF gain at nodes X or Y.

- Voo
< LD
R, =
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Y[ m,
6= ZFR 1

b X
Vino—[; M4

Figure 6.14 LNA in [7].

6.2 DOWNCONVERSION MIXERS
6.2.1 General Considerations

Mixers perform frequency translation by multiplying two signals (and possibly
their harmonics). Downconversion mixers employed in the receive path have
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two distinctly different inputs, called the RF port and the LO port. The RF
port senses the signal to be downconverted and the LO port senses the periodic
waveform generated by the local oscillator. This can be seen in the simple
circuit of Fig. 6.15(a), where the output is equal to the RF input when S is
on and zero when S; is off. Described in Chapter 2, this operation can also
be viewed as multiplication of the RF signal by a rectangular waveform. Note
that the circuit is a linear, time-variant system with respect to the RF port and
a nonlinear, time-variant system with respect to the LO port. This is true for
most downconversion mixers of interest. As we will see later, it is desirable
that the switch turn on and off as abruptly as possible.

s, b
Vg o—7 Vie Vare 1;; +— Ve

(a) (b)

Figure 6.15 (a) Simple switch used as mixer, (b) implementation of switch with
an NMOS device.

The signal amplified by the LNA (and possibly filtered by an image-reject
filter) is applied to the RF port of the mixer. Thus, this port must exhibit
sufficiently low noise and high linearity, the latter because nearby interferers
are amplified by the LNA and hence can produce stronger intermodulation
products. If the circuit of Fig. 6.15(a) incorporates a MOS switch [Fig. 6.15(b)],
then the on-resistance of the transistor contributes noise. Furthermore, as the
RF input signal varies, the gate-source overdrive voltage of M, and hence its
on-resistance change, introducing nonlinearity in the voltage division between
M, and R; .

Listed in Table 6.2 are performance parameters of typical downconversion
mixers. With a noise figure of 12 dB and an /1 P; of +5 dBm, a mixer can be
preceded by an LNA having a gain of approximately 15 dB with acceptable
degradation in the overall noise and nonlinearity (Chapter 2).

TABLE 6.2 Typical mixer characteristics.

NF 12dB
I1P; +5dBm
Gain 10 dB

Input Impedance (Heterodyne) 50
Port-to-Port Isolation 10-20 dB
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Passive and Active Mixers The circuit of Fig. 6.15(b) is an example of
“passive” mixers because it does not provide any gain. The loss of the circuit
can be calculated by noting that, if the LO signal has a 50% duty cycle, then
the RF input is multiplied by a dimensionless square wave toggling between 0
and 1. Such a waveform has a fundamental at w; o with an amplitude equal
to sin(;r/2)/m = 1/m. Since the IF signal results from convolving the input
spectrum with this fundamental, the voltage gain of the circuit is equal to 1/7.]

Active mixers, by contrast, generally provide gain. Shown in Fig. 6.16 is
an example, where the RF input varies the drain current of M, and M, and M3
function as a switching pair driven by the LO. Thus, the drain current of M, is
in essence multiplied by a square wave as it is routed to R; and R; alternately.
We study in detail both MOS and bipolar versions of this topology later, but
we note here that proper choice of device size and bias currents can provide
significant voltage gain in this circuit.

Figure 6.16  Active mixer.

By virtue of their gain, active mixers reduce the noise contributed by
subsequent stages and are widely used in RF systems. Passive mixers, on the
other hand, typically achieve a higher linearity and speed and find application
in microwave and base station circuits.

Conversion Gain The gain of mixers must be carefully defined to avoid
confusion. The “voltage conversion gain™ of a mixer is defined as the ratio of
the rms voltage of the IF signal to the rms voltage of the RF signal. Note that
these two signals are centered around two different frequencies. The voltage
conversion gain can be measured by applying a sinusoid at wg r and examining
the amplitude of the downconverted component at w; y.

The “power conversion gain” of a mixer is defined as the IF power de-
livered to the load divided by the available RF power from the source. If the
input impedance and the load impedance of the mixer are both equal to the

! This calculation assumes the on-resistance of the switch is much less than the impedance
of the load.
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source impedance, for example, 50 €2, then the voltage conversion gain and
power conversion gain of the mixer are equal when expressed in decibels.

Conjugate matching at the input of the mixers is necessary in the first
downconversion stage of heterodyne receivers that employ image-reject filters.
As mentioned earlier, the transfer function of these filters is usually charac-
terized for only a standard termination impedance and may exhibit ripples if
other impedance levels are used. The load impedance of the mixer, on the other
hand, is typically not equal to 50 2 because most passive IF filters have an input
impedance of 500 to 1000 £.? In architectures such as homodyne topologies,
the load seen by the mixer may be even higher to maximize the voltage gain.

From the above observation, we note that the voltage and power conver-
sion gains of a mixer may not be equal in decibels. While not a problem per
se, this difference can cause confusion in calculating the overall noise, linearity,
and gain of a cascade of stages employing a mixer. We return to this issue in
Section 6.3.

SSB and DSB Noise Figures The noise figure of mixers is often a source
of great confusion. For simplicity, let us consider a noiseless mixer with unity
gain. As shown in Fig. 6.17, the spectrum sensed by the RF port consists of a
signal component and the thermal noise of Ry in both the signal band and the
image band. Upon downconversion, the signal, the noise in the signal band,
and the noise in the image band are translated to w; . Thus, the output SNR
is half the input SNR if the input frequency response of the mixer is the same
for the signal band and the image band. In other words, the noise figure of a
noiseless mixer is equal to 3 dB.

Signal
Band

Spectrum at X

Thermal
Noise

LO SpectrumatY

Figure 6.17 Folding of RF and image noise into the IF band.

% An exception is when the IF is quite high. for example, above 100 MHz.
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The above measurement provides the “single-sideband” noise figure (SSB
NF) of the mixer. The term SSB indicates that the desired signal spectrum
resides on only one side of the LO frequency, a common case in heterodyne
systems. Now, consider the homodyne downconversion of an AM signal by
means of a single noiseless mixer (Fig. 6.18). In this case, the input and output
signal-to-noise ratios are equal, giving a noise figure of 0 dB. This is called the
“double-sideband™ noise figure (DSB NF) so as to emphasize that the input
signal spetrum resides on both sides of wz¢.

Signal
Spectrum at X Thermal Paad
As x T g
Y Fuag
v + Wio (0]
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Figure 6.18 Downconversion of an AM signal.

In summary, the SSB noise figure of a mixer is 3 dB higher than the DSB
noise figure if the signal and image bands experience equal gains at the RF port
of a mixer. Typical noise figure meters measure the DSB NF and predict the
SSB value by simply adding 3 dB.

In our discussion of mixer noise figures, we have tacitly assumed that the
RF input is multiplied by a sinusoidal LO signal. As mentioned previously,
the switching operation in mixers can be viewed as multiplication of the input
by a rectangular waveform. Consequently, if the local oscillator output has a
50% duty cycle, the RF input is multiplied by all the odd harmonics of the LO
signal. This suggests that RF noise components around 3wgr, Swgr, etc., are
downconverted to the IF band, further increasing the output noise. Nonethe-
less, this effect is often negligible because (1) the limited RF input bandwidth of
typical mixers lowers the conversion gain at higher frequencies and (2) higher
harmonics of the rectangular waveform have a small magnitude.

Port-to-Port Isolation The isolation between each two ports of a mixer
is critical. The LO-RF feedthrough results in LO leakage to the LNA and even-
tually the antenna, whereas the RF-LO feedthrough allows strong interferers
in the RF path to interact with the local oscillator driving the mixer. The LO-IF
feedthrough is important because if substantial LO signal exists at the IF out-
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put even after low-pass filtering, then the following stage may be desensitized.
Finally, the RF-IF isolation determines what fraction of the signal in the RF
path directly appears in the IF, a critical issue with respect to the even-order
distortion problem in homodyne receivers (Chapter 5).

The required isolation levels greatly depend on the environment in which
the mixer is utilized. If the isolation provided by the mixer is inadequate, the
preceding or following circuits may be modified to remedy the problem.

Single-Balanced and Double-Balanced Mixers If a mixer accommo-
dates a differential LO signal but a single-ended RF signal, it is called “single-
balanced,” an example being the topology shown in Fig. 6.19(a). If a mixer oper-
ates with both differential LO and RF inputs, then itis called “double balanced.”
the active version of which assumes the form of a Gilbert cell [Fig. 6.19(b)].
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Figure 6.19 (a) Single-balanced mixer. (b) double-balanced mixer.

The single-balanced configuration exhibits less input-referred noise for a
given power dissipation than the double-balanced counterpart. However, as
explained in Section 6.2.4, the circuit is more susceptible to noise in the LO
signal. The double-balanced mixer generates less even-order distortion, thus
relaxing the half-IF issue in heterodyne receivers and lowering the beat compo-
nents in homodyne architectures. Nevertheless, since the RF signal processed
by the LNA (and possibly the image-reject filter) is usually single ended, one of
the input terminals of the double-balanced mixer is simply connected to a bias
voltage. This in turn creates different propagation times—i.e., phase shifts—for
the two signal phases amplified by M; and M; in Fig. 6.19(b), leading to finite
even-order distortion.
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A drawback of the single-balanced mixer shown in Fig. 6.19(a) is the
LO-IF feedthrough. Note that M, and M; operate as a differential pair, thus
amplifying the LO signal. If the IF is not much lower than the LO frequency,
then a first-order low-pass filter following the mixer may not adequately sup-
press the LO feedthrough without attenuating the IF signal. Thus, the large LO
content may desensitize the IF amplifier. In the case of the double-balanced
mixer of Fig. 6.19(b), on the other hand, the differential pairs M3-M, and
Ms—M; add the amplified LO signal with opposite phases, thereby providing a
first-order cancellation. In general, the LO-IF feedthrough must be carefully
studied in conjunction with the nonlinearities of the stages following the mixer.

In both mixer topologies of Fig. 6.19, the output can be sensed as either
a differential or a single-ended signal. In addition to higher conversion gain,
a differential output provides much more immunity to feedthrough of the RF
signal to the IF output. To understand this effect, consider the simplified single-
balanced mixers shown in Fig. 6.20, where the operation of both circuits can
be viewed as multiplication of /g by a square wave. The difference is that in
Fig. 6.20(a), the square wave toggles between 0 and +1, whereas in Fig. 6.20(b),
it does between —1 and +1. Thus, the output voltage of both mixers can be
expressed as Vou(t) = IgrR[a + bS(t)], where a = b = 0.5 in Fig. 6.20(a),
a = 0,b = 1inFig.6.20(b), and S(t) is the square wave depicted in Fig. 6.20(b).
This equation indicates that the single-ended output contains a component
equal to 0.5/gr R, with no frequency translation. We call this effect “direct
feedthrough.”

Vee Vee
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(a) (b)

Figure 6.20 Simple mixers with (a) single-ended and (b) differential outputs.
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Direct feedthrough of high-frequency components in /gr is generally
unimportant owing to the suppression provided by the low-pass filter at the
IF output. Low-frequency components in /gy, on the other hand, appear
at the output without attenuation. Recall from our discussion of homodyne
architectures in Chapter 5 that even-order distortion in the RF path (e.g., in
the LNA) creates low-frequency beat or demodulated signals. Such signals
directly appear in the single-ended output of the mixer, possibly corrupting
the downconverted spectrum. In heterodyne receivers, this effect is negligible
because, for two interferers to beat at IF, one usually falls out of the receive
band and is therefore attenuated by the front-end filter.

Direct feedthrough of Igr to V,, in Fig. 6.20(a) may also increase the
noise figure of the mixer. This is because /gy usually contains noise compo-
nents in the vicinity of the intermediate frequency. In fact, the conversion gain
of the mixer may be quite higher for such components than for the RF signal
due to bandwidth limitations. As a result, the single-ended IF output carries
the noise in Iz .

By contrast, if the output is sensed differentially, the effect of direct
feedthrough is much less significant. In Fig. 6.20(b), a finite feedthrough may
exist because of mismatch-induced asymmetries as well as deviation of the
LO duty cycle from 50%. Nonetheless, with typical mismatches in ICs, the
feedthrough remains below a few percent.

Despite the advantages of differential output sensing, most mixers have
been required to provide single-ended outputs, primarily because IF SAW fil-
ters have been available as single-ended devices. To reduce the effect of direct
feedthrough and achieve the maximum gain, these applications often convert
the differential output of the mixer to single-ended form by means of an exter-
nal LC network [9]. Figure 6.21 depicts an example [10], where the network
consisting of Ly, Ly, and C, converts the differential output current of the
mixer to a single-ended current, I,,;. Nevertheless, as differential SAW de-
vices become available, the differential output of the mixer can directly drive
the IF filter.

Voo

Ly L2
C, Tout

dA5m, My -

Figure 6.21 Conversion of differential currents to single-ended output.
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Mixer Spurious Response In general, a mixer generates various cross-
products of the RF and LO signals and their harmonics. The frequency of
the resulting components can be expressed as |mwgr + nwy o|, where m and
n are integers. A difficult task in receiver design is to ensure that, except
for |wpo — wgrl|. such components do not fall in the IF band. Owing to
nonlinearities in the RF path, it is possible that harmonics of the interferers
beat with harmonics of the LO, corrupting the downconverted signal. The
spurious response for various combinations of m and n is usually analyzed
with the aid of computer programs.

6.2.2 Bipolar Mixers

Single-balanced active bipolar mixers can be implemented as shown in Fig.
6.22, where emitter degeneration is utilized to achieve reasonable linearity. In
each circuit, the RF input varies the collector current of @y, and the switching
operation of Q>-(Qs multiplies this variation by a square wave. The circuit
of Fig. 6.22(a) exhibits a relatively high input impedance and is not suited to
heterodyne receivers where the image-reject filter must be terminated with a
50-L2 impedance. In Fig. 6.22(b), on the other hand, Rg + 1/g,,1 is chosen to
be approximately equal to 50 €2 [2]. As mentioned in the context of common-
base amplifiers (Section 6.1.3), the source impedance. Rg. linearizes the RF
port of Fig. 6.22(b) to a much greater extent than it does in Fig. 6.22(a) while
contributing the same amount of noise.

(a) (b)

Figure 6.22  Bipolar mixers with RF signal applied to (a) base. (b) emitter of
input device.

[t is instructive to calculate the low-frequency voltage and power con-
version gains of the mixer in Fig. 6.22(b) with the assumption that the Q,-
Q3 pair experiences complete, instantaneous switching at each zero-crossing
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point of Vyg. The small-signal collector current of Q; is equal to /(1) =
Vrr(t)/(Rs + Rg + 1/gm1)- If the LO waveform has a 50% duty cycle, then
I.2—1.5 is equal to the product of /., and a squarewave toggling between —1
and +1, yielding

Ver(1)Rc 4
Vout(t) = - —Coswyol, 6.22
out ) Re + R + l/gml T LO ( )
where higher LO harmonics are neglected. Since multiplication of Vgg(r) by
cos wy ot is equivalent to shifting Vg r(w) by £w; o and dividing the result by
a factor 2, the IF output in the frequency domain is equal to

Vrr(w — wg) 2R
Rs+Re+1/gm = '

The voltage conversion gain is equal to the output IF voltage, V; ¢, divided by
the input RF voltage (at node X),

(2Rc/m)/(Rs + Re + 1/8m1)

Vir(w) = (6.23)

Ay = (6.24
(R + 1/gm)/(Rs + R + 1/gm) :
M. - (6.25)

T Re+1/gm’ '

which, for matched input, Rg = Rg + 1/g,1. reduces to
1 2R¢

= ——. 6.26
T (6.26)

To calculate the power conversion gain, we note that the average IF power
delivered to the load is equal to

2
I1F.rms
2Rc

where the factor 2 in the denominator signifies the fact that Vg, appears
across 2R¢. From (6.23), we have

Prr = , (6.27)

Var.rmsRe 4 1
Pir = RF.rms " C o (6.28)
(Rs + Re + 1/gm)* 7 2Rc
V2 Re 2
s RF.rms < ‘_2. (6.29)
(RS + Rg + 1/gml)"7t
The available source power is
Vi
Pi - Rl'.rms. (630)

4Rg



190

Chap. 6 Low-Noise Amplifiers and Mixers

The power gain is therefore given by

A, = I;’: (6.31)
8 Rs - R
~ 72 (Rs + RSE +i/gm1)2' {642
which, for Rg = Rg + 1/gm1, reduces to
p = —1—-&:- (6.33)
2 Rg

From Egs. (6.26) and (6.33), we note that, in general, Ap # A2, and
hence the voltage and power conversion gains are not equal if expressed in
decibels. In the special, but rare, case where the differential load resistance,
2R, is equal to the source resistance, Rg, we have Ap = A%,.

The contrast between voltage and power conversion gains can also be
seen by expressing the latter as

Ve ik
AP = 0 Tpe (6:34)
in
Rs
= A%,R—L, (6.35)

indicating a difference of 10log(Rg/R},).

In reality, the conversion gains of the circuit are somewhat lower than
those calculated above because of parasitic capacitances in the signal path.
More accurate values must be obtained by careful simulations.

Defering the calculation of the noise figure to Section 6.2.4, we now con-
sider the nonlinear behavior of the mixers in Fig. 6.22. The principal source
of distortion in active mixers is the nonlinearity of the input voltage-to-current
converter, for example, the network comprising @1, Rg, and Ry in Figs. 6.22(a)
and (b). The high 77 P5 required of mixers usually mandates the use of sub-
stantial resistive degeneration at the input, creating trade-offs among noise,
nonlinearity, and power dissipation.

Another type of nonlinearity in the mixers of Fig. 6.22 stems from the
variation of the base-emitter diffusion capacitance of Q,— Q3 with the collec-
tor current of Q4 [11]. Since in practice the LO signal is close to a sinusoid
and hence the differential pair does not switch abruptly, @, and Q5 are simul-
taneously on for a fraction of the period. During this time, the base-emitter
capacitance of Q»—(Q3 acts as a nonlinear shunt for the collector current of Q,,
distorting the collector currents of O, and Q3. This effect can be lowered by
increasing the LO slew rate or decreasing the base resistance of the differential
pair [11].
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[t is also interesting to examine the LO-RF feedthrough in Figs. 6.22(a)
and (b). In both cases, if the LO signal is fully differential and Q, and Q5 are
perfectly matched, the waveform at node P experiences two full excursions in
each period of the LO, thus exhibiting frequency components equal to 2w; o
and above. In Fig. 6.22(a) this waveform is coupled to the RF input through
the base-collector junction capacitance of (), and in Fig. 6.22(b) it is greatly
attenuated by the high reverse isolation of the common-base stage. The key
point here is that the leakage signal contains frequency components that are far
from the band of interest and hence less problematic than direct feedthrough
of w IO

In practice, however, the mixer suffers from a finite feedthrough at w; .
The primary reason is that in most cases the LO signal is single ended and
provided externally, thus coupling through bond wires and the substrate to the
RF input. For example, in an actual implementation of the circuit shown in
Fig. 6.22(b), the single-ended LO feedthrough to the RF port is approximately
equal to —33 dB [2] even though Q; effectively isolates the input from the
waveform at node P.

While exhibiting a lower LO-RF isolation than its counterpart in Fig.
6.22(b), the circuit of Fig. 6.22(a) has a higher input impedance and is therefore
better suited to architectures where the LNA and the mixer must interface
directly, i.e., if no image-reject filter is necessary.

Double-balanced bipolar mixers in the form of Gilbert cell have also
been used extensively. In addition to lower LO-IF feedthrough, the Gilbert
cell allows further linearization of the RF port by Schmook’s technique [12].
To understand this technique, first note that if, as shown in Fig. 6.23(a), a bipolar
differential pair employs two transistors with different emitter areas, A and nA.
then its input-output characteristic is shifted horizontally by V7 Inn. Now if
two such differential pairs are cross connected [Fig. 6.23(b)], then the overall
characteristic tends to be “smoother.” Plotted in Fig. 6.23(c) is the equivalent
transconductance, G,,, of the compound differential pair as a function of the
input voltage, revealing that G,, exhibits a flat portion for n = 4 [12].

In practice, to achieve acceptable linearity, the cross-coupled differen-
tial pairs of Fig. 6.23(b) may still incorporate some resistive degeneration.
Nonetheless, the combination of the two linearization methods can vyield a
lower noise figure for a given /I P; than a single resistively degenerated differ-
ential pair.

Another double-balanced bipolar mixer is shown in Fig. 6.24 [3]. Here, an
on-chip transformer both operates as a single-ended to differential converter
and provides input matching. The bias current of the switching quad is es-
tablished by /g f, and capacitors C;—C3 effect resonance at the primary and
secondary of the transformer. A 1.9-GHz implementation of this configuration
in an 11-GHz bipolar technology exhibits an SSB NF of 10.9 dB with an /7 P;
of +2.3 dBm while dissipating 5 mW from a 1.9-V supply [3].
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Figure 6.23 (a) Asymmetric differential pair, (b) Schmook’s linearized pair,
(c) variation of equivalent G,, with input level.

Other linearization techniques are described in [13, 14].
6.2.3 CMOS Mixers

Active CMOS mixers can be implemented as the single-balanced and double-
balanced topologies shown in Fig. 6.19. Most of the design considerations de-
scribed above for bipolar mixers apply to the CMOS counterparts as well. For
example, the trade-offs among noise, nonlinearity, and power dissipation, es-
pecially in the RF voltage-to-current converter, typically lead to a compromise
in the design.

Consider the single-balanced mixer of Fig. 6.25. The LO voltage swing in
this circuit directly affects the conversion gain and the noise. This is because
the MOS switching pair, M,—M3, typically requires much greater swings to
experience complete switching than does a bipolar counterpart. If M, and M;
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I o |

Figure 6.24 Mixer using transformer at RF input.

are simultaneously on for a significant part of the period, then some of the RF
current generated by M is “wasted™ as a common-mode signal during this time.
This lowers the conversion gain and, as we will see in Section 6.2.4, increases
the noise contributed by M, and M;.

For a given LO drive, the switching of M, and M3 can be made more
abrupt by increasing their width or decreasing their drain current. The first
remedy increases the capacitance seen at node P, shunting the RF current.’
The second approach decreases the transconductance of M, and Ms, raising
the impedance seen looking into the source terminals of these devices and
hence allowing more RF current to flow through the capacitance at node P.
For these reasons, the total bias current and the width of M, and M5 must be
chosen with the available LO swing in mind.
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Figure 6.25 CMOS active mixer.

3 ' .
~ The transconductance of M, and M; also increases but more slowly than the capacitance
atnode P.
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The RF port of the mixer can be linearized by increasing the gate-source
overdrive voltage of the input transistor. For a given bias current, however, a
higher overdrive leads to a lower transconductance, thus increasing the noise
figure and decreasing the conversion gain. In low-voltage design, the trade-off
between the linearity and the gain of the mixer often becomes problematic.

CMOS mixers can also be realized in passive form. Shown in Fig. 6.26(a)
is a downconversion mixer in which switches M, and M, are driven by com-
plementary phases of the LO. This circuit has two advantages over its active
counterparts. First, it achieves a higher / P; if M; and M, experience a large
gate-source overdrive voltage in the on state so that Vg does not vary their
on-resistance significantly. Second, it draws no power from the supply voltage.
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Figure 6.26 (a) Passive CMOS mixer, (b) variation of switch on-resistance,

The passive mixer of Fig. 6.26(a) nonetheless suffers from a number of
severe drawbacks. First, because the gain of the circuit is less than unity, the
noise of the stage following the mixer is “magnified” when referred to Vzp.
Calculations similar to those in Section 6.2.2 show that the voltage gain of the
mixer in the ideal case of instantaneous switching is equal to 2/7 (=~ —4 dB).
For sinusoidal LO signals, the gain is even lower because M; and M, are si-
multaneously on for a considerable part of the period. Second, the large width
required of M, and M, for low on-resistance leads to substantial capacitive
feedthrough from LO to IF.

The linearity advantage of passive mixers diminishes at low supply volt-
ages. As shown in Fig. 6.26(b), with sinusoidal LO signals, the switches have
a relatively small gate-source overdrive voltage for a significant part of the
period. Thus, the RF input greatly varies the switch on-resistance during this
time, introducing distortion.

6.2.4 Noise in Mixers

The time variance and frequency translation in mixers make it difficult to cal-
culate the noise figure. As illustrated conceptually in Fig. 6.27, the noise com-
ponents of interest lie in the RF range before downconversion and in the IF
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range after downconversion. The translation of the RF noise components by
the switching stage prohibits the direct use of small-signal ac and noise analysis
in SPICE, mandating simulations in the time domain. However, most present
versions of SPICE do not provide time-domain noise analysis. Another diffi-
culty is that the noise contributed by the switching stage exhibits time-varying
statistics.

RF IF
Noise Noise
o,_l > il e 4| >—o
LO

Figure 6.27 Conceptual view of a mixer.

Qualitative Analysis Before calculating noise of mixers, we make some
qualitative observations regarding the single-balanced topology of Fig. 6.28(a).
What are the sources of noise in this circuit? In the RF path, the thermal noise
due to the base resistance of Q; and the emitter resistor, Rg, and the collector
shot noise of 9 constitute the principal components. In the IF path, resistors
Ry and R introduce thermal noise.

VCC

Yy

(a) (b)

Figure 6.28 (a) Single-balanced mixer, (b) noise contribution of O, when Qs is
off.

The noise contributed by Q> and Q3 requires more attention. First, let us
assume these transistors switch instantaneously. Then, as shown in Fig. 6.28(b),
each device is on for approximately half of the LO period, pumping noise to
the output because the parasitic capacitance at node P, Cp, provides a finite
impedance to ground. Arising from the base-emitter junction of Q> and Qs
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and collector-base and collector-substrate junctions of Q, this capacitance can
be substantial if the transistors are large structures so as to minimize their base
resistance. Thus, the RF noise due to the base resistance and collector current
of 0> is translated to IF by the switching action of this transistor.

Now consider a more realistic case where the LO signal is not a square
wave and @, and Q5 are simultaneously on for part of the period. During this
time, the two transistors amplify the thermal noise of their base resistance and
inject their collector shot noise to the output. From another point of view, the
operation of Q> in this case is similar to that depicted in Fig. 6.28(b), except
that here its emitter sees a low impedance (& 1/g,,3) to ground.

It is also interesting to note that while O, and Q3 are on, both injecting
noise to the output, the noise in /¢; has less effect because it appears primarily
as a common-mode component. In other words, when the noise of Q, and Q3
is most substantial, the noise in /¢; is not and vice versa.

From the above observations, we infer that the contribution of thermal
and shot noise of Q> and Q3 can be minimized by (1) employing large LO
swings (without saturating Q- and Q3); (2) lowering Cp, which translates to
smaller sizes for Q1—Q3 and hence higher base resistance noise; (3) reducing
the base resistance of O, and @3, which leads to higher Cp: and (4) decreasing
the collector currents of O, and Qs. The last remedy merits some explanation.
Since Q> and Q3 appear in the signal current path, their shot noise current,

17 = 2ql¢, directly corrupts the signal and is lowered if /¢ decreases. By
contrast, the effect of shot noise of Q; can be considered as an input-referred
voltage, V? = 2kT /g, = 2kT Vr/Ic.and is minimized if /¢ increases (so long
as the effect of base shot noise is negligible). In other words, as the collector
current of Q) is reduced, this transistor contributes more noise while 0, and
Qs contribute less.

The trade-offs described above require a careful choice of device size and
bias currents so as to minimize the overall noise figure. To allow independent
values of collector currents in @ and Q,—Q3, a current source can be added
as shown in Fig. 6.29 [15]. If, for example, /s = 0.8I¢;, then the collector
currents of O, and Qs are lowered by a factor of 5, substantially reducing the
shot noise current of O, and Q3. Furthermore, for a given allowable voltage
drop across R¢; and R, the value of these resistors can be increased by a
factor of 5, thus raising the voltage conversion gain. This approach, however,
faces two important issues. First, as the collector current of Q> and Qj is
lowered, the impedance seen looking into their emitters rises, allowing more
RF current provided by Q, to be shunted to ground through Cp. Second, the
noise current arising from /g itself directly adds to the RF signal. For these
reasons, the addition of /5 to the mixer may decrease the noise figure by only
a small amount.

It is important to make two other observations regarding the mixer of Fig.
6.28(a). First, the thermal noise generated by the output resistance of the LO
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Vee

Figure 6.29 Addition of current source [ to lower the collector current of Q5
and Q.

circuitry also raises the noise figure, often requiring high power dissipation in
the LO output buffer. For example, as depicted in Fig. 6.30, if a differential
pair precedes the LO port, the noise produced by such a stage may be much
higher than that due to 0> and Q5. This effect is intensified by the high noise
floor of typical oscillators. Note that double-balanced mixers are much more
immune to LO noise. Second, if the mixer output is sensed in a single-ended
form, e.g., at node X with respect to ground. then low-frequency noise in the
collector current of Q; passes to the output with no frequency translation.
This is because, as explained in Section 6.2.1, noise components in /¢ in the
IF range appear in Vx as well. This phenomenon is usually quite significant
because low-frequency noise is not attenuated by the parasitic capacitances in
the RF signal path.

LO
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Figure 6.30 Inclusion of LO output noise in a mixer.
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Most of the above analysis applies directly to MOS implementations if
the collector shot noise current is replaced with channel thermal noise. Some of
the differences in the noise behavior of bipolar and MOS mixers are as follows.

- Inthe MOS mixer of Fig. 6.25, M, and M typically require approximately
1 V of differential LO drive to experience complete switching. With sinusoidal
LO signals, the two transistors are simultaneously on for a greater fraction of
the period than their bipolar counterparts, potentially injecting more noise to
the output. However, for a given bias current, the channel noise current of
MOSFETs is usually several times lower than than the collector shot noise
current of bipolar transistors. Consequently, the overall noise contribution of
the switching pair may be roughly the same in both technologies. However,
the conversion gain of the MOS implementation may be lower because the
RF signal is a common-mode perturbation during the time M> and M5 are on
simultaneously. These parameters strongly depend on the specific design and
the available LO swings.

Another difference is that, for comparable device sizes and parasitic ca-
pacitances, the gate resistance of MOSFETs is much less than the base resis-
tance of bipolar transistors.

Quantitative Analysis Consider the single-balanced mixer shown in
Fig. 6.31(a). From our qualitative analysis, we can identify three sections in the
circuit: the RF section, the time-variant section, and the IF section. To arrive at
an estimate of the noise figure, we apply the following procedure: (1) for each
source of noise, calculate a “conversion gain™ to the IF output; (2) multiply the
magnitude of each noise by the corresponding gain and add up all the resulting
powers, thus obtaining the total noise at the IF output; (3) divide the output
noise by the overall conversion gain to find the input-referred noise voltage,
VZ;and (4) calculate NF = V2 /(4kT Rs).

Let us apply the above procedure to the circuit of Fig. 6.31(a), assuming
the RF input is around 900 MHz and the LO output is around 50 MHz. As
shown in Fig. 6.31(b), we use the small-signal ac analysis in SPICE to represent
the noise of Rg, My, and Ig by three current sources: /gy for the RF range,
I, for the image frequency, and I; r for the 50 MHz range. Owing to parasitic
capacitances in the signal path, /r and /;,, may contribute differently and must
therfore be modeled separately. We also represent the IF thermal noise of Rp
by I rp.

In the next step, we compute the conversion gain from each current
source to the output. Substituting Igr = I, coswnt, I;;,, = I, coswst, and
I1r = Iscoswst and applying the LO signal to M> and M3, we perform a
time-domain simulation followed by fast Fourier transform (FFT) to calculate
the IF content in the output voltage. To distinguish the relative contributions
of each source, the frequencies w|, w,, and w; are chosen such that their cor-
responding components at the IF output do not coincide. The contribution of
I, rp can be included easily.
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Figure 6,31 (a) Sections of a mixer, (b) modeling the noise in the RF section,
(c) modeling the noise in time-variant section.

The noise contributed by the switching pair must also be taken into ac-
count. The difficulty in including this noise is that the drain currents of M, and
M vary periodically, making the noise statistics also periodic functions of time.
As a first-order approximation, we can model the noise with a voltage source in
series with each gate [Fig. 6.31(c)] and choose the magnitude according to the
transconductance of M; and M3 under equilibrium conditions (Ip, = Ip3).
The IF noise is then calculated by finding the conversion gain for each source
(while the LO signal is also applied). Alternatively, the noise can be made a
function of the drain current of the transistors [16].

With the above calculations, the output noise in the IF range can be found
by multiplying each noise source by its respective conversion gain and adding
up the noise powers. In this computation, the different levels of impedance at
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different points in the circuit may lead to confusion in defining power quantities.
To avoid this problem, all the noise quantities at the output can be expressed
in terms of voltages. The total mean square output noise voltage can then be
referred to the input if it is divided by the square of the voltage conversion gain
of the mixer. Note that, as explained in Chapter 3, the voltage gain used in
this calculation is from the voltage source—rather than from node A—to the
output. The input-referred noise is then normalized to 4k7 Rg to obtain the
noise figure.

Other approaches to calculating the noise of mixers are described in [17].

6.3 CASCADED STAGES REVISITED

Our analysis of noise in cascaded stages led to the Friis equation in Chapter 2.
In practice, a great deal of confusion may arise if this equation is applied to a
cascade of stages where the impedance levels vary from one block to the next.
In this section, we study two cases so as to reinforce the concepts of noise, loss,
voltage conversion gain, and power conversion gain.

Consider the circuit shown in Fig. 6.32, where the input and output imped-
ances of the mixer are equal to 50 2 and 500 €2, respectively. How is the noise
figure of the circuit calculated: Is the N F of the second stage divided by the
voltage gain or the power gain of the first stage? This is a case where the concept
of noise figure is more troublesome than convenient.

A, =15dB

V
A,=5dB bo
SSBNF=10dB R;=500Q NF=10dB

—"6?;{%

LO

Figure 6.32 Cascade of a mixer and an IF amplifier.

To find the overall noise figure, we can take two different approaches: (1)
Avoid defining an N F for A;r, simply consider A, as part of the mixer, and
follow the noise calculations outlined in Section 6.2.4. From an “analog” point
of view, A;r can be fully characterized by an input noise voltage and an input
noise current, with no need for calculating its noise figure. (2) Return to the
derivation of the Friis formula with particular attention to the definition of NF.

While approach (1) seems conducive to IC design, approach (2) becomes
inevitable if the mixer and the IF amplifier are stand-alone circuits characterized
by only their noise figures and gains. For this reason, we must still find out if
the noise figure of A;F is divided by the voltage gain or the power gain of the
mixer. The first cause of confusion here is the definition of the NF of A;f.
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In Fig. 6.32 the NF of the second stage must be calculated for Ry = 500 €2,
but manufacturers’ data sheets typically give the NF for a source impedance
of 50 2. How are these two quantities related? If the amplifier input-referred
noise can be modeled with only a voltage source, i.e., if the input noise current
is negligible (Fig. 6.33), then the noise figures corresponding to two different

source impedances Rg4 and RSB are, respectively, given by NFy = 1 +
V~/(4kTR5A) and NFg =1+ V’-/(4kTR53) yielding:
(NFy — 1)Rsa = (NFp — 1)Rgp. (6.36)

Noiseless

: Noiseless |
Vin O) > Circuit |

Vout Vin O) Circuit

(a) (b)

Figure 6.33  Calculation of noise figure with respect to source resistances Rgy4 and Rsp.

If the input noise current of the amplifier is not negligible, the two noise figures
are generally not related by (6.36). As shown in Fig. 6.34, the total mput-

referred noise voltage in each case is equal to: V72, =~ = V2 + R} 5417 and

V,;B ot = V_n2 “+ R§ 37,?, where the correlation between V), and I, is neglected.
Thus,
(NFy — 1)4kT Rgy — R = (NFg — 1)4kT Rgp — R;BI,,. (6.37)

indicating that one NF cannot be calculated in terms of the other if I_,f- is un-
known. For IF amplifiers operating above roughly 50 MHz, the contribution

of 17 may be significant and (6.36) may not provide an accurate conversion.

Nevertheless, we continue our derivation by neglectmg I 12 because the effect of
this current is ultimately suppressed by the overall gain of the stages preceding
the amplifier.

| Noiseless |

= Noiseless |
Vin() Circuit

Vo vin () Circuit

(a) (b)

Figure 6.34 Calculation of noise figure with finite input noise current,
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The second source of confusion is the Friis equation with different in-
terstage impedance levels. Recall from Chapter 2 that in the Friis equation,
N F; — 1 is divided by the available power gain of the preceding stage only if
N F; is calculated with respect to Rgyi. Thus, in Fig. 6.32 if the noise figure of
the IF amplifier corresponds to a source impedance of 500 €2, then N Fjp — 1
must be divided by the power conversion gain of the mixer. If, on the other
hand. the noise figure of the IF amplifier is available for only a source impedance
of 50 €2 and the input noise current is negligible, then N F; r — 1 must be divided
by the square of the voltage conversion gain of the mixer.

We now study a typical heterodyne receive path, Fig. 6.35, and compute
the overall noise figure. Suppose ports A, B, C, and D are conjugate-matched
for an impedance of 50 €2, the IF filter sees source and load impedances equal to
500 €2, and N Fj corresponds to a source impedance of 500 2. We begin from
the last stage. Since a matched lossy circuit raises the noise figure by its loss,
the noise figure referred to port E is N Fg = N Fglag + Ls|lgg = 15 dB= 31.6.
Thus, the NFatport Dis NFp = NFy;+ (NFg —1)/Apys = 1585+ 9.68 =~
25.53 = 14.1 dB, and the NF at port C is NFc = Ls|gg + NFplgg =
20.1dB = 102.3.

i 'Stage1 | Stage2 | Staged { Stage4 | Stage5 | Stage6 |
: § i | Ayy=15dB | :
; : : i Apy=5dB | : 5
§ § LNA : : NF4 -12dB i § IF Amplifier E
:4 | puptexer | C: |Image-Reject| D iEl IF |F:
- : : Filter ' : Filter :
L,=2dB 3A,,2=15dB§ L;=6dB ? L;=5dB §NF5=10dB
iNF,=2dB | ] ¥ 4 : '

. 1 ] ' ' '
.
........................ lessssmssssnsssssthorssccrrcnmrrmmrenrnansbasecnccnctcctcnneteccnncenssnsrsnnscboccnrannccancan e

Figure 6.35 Calculation of noise figure in a cascade of stages.

It follows that the equivalent N F at the input of the LNA is given by
NFg=NF, + (NFc —1)/A%, =1.58+3.2 = 4.78 ~ 6.79 dB. As a result,
the overall noise figure is equal to N F;,;, = Li|4g + N Fglqg = 8.79 dB. Note
the substantial contribution of the stages following the LNA to the overall noise
figure.

A powerful tool often used to illustrate the effect of each stage in a cas-
cade upon the signal, the noise, and the intermodulation products is the “level
diagram.” Figure 6.36 shows the level diagram corresponding to the cascade
of Fig. 6.35. Note that in addition to the parameters of each stage, cumulative
quantities are indicated so as to represent the levels at the interface between
consecutive stages.
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Image-Reject

IF
A Duplexer B LNA c Filter D Mixer E Filter F IF Amplifier

Stage Gain (dB) : : : : : :

Voltage =2 P18 -6 ;i 18 | -8 ;

Power Po=-2 - -6 : B i

Cumulative

Voltage Gain (dB) -2 13 7 22 17

Stage NF (dB) : 2 2 : 6 § 12 g 5 10

Cumulative

NF (dB) 8.79 6.79 20.1 14.1 15 10

Stage IP, ! +100dBm { 12dBm |  +100dBm  : +5dBm 1000 V,,! 700 mV,,s

Cumulative /P; —10.6 dBm -12.6dBm +11dBm +5dBm 22.1V,,e 700 mV s

Figure 6.36 Level diagram corresponding to the cascade of Fig. 6.35.

In constructing a level diagram, several points must be observed. First,
calculation of the cumulative gain proceeds from the first stage, whereas calcu-
lation of the cumulative noise figure and 7 P; begins from the last stage. Second,
the 7 P; of passive filters is usually assumed to be a large number, for example,
+100 dBm. Third, since the IF filter suppresses adjacent channel interferers to
some extent, the cumulative 7 P; at the input of the IF filter is proportionally
higher than the value predicted by the simple relationship derived in Chapter
2 for the 7 P; of cascaded stages. Fourth, because the impedance levels after
the first mixer are not necessarily equal to 50 €2, the 7 P3 of the subsequent
stages must be specified in volts or dBV. Also, if expressed in volts, the [ P; of
each stage is divided by the loaded voltage gain preceding that stage. Thus, the
level diagram must indicate both the power gain (for N F calculations) and the
voltage gain of each stage.

Using the stage I P53 values shown in the diagram, we calculate the cumu-
lative 7 P; of the cascade. Suppose the IF filter lowers the interferers by 30 dB
while attenuating the desired channel by 5 dB. What is the equivalent / P; at
point £? Asshown in Fig. 6.37, since the interferers sensed by the IF amplifier
are 30 dB lower than those at E, we have

b s : + - (6.38)
IP_”Z.E IP?»Z.ﬁlt lR’iz.amp ‘ -
where M = 1/31.6(= —30 dB). With the filter assumed highly linear,
IP;,
IPp = Ma"“’ (6.39)

= 22.1 Vyms (6.40)
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A A

IF Amplifier

E| F F N 6
-

= Filter

Figure 6.37 Suppression of adjacent channels by IF filter,

The cumulative 7 P; at point D is given by

e v Awy (6.41)
]P32D ; IP32.mix ]P‘szE -

and hence / P; p &~ 398 mV,,,; =~ 45 dBm. Note that 7 P; p is dominated by
the mixer nonlinearity. Similarly, /P3¢ = +11 dBm, /P53 = —12.6 dBm,
and I P; 4 & —10.6 dBm.
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7

OSCILLATORS

In our study of RF transceivers in Chapter 5, we noted the extensive use of
oscillators in both the transmit and the receive paths. Interestingly, in most
systems one input of every mixer is driven by a periodic signal, hence the need
for oscillators.

This chapter deals with the design of oscillators for RF applications with
emphasis on monolithic implementation. Beginning with some general issues,
we consider basic oscillator topologies and study phase noise in oscillators.
Next, we describe bipolar and CMOS oscillators and present methods of gen-
erating quadrature and single-sideband signals.

7.1 GENERAL CONSIDERATIONS

206

An oscillator generates a periodic output. As such, the circuit must entail a
self-sustaining mechanism that allows its own noise to grow and eventually
become a periodic signal.

Most RF oscillators can be viewed as feedback circuits. Consider the
simple linear feedback system depicted in Fig. 7.1(a), with the overall transfer
function

Y(s) _ H(s)
X(s) 11— H(s)

A self-sustaining mechanism arises at the frequency sq if H(s9) = +1, and the
oscillation amplitude remains constant if s is purely imaginary, i.e., H(sp =
Jjwg) = +1. Thus, for steady oscillation, two conditions must be simultaneously
met at wy: (1) the loop gain, | H (jwp)|, must be equal to unity, and (2) the total
phase shift around the loop, £H (jwyp), must be equal to zero (or 180° if the dc
feedback is negative).

FPES
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+
X (o ot H(s) -v(s) X(s) H(s) -—Y(s)

Frequency Selective

Network
(a) (b)

Figure 7.1 (a) Feedback oscillatory system, (b) addition of frequency-selective network
to (a).

Called Barkhausen’s criteria, the above conditions imply that any feed-
back system can oscillate if its loop gain and phase shift are chosen properly.
Ring oscillators and phase shift oscillators are examples. In most RF oscillators,
however. a frequency-selective network, e.g., an LC tank, is included in the loop
so as to stabilize the frequency. This is illustrated conceptually in Fig. 7.1(b).
although such a network can be part of H(s) as well. We deal with the issue
of frequency stability in Section 7.4. The frequency-selective network is also
called a “resonator.”

We should also mention that in some cases Barkausen’s criteria are nec-
essary but not sufficient [2]. As a simple example, if the phase shift around the
loop is equal to 360° at zero frequency and the loop gain is sufficient, the circuit
latches up rather than oscillate.

The above view of oscillators is called the “two-port” model in microwave
theory because the feedback loop is closed around a two-port network, e.g.,
H (s) in Fig. 7.1(a). By contrast, the “one-port model” treats the oscillator as
two one-port networks connected to each other [Fig. 7.2(a)]. To understand
this model, suppose the resonator is a simple tank, shown in Fig. 7.2(b) along
with its parasitic resistances. Recall from Chapter 2 that, for a narrow band of
frequencies, the circuit can be converted to the parallel combination depicted
in Fig. 7.2(c). The tank by itself does not oscillate indefinitely because some
of the stored energy is dissipated in R, in every cycle. The idea in the one-
port model is that an active network generates an impedance equal to —R; so
that the equivalent parallel resistance seen by the intrinsic, lossless resonator
is infinite. In essence, the energy lost in R, is replenished by the active circuit
in every cycle, allowing steady oscillation.

The two models of Figs. 7.1(a) and 7.2(a) are equivalent in many cases,
with exceptions including inherently one-port active circuits such as tunnel
diodes [3]. Oscillators utilized in RF applications often fall in the feedback
category, but, where applicable, the one-port model can give additional insight
into their operation.
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(c)
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Figure 7.2 (a) One port view of oscillators, (b) LC resonator. (c) equivalent
circuit of (b).

The nominal frequency of oscillation is usually determined by the prop-
erties of the circuit, e.g., the resonance frequency of the LC tank in Fig. 7.2(c).
But, how about the amplitude? The self-sustaining effect allows the circuit’s
noise to grow initially, but another mechanism is necessary to limit the growth
at some point. For example, as the amplitude increases, the amplifier saturates,
dropping the loop gain to a low value at the peaks of the waveform [1]. From
another point of view, to ensure oscillation start-up, the small-signal loop gain
must be somewhat greater than one, but to achieve a stable amplitude, the
“average” loop gain must return to unity.

Another mechanism used to define the oscillation amplitude is automatic
level control (ALC). Illustrated in Fig. 7.3, this technique measures the ampli-
tude by means of a peak detector (or a rectifier), compares the result with a
reference, and adjusts the gain of the oscillator with negative feedback. Thus,
at the start-up, the amplitude is small and the gain is high, and in the steady
state, the amplitude is approximately equal to Vgrgr. The use of ALC allows
the oscillator to remain “linear” if Vg is chosen properly, providing a sinu-
soidal output with low distortion. However, the complexity of the circuit and
the possibility of additional noise contributed by ALC have prevented wide
usage of this technique in RF applications.

Oscillator —*

) Peak
Gain Detector
Control
—= VRer

Figure 7.3  Automatic level control.
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What is the desired output waveform of an RF oscillator? Recall from
the analysis of mixers in Chapter 6 that the noise contributed by the switching
pair is minimized if the LO waveform exhibits abrupt transitions. Moreover,
effects such as direct feedthrough are suppressed if the LO signal has a 50%
duty cycle. Thus, the ideal waveform in this case is a square wave. In practice,
however, circuit bandwidth limitations. particularly in LC oscillators, result in a
waveform close to a sinusoid. Consequently, as shown in Fig. 7.4, the waveform
is generated with a large amplitude to approximate a square wave in the vicinity
of the zero crossings.

Vout

— M, M, Q—| Input swlng{

Oscillator | Vout to turn off

M1 or M2
Figure 7.4  Approximation of a square wave with a large sinusoid.

In applications where the outputs of two or more oscillators are mixed
to produce new frequencies, the desired waveform may be a low-distortion
sinusoid. We return to this issue in Section 7.9.

The need for a 50% duty cycle in most oscillators calls for differential
topologies, an important point to remember in the study of various oscillator
configurations.

7.2 BASIC LC OSCILLATOR TOPOLOGIES

Most discrete RF oscillators incorporate only one active device. This is for two
reasons: (1) to minimize the noise, and (2) to lower the cost. While the first
reason still holds, the second is of little concern in IC technologies. The basic
oscillators described in this section fall in the “one-transistor” category, serving
as the first step toward understanding the design principles.

Following the feedback model of Fig. 7.1(a), we postulate that a one-
transistor LC oscillator may include an LC tank at the collector of a bipolar
transistor, with the feedback signal applied to the base or the emitter (Fig. 7.5).
(The same idea applies to FET implementations as well.) Let us assume that, as
shown in Fig. 7.6(a), the tank consists of an inductor and a capacitor in parallel.
Since at resonance, the impedance of the tank is real, the phase difference
between its current and voltage is zero. Thus, to achieve a total phase equal to
zero, the feedback signal must return to the emitter of the transistor. This is the
basic idea in a number of oscillator topologies.
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(a) (b)

Figure 7.5 Feedback from (a) collector to base. (b) collector to emitter.

The connection of the tank to the emitter entails an important issue: the
resistive loading seen at the emitter terminal, 1/g,,. If the collector voltage is
directly applied to the emitter, this resistance drastically reduces the Q of the
tank, dropping the loop gain to below unity and preventing oscillation. For this
reason, the emitter impedance must be transformed to a higher value before it
appears in parallel with the tank [Fig. 7.6(b)].

X

Impedance
Transformer

(a)

Figure 7.6  (a) Direct feedback from collector to emitter. (b) insertion of an
impedance transformer, (c) use of an explicit transformer.

A simple approach to transforming the emitter impedance is to incorpo-
rate a transformer in the tank, Fig. 7.6(c). For a lossless step-down transformer
with a turn ratio n, the parallel resistance seen by the tank is equal to n%/g,,.

Passive impedance transformation can also be accomplished through the
use of tanks with capacitive or inductive dividers (Chapter 2). Illustrated in
Figs. 7.7(a) and (b), the resulting circuits are called the Colpitts and Hartley os-
cillators, respectively. From the derivations in Chapter 2, we note that the equiv-
alent parallel resistance in the tank is approximately equal to (14 C;/C2)*/gm
in Fig. 7.7(a) and (1 + L>/L1)*/g,, in Fig. 7.7(b), enhancing the equivalent Q
by roughly the same factor.
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(a) (b)

Figure 7.7 (a) Colpitts and (b) Hartley oscillators.

Let us now discuss the choice of the inductor and capacitor values and the
properties of Q;. The resonance frequency is w, = (,/Lequq)" . where L g
and C.q are the equivalent inductance and capacitance in the parallel tanks of
Figs. 7.7(a) and (b). From the point of view of achieving large voltage swings,
it is desirable to maximize the value of the inductor. To understand why, first
note that the Q of inductors is typically much lower than that of capacitors,
making it possible to write the equivalent parallel resistance of the tank as
Rp = (Leqw,)z/Rs, where Rs models the loss of the inductor as a series
resistance. In typical inductors, L.y and R scale proportionally; that is, if Leg
increases by a factor m, then so does Rp. Since the impedance of the tank
at resonance is equal to Rp, the voltage swing for a given bias current also
increases by the same factor. If the inductor is off-chip, increasing its value also
minimizes the effect of bond wire inductance, an important issue at frequencies
above 1 GHz.

Maximizing the value of the inductor, however, entails two trade-offs.
First, the self-resonance frequency of the inductor decreases, approaching the
oscillation frequency of interest. Second, the tank capacitance becomes limited
by device parasitics, making it difficult to vary the frequency by adding a variable
capacitor to the oscillator. We return to these issues in Section 7.4,

Transistor O is the primary source of noise in the oscillators of Fig. 7.7
and hence plays an important role. The base resistance thermal noise and the
collector shot noise can be mimimized by increasing the size and decreasing
the bias current of the transistor, respectively. However, the first remedy raises
the parasitic capacitances, and the second lowers the voltage swing. Thus, a
compromise is usually necessary. The bias current is typically chosen to yield
maximum swing at node X without saturating Q.

The Colpitts oscillator incorporates only one inductor and is thus more
frequently used than the Hartley circuit. Both oscillators, however, suffer from
two drawbacks. First, for the emitter impedance of the transistor to have negli-
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gible effect on the Q of the tank, the ratio of the capacitors or inductors tends
to be a large number. Second, these oscillators provide only a single-ended
output.

One-Port View While we have arrived at Colpitts and Hartley topolo-
gies through a feedback model of oscillators, a one-port representation is also
possible here, providing more insight into the behavior of these circuits. Con-
sider the circuit shown in Fig. 7.8(a), where M is biased in saturation. Note
that none of the nodes is grounded. What is the small-signal impedance Z;,?
As shown in Fig. 7.8(b), we can write the sum of /p; and the current through

C, as
Iy Ix
T + (_C_1s s Vx) Cps = Iy, (7.2)
where the gate-drain capacitance has been neglected. Thus,
VX Em 1 1
T GG T T W
For s = jw, this impedance contains a negative real part equal to —g,,/

(C1C200%), indicating that the circuit can oscillate if an inductor is placed be-
tween the drain and the gate [Fig. 7.8(c)].

zin

Vx Ly
Ixh~ *
. My TG M, =c, M, =c,
' 2 G i
(b) (b)

(a)

Figure 7.8  (a) One-port active circuit, (b} calculation of input impedance, (c)
connection of an inductor in parallel with the port.

Since the above derivation assumed no ground connection in the circuit,
we can obtain three different topologies by grounding one of the three termi-
nals. This is illustrated in Fig. 7.9.

7.3 VOLTAGE-CONTROLLED OSCILLATORS

The frequency of most RF oscillators must be adjustable. For example, the
front-end downconversion and upconversion functions studied in Chapter 5
must select one of many channels because a given transceiver is assigned dif-
ferent carrier frequencies at different times. Thus, the LO frequency in each
case must vary in well-defined steps (e.g., 30 kHz in IS-54). If the output fre-
quency of an oscillator can be varied by a voltage, then the circuit is called
a “voltage-controlled oscillator” (VCO). While current-controlled oscillators
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(a) (b) (c)

Figure 7.9  Oscillator topologies obtained by grounding one terminal of the
circuit in Fig. 7.8(c). (Biasing not shown.)

are also feasible, they are not widely used in RF systems because of difficulties
in varying the value of high- O storage elements by means of a current.

How is the frequency of an oscillator varied? In LC implementations,
(part of) the tank capacitance can be provided by a reverse-biased diode (*‘var-
actor”) so that the dc voltage across the junction controls the resonance fre-
quency. Illustrated in Fig. 7.10 are two tank configurations incorporating a
varactor diode.

1

L VCOI“

Vcont

Figure 7.10  Varactor diodes added to a tank.

In our studies of phase noise and phase-locked synthesizers, we will need
a mathematical model of VCOs. We define an ideal VCO as a circuit that
generates a periodic output whose frequency is a linear function of a control
voltage, Veont: Woww = @Wrr + Kvco Veont, Where wpp is the “free-running”
frequency and Kycp is the “gain” of the VCO (specified in rad/s/V). The
existence of wrg in the above equation simply indicates that, for the practical
range of Vioni, Wy may not approach zero. In other words, Vo, creates a
change around wrg. Since phase is the integral of frequency with respect to
time, the output of a sinusoidal VCO can be expressed as

t

y(t) = Acos (Q)FRI o o Kycof

-0

Vcontdt) ; (7.4)
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For example, if Von is a constant voltage Vi, then y(t) = Acos[(wrg +
Kveco Vo)t + @], where ¢, represents the initial value of the phase. Thus, as
expected, if V.o is constant, the frequency is simply shifted by Kvco Veont-

Equation (7.4) implies that a VCO is in fact a frequency modulator, and
the results obtained in Section 3.2 apply here as well. In particular, for sinu-
soidal modulation, vVeont(t) = Vi cos w,f, we have

K
y(t) = Acos (a)pRt + res

V,, sin wmt) ; (7.5)
W

indicating that the VCO has a tendency to reject high-frequency components
that appear at its control input. Also, if |Kyco Vim/wm| < 1 rad, then the
narrowband FM approximation (Chapter 3) applies, and the output spectrum
consists of a main component at wyk and two sidebands at wpg £ w,,.

7.4 PHASE NOISE

As other analog circuits, oscillators are susceptible to noise. Noise injected
into an oscillator by its constituent devices or by external means may influence
both the frequency and the amplitude of the output signal. In most cases,
the disturbance in the amplitude is negligible or unimportant, and only the
random deviation of the frequency is considered. The latter can also be viewed
as random variation in the period or deviation of the zero crossing points from
their ideal position along the time axis.

For a nominally periodic sinusoidal signal, we can write x(t) = A
cos[w.t + ¢@,(1)]. where ¢,(f) is a small random excess phase representing
variations in the period. The function ¢,(r) is called “phase noise.” Note that
for |¢,(1)] < 1 rad, we have x(t) & A cosw.t — Ag,(t)sin w.t; that is, the
spectrum of ¢, (1) is translated to £w,..

In RF applications, phase noise is usually characterized in the frequency
domain. For an ideal sinusoidal oscillator operating at w,., the spectrum as-
sumes the shape of an impulse, whereas for an actual oscillator, the spectrum
exhibits “skirts” around the carrier frequency (Fig. 7.11). To quantify phase

Ideal Oscillator Actual Oscillator

.
We w

Figure 7.11 Output spectrum of ideal and actual oscillators.
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noise, we consider a unit bandwidth at an offset Aw with respect to w,, calculate
the noise power in this bandwidth, and divide the result by the carrier (average)
power. For example, if the carrier power is —2 dBm and the noise power
measured in a 1-kHz bandwidth at an offset of 1 MHz is equal to —70 dBm,
then the phase noise is specified as —70 dBm +2 dBm —30 dB.= —98 dB¢/Hz,
where dBc means “in dB with respect to carrier.”

7.4.1 Effect of Phase Noise in RF Communications

To understand the importance of phase noise in RF systems, consider a generic
transceiver as depicted in Fig. 7.12, where a local oscillator provides the carrier
signal for both the receive and transmit paths. If the LO output contains phase
noise, both downconverted and upconverted signals are corrupted. This is
illustrated in Fig. 7.13.

LNA
Band Pass
Filter
Duplexer Frequency '--:--!
Filter Synthesizer ..
PA
Band Pass
Filter

Figure 7.12  Generic transceiver front end.

Referring to the ideal case depicted in Fig. 7.13(a), we note that the signal
of interest is convolved with an impulse and thus translated to a lower (and a
higher) frequency with no change in its shape. In reality, however, the wanted
signal may be accompanied by a large interferer in an adjacent channel, and
the local oscillator exhibits finite phase noise [Fig. 7.13(b)]. When the two
signals are mixed with the LO output, the downconverted band consists of two
overlapping spectra, with the wanted signal suffering from significant noise due
to the tail of the interferer. This effect is called “reciprocal mixing.”

Shown in Fig. 7.13(c), the effect of phase noise on the transmit path is
slightly different. Suppose a noiseless receiver is to detect a weak signal at »
while a powerful, nearby transmitter generates a signal at w; with substantial
phase noise. Then, the wanted signal is corrupted by the phase noise tail of the
transmitter.

The important point here is that the difference between w; and @, can be
as small as a few tens of kilohertz while each of these frequencies is around 900
MHz or 1.9 GHz. Therefore, the output spectrum of the LO must be extremely
sharp. For example, in IS-54, the phase noise power per unit bandwidth must
be about —115 dBc/Hz at 60 kHz offset.



216 Chap. 7  Oscillators
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Figure 7.13  (a) Downconversion by an ideal oscillator, (b) reciprocal mixing, (c) effect of
phase noise in transmitters.

To arrive at some representative phase noise specifications, let us consider
the example depicted in Fig. 7.14, where the wanted channel is 30 kHz wide
and 60 dB below an unwanted channel 60 kHz away. How low should the
phase noise of the unwanted channel at 60 kHz offset be so that the SNR in
the desired channel exceeds 15 dB? The total noise power introduced by the
interferer in the desired channel is equal to

fu
Pn.tot — [c Sn(f)dfs (76)

L

where S, (f) denotes the phase noise profile of the unwanted channel and f;
and fy are the lower and upper ends of the desired channel, respectively. For
simplicity, we assume S, (f) is constant in this bandwidth and equal to Sy,
obtaining P, 1ot = So(fr — fr). Thus,

Psig
So(fu — fr)’

SNE = (7.7)
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Figure 7.14  Calculation of signal degradation due to phase noise.

yielding 101log(Sy/ Psig) = —15 dB —10log(fy — f1). Since the interferer
power, Pjy, is 60 dB higher than Pg,. we have 10log(So/Pin) = —15 dB
—10log( fy — f1) — 60 dB. It follows that the phase noise must not exceed
—115 dBc/Hz at 60 kHz offset. Note that while the number —115 dBc/Hz
seems quite small, it rises to approximately —70 dBc when integrated in a 30-
kHz band. If the phase noise varies substantially from f; to fg, then it must
be specified at several frequency offsets and the integration in (7.6) must be
carried out accordingly.

Phase noise of a local oscillator also corrupts the information carried in the
phase of the carrier. For example. the downconversion of a QPSK waveform
by a mixer that is driven by a noisy LO results in the constellation shown in Fig.
7.15 [4]. Thus, the bit error rate in the detector may increase significantly.

A

% f

Figure 7.15 Effect of phase noise on QPSK signal constellation.
74.2 Q of an Oscillator

The phase noise of LC oscillators usually depends on their Q. Intuitively, we
expect that the higher the Q of the tank, the sharper the resonance and the
lower the phase noise skirts. It is instructive to examine three definitions of Q
within the context of oscillators.

Basic physics defines the Q as 27 x (energy stored/energy dissipated per
cycle). For an LC tank, Q is an indication of how much of the energy is lost as
it is transferred from the capacitor to the inductor and vice versa.
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Resonant circuits usually exhibit a bandpass transfer function. The Q can
also be defined as the “sharpness” of the magnitude of the frequency response.
More specifically, as shown in Fig. 7.16, Q is defined as the resonance frequency
divided by the two-sided —3-dB bandwidth. These two definitions yield the
same value for a simple LC tank.

Figure 7.16 A definition of Q.

Another definition of Q that proves especially useful in oscillators is
illustrated in Fig. 7.17. Here, the circuit is considered as a feedback system and
the phase of the open-loop transfer function, ¢ (w), is examined at resonance.
The Q is then defined as

d¢

_wo__
dwl|’

Q= (7.8)

Called the “open-loop Q™ herein, this definition has an interesting interpreta-
tion if we recall that for steady oscillation, the total phase shift around the loop
must be zero. Now suppose the oscillator frequency slightly deviates from wy.
Then, if the phase slope is large, a significant change in the phase shift arises,
thus violating the condition of oscillation and forcing the frequency to return to
wy. In other words, the open-loop Q is a measure of how much the closed-loop
system opposes variations in the frequency of oscillation.

H(jo) 0=/ H(jo)

LI 3  I N
(z)oLm

Figure 7.17 Definition of O based on open-loop phase slope.

Let us apply (7.8) to the Colpitts oscillator of Fig. 7.18(a) to find the Q
in terms of the circuit component values. We open the loop at the drain of
M,, inject a current into the tank, and calculate the resulting current in M.
Following the analysis of Section 7.2 and assuming the Q of the tank is limited by
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the transformed value of 1/g,,1, we utilize the equivalent circuit of Fig. 7.18(b)

to write
LN R (1.9
— = Ls /R,, ;
Iin Ceq g )

where Ceq = C1C/(C1+C3) and R, = (14 C1/C2)?/gm. I (C1+ Ca)s >
gm. then the voltage applied to the source of M, is approximately equal to
Vx[C>/(Cy + C,)], and the resulting drain current Ioy = —g, Vx[C2/(C; +
C,)]. Tt follows that the open-loop transfer function is

Lowt G
T(S) = —gmm (LS a; Rp) : (7.10)
The term inside the parentheses gives a phase shift of
d(w) = % — tan™! s (7.11)

Ry(1 — LCeqe?)’
and hence, at w = wpy = 1/ /LCq,

d¢
dw

Thus, Q = R,Ceqwo = R,/(Lay), the same value as obtained in the above
two definitions. Note that we have neglected the phase shift in the transistor
itself.

\w:a)n = —2Cequ . (7.12)

(a) (b)

Figure 7.18 (a) Open-loop Colpitts oscillator, (b) equivalent circuit of the drain
network.

In this example, we have assumed that R, arises only from the input
resistance of the transistor. In reality, the inductor and the capacitor exhibit
their own loss, further lowering the Q. The overall Q is sometimes called
the “loaded Q" to distinguish it from the Q of the tank itself, emphasizing the
resistive component introduced by the transistor and any buffer stage following
the oscillator.
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7.4.3 Phase Noise Mechanisms

Phase noise in oscillators has been studied extensively [5, 6, 7]. Effects such as
nonlinearity and periodic variation of the circuit parameters make the analysis
of phase noise quite difficult. Nonetheless, for simple LC oscillators linear
approximations have been used judiciously, vielding reasonable errors in the
prediction of phase noise [6, 7]. More rigorous analysis of oscillators is still a
topic of active research.

Oscillator phase noise is generated primarily through two mechanisms,
distinguished by the path into which the noise is injected. Recall that a VCO
includes both a (feedback) oscillation signal path and a frequency control path.
Illustrated in Fig. 7.19, the noise, x(#), appearing in these paths gives rise to
distinctly different effects. We examine each case separately.

Vcont
Viions Noise o—»(—'%
Noise + ;
x(t) H(s) o y(t) H(s) o Vout

!

(a) (b)

Figure 7.19 Phase noise in (a) signal path, (b) control path.

Noise in Signal Path Consider the circuit of Fig. 7.19(a), where the
noise is injected into the oscillation signal path. How is y(t) affected by x(¢)?
Representing the open-loop circuit by a linear transfer function H (s), we can
write

Y(s) H(s)
X(s) 1—H(s)

(7.13)

In the vicinity of the frequency of oscillation, w = wyp+ Aw, we can approximate
H (jw) with the first two terms in its Taylor expansion:

N . dH
H(jw) =~ H(jwy) + Aw—-. (7.14)
dw
Since H (jwy) = +1 and typically |Awd H /dw| < 1, (7.13) reduces to
< At 75 e 7.15
}CU()'F w)w—df—i—’ (7.15)

Aw—

dw
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Figure 7.20 Noise shaping in oscillators.

implying that a noise component at @ = wy + Aw is multiplied by
—(AwdH /dw)™! when it appears at the output of the oscillator. In other
words, as shown in Fig. 7.20, the noise spectrum is shaped by [25]

* 1
(Aw)?

dw

E
‘}U (wo + Aw)]

Let us now consider the term |d H /dw|*. Expressing H (@) in polar form,
H(w) = |H|exp(j¢), we have

i _ (dIH] L '|Hld¢ exp(j) o (117
de N e A gy | TR 18)
It follows that
dH |* diH||* |de¢l|?
— = |— X |HA. 7.
‘dw dw i ‘da) L L1182

Equation (7.18) can be used to arrive at a general definition of Q [25], but
we limit our study here to simple LC oscillators. We make two observations.
First, in an LC oscillator the term |d|H|/dw|* is much less than |d¢ /dw|* in
the vicinity of the resonance frequency. Second, the value of |H| is close to
unity for steady oscillations. Thus, |d H /dw|* ~ |d¢/dw|?, allowing (7.16) to
be written as

Y(' )2 T l 7.19
F and 42 495 (7.19)
2 dw'
From (7.8), we have
¥ . % 1 wp \ 2
’E(Ja)) = 4—QZ(Z5) : (7.20)
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Known as “Leeson’s equation” [6], this expression reveals the dependence of
the output noise upon the Q of the tank, the center frequency, and the offset
trequency. Note that (7.20) includes the effect of noise on both the amplitude
and the phase of the carrier. The phase noise is typically half the value given
by (7.20).

It is important to note that the overall phase noise power with respect to
the carrier depends on two other parameters as well: the noise generated by the
devices, that is, the magnitude of X (jw) and the amplitude of oscillation, V5.
In the oscillators of Fig. 7.7, for example, the noise contributed by Q) arises
from the base resistance and the collector current /¢y, while the amplitude
is given by the collector current swing and the parallel equivalent resistance
R,. Since the noise current increases in proportion to v/Ic, whereas Vs is
proportional to I¢i R, typical designs maximize /¢y without saturating the
transistor.

From the above study, we can deduce an interesting property of LC oscil-
lators. Asthe Q of the tank increases, three aspects of the performance improve
simultaneously: (1) the noise shaping function, (7.20), becomes sharper; (2) the
power dissipation decreases; and (3) the noise injected by active devices de-
creases. To understand the last two, note that the equivalent parallel resistance
of the tank R, o @, and hence the voltage swing Vs o I¢; - Q. Thus, a
higher Q allows a lower /¢ to achieve the same voltage swing, thereby saving
power. Furthermore, as /¢ decreases, the noise current injected by the tran-
sistor decreases. For these reasons, a great deal of effort has been expended on
increasing the Q of inductors [10, 11].

Our analysis of the noise in the signal path has thus far assumed a linear
feedback system. As mentioned in Section 7.1, oscillators usually experience
amplitude limiting and hence nonlinearity, thus “folding™ the noise compo-
nents. [llustrated in Fig. 7.21, this effect arises when odd-order nonlinearity in
the amplitude leads to intermodulation between an injected noise component
at w, and the carrier, creating another component at 2wy — w, [25]. In order
to represent the effect of noise folding due to nonlinearity, Leeson’s equation
can be multiplied by a factor [8, 9]

2

< A wo \2
= —) . 7.21

4Q? (Aw) ()
where A is the actual small-signal loop gain. This relation indicates that the

loop gain must be chosen as close to unity as possible while ensuring reliable
start-up. A typical value is between 2 and 3.

Y(,
X

Noise in Control Path In the mechanism studied above, the noise in-
jected into the signal path simply mixes with the carrier. By contrast, noise
injected into the control path affects the frequency by changing the physical
properties of the oscillator. For example, if a varactor is used to tune the VCO,
noise on the dc voltage applied across the diode varies the tank capacitance



Sec. 7.4 Phase Noise 223

A
L - ®_’ A:e'z::::t::d & ? ? —
mo wn ® ; 0)0 : ®
1 2(00"(1),, (Dn

Figure 7.21 Noise folding in an oscillator.

and hence the resonance frequency. Viewed as analog frequency modulation,
this effect translates low-frequency noise components in the control path to the
region around the carrier [Fig. 7.22(a)].

To quantify the FM noise mechanism, as depicted in Fig. 7.22(b), we
represent the noise per unit bandwidth as a sinusoid with the same average
power: V,, coswnt. Denoting the gain of the VCO by Ky¢o and using the
narrowband FM approximation, we have

AoVmKyco

Vour (1) & Ay cos wot +
2w,

[cos(wg + @)t — cos(wy — wp)t]. (7.22)

Thus, the noise power at wy & w,, with respect to the carrier power is equal to
(Kvco/wm)? V,ﬁ /4. In practice, Ky o is proportional to the carrier frequency
because for a given control voltage range, the tuning range must be a constant
percentage of the center frequency so as to compensate for process and tem-
perature variations. Note that the effect of this type of noise becomes more
prominent as ,, decreases, making 1/f noise in the control path particularly
detrimental.

li 1\ V°°—"'>vco—>A b
|

(a)

1 ineE 08

-0y 0 Oy -0y 0 Op

(b)

Figure 7.22  (a) Modulation of VCO frequency by noise on control line,
(b) approximation of noise with a sinusoid.
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We should also mention that the FM noise mechanism arises from not only
the explicit control path of a VCO, but any source that can vary the frequency
of oscillation. An interesting example occurs in oscillators employing discrete
inductors whose value may vary with mechanical vibrations. As another ex-
ample, noise in the collector current of Q; in Fig. 7.7 varies the base-emitter
diffusion capacitance, thus modulating the resonance frequency.

The mechanisms formulated in this section predict that the phase noise
decreases indefinitely as Aw increases. In reality, however, the noise reaches
a relatively flat floor because the loop does not shape the noise of the devices
at high frequency offsets.

7.4.4 Noise-Power Trade-off

As other analog circuits, oscillators exhibit a trade-off between power dissipa-
tion and noise. Intuitively, we note that if the output voltages of N identical
oscillators are added in phase (Fig. 7.23), then the total carrier power is multi-
plied by N2, whereas the noise power increases by N (assuming noise sources
of different oscillators are uncorrelated). Thus, the phase noise (relative to the
carrier) decreases by a factor N at the cost of a proportional increase in power
dissipation.

Osc. 1

Osc. 2

Osc. N

Figure 7.23  Addition of the output voltages of N oscillators.

Our study of phase noise indicates that the following parameters must be
taken into account: the center frequency, wy, the power dissipation, P, and
the offset frequency, Aw. Thus, the phase noise power of different oscillators
must be normalized to (wy/Aw)?/ P for a fair comparison.

74.5 Effect of Frequency Division and Multiplication
on Phase Noise

Since frequency and phase are related by a linear operator, division of frequency
by afactor N isidentical to division of phase by the same factor. For a nominally
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periodic sinusoid, x(t) = A cos[w.t +¢,(1)]. where ¢, (1) represents the phase
noise, a frequency divider simply divides the total phase by N,
@ ¢n(1)

XN = Acos[Nt + N ] | (7.23)
where the phase noise contributed by the divider is neglected. This indicates
that the magnitude of phase noise at a given offset frequency is divided by VN,
an7d from narrowband FM approximation the phase noise power is divided by
N-,

Interestingly, the above trend is observed even if an explicit frequency
divider is not used. For example, in the LC oscillators of Fig. 7.7, if the total
tank inductance and capacitance are increased by a factor N, the frequency of
oscillation decreases by the same factor while the Q, the sources of noise, and
the amplitude remain relatively constant. Thus, from (7.20), the phase noise
power at a given offset drops by N2.

A similar analysis shows that frequency multiplication raises the phase
noise magnitude by the same factor.

7.4.6 Oscillator Pulling and Pushing

In our study of phase noise, we have tacitly assumed that the magnitude of the
noise injected into the signal path is much less than that of the carrier, thereby
arriving at a noise shaping function for oscillators. An interesting phenomenon
is observed if the injected component is close to the carrier frequency and has
a comparable magnitude (Fig. 7.24). As the magnitude of the noise increases,
the carrier frequency may shift toward the noise frequency w, and eventually
“lock™ to that frequency. Called “injection pulling,” this effect is described in
[12, 13].

Injected
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Figure 7.24  Injection pulling of an oscillator as the noise amplitude increases.
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In a transceiver environment, various sources can introduce oscillator
pulling. For example, as described in Chapter 5, the power amplifier output
may couple to the local oscillator(s). Another example of injection pulling
arises in the receive path when the desired signal is accompanied by a large
interferer (Fig. 7.25). If the interferer frequency is close to the LO frequency,
coupling through the mixer may pull w; o toward wjy,. Thus, the VCO must be
followed by a buffer stage with high reverse isolation. As explained in Chapter
6, however, the noise of such a stage may increase the noise figure of the mixer.

Interferer
Low Noise
Bk Amplifier
Signal
Ay
T
o Oint @

VvCO

Figure 7.25 Injection pulling due to large interferer.

Another type of oscillator pulling is illustrated in the GFSK modulator
of Fig. 7.26, a topology used in DECT transmitters [14]. Here, the VCO is first
placed in a feedback loop (Chapter 8) so as to stabilize its output frequency.
Subsequently, the control voltage of the VCO is switched to the baseband
signal, allowing the VCO to function as a frequency modulator. However, the
open-loop operation makes the VCO frequency quite sensitive to variations
in the load impedance (“load pulling™). In particular, as the power amplifier
turns on and off periodically to save energy, the VCO center frequency changes
considerably, demanding a high-isolation stage between the VCO and the PA
[14].

Baseband .
Data o vco BPF —l >—
Feedback |
Network

Figure 7.26  Load pulling due to variation of impedance.

RF oscillators in general exhibit a poor supply rejection. In Fig. 7.10, for
example, if the supply voltage varies, so do the reverse voltage across the var-
actor and the frequency of oscillation. In RF design, this is called “supply push-
ing.” Animportant case of supply pushing occurs in portable transceivers when
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the power amplifier turns on and off. Owing to the finite output impedance of
the battery, the supply voltage may vary by several hundred millivolts.

75 BIPOLAR AND CMOS LC OSCILLATORS

The stringent phase noise requirements in RF systems generally necessitate os-
cillator topologies incorporating passive resonators. The resonators are built as
very narrowband SAW or crystal filters, transmission lines, or simply LC tanks,
with the phase noise typically increasing in that order. For many applications,
LC tanks having a Q of greater than approximately 20 prove adequate. Re-
call from Section 7.4.3, however, that the relative phase noise also depends on
sources of noise and the oscillation amplitude. To minimize the former, low-
noise oscillators usually employ only a few active devices in the signal path.

As with other analog circuits, the design of VCOs becomes more diffi-
cult as the supply voltage scales down. At lower supplies, the voltage swings
are smaller, thereby yielding a higher relative phase noise. Furthermore, the
reverse bias voltage range of the varactor is narrower, thus limiting the tuning
range. Note that since at high frequencies, parasitic capacitances are significant,
the varactor can change only a fraction of the tank capacitance.

The limited tuning range in LC oscillators has been viewed as both a merit
and a drawback! On the one hand, since Ky ¢ isrelatively small, the frequency
is less sensitive to noise on the control line. On the other hand, additional means
of adjusting the frequency—at least during assembly—are required to ensure
operation in the band of interest despite manufacturing variations. In many
RF systems, this is accomplished by adding a small mechanically trimmable
capacitor in parallel with the varactor, although the tuning range must still
be wide enough to cover variations with temperature. However, the present
trend toward higher levels of integration demands that such adjustments be
eliminated by achieving a sufficient tuning range.

75.1 Negative-G,, Oscillators

As explained in Section 7.2, the signal fed back from the collector (or drain)
of a transistor to its emitter (or source) must pass through an impedance trans-
former so as to avoid loading the tank excessively. In the Colpitts and Hartley
oscillators of Fig. 7.7, the impedance is transformed by means of passive net-
works. Now consider the oscillator shown in Fig. 7.27(a) where an active buffer,
Bj, is interposed between the collector and the emitter, presenting a relatively
high impedance to the tank. As depicted in Fig. 7.27(b), the buffer can be
implemented as an emitter (or source) follower. Note that the base of O, is
connected to Ve to have the same dc voltage as the base of Q,. (The two
transistors are assumed to be identical.) The circuit can also incorporate two
inductors to operate differentially [Fig. 7.27(c)]. However, if the inductors are
off-chip, bond wire parasitics make it difficult to achieve a small phase mismatch
between the two tanks.
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Figure 7.27 (a) Addition of active buffer in feedback loop of a Colpitts
oscillator, (b) implementation of buffer with an emitter follower, (c) differential
implementation of (b).

The feedback oscillator of Fig. 7.27(c) can be viewed as a one-port imple-
mentation as well. Calculating the impedance seen at the collector of Q and
0 as in Fig. 7.28, we note that positive feedback yields R;, = —2/g,,. Thus, if
| Rin| is less than or equal to the equivalent parallel resistance of the tank, the
circuit oscillates. This topology is called a “negative-G,, oscillator.”

Q4 2

Rin
Q

Figure 7.28  Circuit to calculate the input impedance of cross-coupled pair.
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In addition to contributing noise, Q¢ and Q5 in Fig. 7.27(c) saturate heav-
ily if the peak swing at nodes X and Y exceeds approximately 400 mV. To re-
solve this issue, a capacitive divider can be inserted in the feedback path (Fig.
7.29), allowing greater swings and higher common-mode level at nodes X and
Y than at the bases of Q¢ and Q>.

X

B -
- =
= =

b
¢

Figure 7.29  Capacitive division in feedback path of an oscillator.

The negative-G,, oscillator can also be implemented in MOS technology.
Shown in Fig. 7.30 are three examples [15, 16, 17]. Since large swings are quite
benign here, no capacitive divider is required in the feedback paths. The circuit
of Fig. 7.30(c) achieves differential operation with only one inductor but at the
cost of higher noise due to /; and /5.

Tuning Issues In order to control the oscillation frequency in the above
circuits, varactor diodes must be added to the tanks. Fig. 7.31(a) shows an ex-
ample where the junction capacitance of D; and D, is controlled by Vion. Ina
typical CMOS technology, Dy and D, are implemented as shown in Fig. 7.31(b).
To understand the tuning range limitations of this circuit, let us assume the rep-
resentative values Ly = Ly = 10 nH, (W/L); = (W/L); = 100 £m/0.6 um,
Ipp =2 mA, and Vpp = 2.7 V, and a center frequency of 1.8 GHz. The di-
mensions of M;—-M; and the value of /pp are chosen so as to provide sufficient
loop gain for Q = 4.

How wide is the tuning range of this circuit? We make three observations.
First, for integrated inductors in a three-metal layer process, each of L, and
L, exhibits a distributed parasitic capacitance of approximately 0.5 pF, which
can be lumped into two 0.25 capacitors connected from each terminal of the
inductor to ground. Second, the total capacitance contributed by M; and M,
and a typical output buffer to each of the nodes X and Y is approximately
equal to 0.25 pF. Third, diodes D, and D, are accompanied by roughly 0.1 pF
of capacitance to the p-substrate.
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C

Figure 7.30 CMOS oscillators, (a) output referred to Vpp, (b) output referred
to ground., (c) differential operation with one inductor.
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Vcont &=
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Figure 7.31 (a) Addition of varactors to control the frequency, (b) imple-
mentation of varactors in CMOS technology.



Sec. 7.5 Bipolar and CMOS LC Oscillators 231

From the above observations, we can calculate the total fixed capacitance
in each tank to be roughly equal to 0.6 pF. For f = 1.8 GHz and L = 10 nH,
this leaves only 0.18 pF for the variable component of the varactor capacitance.
By what factor can this capacitance change? Recall that the drain voltage
swings are large so as to minimize the relative phase noise. Thus, the minimum
value of Vx and Vy istypically less than 0.5 V, indicating that Vo, must remain
below approximately 1.2 V to avoid forward biasing D, and D;. Furthermore,
if the oscillator operates within a frequency synthesizer, the minimum value
of Viont, determined by the previous stage, is no less than a few hundred mili-
volts. Such limited range of Von typically varies the diode capacitance, C;, by
approximately 50%.

Since in this example the junction capacitance of each varactor constitutes
only 23% of the overall tank capacitance, a 50% change in C; translates into
less than 10% adjustment in the oscillation frequency.

It is interesting to note the trade-off between the tuning range and the
relative phase noise. If the voltage swings at nodes X and Y in Fig. 7.31(a) are
reduced, Von can assume higher values, thereby varying the frequency by a
greater amount. Also, if L, and L, are decreased, the total tank capacitance
and hence the contribution of the varactors can increase, widening the tuning
range, but at the cost of lower voltage swings (or a higher bias current).

7.5.2 Interpolative Oscillators

The underlying assumption in the VCOs studied thus far has been that the
frequency can be varied by only adjusting the tank capacitance (or inductance).
Interpolative oscillators provide an alternative tuning mechanism by employing
more than one resonator.

Shown in Fig. 7.32 is a feedback oscillatory system incorporating two
transfer functions, H;(s) and H>(s), whose outputs are scaled by variable fac-
tors oy and a3, respectively, and summed. The overall open-loop transfer

Oy
H1 (3)
Vcom
H2(S)
0.2

Figure 7.32 Interpolative oscillator.
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function is therefore equal to H(s) = a1 Hi(s) + a; H>(s), which must equal
+1 for the system to oscillate. In the extreme cases where a; = 0 or ap = 0,
the oscillation frequency, w,, is determined by only H;(s) or H,(s), and for
intermediate values of @1 and «;, @, can be “interpolated” between its lower
and upper bounds. Of course, this occurs only if the roots of H(s) — 1 = 0
move in a “well-behaved” manner from one extreme to the other.

To understand the principle of interpolation and its limitations, let us con-
sider the circuit depicted in Fig. 7.33, a conceptual illustration of the oscillator
described in [18]. In this circuit, R and R; denote the equivalent parallel resis-
tance of each tank. For the system to oscillate, the open-loop transfer function
must equal unity:

G,,,]R]L]S 5, oy szRszs
o 3 —
VRILICis2 + Lis + Ry © PRoL,Cos® + Lys + R,

1 =0. (724

If (7.24) has a unique set of conjugate roots on the imaginary axis or in the right
half plane, then the circuit oscillates at a single frequency.

= C
G 1T L o
B | Veont
Gm p = czl Ly %2

Figure 7.33 Interpolative oscillator using two tanks.

What happens if the resonance frequencies of the two tanks, w; and @,
are far apart? Figure 7.34 plots the open-loop gain and phase of such an os-
cillator [18], revealing two frequencies at which the total phase is zero and the
gain is greater than unity. As a consequence, the circuit may oscillate at more
than one frequency. It can be shown that the maximum spacing between w,
and w, that avoids this effect is equal to (@, + @2) /(2Q), where the two tanks
are assumed to have equal Q’s [18]. Interestingly. interpolative oscillators, too,
exhibit a trade-off between the phase noise and the tuning range.
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Figure 7.34 Open-loop gain and phase of an interpolative oscillator.

An important concern in interpolative oscillators is the noise due to the
additional active devices in the signal path, particularly in the adder. Nonethe-
less, the combination of capacitor tuning and interpolation may provide a wide
tuning range.

7.6 MONOLITHIC INDUCTORS

Fabrication of inductors on the same substrate as the rest of an RF circuit can
obviate the need for external connections, thus resolving issues such as electrical
and magnetic coupling and pad and bond wire parasitics. Furthermore, the
addition of inductors to the IC designers’ device library can lead to new circuit
techniques that relax the trade-offs in the RF design hexagon.

The most important parameters of monolithic inductors are the Q, the
self-resonance frequency, and the area, all of which strongly depend on the
layout and the properties of the IC technology. Inductors are usually imple-
mented as spiral structures (Fig. 7.35). A circular shape exhibits less metal
resistance for a given value of inductance and metal wire width. The circle may
be approximated by a hexagon or an octagon [19].

Figure 7.35 Rectangular spiral inductor.
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The value of spiral inductors can be obtained by means of various accurate
[20] or approximate [21, 22] methods. An empirical formula that has less than
10% error for inductors in the range of 5 to 50 nH is given in [17] and can be
reduced to the following form for a square shape,
A3

m

L~13x10"7

~ - ; (7.25)
At‘é’f’wl.h(w + G)0s

where A,, is the metal area (the shaded area in Fig. 7.35), A is the total
inductor area (&~ S? in Fig. 7.35), W is the line width, and G is the line spacing.
All units are metric.

Prediction of the Q of inductors is much more difficult. Asshown in Fig.
7.36, the loss in a monolithic inductor results from three mechanisms: metal
wire resistance, capacitive coupling to the substrate, and magnetic coupling to
the substrate [23]. Determined by the substrate resistivity and the size of the
inductor, the last two effects limit the Q at high frequencies. Note that magnetic
coupling becomes more significant in CMOS technologies with heavily doped

substrates because the effect of substrate resistance appears in parallel with the
inductor.

substrate

substrate

(c)

Figure 7.36  Loss mechanisms in monolithic inductors, (a) resistive. (b) capacitive,
(c) magnetic.

The effect of capacitive coupling to the substrate can be reduced by plac-
ing under the inductor a grounded “shield” (Fig. 7.37). Since a continuous plate
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Conductive £
Plate &

Figure 7.37 Broken shield plate to reduce capacitive loss mechanism.

would increase the magnetic coupling, the plate must be broken regularly in
the direction perpendicular to the current flow.

In a spiral inductor, the small internal turns contribute little inductance
while suffering from all of the loss mechansims. Thus, removal of the first four
or five turns may increase the Q slightly.

The self-resonance frequency, fsg. sets an upper limit on the value and
dimensions of the inductor for a given operation frequency. The distributed
structure of spirals makes it difficult to estimate fsg, usually requiring elec-
tromagnetic field simulations or actual measurements. Note that even if the
operation frequency is below fsg. each inductor exhibits significant capaci-
tance to the substrate.

Despite extensive recent work, the Q of inductors in standard CMOS
technologies has been limited to less than 5. Research on monolithic inductors
nevertheless continues.

'7 RESONATORLESS VCO’S

The Barkhausen criteria for oscillation can be met without resonators in a
circuit as well. If the open-loop circuit exhibits sufficient gain at the zero-phase
frequency, oscillation occurs. Also, if the open-loop input/output characteristic
entails hysterisis, the circuit may oscillate even if the small-signal phase shift
does not appear to be sufficient.

An example of the first type are ring oscillators. As shown in Fig. 7.38,
if a cascade of M gain stages with an odd number of inversions is placed in
a feedback loop, the circuit oscillates with a period equal to 2M Ty, where T,
is the delay of each stage with a fanout of one. The oscillation can be viewed
as occurring at the frequency for which the total phase shift is zero and the
loop gain is unity. Various implementations of the gain stages utilized in ring
oscillators along with methods of tuning the frequency are described in [24].

Odd Number of Inversions

Figure 7.38  Ring oscillator.
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Figure 7.39 shows an example of oscillators incorporating hysterisis. Called
a “relaxation oscillator,” the circuit can oscillate even if C; is the only storage
element, simply because the positive feedback around M; and M, provides
rapid switching at the end of each cycle, breaking the feedback loop for most
of the period. At high frequencies, however, the hysterisis diminishes and
oscillation occurs only if the poles at nodes X and Y contribute significant
phase shift [25]. It is interesting to note that the small-signal impedance seen
looking into the X-Y port of the cross-coupled pair is approximately equal
to —2/g» — 1/(C;s), that is, a negative resistance in series with a negative
capacitance. In high-frequency operation, the first component cancels the loss
in R; and R,, and the second resonates with the capacitance at X and Y.

VDD
R = =R,
Xlrx‘- Y
M, M,
Cq
Iss Iss

Figure 7.39  Relaxation oscillator.

Resonatorless oscillators have not been popular in RF design. This is
because they not only exhibit an open-loop Q close to unity but contain many
noisy active and passive devices in the signal path. For example, in a three-stage
differential ring oscillator, the open-loop Q is approximately equal to 1.3, and
nine transistors (including the tail current sources) and six load resistors add
noise to the carrier [25].

7.8 QUADRATURE SIGNAL GENERATION

In our study of transceivers in Chapter 5, we noted the frequent need for quadra-
ture LO signals in both the receive path and the transmit path. In this section,
we describe methods of generating signals with a phase difference of 90°.

7.8.1 RC-CR Network

A simple quadrature technique is to shift the signal by 45 using an RC-CR
network (Fig. 7.40). Asexplainedin Section 5.2.3, the phase difference between
Vouu and Vo2 is 907 for all frequencies, but the output amplitudes are equal
onlyatw = 1/(RC). Thus, if the absolute value of RC varies with temperature
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C

Figure 7.40 Quadrature network using RC-CR circuit.

and process, so does the frequency at which equal-amplitude quadrature sig-
nals exist. In the LO path, where the information lies in only the zero-crossing
points, the amplitudes can be equalized by means of “limiting” stages, for ex-
ample, differential pairs. Amplitude limiting nevertheless becomes difficult in
gigahertz circuits unless several stages are placed in cascade. Under these con-
ditions, however, the phase (and gain) mismatch of the chains of limiters in the
[ and Q paths becomes significant.

In addition, limiting stages entail “AM-to-PM conversion.” In general,
a nonlinear circuit with finite bandwidth exhibits a delay that depends on the
input slew rate [26]. To understand this effect, consider the simple example
depicted in Fig. 7.41, where the capacitors are added to represent the limited
bandwidth, and other parasitics are neglected. We examine the circuit’s phase
shift for small and large input amplitudes.

Voo
=R, A=
Cy Cy
THEF—— Vouro——Hn
—LM, M,
VIL

@

Figure 7.41 Limiter with finite bandwidth.

For a small-amplitude sinusoid with frequency w applied at the input, the
output differential current is also close to a sinusoid, thus experiencing a phase
shift equal to |#;| = tan™' (R, C;w). Now suppose the input is a sinusoid with a
large amplitude such that M; and M, rapidly switch at each zero crossing of V;,.
In this case, the differential output current is close to a square wave, resulting in
a delay equal to R;C; In2 and hence a phase shift equal to |6;| = RiCiwIn 2.
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From this analysis, it follows that the phase shift varies from R;C,wIn2
to tan™!(R; C,w) according to the slew rate of the input. This effect is particu-
larly noticeable if the input has amplitude modulation. In the limiting process,
the phase is disturbed by the amplitude variation, and we say AM-to-PM con-
version occurs. The key point in the context of quadrature generation is that a
difference in amplitudes translates to a phase imbalance if the limiting stages
do not provide adequate bandwidth.

In the circuit of Fig. 7.40, mismatches between resistors and capacitors
deviate the output phase difference, ¢, from 90°. Assuming a relative resistor
mismatch of & and capacitor mismatch of 8, we can express ¢ in the vicinity
of w =1/(RC) as

= % — [tan™' R(1 + &)C(1 + B)w — tan"' RCw]  (7.26)
o RCw(l +a)(1+ B) — RCw
=32 "B T RCe( +a)( + HRCo (7.27)
~ % ol (7.28)
LT _ath
~ 2 . (7.29)

For example, if @ = B = 1%, then the phase imbalance is equal to 3.6/(27) ~
0.6°.

It is interesting to note that the phase and amplitude imbalances in Fig.
7.40 do not depend on the additional load capacitance seen at Vy,,; and Vo to
ground. This is because such capacitances only impact the poles of the circuit,
whereas the phase difference arises from the zero in the upper path. However,
capacitive paths between the two outputs do introduce phase error, demanding
careful layout. Simulations indicate that if this capacitance is 2% of C. then a
phase imbalance of 1° appears. Mismatches between the load capacitance also
contribute to phase error.

Another issue in the quadrature circuit of Fig. 7.40 is the harmonic con-
tent of vj,. Suppose vip(f) = Ajcoswr + A, cosnwt. To shift vi,(r) by
90°, we replace t with t — T /4, where T = 27 /w. Thus, vj,(t — T/4) =
Ajcos(wt — m/2) + Apcos(nwt — nm/2), indicating that the nth harmonic
must be shifted by nzr /2. In the RC-CR network, on the other hand, the phase
shift is equal to 90° for all frequencies, thereby resulting in a phase imbal-
ance between vgy and vgy. Furthermore, the magnitude of the harmonics
also experiences unequal gains through the two paths, introducing amplitude
mismatches at the output.
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To quantify the effect of the second harmonic, we express the outputs as

Ay _3
Vaairll) = cos[wt — tan™ ' (RCw)]
VR2C?w? + 1
Ay
4 cos[2wt — tan~ ' (2RCw)] (7.30)
VARXC?w? + 1
Vourzll) = e cos [a)t — tan” (RCw) + E]
2A-RC
2' s cos [?.wt — tan '(2RCw) + E]
VAR2C20? + 1 2
(7.31)
For a nominal value of RC = w™!, we have
0 = A s( i ’T)+A2 Qwt — tan~12) (732
v = 20 —— — cos — tan A
(1) A cos( t+n)+2A2cos(2 ' tan_l2+n)
L’ou’ = —= w ey « = v .
- 2 + V5 2
(7.33)

Simulations predict that for the phase error to be less than 1°, we must have
A; < 1.4%A,. If only the third harmonic is present, then it must be less than
1.2% of the fundamental for a phase error of 1°. If the LO harmonics are
significant, the RC-CR network must be preceded by a lowpass filter.

The value of C in Fig. 7.40 is usually chosen so as to minimize the atten-
uation due to the load capacitance; for example, C = 5C;. Large values of
C. however, lower the input impedance of the circuit, which is approximately
equal to 1/Cs.

7.8.2 Havens’ Technique

Illustrated in Fig. 7.42(a), Havens® technique first splits the signal by approxi-
mately 907, generating V; and V5, and subsequently adds and subtracts these
two phases, producing Vo and Voup [27]. As shown in Fig. 7.42(b), if V; and
V> have equal amplitudes, the angle between V,,; and Ve is equal to 90°.
This can also be seen by writing vi(f) = A coswt, v»(t) = A cos(wt +#), and
hence

6 %
vi(t) + va(t) = 2A COSE cos (wt + E) (7.34)

8
vi(1) = v2(t) = 2Asin = sin (wt + %) (7.35)
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| —

Figure 7.42 (a) Havens quadrature circuit, (b) phasor diagram of the operation.

The limiting stages following the phase shift circuit equalize the ampli-
tudes of v, and v,. Moreover, since the adders’ outputs have different ampli-
tudes if 6 # 90°, they too are applied to limiters. In both cases, the issue of
AM-to-PM conversion becomes important.

If the signals sensed by the two adders in Fig. 7.42(a) exhibit amplitude
mismatch, then the outputs suffer from phase imbalance. To quantify this effect,
let us assume v,(7) = (A + €) cos(wt + ), where € represents the mismatch,
and redraw the phasor diagram of Fig. 7.42(b) as shown in Fig. 7.43(a). We
note that the effect of € cos(wt + @) is to rotate vy counterclockwise by ¢,
and voun clockwise by ¢,. With the aid of the diagram in Fig. 7.43(b), we can

write
Wiy = €sin(6/2) (7.36)
2A cos(6/2) + € cos(6/2)
€ cos(6/2)
tan¢g, = (7.37)

2Asin(6/2) + esin(6/2)
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£sin(6/2)
:",<‘-

€ cos(68/2)

Vout1

2Acos(0/2)
2Asin(g/2)

£ sin(0/2)
i

.Voutz € cos(6/2)

(a) (b)

Figure 7.43  (a) Effect of amplitude mismatch in the Havens circuit, (b) simplified
version of (a).

Thus, for € << A, we have

© . € sin(8/2) 1. cos(9/2)] _—
R Y cos(6/2) | sin(6/2) L738)
. 239

"~ Asing’ (32

Since @ is in the vicinity of 90°, (7.39) suggests that a 1% amplitude mismatch
translates into 0.6 of phase error.

The above analyses have assumed sinusoidal signals. However. both the
limiting operation following the 907 phase shift stage and the nonlinearity in
the two adders create harmonics of v;(7) and v,(¢). Furthermore, the input
signal itself may contain harmonics as well. We first consider the effect of the
second harmonic.

Suppose v (1) and v, (#) contain second harmonics with equal amplitudes,
for example, a cos2wt and a cos(2wt + 26), respectively. Subtraction and
addition of such components still yields two signals with a frequency of 2w that
are 90° out of phase. However, recall from Section 7.8.1 that if v,y and voun
are to be in quadrature, then the nth harmonic must have a phase difference of
nm /2. Thus, the existence of two second-harmonic components with 90° phase
difference results in a phase imbalance between the two outputs.

The effect of odd-order harmonics is less troublesome. Suppose, after
limiting vy(f) = Acoswt + acos(2k + 1)wt and v,(t) = Acos(wt + 6) +
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acos[(2k + 1)wt + (2k + 1)@], where k is an integer. Upon addition and
subtraction, we obtain

6 ]
Vout1 (1) = 2A cos 5 cos ot + g

2k + 1)8 [
—COS

+ 2acos 2k + Dot +

Ll ;- 1)8] (7.40)

.6 6
Vour2(f) = 2A Sm-i-sm ot s

(2k + 1)

2% + 1)6
+ 2asin %sin [(Zk + Dot + 9] (7.41)

For vou and voyr to have a phase difference of /2, we must have vy (t) =
Vout1 [t — 71/ (2w)]. Calculating this term,

? 6 6 2k + 1)6
Voutl (f — l) = 2Acos > sin (a)r + 5) + 2a cos (L)

2w
2k + 1)8 ]
— — ki |,

sin [(Zk + Dot + (7.42)

we note that the second terms in (7.41) and (7.42) differ in two respects: the
amplitude and the polarity. Thus, odd-order harmonics introduce amplitude
mismatch but no phase imbalance.

Another source of amplitude mismatch in the Havens topology is the
capacitive coupling between the two inputs of the adders. Illustrated in Fig. 7.44
is an example, where vy and v, are applied to limiting stages and subsequently
an adder consisting of two differential pairs. The gate-drain overlap capacitance
of the transistors provides a path from the I channel to the Q channel, in essence
pulling the quadrature phases together. Similar to capacitive feedthrough from
Vout1 10 Voury in Fig. 7.40, this effect results in significant phase imbalance at the
inputs of the adders if the output impedance of the limiters is not sufficiently
low.

J"'. & : l
P e -
v ‘ V2
T > S LT R TrESeR Iy % T

""" -

Figure 7.44 Capacitive path in an adder.
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7.8.3 Frequency Division

A simple approach to generating quadrature periodic signals with frequency w;
is to use a master-slave flipflop to divide a signal at 2w; by a factor 2 (Fig. 7.45).
If Vi, has a 50% duty cycle, then V1 and V2 are 90° out of phase. Various
implementations of divide-by-two circuits are described in Chapter 8.

e
Latch
‘—‘
o—e V 0—-1" 0
Vout2 In o— Vouﬂ
o2 —0
e
Latch
SRR

Figure 7.45 Frequency divider as a quadrature generator.

The principal difficulty in this approach is that generation and division
of the signal at 2w, may consume substantial power or simply be impossible
due to technology limitations. Another issue is the phase imbalance resulting
from deviation of the input duty cycle from 50%. For example, if V;; contains
a second harmonic, then V1 and V,,» exhibit a phase mismatch similar to
that described for the RC-CR network of Fig. 7.40.-Mismatches in the signal
paths through the latches also contribute phase error.

7.9 SINGLE-SIDEBAND GENERATION

Transceiver architectures often require the addition or subtraction of the out-
put frequencies of two or more LOs. For example, the offset-LO technique
described in Section 5.3.1 and employed in the GSM system of Fig. 5.49 mul-
tiplies two signals and selects the sum or difference frequency by a bandpass
filter. However, as shown in Fig. 7.46(a), if one of the frequencies is much less
than the other, the filter must have a sharp cutoff characteristic so as to suppress
the unwanted sideband.

An alternative technique of generating various LO frequencies is to em-
ploy single-sideband architectures. Shown in Fig. 7.46(b), the idea is based
on the identity cos w;f cos wx! * sin wif sinw;yt = cos(w; F wy)t, requiring
quadrature phases of both frequencies. This topology, however, is susceptible
to two types of imperfections: mismatches between the upper and lower paths
and nonlinearities in the mixers. The unwanted sideband resulting from phase
and gain mismatches is explained in Section 5.3. Thus, we consider only the
nonlinearities in the signal path.

Recall from Chapter 6 that mixers are usually designed such that the LO
port experiences abrupt switching; that is, the LO port is so nonlinear that the
REF signal is multiplied by a rectangular waveform. Furthermore, the RF port
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Figure 7.46 (a) Simple mixing, (b) ideal SSB mixing.

exhibits nonlinearity even with degenerative feedback. As a consequence, in
Fig. 7.46(b) harmonics of w; and w; are generated in each port of the mixers,
leading to various cross-products after multiplication.

Since the unwanted sidebands in this circuit can be maintained below
roughly —30 dB with respect to the desired sideband, the use of an SSB gener-
ator greatly relaxes the cut-off characteristics of the bandpass filter required in
Fig. 7.46(a). More sophisticated calibration and linearization techniques may
even obviate the need for an external filter.
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FREQUENCY SYNTHESIZERS

The oscillators used in RF transceivers are usually embedded in a synthesizer
environment so as to achieve a precise definition of the output frequency. Syn-
thesizer design still remains one of the challenging tasks in RF systems because
it must meet very stringent requirements.

In this chapter, we describe a number of approaches to frequency synthe-
sis, emphasizing their merits and drawbacks with respect to low-power mono-
lithic implementation. We first study the concept of phase locking and ana-
lyze different types of phase-locked loops (PLLs).! Next, we present several
synthesizer architectures, including integer- N, fractional- N, and direct-digital
synthesis techniques. Finally, we deal with the problem of frequency division.

For a more extensive treatment of frequency synthesizers, the reader is
referred to [1, 2, 3].

8.1 GENERAL CONSIDERATIONS

The frequency of oscillators in RF transceivers must be defined with very high
absolute accuracy. Furthermore, in most cases the frequency must also be
varied in small, precise steps. Recall from the wireless standards described in
Chapter 4 that the channel spacing can be as small as 30 kHz while the center
frequency is in the vicinity of 900 MHz or 1.9 GHz. In other words, to change
the receive or transmit channel, the LO frequency may be required to vary by
only 30 kHz. Also, the lower and upper edges of each channel are well defined
and can tolerate an error of no more than a few hundred hertz. Thus, the error
in the output frequency must remain below a few parts per million. The role
of the synthesizer is illustrated in the generic transceiver of Fig. 8.1.

I Portions of Section 8.2 are reprinted, with permission, from Monolithic Phase-Locked
Loops and Clock Recovery Circuits, B. Razavi, IEEE Press, Piscataway, NJ, pp. 4-32, ©1996
IEEE.
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Figure 8.1 Generic transceiver architecture,

In addition to accuracy and channel spacing, several other aspects of syn-
thesizers influence the performance of a transceiver: phase noise, sidebands
(“spurs™), and lock time. As explained in Chapter 7, the phase noise of the
local oscillator impacts both the receive and transmit paths.

While a free-running oscillator usually exhibits no sidebands, when it is
embedded in a synthesizer, it may. Shown in Fig. 8.2, the effect of unwanted
sidebands is particularly troublesome in the receive path. Suppose the syn-
thesizer output consists of a carrier at w; o and a sideband at wg, while the
received signal is accompanied by an interferer at wj,. It can be seen that
two important components appear after downconversion: the desired chan-
nel convolved with the carrier and the interferer convolved with the sideband.
If wimw — ws = wy — wro(= w;r), the downconverted interferer falls into
the desired channel. For this reason, typical systems require that spurs be

Interferer

Desired
RF Input

ol
Wint 0]
LO
Synthesizer
Output Sideband
|4 .
W Og ®
IF OQutput
§5 -
O 7 o

Figure 8.2 Effect of synthesizer sidebands in a receiver.
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approximately 60 dB below the carrier. Nevertheless, if w; o — wg and hence
wy — Wiy are large enough, the interferer appears out of the receive band and
is therefore suppressed by the front-end duplexer or bandpass filter to some
extent.

The lock time of synthesizers is also a critical parameter. Asshown in Fig.
8.3, when the digital channel select input commands a change in the channel,
the synthesizer requires a finite time to establish the new frequency. Defined
more accurately in Section 8.3.1, the lock time is an indication of how fast
the new frequency is stabilized. This parameter is especially important in fast
frequency-hopped spread-spectrum systems. Lock times required in typical RF
systems vary from a few tens of milliseconds to a few tens of microseconds.

Lock Transient
e =
O F )

Figure 8.3 Synthesizer settling.

8.2 PHASE-LOCKED LOOPS

8.2.1 Basic Concepts

VCO Dynamics Recall from Chapter 7 that an ideal VCO is charac-
terized by wou = Wpr + KyvcovVeont and y(1) = Ac cos[wrpt + Kyco fix
Veont (7)d1]. In studying PLLs, we usually consider a VCO as a linear time-
invariant system, with the control voltage as the system’s input and the excess
phase (Chapter 3) of the carrier as the system'’s output. Since the excess phase
Pout(t) = Kyco [ veondt, the input-output transfer function is

® K
out (s) = VCO. (8.1)
Veont §

The integration in VCOs leads to an interesting property: to change the out-
put phase, we must first change the frequency and let the integration take
place.> For example, suppose for t < f;, a VCO oscillates at the same fre-
quency as a reference but with a finite phase error (Fig. 8.4). To reduce the
error, the control voltage, Veont, is stepped by +AV at 1 = f, thereby increas-
ing the VCO frequency and allowing the output to accumulate phase faster
than the reference. At ¢ = f;, when the phase error has decreased to zero.

% We assume the VCO has no other input to set its phase.
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Qutput
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Figure 8.4 Phase alignment of a VCO with a reference.

Ucont TEtUINS to its initial value. Now, the two signals have equal frequencies
and zero phase difference. Note also that the same goal can be accomplished
by lowering the VCO frequency during this interval.

The above observation yields another interesting result as well: the output
phase of a VCO cannot be determined only from the present value of the control
voltage, i.e., it depends on the history of veen:. For this reason, we treat the
output phase of VCOs as an independent initial condition (or state variable)
in the time-domain analysis of PLLs.

Phase Detector Anideal phase detector (PD) produces an output signal
whose dc value is linearly proportional to the difference between the phases of
two periodic inputs (Fig. 8.5),

Vow = KppAg, (8.2)

where K pp isthe “gain” of the phase detector (specifiedin V/rad) and A¢ isthe
input phase difference. In practice, the characteristic may not be linear or even
monotonic for large A¢. Furthermore, K pp may depend on the amplitude or
duty cycle of the inputs. These points are explained later.

-'I L ™ Phase o
:_J |_ et Detector > Vout ATp-'
==

Ad

Figure 8.5 Characteristic of an ideal phase detector.

Figure 8.6 illustrates a typical example, where the PD generates an output
pulse whose width is equal to the time difference between consecutive zero
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x1(t) J r
w0 [T LU

Figure 8.6 Input and output waveforms of a PD.

crossings of the two inputs. Since the two frequencies are not equal, the phase
difference exhibits a “beat” behavior with an average value of zero.

A commonly used type of phase detector is a multiplier (also called a
mixer or a sinusoidal PD). For two signals x;(f) = Ajcoswif and x;(f) =
A, cos(wnt + A¢), a multiplier generates

y(t) = aAjcoswit - A;cos(wnt + Ag) (8.3)
= e i cos [(w1 + wa)t + Ad]
i i cos [(w; — wp)t — Ag], (8.4)

where « is a proportionality constant. Thus, for w; = w;,, the phase/voltage
characteristic is given by

cos Ag. (8.5)

Plotted in Fig. 8.7, this function exhibits a variable slope and nonmonotonicity,
but it resembles that in (8.2) if A¢ is in the vicinity of 7 /2,

aA1A2 T
> (5 — Ag), (8.6)

y (0 ~

yielding Kpp = —aA1 Az /2. Note that the average output is zero if w; # w,.

A

<

nia
Cl:l
2y

%

Figure 8.7 Characteristic of a sinusoidal PD.
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An analog multiplier can be implemented as a Gilbert cell, operating as
an exclusive-OR (XOR) gate if the input signals are relatively large.

8.2.2 Basic PLL

Simple Loop A phase-locked loop is a feedback system that operates
on the excess phase of nominally periodic signals. This is in contrast to familiar
feedback circuits where voltage and current amplitudes and their rate of change
are of interest. Shown in Fig. 8.8 is a simple PLL, consisting of a phase detector,
a low-pass filter (LPF), and a VCO. The PD serves as an “error amplifier” in
the feedback loop, thereby minimizing the phase difference, A¢, between x(t)
and y(¢). The loop is considered “locked” if A¢ is constant with time, a result
of which is that the input and output frequencies are equal.

x(t) o—m i
Phase Eos Low-Pass

r_ Detector Filter

Figure 8.8  Basic phase-locked loop.

1 VCO y(t)

In the locked condition, all the signals in the loop have reached a steady
state and the PLL operates as follows. The phase detector produces an output
whose dc value is proportional to A¢. The low-pass filter suppresses high-
frequency components in the PD output, allowing the dc value to control the
VCO frequency. The VCO then oscillates at a frequency equal to the input
frequency and with a phase difference equal to A¢. Thus, the LPF generates
the proper control voltage for the VCO.

[t is instructive to examine the signals at various points in a PLL. Figure
8.9 shows a typical example. The input and output have equal frequencies but
a finite phase difference. and the PD generates pulses whose width is equal
to the time difference between zero crossings of the input and output. These
pulses are low-pass filtered to produce the DC voltage that sustains the VCO
operation at the required frequency. As mentioned above, this voltage does
not by itself determine the output phase. The VCO phase can be regarded as
an initial condition of the system, independent of the initial conditions in the
LPF.

Let us now study, qualitatively, the response of a PLL that is locked for
t < ty and experiences a small, positive frequency step at the input at t = 1,
(Fig. 8.10). (For illustration purposes, the frequency step in this figure is only
a few percent.) We note that since the input frequency, wy,, is momentar-
ily greater than the output frequency, wey, X (f) accumulates phase faster than
does y(r),and the PD generates increasingly wider pulses. Each of these pulses
creates an increasingly higher dc voltage at the output of the LPF, thereby in-
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Figure 8.9 Waveformsina PLL.

creasing the VCO frequency. As the difference between wj, and wq,; dimin-
ishes, the width of the phase comparison pulses decreases, eventually returning
to slightly greater than its value before r = ;.

The above analysis provides insight into the “tracking” capabilities of a
PLL. If the input frequency changes slowly. its variation can be viewed as a
succession of small narrow steps, during each of which the PLL behaves as in
Fig. 8.10.

®g | OgrA®

y(t) B |||

PD
Output
LPF
Output
—
to t

Figure 8.10 Response of a PLL to a small frequency step.

It is important to note that in the above example the loop locks only
after two conditions are satisfied: (1) wou has become equal to wy,, and (2)
the difference between ¢;, and ¢, has settled to its proper value [4]. If the
two frequencies become equal at a point in time but A¢ does not establish



254

Chap. 8 Frequency Synthesizers

the required control voltage for the VCO, the loop must continue the tran-
sient, temporarily making the frequencies unequal again. In other words, both
“frequency acquisition” and “phase acquisition” must be completed. This is of
course to be expected because for lock to occur again, all the initial conditions
of the system, including the VCO output phase, must be updated.

If the input to a PLL has a constant excess phase, i.e., is strictly periodic,
but the input-output phase error, A¢, varies with time, we say the loop is
“unlocked,” an undesirable state because the output does not track the input
or the relationship between the input and output is too complex to be useful.
For example, if wj, is sufficiently far from the VCO’s free-running frequency,
the loop may never lock. While the behavior of a PLL in the unlocked state
is not important per se, whether and how it enters the locked state are both
critical issues.

Before studying PLLs in more detail, we make three important observa-
tions. First, since a PLL is a system with “memory,” its output requires a finite
time to respond to a change at its input, mandating a good understanding of
the loop dynamics. Second, in a PLL, unlike many other feedback systems, the
variable of interest changes dimension around the loop: it is converted from
phase to voltage (or current) by the phase detector, processed by the LPF as
such, and converted back to phase by the VCO. Third, in the lock condition,
the input and output frequencies are exactly equal, regardless of the magni-
tude of the loop gain (although the phase error may not be zero). This is an
extremely important property because many applications, including frequency
synthesizers, are intolerant of even small (systematic) differences between the
input and output frequencies. Note that if the phase detector is replaced with
only a frequency detector, this property vanishes.

While a PLL operates on phase, in many cases the parameter of interest is
frequency. For example, we often need to know the response of the loop if (1)
the input frequency is varied slowly, (2) the input frequency is varied rapidly,
or (3) the input and output frequencies are not equal when the PLL is turned
on. Therefore, the phase detector characteristic for unequal input frequencies
plays an important role in the behavior of a phase-locked loop.

Loop Dynamics in Locked State  Transient response of phase-locked
loops is generally a nonlinear phenomenon' that cannot be formulated easily.
Nevertheless, as with other feedback systems, a linear approximation can be
used to gain intuition and understand trade-offs in PLL design.

Figure 8.11 shows a linear model of the PLL in lock along with the transfer
function of each block. The model is to provide the overall transfer function for
the phase, @, (s)/Pin(5); hence the PD is represented by a subtractor. The
LPF is assumed to have a voltage transfer function G pr(s). The open-loop
transfer function of the PLL is therefore equal to

Kvco
s ,

Ho(s) = KppGLpr(s) (8.7)
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G pg (s) > Kvsco T.cpom

Figure 8.11 Linear model of a PLL.

yielding the following closed-loop transfer function:

Doue(s)
Hist = 8.8
() =8
_ KppKvcoGirpF(s) (89)
s + KppKvcoGLpr(s) '
In its simplest form, a low-pass filter is implemented as in Fig. 8.12, with
1 ,
GLer(s) = ———, (8.10)
i
WLPF
where wz pr = 1/(RC). Equation (8.9) then reduces to
KppK
H(s) = ——222¥C0 , (8.11)
8

+ s+ KppKvco
WLPF

indicating that the system is of second order, with one pole contributed by the
VCO and another by the LPE. The quantity K = Kpp Ky is called the*loop
gain” and expressed in rad/sec.

In order to understand the dynamic behavior of the PLL, we convert the
denominator of (8.11) to a familiar form used in control theory, s?+2{ w,s+w?,

Vin T c Vou
o o

Figure 8.12 Simple low-pass filter.
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where ¢ is the damping factor and w, is the natural frequency of the system.?
Thus,
a2

. (8.12)

H ot ;
(5) 52 + 2L wps +

where

wy = JorprK, (8.13)

_ 1 jorpF
§ = oo/ = (8.14)

Note that w, is the geometric mean of the —3-dB bandwidth of the LPF and
the loop gain, in a sense an indication of the gain-bandwidth product of the
loop. Also, the damping factor is inversely proportional to the loop gain, an
important and often undesirable trade-off.

In a well-designed second-order system, ¢ is usually greater than 0.5 and
preferably equal to +/2/2 so as to provide an optimally flat frequency response.
Therefore, K and w; pr cannot be chosen independently; for example, if { =
\/2—/2, then K = wy pr/2.

The transfer function in (8.12) is that of a low-pass filter, suggesting that
if the input excess phase varies slowly, then the output excess phase follows,
and conversely, if the input excess phase varies rapidly, the output excess phase
variation will be small. In particular, if s — 0, we note that H(s) — 1;that s,
a static phase shift at the input is transferred to the output unchanged. This is
because for phase quantities, the presence of integration in the VCO makes the
open-loop gain approach infinity as s — 0. To this end, we can examine the
“phase error transfer function,” defined as H,(s) = ®,.(s)/ Py (s) in Fig. 8.11,

Ho(s) = 1 — H(s) (8.15)

o S Uow (8.16)
$2 + 2L wpSs + W2

which drops to zero as s — 0.

Since phase and frequency are related by a linear, time-invariant oper-
ation, the transfer functions in (8.12) and (8.16) also apply to the input and
output excess frequencies. For example, (8.12) indicates that if the input fre-
quency varies rapidly, the instantaneous variation of the output frequency will
be small.

It is instructive to repeat our previous analysis of the loop step response
(Fig. 8.10) with the aid of (8.12). Suppose the input excess frequency is equal
to Awu(t), where u(t) is the unit step function (Fig. 8.13). The output excess

*Ina simple PLL, @, has no relation with the input and output frequencies.
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frequency then exhibits the typical step response of a second-order system,
eventually settling to Aw rad/sec higher than its initial value. The output excess
phase, on the other hand, is given by

DPou(s) = H(s)Pin(s) (8.17)

2

w;, Aw

= i 8.18
52 + 2L wys + w2 s? (818)

which is the response of a second-order system to a ramp input. More impor-
tantly, the phase error is

Q. (s) = He(s)Pinls) (8.19)
s2 4+ 2tw,s Aw

= . 8.20
52 + 2L wps + @} §? ey
whose final value is given by

Ge(t = 00) = !g}}) 5¢e(s) (8.21)

28
= Aw— (8.22)

Wy

Aw

= —. (8.23)

K

Therefore, static changes in the input frequency are suppressed by a factor of
K when they manifest themselves in the static phase error (Fig. 8.13). This is
of course to be expected because for the VCO frequency to change by Aw,
the control voltage must change by Aw/Kycp and the input to the PD by
Aw/(KycoKpp)-

Figure 8.13 Response of a PLL to a frequency step.



258

Chap. 8 Frequency Synthesizers

It is also useful to have an approximate relation for the step response in
the time domain. In a second-order system with { < 1, the step response is
given by

1
i) = [1 — ———exp(—Cwyt) X sin(wy/1 — %1 + ¥) | u(t),
gl —~48

(8.24)

where ¥ = sin~!/1 — ¢2.

Tracking and Acquisition Two aspects of the performance of PLLs
prove essential in most applications. The first is the “tracking”™ behavior, that
is, the extent to which the loop can follow variations in the input frequency.
The second is the “acquisition™ characteristics, i.e., how the loop goes from
unlocked state to complete phase lock.

A detailed analysis of these properties can be found in [4, 5, 6], but we
should mention here that to ensure a sufficiently wide tracking and acquisition
frequency range, most PLLs incorporate frequency comparison in addition to
phase detection. The idea is that if the VCO and input frequencies are wide
apart, a frequency detection mechanism governs the feedback loop, driving the
VCO frequency closer to the input frequency. After the difference has dropped
to sufficiently low values, the phase detection takes over, performing the final
phase lock.

8.2.3 Charge-Pump PLLs

Phase/Frequency Detectors A circuit that can detect both phase and
frequency difference proves extremely useful because it significantly increases
the acquisition range and lock speed of PLLs.

Unlike multipliers and XORs, sequential phase/frequency detectors
(PFDs) generate two outputs that are nof complementary. Illustrated in Fig.
8.14, the operation of a typical PFD is as follows. If the frequency of input
A is greater than that of input B, then the PFD produces positive pulses at
QO A, while Qg remains at zero. Conversely, if wqa < wp, then positive pulses
appear at QO p while Q4 = 0. If ws = wp, then the circuit generates pulses at
either Q4 or Qp with a width equal to the phase difference between the two
inputs. (Note that, in principle, O 4 and Qg are never high simultaneously.)
Thus, the average value of Q 4 — Q p is an indication of the frequency or phase
difference between A and B. The outputs Q4 and Qg are usually called the
“UP” and “DOWN" signals.

To arrive at a circuit with the above behavior, we postulate that at least
three logical states are required: Q4 = Qp = 0; Q4 = 0, Q5 = 1; and
Q4 = 1,0p = 0. Also, to avoid dependence of the output upon the duty
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Figure 8.14 Phase/frequency detector response with (a) w4 > wg, (b) A lagging B.

cycle of the inputs, the circuit should be implemented as an edge-triggered
sequential machine. We assume the circuit can change state only on the rising
transitions of A and B, and, for the sake of brevity, will omit the adjective
“rising” hereafter. Fig. 8.15 shows a state diagram summarizing the operation.
If the PFD is in the “ground” state, Q4 = Qp = 0, then a transition on A
takes it to state I, where Q4 = 1, Qg = 0. The circuit remains in this state
until a transition occurs on B, upon which the PFD returns to state 0. The
switching sequence between states 0 and II is similar.

State Il 34 State 0 A4 State |

Figure 8.15 PFD state diagram.

An important point in this state diagram is that if, for example, wy > wg.
then there will be a time interval during which two transitions of A take place
between two transitions of B. This ensures that, even if the PFD begins in state
I1, it will eventually leave that state and thereafter toggle between states 0 and
1[7].

A possible implementation of the above PFD is shown in Fig. 8.16 [7].
The circuit consists of two edge-triggered, resettable D flipflops with their D
inputs connected to logical ONE. Signals A and B act as clock inputs of DF F4
and DF Fp, respectively. We note that if Q4 = Qp = 0, a transition on A
causes Q4 to go high. Subsequent transitions on A have no effect on Q 4, and
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Figure 8.16 PFD implementation.

when B goes high, the AND gate activates the reset of both flipflops. Thus,
Q4 and Qp are simultaneously high for a duration given by the total delay
through the AND gate and the reset path of the flipflops. Figure 8.17 shows
the input-output characteristic of the PFD.

)

Vout

-27

+27 Ad

Figure 8.17 PFD characteristic.

The D flipflops in Fig. 8.16 may employ different topologies in bipolar
and CMOS implementations. In bipolar technology, a standard master-slave
configuration with an additional reset input can be used. In CMOS technology,
a simple circuit such as that in Fig. 8.18 [8] proves adequate. Note that the
D input is “hidden” here. Other implementations of PFDs are described in
[9, 10].

The output of a PFD can be converted to DC in different manners. One
approach is to sense the difference between the two outputs by means of a
differential amplifier and apply the result to a low-pass filter. Alternatively, the
outputs can drive a three-state “charge pump.”
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CK

Reset

Figure 8.18 Implementation of each DFF in Fig. 8.16.

Charge Pumps In the low-pass filters considered thus far (Fig. 8.12),
the average value of the PD output is obtained by depositing charge onto
a capacitor during each phase comparison and allowing the charge to decay
afterwards. In a charge pump, on the other hand, there is negligible decay
of charge between phase comparison instants, leading to interesting conse-
quences.

A three-state charge pump can be best studied in conjunction with a
three-state phase/frequency detector (Fig. 8.19). The pump itself consists of
two switched current sources driving a capacitor. Note that for a pulse of width
T on Qa, I deposits a charge equal to /7 on Cp. Thus, if wg > wg, or
ws4 = wpg but A leads B, then positive charge accumulates on Cp steadily,
yielding an infinite DC gain for the PFD. Similarly, if pulses appear on Qp,
I, removes charge from Cp on every phase comparison, driving V,,, toward
—o0. In the third state, with Q4 = Op = 0, V., remains constant. Since
the steady-state gain is infinite, it is more meaningful to define the gain of the
PFD/charge pump combination for one comparison instant, which is equal to
IT/2nCp).

An important conclusion to be drawn from the above observations is
that, if offsets and mismatches are neglected, a PLL utilizing this arrangement
locks such that the static phase difference between A and B is zero; even an
infinitesimal phase error would result in an indefinite accumulation of charge
on Cp.

The PFD/charge pump combination exhibits nonidealities such as the

“dead zone,” charge sharing and injection, etc. These effects are described in
[s, 9.
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Figure 8.19 PFD with charge pump.

Charge-Pump PLLs Charge-pump PLLs (CPPLLs) incorporate a PFD
(or PD) and a charge pump instead of the combinational PD and the LPF in
the generic architecture of Fig. 8.8. As mentioned before, the combination of a
PFD and a charge pump offers two important advantages over the XOR/LPF
approach: (1) the capture range is only limited by the VCO output frequency
range, and (2) the static phase error is zero if mismatches and offsets are neg-
ligible. In this section, we study the characteristics of this type of PLLs and
make comparisons with the conventional type.

Charge pumps provide an infinite gain for a static phase difference at the
input of the PFD. From another point of view, the response of a PFD/charge
pump to a phase step is a linear ramp, indicating that the open-loop transfer
function of the circuit contains a pole at the origin. With another such pole
contributed by the VCO, a charge-pump PLL cannot remain stable. In fact,
representing the transfer function of the PFD/charge pump with Kprp/s, we
note that the closed-loop transfer function of the PLL is



Sec. 8.2 Phase-Locked Loops 263

Vop

x(t) o—p>
PFD —h—> vco F+——o y(t)
& C

Figure 8.20 Charge-pump PLL.

Kprp Kvco
H(s) = S - (8.25)
K K
1 + Kprp Kvco
s s

= — KprpKvco , (8.26)

s* + KprpKvco
revealing two imaginary poles at w = £ j+/KprpKyco. To avoid instability,
a zero must be added to the open-loop transfer function. This is in contrast
to the case of a sinusoidal PD and a simple low-pass filter, where the loop is,
in principle, stable even with no zero. The stabilizing zero in a CPPLL can be
realized by placing a resistor in series with the charge pump capacitor (Fig. 8.21).

VDD

I I ° Vout
CP
R

Figure 8.21 Addition of a zero to a charge pump.

To perform a small-signal analysis, we note that the switching operation
of the charge pump and the lack of a discharge path between phase comparison
instants make the PLL a discrete-time system. However, if the loop bandwidth
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is much less than the input frequency, we can assume the state of the PLL
changes by a small amount during each cycle of the input [11]. Using the
“average” value of the discrete-time parameters, we can then study the loop as
a continuous-time system [11].

Suppose the loop begins with a phase error ¢, — @our = @.. Then, the
average current charging the capacitor is given by /¢, /(27), and the average
change in the control voltage of the VCO equals

1 1
Veont(s) = 2(:;_ (R *C—PS') . (827)

Noting that @y (s) = Veoni(s)Kvco/s, we obtain the following closed-loop
transfer function:

RCps + )Kvye
ZnCp( P YKvco

H(s) = 7 (8.28)
24+ —K R K
- o VEO i 2nCp v
Thus, the system is characterized by a zero at w, = —1/(RCp) and
- K (8.29)
Wy = 2 :
n ZJTCP vCo
R [ICp
= —,/—K : 8.30
§ = g V0 (8.30)

Note that w, is independent of R.

From Eq. (8.24), we note that the decay time constant of the system is
equal to (tw,/2)' = (RIKyco/8) !, a quantity independent of Cp.

In many applications, it is desirable to maximize the loop bandwidth,
which is usually proportional to w,. While for a PLL with a sinusoidal PD,
wy and ¢ cannot be maximized simultaneously, Egs. (8.29) and (8.30) sug-
gest that in a CPPLL, both w, and ¢ can be increased if / or Kycgp is in-
creased. However, as the loop bandwidth becomes comparable with the input
frequency, the continuous-time approximation used above breaks down, ne-
cessitating discrete-time analysis.

Using such an analysis, Gardner has derived a stability limit [11] that can

be reduced to ;

1
“n = Z(RCpwy +7) =0
implying an upper bound on w,. This equation also indicates that R cannot
be increased indefinitely [10]. In typical designs, the loop bandwidth is roughly
one-tenth of the input frequency to guarantee stability.

In single-ended charge pumps, the resistor added in series with the ca-
pacitor can introduce “ripple” in the control voltage [11] even when the loop

w

(3% ]
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is locked. Since §; and §; turn on at every phase comparison instant, the
mismatch between /; and I; flows through R, causing a step at the output.
Furthermore, mismatch between overlap capacitance of §; and S; results in
a net signal feedthrough to the output. Modulating the VCO frequency, this
effect is especially undesirable in frequency synthesizers.

To suppress the ripple, a second capacitor can be connected from the
output of the charge pump to ground. This modification introduces a third
pole in the PLL, requiring further study of stability issues. Gardner provides
criteria for the stability of such systems [11].

8.2.4 Type |l and Type Il PLLs

Our study of PLLs reveals that the combination of the PD and the loop filter
plays an important role in the system dynamics. In particular, PLLs incorpo-
rating sinusoidal PDs and RC filters exhibit distinctly different stability issues
from those using three-state PFDs and charge pumps. The fundamental dif-
ference between the two is that the open-loop transfer function of the former
has only one pole at the origin whereas that of the latter has two poles at the
origin. The two topologies are called “type 1" and “type I1,” respectively.

In order to understand the stability characteristics of the two PLL types,
we analyze the root locus of each as the loop gain, K = KppKyco, varies.
The open-loop transfer function of a type I PLL (with no zeros) is equal to
K/[(1 4+ s/wrpF)s]. Thus, for K = 0, the closed-loop poles begin at s; = 0
and 5, = —wrpr [Fig. 8.22(a)]. As K increases, s; and s; move toward each
other on the real axis and meet for K = w; pr/4. For higher K, the poles
become imaginary and move toward =00. Since { = cosf, we note that
increasing K makes the system /less stable.

Lo Aj®

0\
i ————X > G
~Oppr P . 0
2

(a) (b)

Figure 8.22 Root loci for (a) type I and (b) type II PLLs.
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For a type II charge-pump PLL, the open-loop transfer function is equal
to Ip|R+1/(Cps)|Kyco/(2rs). As IpKyco increases from zero, both poles
depart from the origin and move on a circle in the left half plane, eventually
returning to the real axis for sufficiently high gain, that is, where / Kycp =
87 /(R*Cp) and ¢ = 1. Thus, increasing the loop gain makes the PLL more
stable.

As mentioned above, type II PLLs are usually of third order because the
capacitor placed in parallel with the series RC network contributes a third pole.
The root locus and stability in such a case are described in [4, 11].

8.2.5 Noise in PLLs

Since PLLs operate on the phase of signals, they are susceptible to phase noise
or jitter. Within the scope of this book, we consider phase noise as a random
component in the excess phase, as exemplified by ¢, (¢) in x(t) = A cos[w.t +
¢, (1)]. For the sake of brevity, we use the term noise to mean phase noise.

If the input signal or the building blocks of a PLL exhibit noise, then the
output signal will also suffer from noise. In general, all the loop components,
including the phase detector, the LPF, the VCO, and the frequency divider may
contribute noise [15]. The goal is to understand how the spectrum of a given
noise source is shaped as it propagates to the output.

We examine two important cases: (1) the input signal contains noise, and
(2) the VCO introduces noise. In each case, we find the transfer function from
the noise source of interest to the PLL output. In monolithic implementations,
the phase noise of the VCO is typically much more significant than that of other
loop components.

8.2.6 Phase Noise at Input

Consider the PLL in Fig. 8.23 where the input and output signals are x(t) =
Asin[w.t + ¢in(2)] and y(1) = Bsin[w.t + ¢ow(t)]. The transfer function
Doui(s)/ Pin(s) of a second-order type II PLL is

w:(1 + s/w,)

H{s) = "
() 52 + 2L wys + W

(8.32)

If the input (excess) phase, ¢i,(7), does not vary with time, that is, if the input
to the PLL is a pure sinusoid, then s = 0 and H (s) = 1. Now, suppose ¢;,(7)
is varied so slowly that both the numerator and the denominator of (8.32) are
still close to w,z,. Thus, H (s) remains close to unity, indicating that the output
phase (or frequency) follows the input phase (or frequency), a natural property
of the PLL as a tracking system.

What happens if ¢;,(¢) varies at an increasingly higher rate? For the case
shown in Fig. 8.23, Eq. (8.32) shows that the output excess phase, ¢y (¢), drops,
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Figure 8.23 Noise transfer function of a PLL from input to output.

eventually approaching zero and yielding y(f) = Bsinw.f. In other words,
for fast variations of the input excess phase or frequency, the PLL fails to track
the input.

In summary, the input phase noise spectrum of a PLL is shaped by the
characteristic low-pass transfer function of the system when it appears at the
output.

8.2.7 Phase Noise of VCO

The phase noise of the VCO can be modeled as an additive component, ¢yco,
as shown in Fig. 8.24. Assuming ¢yco and ¢;, are uncorrelated, we set ¢,
to zero and compute the transfer function from ¢yco to ¢ou.* Note that
¢in(f) = 0 means the excess phase of the input is zero, not the input signal
itself; that is, we must apply a strictly periodic signal at the input.

With ¢;, = 0 and a second-order type II PLL , we have

DPoue(s) . 32
Dycols) s+ 20wns + w2’

As expected, this transfer function has the same poles as (8.32), but it also
contains two zeros at the origin, making the characteristic a high-pass filter.

The zeros at the origin imply that for slow variationsin ¢y c o, Pou is small.
This is because, in lock, the phase variations in theVCO are converted to voltage
by the PD and applied to the control input of the VCO so as to accumulate
phase in the opposite direction. Since both the charge pump and the VCO have
nearly infinite gain for slowly varying signals, the negative feedback suppresses
variations in the output phase.

(8.33)

. Superposition holds for the power of uncorrelated sources.
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Figure 8.24 Noise transfer function of a PLL from VCO to output.

From another perspective, if ¢y co varies slowly, the PLL can be simpli-
fied and redrawn as in Figs. 8.25(a) and (b). Since an ideal integrator placed in
a negative feedback loop creates a “virtual™ ground at its input, ¢, =~ 0 for
slow variations in ¢y co. Now, suppose the rate of change of ¢y increases.
Then, the magnitude of Kpp/s and Ky co /s and hence the loop gain decrease,
allowing the virtual ground to experience significant variations.

DPyco l

= Kpofdt — KVCOId' Pyco H@T e Kf‘rdfdf
‘ Pout Doyt

(a) (b)

Figure 8.25 Simplified model of PLL with VCO noise.

From (8.33), we note that as s — 00. ¢y — Pyvco. Which is to be
expected because the feedback loop is essentially open for very fast changes in
dvco.

In summary, the VCO phase noise experiences a high-pass transfer func-
tion as it appears at the output of a PLL. Thus, increasing the bandwidth of the
PLL can lower the contribution of the VCO phase noise.
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8.2.8 Frequency Multiplication

Synthesizers often require that the output frequency of a phase-locked loop
be a multiple of the input frequency. A PLL can “amplify” a frequency in the
same fashion a feedback circuit amplifies a voltage. Asshown in Fig. 8.26(a), to
amplify the input, the output signal is divided down before it is fed back. Since
the output quantity of interest in a PLL is the frequency, a frequency divider
(e.g., a digital counter) must be inserted in the feedback loop [Fig. 8.26(b)].
From another perspective, when the loop is locked, wr = wj,, and hence
Wout = Mwy,. The divide ratio M is also called the “modulus.”

Vin°_ +

—Vout  ®ino—>| PD |—=| LPF |—={ vCO > Ogut

: e

(a) (b)

AA
(4 |

olo

M fe—

Figure 8.26  Signal “amplification” in (a) a voltage amplifier, (b) a PLL.

The analogy depicted in Fig. 8.26 also proves useful in studying the effect
of the <M circuit upon the PLL behavior. As with the feedback amplifier, the
loop gain is divided by M, and hence the results of all of the previous static and
dynamic analyses can be directly applied if K is replaced by K /M.

It is interesting to note that frequency multiplication in Fig. 8.26(b) also
amplifies the input phase noise. For example, the magnitude of phase noise
components within the —3-dB bandwidth of the PLL is multiplied by a factor
of approximately M.

8.3 RF SYNTHESIZER ARCHITECTURES

An RF synthesizer generates an output frequency given by fou = fo + &fen.
where f; is the lower end of the range, & is an integer varying from 0 to the
maximum number of channels and f; is the frequency step (i.e., the channel
spacing). In the receive band of IS-54, for example, f; = 869 MHz, k =
0,...,833,and f = 30 kHz. As shown in Fig. 8.1, k is selected by a digital
input. In a mobile unit, this occurs when the base station assigns a certain
frequency channel for reception and/or transmission.

The very high accuracy required in the definition of f; and f.; often
mandates the use of PLLs in synthesizers because under locked condition the
(average) output frequency of a PLL bears an exact relationship with the input
frequency.
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8.3.1 Integer-N Architecture

The frequency multiplication scheme of Fig. 8.26(b) provides a starting point
in the design of synthesizers. To generate output frequencies given by fou =
fo + kfer, a frequency divider with a variable modulus can be used. Depicted
in Fig. 8.27, such a topology produces fouw = M frer, where M varies in
unity steps from M; to My. If Mfgrpr is to be equal to fy + kfen, then
for the first channel (k = 0), we have My frer = fo. Furthermore, for the
second channel, (M; + 1) frer = fo+ fen,implying that f., = frer. Thus,
fowt = My frer +kfrer. The important point here is that the input reference
frequency must be equal to the channel spacing.

frep o—| PD }—»| LPF vco » fout

L

Modulus Selection

olo
=2

Figure 8.27 Integer-N synthesizer.

The frequency divider employed in Fig. 8.27 must provide a variable mod-
ulus given by M = M; +k, k =0,1,..., N. An example of such a circuit
is a “pulse-swallow divider,” illustrated in Fig. 8.28. The divider consists of
a “prescaler,” a “program counter,” and a “swallow counter.” We briefly de-
scribe the operation of the circuit here. Let us first make three observations:
(1) the prescaler divides the input by either N +1 or N according to the logical
state of the modulus control line, (2) the program counter always divides the
prescaler output by P, and (3) the swallow counter divides the prescaler output
by S, where S is determined by the digital input and can vary from 1 to the
maximum number of channels. This counter also has a reset input. We will
show that fou, = (NP + §) fin.

When the circuit begins from the reset state, the prescaler dividesby N +1.
The prescaler output is divided by both the program counter and the swallow
counter until the latter is “full,” i.e., it has counted § pulses. At this point, that
is, after (N + 1)S cycles at the main input, the swallow counter changes the
state of the modulus control line, making the prescaler divide fi, by N. Note
that before this change, the program counter has sensed a total of § pulses.
After the modulus changes, the prescaler and the program counter continue to
divide until the latter is full. Since the program counter has already sensed §
pulses, it requires £ — § cycles at its input, and hence (£ — S)N pulses at the
main input, to reach overflow. Thus, the output generates one complete cycle
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Figure 8.28 Pulse swallow frequency divider.

forevery (N +1)S+ (P — S)N = PN + § cycles at the input. The operation
repeats after the swallow counter is reset.

The simplicity of the integer- N architecture has made it a popular choice
for many decades. In RF systems, the synthesizer has commonly been parti-
tioned into three separate chips: the VCO: the dual-modulus prescaler; and
the combination of the program counter, the swallow counter, the PFD, and
the charge pump. As the fast parts of the system, the VCO and the prescaler
have typically been fabricated in silicon bipolar or GaAs technologies and the
rest in CMOS technology. Note that a buffer is usually interposed between the
VCO and the prescaler to isolate the former from the switching noise in the
latter.

Integer- N synthesizers nevertheless suffer from a number of drawbacks.
Some of the issues are as follows.

Reference Spurs In the architecture of Fig. 8.27, the input reference
frequency modulates the VCO, generating sidebands around the carrier. To
understand this effect, we return to the charge-pump PLL of Section 8.2.3. Re-
call that the outputs UP and DOWN produce a narrow pulse at every phase
comparison instant even if the input phase difference is zero (Fig. 8.29). In
the ideal case, the two pulses would have identical and opposite shapes, and
the gate-drain overlap capacitance of §5; and S; would be equal, resulting in
complete cancellation of the feedthrough of the pulses to node X. In practice,
neither of these is true and the VCO control voltage experiences a finite tran-
sient at each phase comparison instant. Furthermore, as shown in Fig. 8.30,
when S; and S, turn off, their charge injection mismatch yields an error step
at node X, causing the VCO frequency to shift. Consequently, by the next
comparison instant, the VCO output phase is not equal to the input reference
phase, thereby requiring the charge pump to produce a corrective pulse of
current. Thus, Vy toggles between two values even under the locked condi-
tion.
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Figure 8.29 Periodic disturbance of VCO control line due to charge pump activitiy.

The above mechanisms can be quantified with the aid of simulation. For
a realistic PD and charge pump design, the systematic error waveform due
to feedthrough and charge injection can be obtained from time-domain sim-
ulations. To estimate the effect of this waveform, let us assume the control
line disturbance appears as narrow rectangular pulses having a width At and
a height AV (Fig. 8.31). Denoting the periodic waveform by g(¢), we can
express the VCO output as

Vout(t) = Vpcos |:0)FR’ -+ chofg(t)dt + chofvldt] . (8.34)

Figure 8.30  Effect of charge injection mismatch in charge pump.

The Fourier series expansion of g() is given by

AV At
TrREF

glt) = + Zan cos(nwrert + 6,), (8.35)

n#0

where the first term represents the dc component and can be merged with V;.
Thus,
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Figure 8.31 Estimation of VCO modulation due to charge pump feedthrough.

AV At
REF

Vout(t) = Vjcos (wFR + Kvco + chovu)l

an .
— Kvco | Vo ) ———sin(nwgert + 6,)
n

AV At

REF

sin (wFR + Kvco + Kvco V:) t (8.36)
indicating sidebands at *wggF. etc., with respect to the carrier. These side-
bands are called “reference spurs.” Note that the magnitude of the sidebands
is inversely proportional to wreF.

The problem of reference feedthrough is a difficult one, especially if wg £
issmall enough that wc +wgg F fallsin the band of interest. Typical synthesizers
employ large capacitors in the loop filter to reduce AV and minimize Kyco
to lower the modulation index. At low supply voltages, the latter remedy is not
feasible because the tuning range must be sufficiently wide to guarantee lock
despite process and temperature variations.

Another approach to suppressing reference feedthrough is to interpose
a notch filter between the loop filter and the VCO. Depicted in Fig. 8.32, this
technique creates a transmission zero at wggr (and if necessary higher har-
monics thereof) to minimize the disturbance of the oscillator control voltage.
Two drawbacks, however, accompany this method: (1) the filter may generate
substantial noise unless it incorporates off-chip inductors and capacitors, and
(2) the filter alters the loop transfer function, possibly degrading the settling
behavior and even causing instability. In active implementations, the 1/f noise
of such a filter is also troublesome for it is upconverted to the frequency range
around the carrier (Chapter 7).

Loop Bandwidth The integer-N architecture of Fig. 8.27 requires that
the reference frequency, frrr, be equal to the channel spacing, e.g., 30 kHz
in IS-54 and 200 kHz in GSM. Now recall from Section 8.2.3 that stability
considerations limit the bandwidth of type II phase-locked loops to roughly
frer/10. Thus, with frer = 30 kHz, the loop settling time constant may be
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VvCO

Figure 8.32 Use of a notch filter to suppress reference feedthrough.

as large as 1 msec. Before quantifying the results, we need to revisit the concept
of lock time.

In many PLLs, the lock time is defined in terms of the phase difference
between the input and the output: near the end of the lock transient, this dif-
ference drops to acceptably low values and the loop is considered locked. This
view is indeed appropriate for retiming and edge alignment in data communi-
cations.

In RF synthesis, on the other hand, the output parameter of interest
during transients is the frequency rather than the phase. Because of closely
spaced channels, the LO frequency in the receive and transmit paths must
settle to within a few ppm with respect to its ideal value before the loop is
considered locked. If the control voltage of the oscillator changes with time,
so does the instantaneous value of the output frequency (Fig. 8.33). Thus, the
downconversion or upconversion functions in the transceiver do not operate
exactly on the desired channel until the LO frequency has settled. As depicted
in Fig. 8.34, in the receive path this effect skews the center of the downconverted
channel, corrupting the desired signal with an adjacent channel, and in the
transmit path the frequency error causes the upconverted signal to leak into
adjacent channels.

Vcont

Figure 8.33 Variation of VCO frequency during synthesizer settling.
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Figure 8.34  Effect of synthesizer settling on received and transmitted channels.

In the phase-locked architecture of Fig. 8.27, a loop transient occurs each
time the divider modulus changes. Interestingly, a small change in M yields
the same transient behavior as does a small change in the input frequency. This
can be proved with the aid of the feedback system shown in Fig. 8.35, where A
changes by a small amount € at ¢ = 0. The output after t = 0 is then equal to

H(s)
Y(s) = T 6)H(S)X(s) (8.37)
g i __ .. 3 _sin 8.38
T 1+ AHG) 1+e€/A° " 529
. H(©) -
o AH(S)(I DX(). (8.39)

implying that the change is equivalent to multiplying X (s) by (1 —€/A) while
retaining the same transfer function. Since in the synthesizer, x(¢) is constant
before 1 = 0, multiplication by 1 — € /A can be viewed as a step from x(t) to
(1—€/A)x(t)att =0.

From the above analysis, we infer that when the divider modulus changes,
the loop exhibits a response to a step input, requiring a finite time to settle

X(s) ++ H(s) > Y(s)
D= 4
+
ey &
t=0

Figure 8.35 Effect of a small change in the feedback factor.
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Figure 8.36 Worst-case switching in a synthesizer.

within an acceptable margin around its final value. As shown in Fig. 8.36, the
worst case occurs when the synthesizer output frequency must go from the first
channel, (NP + 1) frer. to the last, (NP + §) freF, or vice versa. Suppose
the divider modulus changes from M to M + k, where k << M. How is the
settling time estimated? Using the above notation, we write A = 1/M and
A+ € = 1/(M + k). This is equivalent to a change in the reference frequency
from frer to frep(1 + k/M). Writing Eq. (8.24) for the input and output
frequencies of the loop, we have

fou(®) = Mfrer + kfREF [1 =

1
————exp(—lwyt)
V1= ¢2
sin(wpy/1 — £2t + sin™! /1 — {2)]14({). (8.40)

Since the final value of the output frequency is (M +k) frgr. we must calculate
the time required for fu, to be within (1 & a)(M + k) frer, where « is the
settling accuracy.

(A a)(M + k) frer = Mfrer + kfRer [1 -

1
\/_1_—=§2 exp(—Lwpts)
sin(wpy/1 — 25 + sin™' /1 — {2)]. (8.41)

A sufficient condition for settling is that the exponential envelope decay to
small values:

k
‘_t(X(M + k) = —l—-ﬁexp(—Cwnts). (8.42)
It follows that
s = : In X (8.43)
§ &= . .
fwp  Maly/1 — 22
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For example, consider a typical synthesizer with frrr = 200 kHz,

Mfrer = 900 MHz, ¢ = +/2/2, and k = 128. For 10 ppm settling accu-
racy, the above equation yields 75 &~ 8.3/({w,); that is, the loop requires 8.3
time constants to settle. In practice, the settling time is longer than the value
predicted by (8.43). Recall from Section 8.2.3 that most charge-pump PLLs in-
corporate a second capacitor in parallel with the RC combination to suppress
the disturbance on the VCO control line, especially if the reference spurs are
to be minimized. Thus, the system is of third order, generally exhibiting slower
settling to high precisions. For this reason, accurate simulations are required
to calculate the settling time of the loop.

Phase Noise Another drawback resulting from limited loop bandwidth
is higher close-in phase noise at the output. As explained in Section 8.2.5,
the phase noise of the oscillator is reduced by the feedback only within the
bandwidth of the loop. For example, if the loop bandwidth of a GSM synthesizer
is equal to 20 kHz, then phase noise components at frequency offsets greater
than a few kilohertz experience little attenuation. This is a serious issue in
MOS implementations because the upconverted 1/f noise of the VCO is quite
significant for offsets as large as several hundred kilohertz.

The large division ratio required in typical RF synthesizers also intensifies
the effect of the reference and phase detector noise within the loop bandwidth.
For example, in IS-54, a division ratio of approximately 30,000 is required to
generate a 900-MHz output from a 30-kHz reference. Consequently, at small
frequency offsets the reference and PD noise floor is raised by 20 log 30000 =
90 dB [16].

8.3.2 Fractional-N Architecture

In the integer- N architecture, the loop bandwidth is limited because the input
reference frequency must be equal to the channel spacing. This, in turn, results
from the property that the output frequency changes by only integer multiples of
frer. In“fractional- N synthesizers, on the other hand, the output frequency
can vary by a fraction of the input frequency, allowing the latter to be much
greater than the channel spacing.

Before studying the fractional-N architecture, we make an observation.
Suppose, as shown in Fig. 8.37(a), a pulse is removed every Tp seconds from
a periodic signal x(r) that has a frequency f;. The resulting waveform, y(t).
then exhibits f;.7p — 1 pulses every 7p seconds, i.e., y(¢) has an “average”
frequency equal to f; — 1/Tp. This method can be used to vary the average
frequency of a signal by small steps. We should note, however, that y(t) is
not a strictly periodic signal. In fact, y(r) can be viewed as the product of
x(7) and a rectangular waveform r(7) with period Tp [Fig. 8.37(b)], displaying
sidebands at f; & k/Tp. The idea of removing pulses nevertheless proves
useful in fine-step frequency synthesis.
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Figure 8.37 (a) Periodic removal of a pulse from a periodic waveform, (b) removal viewed
as multiplication by r(f).

Figure 8.38(a) shows a simple phase-locked fractional- N architecture. In
addition to the PFD, LPF, and VCO, the loop incorporates a pulse remover,
a circuit that blocks one input pulse upon assertion of the remove command.
Since under locked condition the two frequencies presented to the phase de-
tector must be equal, the average output frequency of the pulse remover equals
freF,and hence fou = frer +1/Tp, where Tp is the period with which the
remove command is applied. Note that f,, can vary by a fraction of frer
because the frequency fp = 1/Tp can be derived from frer by simple di-
vision. Provided by a crystal oscillator, frgF is typically limited to a few tens of

frer™—= PFD || LPF [>| VCO = fout
l Pulse
Remover .
Remove
(a)
feer*—>{ PFD | LPF }p=| VCO fout
’ ° Pulse
T M Remover
Remove

(b)

Figure 8.38 (a) Simple fractional-N synthesizer, (b) use of divider in the loop.
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megahertz. Thus, as shown in Fig. 8.38(b), fractional-N loops incorporate a
divider in the feedback to generate high output frequencies.

While the original fractional-N topology was based on the pulse re-
mover concept [17], modern implementations of this architecture operate on
a somewhat different principle. Depicted in Fig. 8.39, such a synthesizer re-
places the pulse remover and the divider of Fig. 8.38(b) with a dual-modulus
prescaler. If the prescaler divides by N for A output pulses (of the VCO)
and by N + 1 for B output pulses, then the equivalent divide ratio is equal to
(A4 B)/[A/N + B/(N + 1)]. This value can vary between N and N + 1 in
fine steps by proper choice of A and B. The resulting modulus is sometimes
written as V. f, where the dot denotes a decimal point and N and f represent
the integer and fractional parts of the modulus.

frer*—{ PFD || LPF |=] vCO — fout

T— S (N+1)/N ja——

t

Modulus Control

Figure 8.39  Fractional- N synthesizer using a dual-modulus divider.

As an example, consider the circuit in Fig. 8.40, where frrr = 1 MHz
and N = 10. Let us assume the prescaler divides by 10 for 9 reference cycles and
by 11 for one reference cycle. The total number of output pulses is therefore
equal to 9 x 10411 = 101, whereas the reference produces 10 pulses. In other
words, the divide ratio is equal to 10.1 and f,,; = 10.1 MHz.

fHEFO—ll-—b PD —={ LPF —={ VCO —»fout

£10/11 pa———
Modulus
—1 210 -—* Control
= Taer
|

-
9Trer

Figure 8.40 Example of a fractional- N synthesizer.
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With freF in the range of tens of megahertz, the loop bandwidth of a
fractional- N synthesizer can be as high as a few megahertz, yielding a fast lock
transient as well as suppressing the VCO close-in phase noise. Furthermore,
the smaller division ratio lowers the effect of the reference and PD phase noise.

Fractional Spurs  Fractional- NV synthesis suffers from a critical draw-
back: “fractional spurs.” To understand the issue, let us examine the inputs
and the output of the phase detector in Fig. 8.40. The analysis can be simplified
if we first assume the VCO is disconnected from the LPF and its control voltage
is set such that f,,, = 10.1 MHz. Asshown in Fig. 8.41, each of the first nine
cycles of the divided signal is slightly shorter than the reference period. Con-
sequently, the phase difference between the reference and the feedback signal
grows in every period of fggp, until it returns to zero when divide-by-11 oc-
curs. Thus, the phase detector produces progressively wider pulses, creating a
ramp waveform at the output of the LPF.

From the above observation, we conclude that if the VCO output is to
be equal to (N + «) frer. (e.g., « = 0.1 in Fig. 8.40), then the output of the
LPF will be a repetitive ramp waveform with a period 1/(afrgF). If the loop
were closed, such a waveform would modulate the VCO, creating sidebands at
o frer, 20 frEF. etc. with respect to the center frequency. Such sidebands are
called fractional spurs. From another point of view, since the feedback signal
is not strictly periodic and hence contains significant sidebands, the mixing
operation in the phase detector translates the sidebands to the vicinity of zero
frequency.

It is interesting to note that if the loop is closed, the LPF output is no
longer a linear ramp waveform: as this voltage increases, the VCO period
decreases and hence the phase difference between frrr and f,,, grows faster
than a linear function of time.

The problem of fractional spurs is a serious one. Since the phase differ-
ence between the feedback and reference signals grows to significant values,
the amplitude of the LPF output waveform is quite large, yielding fractional
spurs typically only 20 to 30 dB below the carrier magnitude. Consequently,
various methods of suppressing the spurs have been devised [17, 2].

Returning to Fig. 8.41, we note that the increment in the phase difference
in every reference period is well defined. If f,« = (N + «) freF. then the pe-
riod of the feedback signal isequal to (1 4+« /N) frgF, giving a phase increment
of ¢/[(N + ) frer] (in seconds). In other words, the current pulse generated
by the charge pump grows in width by «/[(N + «) frer] seconds on every
phase comparison instant. Thus, if another current pulse train with the same
width and opposite sign is injected to the low-pass filter, the disturbance on the
VCO control line can be minimized. This is called “fractional compensation.”

The above observation may suggest that the compensation current can be
generated by simply a second charge pump driven by the same phase
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detector. However, it is important to understand the ultimate goal of fractional
compensation. In fact, the reader may wonder what each phase comparison
accomplishes if the two currents injected into the filter exactly cancel each
other. If that were the case, choosing a high reference frequency and hence
comparison rate would not lower the close-in phase noise of the VCO. In reality,
the pulse generated by the phase detector experiences small random variations
in width, reflecting the phase noise of the oscillator. Thus, the compensation
current must be derived from a stable, low-noise source rather than the output
of the loop phase detector—so as to cancel only the deterministic component
of the charge pump output.

The principal shortcoming of fractional compensation is the inaccuracy
resulting from mismatches. Since the amplitude and width of the compensation
current suffer from a finite mismatch with respect to those of the main charge
pump, a residual disturbance on the VCO control line remains. For this reason,
external adjustments may be necessary [18].

Another approach to suppressing fractional spurs is to randomize the
choice of the modulus such that the average division factor is still given by
N + «, but individual division factors occur for only short periods of time.
This technique in effect converts the systematic fractional sidebands to random
noise (Fig. 8.42). The idea can be taken one step further by shaping the resulting
noise spectrum such that most of its energy appears at large frequency offsets
(Fig. 8.43). Thus, the noise in the vicinity of the divided carrier is sufficiently
small and the noise at higher offsets is suppressed by the low-pass filter after
the feedback signal is translated to dc by the phase detector.

To PD From VCO

L S (N+1)IN -—J
: )

i L N
free  f frep  f

Randomizer

Figure 8.42 Randomization of modulus control to suppress spurs.

The noise-shaping function required in the above scheme can be realized
by means of a X£-A modulator [19]. Depicted in Fig. 8.44, the modulator
generates a binary stream (in the case of dual-modulus divider) representing a
well-defined average value accompanied by quantization noise. We perform a
simple analysis to better understand the operation [19].

Suppose the divider has two moduli, N and N + 1, and must provide an
average modulus equal to N + «. With the binary modulus control, b(7), gen-
erated by the £-A modulator, the instantaneous division ratio can be written
as N + b(r), where b(t) assumes a value of 0 or 1. Thus, the instantaneous
frequency of xg(t) is fr(t) = fou/[N + b(z)]. The bit stream b(¢) can be
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Figure 8.43 Noise shaping in modulus control

decomposed into an average value equal to « and quantization noise g(1),

thereby yielding fr(t) = fou/[N +a +¢q(1)]. It follows that the quantization
noise in fr(t) is equal to

fOUI
N+«

o fou( ) Q(I)
N+a N+a-+q@)

ne(t) = frt) — (8.44)

(8.45)

Assuming g(t)/(N + a) < 1 and ¢ < N, we find the power spectral density
of the noise as

2 19U)P
BTl = T e

(8.46)

where Q(f) is the spectrum of g(¢) [19]. Thus, the quantization noise in the
frequency of the feedback signal has the same spectral shape as Q(f). The
2~ -A modulator generates a well-defined shape for Q(f), concentrating the
noise at high frequencies.

Other fractional- NV techniques are described in [20, 21].

To PD From VCO
xF(f)t— 2(N+1)/N <—J fout
f b(t)
A
Modulator

Figure 8.44 Noise shaping by means of a £-A modulator.



284

Chap. 8 Frequency Synthesizers

8.3.3 Dual-Loop Architectures

The relationship between the channel spacing and the reference frequency o
integer- N phase-locked synthesizers can be altered by employing two or mor
loops. In this section, we study two dual-loop topologies and their design issues

A straightforward approach to generating fine frequency steps is to ad.
a variable low frequency to a fixed high frequency. Shown in Fig. 8.45, thi
technique utilizes PLL; to generate the carrier frequency, f., from a referenc
frerF1 and PLL, to produce increments equal to frgr>. Varying the divisios

TREF1 o—p
PLL+ —V’c

Frequency
Adder

frepp o—»=| PLL2 JM frEF2

Channel
Selection

—fc+ M fRer2

(a)

fREF1 n—>®-—-> LPF

f out

frRer2 LPF — vcoz‘ - : >®_

[*]
M |-

{»

Channel
Selection

(b)

Figure 8.45 (a) Dual-loop synthesizer, (b) implementation of (a).
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ratio of PLL, therefore yields the fine steps required in the output frequency.
Note that frzri can be several tens of megahertz. The addition of the two
frequencies is performed by a single-sideband mixer (Chapter 7).

The principal advantage of this architecture over single-loop integer-N
topologies is that the close-in phase noise of VCO is suppressed by the wide
loop bandwidth because fggr; is much greater than the channel spacing. The
phase noise of VCO; can be much lower than that of VCO, because the former
operates at a much lower frequency. From the analysis of phase noise in Chapter
7, for the same power dissipation and at a given offset, the phase noise of VCO»
is approximately equal to (M frg r2)>/ ff times the phase noise of VCO;.

The primary drawback of the architecture shown in Fig. 8.45 is the need
for accurate single-sideband mixing. As explained in Chapter 7, this requires
precise generation of quadrature phases in both PLL; and PLL,, as well as low
harmonic distortion for one of the frequencies to be added. Thus, it is difficult
to ensure that sidebands resulting from mismatches and nonlinearities are 60
to 70 dB below the carrier.

Another issue is that the frequency of VCO, must vary by a large factor:
a ratio equal to the number of channels in the implementation of Fig. 8.45.
Consequently, the VCO must achieve a wide tuning range. Furthermore, as the
channel (i.e., the division ratio) changes, the loop gain and hence the damping
factor of PLL, vary substantially. This drawback can be alleviated if f> has a
large offset, i.e., f> = fo + kfrer2, where f; is a fixed value.

Another dual-loop architecture is shown in Fig. 8.46(a). In contrast to the
synthesizer of Fig. 8.45, in this circuit the SSB mixer is placed in the feedback
loop. Thus, if the mixer produces the difference between f,, and f>, we have
fouw = Mfrer1 + f>. An interesting property of this architecture is that
the unwanted sidebands generated by the SSB mixer are suppressed if, after
frequency division, their offset with respect to the desired sideband is greater
than the bandwidth of the low-pass filter. This is illustrated in Fig. 8.46(b).

8.3.4 Direct Digital Synthesis

Our study of frequency synthesis techniques thus far has assumed a phase-
locking mechanism in the system so as to establish a precisely defined relation-
ship between generated frequencies and reference frequencies. Direct digital
synthesis (DDS) is another approach to achieving the same goal, with certain
advantages and disadvantages with respect to phase locking.

The basic idea in DDS is to generate the signal in the digital domain and
utilize D/A conversion and filtering to reconstruct the waveform in the analog
domain. To understand the principle of operation, first consider the simple
circuit depicted in Fig. 8.47(a). A counter counts from 0 to N in steps of unity,
generating a digital ramp waveform. Each number generated by the counter
is then used to select a value from the ROM that corresponds to a sample of
a sinusoid. The result is subsequently converted to analog form and filtered to
suppress high-frequency components.
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Figure 8.46 (a) Dual-loop architecture with SSB mixing in the feedback,
(b) suppression of sidebands.
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Figure 8.47 (a) Simple digital synthesis of a sine wave, (b) increasing the output
frequency by sampling fewer points.
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Now suppose the output frequency must be varied while the clock has a
fixed frequency fox. We postulate that if the counter addresses fewer (evenly
spaced) points of one cycle of the sinusoid, then the output frequency is higher
and vice versa [Fig. 8.47(b)]. This is possible if the counter increments its
output by a programmable step, P. Such a counter can be implemented as an
accumulator (Fig. 8.48), where a parallel-in, parallel-out M -bit register drives
an adder in a feedback loop. On every clock cycle, a value equal to P is added
to Yg. and the result is applied to the register, i.e., Xg(k) = Ygp(k — 1) + P.
This relation holds until the register overflows, at which point part of P appears
as an increment in the new value of Yg, ie., Xg(k) = Ygr(k — 1) + P modulo

; B
Adder <:| P

Xg Ya ROM pAC || LPF |

Register |=— CcK

-
M Bits Wide

Figure 8.48 Direct digital synthesis using an accumulator.

Let us consider an example to better understand the above operation.
Shown in Fig. 8.49 are the outputs of the accumulator and the ROM for M = 3.
If the increment, P, is equal to 1 [Fig. 8.49(a)], then as the register output goes
from 000 to 111, one complete cycle of a sinewave is extracted from the ROM. In
other words, each clock period increments the output phase by 27 /8. Now, if P
is increased to 2 [Fig. 8.49(b)], the accumulator overflows after 110, every other
sample of the sinewave is read from the ROM, and the output phase changes
in steps of 2 /4. For P = 3, the accumulator output begins from 000 and
overflows at 110, 111, and 101 in the first, second, and third cycles, respectively.
Thus, as shown in Fig. 8.49(c), three cycles of a sinusoid are produced by eight
uniformly spaced samples. Finally, for P = 4, four cycles of the sinusoid are
generated by Nyquist-rate sampling [Fig. 8.49(d)].

From the above analysis, we infer that the frequency of the sinewave
generated in Fig. 8.48 is

fek

fout —— PW‘ (847)

noting that P /2™ need not be an integer. The minimum and maximum values
of fou are equal to feg /2™ and fck /2. respectively.

The M -bit word applied to the ROM selects a value for the amplitude
of the sinusoid. How many bits wide should the ROM output be? Since the
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Figure 8.49 Waveforms in a 3-bit DDS.

ROM output approximates the amplitude, the number of bits determines the
“quantization error” in the reconstructed sinewave. It is interesting to note
that in DDS the ratio of fex and foy is a rational number, 2M / P, making
the quantization error appear as a periodic additive term rather than random
noise. In fact, a period equal to 2™/ fcx accommodates 2™ clock cycles and
P output cycles. Thus, for odd P the quantization error period is equal to
2M / fck and for even P, equal to 2M~/ /fcx, where j denotes the power of
2in P. The resulting error waveform and its harmonics appear as spurs in the
output spectrum. It can be shown that the worst-case power of these spurs
relative to the signal power is approximately equal to 272%*=1 /3 [22], where it
is assumed fcgx = 2 fou. For kK = 12 bits, the spurs are about 71 dB below the
carrier.

The foregoing discussion indicates that in typical RF applications, the
ROM output must have a resolution in the range of 10 to 12 bits, imposing
a lower bound on one dimension of the ROM. The other dimension of the
ROM is determin