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Preface

My motivation to write this book

Today, many books about RF (Radio Frequency) circuit design are available for
students, researchers, and designers. In these books, the operating principles and
circuit topologies are well explained and presented. In addition to offer training of
the use of simulation tools, they enable a student who has just graduated from
university to start RF circuit designing in his/her new job.

Generally, there are 3 phases of an RF circuit design:

o Simulation. ‘

o Layout or tape-out.

o And finally, the testing for the prototype module or RFIC (Radio Frequency
Integrated Circuit).

Simulation is just the first phase of the design; the heavier jobs would be the second

and third phases: layout and testing for a circuitry.

A new RF engineer might be somewhat frustrated from a lack of knowledge that the
professors in the university did not teach him/her or he/she did not bother to learn
from professors, such as

o The best way to match input and output impedance.

How to ascertain the criteria for a good layout.

How to do RF grounding for a test PCB (Printed Circuit Board).

The consequences of tests conducted under an unmatched condition.

The tolerance to be considered in the design phase.

The jeopardy of the current RFIC design.

And so on.
These topics are very important to the 3 design phases mentioned above.

O 00 00O

The operating principles and topologies that students learn from university are just
the basics of RF circuitry. This knowledge only is not enough to satisfactorily
design RF circuits. New RF engineers need engineering knowledge and practical
design schemes for a real product design. A book which tries to introduce these

objectives might be welcome.

I have been working for a total of 20 years in the Wireless Communication System
for Motorola from 1979 to 1984, and then from 1987 to 2001. My job has covered a
wide range, from acoustics to RF, and from software to hardware. However, most
of those years were spent on the RF and RFIC design. Ihave been invited to lecture
about the above topics in universities and companies since 1991; my lectures seem
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to be quite positive and very often I was encouraged to publish my presentation
material by my audiences and professors. This is my motivation to write this book.

In this book I try to summarize my engineering experiences—both successes and
failures—and some special design schemes in the RF module and RFIC design.

Special features of this book

The topics most published in RF books are about the main RF blocks such as the
LNA, Mixer, PA, VCO, and Synthesizer... The configuration of those books could
be categorized as “longitudinal.”

Instead of individual RF blocks’ description and discussion, the general features and
the key issues of the RF circuit design will be emphasized in this book, such as
impedance matching, RF grounding, the basic RF parameters, from single end to
differential, jeopardy in RFIC design... Therefore, the configuration of this book
could be categorized as “transversal.” This is one of the special features of this book.

Another special feature of this book is that the original data in many sections is
based on my design reports. This might also introduce my own imperfect
understanding or prejudices: I will highly appreciate any comment from readers. On
the other hand, there are not too many references that I listed: readers might easily
go to the Internet for hundreds and thousands of articles, papers, and books about RF

circuit design.

Qutline of this book

Chapter 1: Importance of impedance matching

o A digital circuit is designed for the transportation and manipulation of a digital
signal’s “status”, “0” or “1”, while an RF circuit is designed for the
transportation and manipulation of an RF signal’s “power.” In the digital circuit
design for low data rates, the main objective of concern is the speed of the
circuit response while in the RF circuit design the main objective of concern is
impedance matching. However, when the data rate is enhanced to or over the
RF frequency range, the difference between the two design philosophies
disappears. Thus, impedance matching becomes the principally concerned
objective of both digital and RF circuit designs.

o Unmatched impedance results in power loss, additional distortion, additional
noise, incorrect readings in power measurement, failure to obtain enough
voltage swing, and at the extreme end, damage to transistors or parts.
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Very often in many books or papers, impedance matching is described as the
means for maximum power transportation or transformation. This is an
incomplete explanation. Another purpose of impedance matching for an RF
circuit is to approach a zero phase-shift of voltage or current when power is
transported from the source to the load.

Chapter 2: Impedance matching

o]

Before working for the impedance matching, one must understand how to
measure a DUT’s impedance first. In laboratory, the impedance of a DUT is
usually measured by an impedance meter or network analyzer. The
measurement is conducted by means of a small signal. Therefore, it is effective
only for situations where the DUT is operated with a small signal. Should the
DUT be operated with a large signal, the impedance of DUT must be measured
with the assistance of a circulator, a vector voltmeter or a directional coupler.

Most matching networks are implemented with passive parts: capacitors and
inductors. The original impedance is changed step by step as each part is added
to the matching network one by one, and eventually the final desired impedance
is reached. By means of the assistance of the Smith Chart, the values of these

parts can be easily found.

The Smith Chart is a powerful tool in the impedance matching technology. It
can be divided to 4 regions; the topology of a matching network is directly
related to the region where the original impedance is located. A matching
network implemented with one, two, and three parts is discussed in somewhat
detailed in this chapter. Additionally, two special types of 3 parts matching
network, the T and II types, are compared, showing their advantages and

disadvantages.

Also, some useful schemes for impedance matching work are introduced.

Chapter 3: RF grounding

O

RF grounding is one of the most important topics of RF circuit designs. An
imperfect RF grounding significantly degrades performance of RF blocks or

systems.

The usual way to ground a point on a circuit board is to connect this point to
another well-grounded point by a metallic runner or a piece of metal sheet with
a high conductivity, such as a copper runner with gold-plating on a PCB or a
gold runner on the integrated circuit. This is a unanimous means of grounding
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when the circuit is operating in the low frequency range because the metallic
runner is equipotential. However, it might be unfeasible when the circuit is
operating in the RF range: essentially, a metallic runner with a high conductivity
either on the IC substrate or on the PCB in the RF range is a micro strip line.
Therefore, it is not an equipotantial connector unless its length is much less than
a quarter wavelength or equal to the mutiple of half wavelength.

In the RF frequency range, RF grounding could be well done by means of a
“zero” capacitor, a micro-strip line and an RF cable of an appropriate length.

A capacitor has a character of self-resonance in series. At SRF (Self-Resonant
Frequency) the chip capacitor is called a “zero” capacitor because its impedance
approaches zero. It becomes a good by-pass part when the operating frequency
is equal to its SRF. Therefore, a “zero” capacitor is sometimes called by-pass
capacitor. In RF testing laboratories, the chip capacitor is chosen as a “zero” or
by-pass capacitor in most cases, because its SRF is mostly located in an RF
frequency range and, on the other hand, its assets include small size, cheapness,
and a reliable performance.

A good RF grounding is crucial to a test PCB design for either RF module or
RFIC die. It must be noted that the technique of designing a test PCB is quite
different when its size is changed from small to large. This will be discussed
more detailed in this chapter.

Finally, some special technical schemes related to RF grounding are introduced,
such as compulsory RF grounding by a quarter-wavelength micro strip line, the
calibration for network analyzer, and the special consideration of RF grounding
to avoid or reduce the return current coupling.

Chapter 4: Equivalent circuits of passive chip parts

(¢]

Besides the active parts, such as transistors and diodes, the passive chip parts
are basic components in the implementation of an RF module today. On the
other hand, the “zero” capacitor is usually chosen among chip capacitors, which
are indispensable parts for a test PCB with a good RF grounding. It does not
matter that the test PCB is for testing of RF modules or RFIC dies. In other
words, the study of chip parts’ characteristics is important to not only for RF
modules but also for RFIC designers.

Primarily, for RF grounding purposes, our preferences in the study of passive
chip parts is how to characterize a chip capacitor and how to chose a “zero”
capacitor among all the chip capacitors. The features of two other chip parts,
the chip inductor and chip resistor, are also important topics to be understood in
RF circuit design. Instead of self-resonance in series, a chip inductor at its SRF
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frequency is in self resonance in parallel. The impedance of a chip inductor at
its SRF frequency approaches infinity ideally and is therefore called an
“infinitive” inductor. Sometimes it is also called an RF “choke.” In the RF
frequency range, the resistance of a chip resistor is quite sensitive to the
operating frequency. At RF frequencies, the actual value of its resistance could
be 10 times more or less than the manufacturer’s specified value at low
frequencies. The other features of chip resistor are also presented.

Chapter 5: From single-ended to differential

o In recent years, the topology of RF circuits have shifted from single-ended
stages to differential pairs. This is due to the configurational change of a
communication system from a dual conversion to a direct conversion system

since 1980’s.

o A communication system with direct conversion brings about a lot of advantage
in the reduction of material cost: many expensive filters are unnecessary.
However, it also brings about technical jeopardy and DC offset problem if the
topologies of RF circuits remained as single-ended stages.

o The need of differential configuration is due to its advantage of low DC offset
output current and high CMRR (Common Mode Rejection Ratio).
Theoretically, the DC offset due to the non-linearity of transistors in an ideal
differential pair is zero and the CMRR is infinitive, though such an ideal
differential pair does not exist in reality.

o It should be noted that there are two DC offset sources. One is due to the non-
linearity of transistors and the asymmetry of the layout in the differential pair
itself: another source is due to interference from outside the differential pair.
Therefore, DC offset still exists in the entire communication system even
though the DC offset due to the non-linearity of transistors can be reduced by
the differential pair. An effort to reduce or eliminate DC offset is necessary
though the circuit configuration has been shifted from single-ended stages to
differential pairs. In the up-to-date direct conversion communication systems,
there are three technologies to reduce DC offset. They are: DC offset reduction
by “chopping”, DC offset elimination by calibration, and DC offset cancellation

by hardware.

Chapter 6: Baluns

o Baluns are used in the transformation between differential pairs and single-
ended stages. A variety of baluns have been developed in the past decades; only
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some of them are introduced. They are the coaxial cable balun, the ring micro
strip line balun, the transformer balun, and the I.C balun,

LC baluns are discussed rather meticulously here: in contrast with other baluns,
it has favorable assets of a small size, low cost, and easy implementation.

Chapter 7: Tolerance analysis

@]

Tolerance analysis is extremely important in both RF and digital circuit designs
for a massive production line. Any circuit design without tolerance analysis
might result in a very poor yield rate of the products, and thus the bankruptcy of

a company.

The most advanced tolerance control, the so-called “6¢” program, is the design
goal for every design engineer, by which the yield rate in a massive production
line is 99.74%, a little bit less than 100%.

Design goals sometimes depend on the tolerance analysis. If so, tolerance
analysis must be conducted before or at the same time as circuit design.

As an example, tolerance analysis of a tunable filter design is presented.

Chapter 8: Prospect of RFIC design

e}

The possibility of the implementation of an RFIC mainly depends on the
isolation between RF blocks, which moved forward a great step since 1990’s.
Guard rings, grounding separations and DC power supply separations are the
key segments to isolation improvement between RF blocks. In order to realize
the SOC (System On Chip) goal, the study of isolation must be continued,
including isolation between digital blocks and the isolation between RF and

digital blocks.

Layouts for runners, vias, pads, bonding wires and so on directly impact an
RFIC design’s performance. A designer must be familiar with these items with
a specific processing and try to achieve best performance by controlling their
size, shape, and the distance from adjacent parts.

In order to reduce the number of tape-outs for an RFIC design, the parts should
be as variable as possible. This not only reduces cost but also saves time.

The main barrier in the developing of RFIC is the poor performance of a spiral
IC inductor: the Q value of a spiral IC inductor is too low. Since the 1980’s,
many scientists and engineers have put a lot of effort on the implementation of



Preface ik

an inductor with a high Q value on the RFIC chip. Unfortunately, progress is
quite limited. The most prospective technology to build a high-Q IC inductor
might be the use of negative-resistance compensation technology.

Chapter 9: Noise, gain, and sensitivity of a receiver

O

o

The main RF parameters include the noise figure, gain, and non-linearity.

There are different noises induced form both active and passive parts. Shot
noise in parts is directly related to the current flowing through it. In the micro
world, the current is fluctuated around its average value at any instant. The
fluctuation is a random, stochastic process and represents a kind of noise called
“shot” noise. Thermal noise is essentially the fluctuation of the resistance in the
parts or devices and is directly related to the temperature. Besides these two
types of noise, a variety of other noises existed in parts, such as flicker noise,
popcorn noise and so on.

The additional noise of a circuit block can be described by its noise figure,
which is defined as a ratio of the input SNR (Ratio of Signal to Noise) to the
output SNR. The noise figure of a circuit block is related to the source
impedance. It can be proved that there is an optimum value of the source
impedance for a two port block, by which the noise figure of a two port block

reaches a minimum.

The noise figure of a system is contributed by the noise figures from all the
individual blocks. However, the noise figure of 1* block is the main contributor
to the system noise figure if its power gain is greater than 1. If the 1* block is
an LNA (Low Noise Amplifier), then to design an LNA with low noise figure
and high power gain is the top priority to the sensitivity of an analog
communication system, since the sensitivity mainly depends on the system
noise figure. The system noise figure can be calculated by cascading all of the
noises from all of the blocks.

Chapter 10: Non-linearity and spurious products

o}

The spurious products in a block or system come from a non-linearity of active
devices. It is well known that the non-linearity of active devices consists of
numerous non-linear elements with different orders. Consequently, the spurious
products in a block or a system are rather complicated. ~Generally, the
remarkable spurious products, of course, result from the 2™ and 3™ orders of
non-linearity because the non-linearity coefficients of 2" and 3™ order non-
linearity are usually dominant over or much greater than that of other orders’

non-linearity.
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IP (Intercept Point) is an intermediate concept. In terms of intercept points, the
IMR (InterModulation Rejection) can be obtained through some simple
calculations. The 2™ and 3™ orders of the intercept points, /P, and IP;, will be
discussed thoroughly since they represent the main terms of non-linearity. The
value IP; is widely applied in the measurement of the non-linearity of a block or

system.

However, the measurement of IP; in the laboratory is somewhat complicated.
Very often, people replace the specification of /P; with a 1 dB compression
point. As a matter of fact, both of them can characterize the non-linearity of a
block or a system, but a 1 dB compression point seems to be more intuitive.

Finally, it should be noted that all spurious products appear as the distortion of
signals in a block or a system: unlike noise, they can be categorized as

interference.

Chapter 11: Cascaded equations and system analysis

o}

In order to carry out system analysis, the cascaded equations for the power gains,
noise figures and intercept points are derived and an example of system analysis
is demonstrated in this chapter.

Chapter 12: From analog to digital communication system

@)

An RF circuit designer must understand the digital circuit portion of a system so
that he/she can achieve better designing on the RF circuit portion and cooperate
better with the digital circuit designer. This is the purpose of this chapter.

There are two main differences between analog and digital communication
systems: A/D-D/A conversion and encoding/decoding. There are no A/D-D/A
or encoding/decoding blocks in an analog communication system. In the
transmitter of an analog communication system, the signal, such as the video or
voice, directly modulates the RF carrier using its special modulation mode, such
as AM, FM, and PM. In the receiver of an analog communication system, the
modulated RF carrier is demodulated with a corresponding modulation mode,
and the signal is recovered. In the transmitter of a digital communication
system, there are 3 procedures to be done. First, the signal must be digitalized,
in which a signal waveform is converted into a digital sequence via A/D
conversion. Next, the digital sequence is taken to an encoder for channel
arrangement and partially for error correction. Lastly, the encoded digital signal
modulates RF carrier with various modulation schemes, such as FSK, BPSK,
QPSK, MSK, and so on. In the receiver of a digital communication system, the
first task is to demodulate the RF carrier with a corresponding modulation mode.
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Next, the demodulated digital sequence is taken to the decoder for channel
arrangement and error correction. Lastly, the decoded digital sequence is
converted into an analog waveform so that the signal, such as video or voice, is
recovered.

o Bit error rate, instead of sensitivity, is the main concern of a digital

communication system. Some basic encoding and decoding technologies and
error correction schemes are outlined in this chapter.

Readers of this book

o RF and RFIC designers

o Students, teachers and Professors for their RF/RFIC design course in
universities.
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