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Preface to the Fifth Edition

Historically the PLL has been a linear circuit. While the first PLLs were real-
ized with discrete components, they became available as ICs in about 1965. The
first of these were linear devices (LPLLSs), built in semiconductor technologies
similar to the operational amplifiers of that era. A few years later (about 1970)
the first “digital” PLLs (DPLLs) became available, but when looking at their
schematics, we recognize that only the phase detector was built from logic cir-
cuits, while the remaining parts (voltage-controlled oscillator (VCO), loop filter)
stayed analog; hence these PLLs must be considered hybrid systems. In this
new edition of the book we combined the two categories LPLL and DPLL into
one single class named “mixed-signal PLL.” Doing so greatly simplifies the
analysis, because both classes now can be treated by a unified theory.

Chapter 1 is a short introduction into the PLL domain, and Chap. 2 deals
with theory, design, and applications of mixed-signal PLLs. The discussion
includes different types of phase detectors (linear and digital), phase-frequency
detectors with charge-pump outputs, loop filters (active and passive), and VCOs.
Typical mixed-signal PLL applications are given, such as circuits for retiming
and clock recovery, motor speed control, and the like.

Because frequency synthesis is one of the most important applications of
DPLLs, a separate chapter (3) is devoted to digital PLL frequency synthesiz-
ers. Because phase jitter and spurious sidebands are the most disturbing
phenomena with frequency synthesizers, different methods are presented to
overcome those problems, e.g., antibacklash circuits and higher-order loop
filters. Moreover, the analysis covers both integer-N and fractional-N synthe-
sizers and demonstrates that the latter can acquire “lock” much faster, a feature
that is used with great benefit in frequency-hopping (spread-spectrum) appli-
cations. Spread-spectrum techniques will become increasingly important in the
newest generations of mobile phones. It is demonstrated furthermore that
simple synthesizers can be realized as single loops, but that multiloop configu-
rations become mandatory in high-performance systems.

Because higher-order systems (filters) are a must in many synthesizer appli-
cations, Chap. 4 deals with the design of such systems, i.e., of PLLs up to fifth

Xi
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order. In designing higher-order loops, the placement of poles and zeros can be
a difficult task. The design is greatly facilitated by a novel method developed
by the author, based on simple Bode diagrams. To ease system realization even
further, a program developed by the author is included on a CD-ROM, which
automatically designs and analyses PLLs up to fifth order; this topic is discussed
in Chap. 5, which also includes many design examples. Having synthesized a
PLL circuit, the program can be used to simulate dynamic performance of the
system, e.g., lock-in and lock-out processes. To investigate PLL performance in
the presence of noise—which is the normal scenario in practice—the user can
superimpose narrowband or broadband noise of any desired level. Finally, the
program displays Bode diagrams of the synthesized PLL and loop filter schemat-
ics, including the component values.

Chapter 6 treats theory, design and applications of the “all-digital” PLL
(ADPLL), a PLL category introduced later than the preceding ones. In contrast
to LPLLs and DPLLs, which are continuous-time systems, the ADPLL is a dis-
crete-time device and therefore exhibits relatively large ripple (phase jitter).
The applications of the ADPLL are therefore restricted to those cases where
ripple can be tolerated, e.g., frequency-shift keying (FSK) decoders and the like.
Chapter 7 describes computer-aided design and simulation of ADPLLs, using
the already mentioned computer program.

Because the speed of microcontrollers and digital signal processors increased
dramatically in recent years, many PLL applications can now be implemented
by software. Chapter 8 discusses the hardware/software tradeoff in the domain
of the PLL and describes a number of software algorithms that can be used to
implement software PLLs (SPLLs).

In Chap. 9 a review of PLL applications in the field of communications is
given. It includes the most important digital modulation schemes such as BSK,
QPSK, FSK, and QAM and describes a number of special PLL circuits used for
carrier and symbol synchronization (e.g., Costas loop, early-late gate, integrate-
and-dump circuit) and measures to prevent intersymbol interference (ISI), e.g.,
root-raised-cosine filters. Among other topics, this chapter also explains how to
increase the symbol rate of digital communications without increasing system
bandwidth.

Chapter 10 contains a list of PLL ICs currently available from American,
European, and Japanese manufacturers, including short descriptions of the cir-
cuits. The list includes full PLL systems on a chip, parts of PLLs such as phase
detectors and VCOs, and complex systems based on PLL-like frequency
synthesizers or radio/TV chips. It also includes many single- and dual-modulus
prescalers.

Finally, Chap. 11 demonstrates how the parameters of PLLs can be measured
with conventional lab instruments such as oscilloscopes and signal generators.

Three appendixes provide additional information on selected topics. In App.
A the analysis of the acquisition process is developed for the mathematically
interested reader. Appendix B is a primer on the Laplace transform, which is
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frequently used in this book, and App. C is an overview on digital filtering,
which has become an increasingly important issue in the design of high-

complexity PLL systems.
Roland Best
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Chapter

Introduction to PLLs

1.1 Operating Principles of the PLL

The phase-locked loop (PLL) helps keep parts of our world orderly. If we turn
on a television set, a PLL will keep heads at the top of the screen and feet at
the bottom. In color television, another PLL makes sure that green remains
green and red remains red (even if the politicians claim that the reverse is true).

A PLL is a circuit that causes a particular system to track with another one.
More precisely, a PLL is a circuit synchronizing an output signal (generated by
an oscillator) with a reference or input signal in frequency as well as in phase.
In the synchronized—often called locked—state the phase error between the
oscillator’s output signal and the reference signal is zero, or remains constant.

If a phase error builds up, a control mechanism acts on the oscillator in such
a way that the phase error is again reduced to a minimum. In such a control
system the phase of the output signal is actually locked to the phase of the ref-
erence signal. This is why it is referred to as a phase-locked loop.

The operating principle of the PLL is explained by the example of the linear
PLL (LPLL). As will be pointed out in Sec. 1.2, there exist other types of PLLs,
e.g., digital PLLs (DPLLs), all-digital PLLs (ADPLLs), and software PLLs
(SPLLs). Its block diagram is shown in Fig. 1.1a. The PLL consists of three
basic functional blocks:

1. A voltage-controlled oscillator (VCO)

2. A phase detector (PD)

3. A loop filter (LF)

In this simple example, there is no down-scaler between output of VCO [u,(#)]
and lower input of the phase detector [w,]. Systems using down-scalers are dis-
cussed in the following chapters.

In some PLL circuits a current-controlled oscillator (CCO) is used instead of
the VCO. In this case the output signal of the phase detector is a controlled

1



2  Chapter One

input ]

signal u; (t) (w;) uy(t) ug (t) F'M-output'

My i
(wp) | Phase detector loop filter

output signal uy(t) voltage controlled
oscillator

=

(a)

(b)
(¢}

Figure 1.1 (a) Block diagram of the PLL. (b) Transfer function of the VCO. (i, = control
voltage; o, = angular frequency of the output signal.) (¢) Transfer function of the PD.
(ug = average value of the phase-detector output signal; 8, = phase error.)

current source rather than a voltage source. However, the operating principle
remains the same. The signals of interest within the PLL circuit are defined as
follows:

m The reference (or input) signal u,(#)

® The angular frequency w, of the reference signal

& The output signal u,(#) of the VCO

® The angular frequency o, of the output signal

8 The output signal u,(¢) of the phase detector

® The output signal u,(¢) of the loop filter

8 The phase error 6,, defined as the phase difference between signals u,(t) and
uy(t)

Let us now look at the operation of the three functional blocks in Fig. 1.1a.
The VCO oscillates at an angular frequency ,, which is determined by the
output signal u; of the loop filter. The angular frequency w, is given by
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wg(t)=0)0 +KOUf(t) (1-1)

where oy is the center (angular) frequency of the VCO and K, is the VCO gain
inrad - st -V

Equation (1.1) is plotted in Fig. 1.15. Because the rad (radian) is a dimen-
sionless quantity, we will drop it mostly in this text. (Note, however, that any
phase variables used in this book will have to be measured in radians and not
in degrees!) Therefore, in the equations a phase shift of 180° must always be
specified as a value of =.

The PD—also referred to as phase comparator—compares the phase of the
output signal with the phase of the reference signal and develops an output
signal u4(¢) that is approximately proportional to the phase error 8,, at least
within a limited range of the latter:

uq(t) = K.8, (1.2)

Here K, represents the gain of the PD. The physical unit of K, is volts per
radian. Figure 1.1c is a graphical representation of Eq. (1.2).

The output signal u,(t) of the PD consists of a dc component and a super-
imposed ac component. The latter is undesired; hence it is canceled by the loop
filter. In most cases a first-order, low-pass filter is used. Let us now see how the
three building blocks work together. First we assume that the angular frequency
of the input signal u,(¢) is equal to the center frequency w,. The VCO then oper-
ates at its center frequency wo. As we see, the phase error 6, is zero. If 8, is zero,
the output signal u, of the PD must also be zero. Consequently the output signal
of the loop filter u; will also be zero. This is the condition that permits the VCO
to operate at its center frequency.

If the phase error 6, were not zero initially, the PD would develop a nonzero
output signal u,. After some delay the loop filter would also produce a finite
signal u,. This would cause the VCO to change its operating frequency in such
a way that the phase error finally vanishes.

Assume now that the frequency of the input signal is changed suddenly at
time £, by the amount Aw. As shown in Fig. 1.2, the phase of the input signal
then starts leading the phase of the output signal. A phase error is built up and
increases with time. The PD develops a signal u,(¢), which also increases with
time. With a delay given by the loop filter, u/(¢) will also rise. This causes the
VCO to increase its frequency. The phase error becomes smaller now, and after
some settling time the VCO will oscillate at a frequency that is exactly the fre-
quency of the input signal. Depending on the type of loop filter used, the final
phase error will have been reduced to zero or to a finite value.

The VCO now operates at a frequency that is greater than its center fre-
quency o by an amount Aw. This will force the signal udt) to settle at a final
value of u; = Aw/K,. If the center frequency of the input signal is frequency
modulated by an arbitrary low-frequency signal, then the output signal of the
loop filter is the demodulated signal. The PLL can consequently be used as an



4  Chapter One

u 1 (t)
frequency step

@

>
D
=
>
>

<
<
o
B

uz(t)

(b)

>
5
L-c
a

=

t_

T

4
===

<

R IO S
-
1S

8,, le 6,=0 0, 0. 9, 0,
© T /\
—)t
]
Uy, Wy

(@)

s_
__.____‘______1_._.________._____

'y

-

s
1‘%

(e)

Figure 1.2 Transient response of a PLL onto a step variation of the reference frequency.
(a) Reference signal u;(¢). (b) Output signal u,(¢) of the VCO, (¢) Signals ;(¢) and 6,(¢)
as a function of time. (d) Angular frequency w; of the VCO as a function of time. (e)
Angular frequency o, of the reference signal u,(¢).

FM detector. As we shall see later, it can be further applied as an AM or PM
detector.

One of the most intriguing capabilities of the PLL is its ability to suppress
noise superimposed on its input signal. Let us suppose that the input signal of
the PLL is buried in noise. The PD tries to measure the phase error between
input and output signals. The noise at the input causes the zero crossings of
the input signal u,(¢) to be advanced or delayed in a stochastic manner. This
causes the PD output signal u4(?) to jitter around an average value. If the corner
frequency of the loop filter is low enough, almost no noise will be noticeable in
the signal u/(¢), and the VCO will operate in such a way that the phase of the
signal u,(¢) is equal to the average phase of the input signal u,(¢). Therefore, we
can state that the PLL is able to detect a signal that is buried in noise. These
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simplified considerations have shown that the PLL is nothing but a servo
system that controls the phase of the output signal u,(f).

As shown in Fig. 1.2, the PLL was always able to track the phase of the output
signal to the phase of the reference signal; this system was locked at all times.
This is not necessarily the case, however, because a larger frequency step
applied to the input signal could cause the system to “unlock.” The control
mechanism inherent in the PLL will then try to become locked again, but will
the system indeed lock again? We shall deal with this problem in the following
chapters. Basically two kinds of problems have to be considered:

® The PLL is initially locked. Under what conditions will the PLL remain
locked?

® The PLL is initially unlocked. Under what conditions will the PLL become
locked?

If we try to answer these questions, we notice that different PLLs behave quite
differently in this regard. We find that there are some fundamentally different
types of PLLs. Therefore, we first identify these various types.

1.2 Classification of PLL Types

The very first phase-locked loops (PLLs) were implemented as early as 1932 by
de Bellescize™; this French engineer is considered the inventor of “coherent
communication.” The PLL found broader industrial applications only when it
became available as an integrated circuit. The first PLL ICs appeared around
1965 and were purely analog devices. An analog multiplier (four-quadrant mul-
tiplier) was used as the phase detector, the loop filter was built from a passive
or active RC filter, and the well-known voltage-controlled oscillator (VCO) was
used to generate the output signal of the PLL. This type of PLL is referred to
as the “linear PLL’ (LPLL) today. In the following years the PLL drifted slowly
but steadily into digital territory. The very first digital PLL (DPLL), which
appeared around 1970, was in effect a hybrid device: only the phase detector
was built from a digital circuit, e.g., from an EXOR gate or a JK-flipflop, but
the remaining blocks were still analog. A few years later, the “all-digital” PLL
(ADPLL) was invented. The ADPLL is exclusively built from digital func-
tion blocks and hence doesn’t contain any passive components like resistors and
capacitors.

Analogous to filters, PLLs can also be implemented by software. In this case,
the function of the PLL is no longer performed by a piece of specialized hard-
ware, but rather by a computer program. This last type of PLL is referred to
as SPLL.

Different types of PLLs behave differently, so there is no common theory that
covers all kinds of PLLs. The performance of LPLLs and DPLLs is similar,
however; hence we can develop a theory that is valid for both categories. We
will deal with LPLLs and DPLLs in Chap. 2, “Mixed-Signal PLLs.” The term



