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BASIC PHASE-LOCKED LOOP

High purity reference frequencies are key
elements in communications equipment,
radar systems, and instrumentation. Crys-
tal oscillators followed by suitable filter-
ing provide signals which have excellent k
stability and purity coupled with very low
phase noise. Unfortunately, this requires
one crystal oscillator per frequency, and
hence this approach soon becomes
expensive and bulky.

Frequency division is one technique com-
monly used to generate frequencies
which are less than or equal to a single
reference frequency. Prescalers, counters,
and dual modulus type digital circuits are
all in common use and available in silicon
ICs. Galium arsenide digital circuits

operate at frequencies up to about 2 GHz.
High speed prescalers can be used ahead
of conventional silicon circuits to provide
cost effective solutions to high speed
frequency division.

Digital frequency dividers are often
treated as “‘noise-less” devices since the
phase noise in the reference source is
almost always greater than that of the
divider itself.

Frequency dividers reduce the reference
frequency in proportional steps, 1/2, 1/3,
1/4, 1/N. They also tend to proportionally
compress the phase spectra as shown in
Figure 8.1.
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The phase locked loop (PLL) as shown in
Figure 8.2 makes use of a programmable
frequency divider in the feedback loop to
produce an output frequency which is a
multiple of the input frequency. The
basic elements of a PLL are the reference
input source, loop filter, voltage con-
trolled oscillator (VCO), digital divider,
and the phase detector. Each element has
a transfer function which can be ex-
pressed using Laplace transforms. The
basic PLL is analyzed using standard
feedback control theory as will be dis-
cussed later in this section.

In the most basic PLL, the divided VCO
signal is compared to a reference fre-

quency in the phase detector to generate
an error signal which will retune the VCO
so as to track the reference signal. Since
the phase detector is really a multiplier, it
produces a sum frequency component as
well as a difference component. The loop
filter eliminates the sum component as
well as any out of band interfering signals
present at the input. The proper loop
filter design for a given PLL application
involves a fairly complex series of trade-
offs and is the subject of much of the
material contained in the recommended
references at the end of this section. An
elementary treatment of loop filter design
is contained in this section.
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PHASE DETECTORS

The purpose of the phase detector is to
generate an error signal which is used to
retune the oscillator should its output de-
viate from the reference input signal. The
two most common phase detector imple-
mentations are the analog mixer and a
family of sequential logic circuits known
as digital phase detectors.

The phase detector is basically a double
balanced analog mixer which has good
noise rejection and phase response. A

typical circuit implementation is shown in
Figure 8.3. The phase detector has
several important limitations when used
in PLL applications. First, large steps in
the loop frequency may cause the PLL to
unlock and not regain lock. Second, the
PLL may never achieve lock upon power
up if the VCOs free running frequency is
far enough away from PLLs operating
frequency. Third, the PLL may lockona
harmonic of the VCO frequency.
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The digital phase/frequency detector cir-
cuit shown in Figure 8.4 solves many of
the problems associated with the analog
phase detector. The digital phase/fre-
quency detector first pulls the VCO
frequency close to the reference fre- -
quency. At this point, phase acquisition
takes over and phase lock is achieved.
This type of phase/frequency detector
circuit has been implemented in IC form,
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such as the Motorola MC-4044, but also
suffers from several limitations. Loop
lockup occurs when all the negative tran-
sitions on R (the reference input) and V
(the feedback input) coincide. Under
these conditions both outputs U and D
remain high. Unfortunately, this results
in a so-called “dead zone” at phase lock
which results in an increase in phase
noise. When the input phases are differ-



ent, one output pulses, while the other suitable for driving the VCO. Figure 8.5
output is locked low. The average value shows a typical phase gain plot for the

of the pulsating output waveform is Motorola MC-4044 when driving its inter-
proportional to the phase difference nal charge pump. Although the dead
between the two inputs. This implies that  zone at 0° phase difference may be

the phase detector outputs must either avoided by offsetting the VCO input
drive a charge pump as shown in Figure voltage by an appropriate amount, this
8.4 or a differential filter. This is required results in a decrease in the linear phase
to convert the noncomplementary differ- detection operating range.

ential output to a single ended output
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PHASE DETECTION
USING THE AD9901 PHASE/

FREQUENCY DISCRIMINATOR

The AD9901 is a digital phase detector.
Figure 8.6 shows the straightforward se-
quential logic design of the AD9901. The
main components include four “D” flip-
flops, an exclusive-OR gate (XOR), and
some combinational output logic. The
circuit operates in two distinct modes; as
a linear phase detector, and as a fre-
quency discriminator. When the refer-
ence and oscillator are very close in
frequency, only the phase detection
circuit is active. If the two inputs are sub-
stantially different in frequency, the fre-
quency discrimination circuit overrides
the phase detector portion to drive the
oscillator frequency toward the reference
frequency.

Its input signals are pulse trains, and its
output duty cycle is proportional to the
phase difference of the oscillator and ref-
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-erence inputs. Figures 8.7, 8.8 and 8.9 il-

lustrate the input-output relationships at
lock, with oscillator leading, and oscilla-
tor lagging respectively. This output
pulse train is low-pass filtered to extract
the mean value K@, - 9,), whereK  isa
proportionality constant (phase gain).

At or near lock (Figures 8.7, 8.8 and 8.9)
only the two input flip-flops and the ex-
clusive-OR gate are active. The input flip-
flops divide both reference and oscillator
inputs by two. This insures that the
inputs to the exclusive-OR are square
waves, no matter what the input duty
cycles might be. When the two square-
waves are combined by the XOR, an
output with 50% duty cycle results when
the reference and the oscillator inputs are
180° out of phase. Any shift in the phase
relationship of the input signals results in



a change in the output duty cycle. Near detectors (see Figure 8.5). The AD9901
lock, the frequency discriminator flip- avoids this “dead zone” by shifting it off
flops provide constant HIGH levels to to the endpoints of its transfer curve as
gate the XOR output to the final output. indicated in Figure 8.10. The increasing

gain at either end increases the effective
Near lock, the duty cycle of the AD9901 is error signal to pull the oscillator back

a direct measure of the phase difference into the linear region. This does not
between the two input signals. The affect phase noise which is far more
transfer function can be stated as [K (g, - dependent upon lock region characteris-
g)]1(V/rad), where K, is the output volt- tics. It should be noted, however, that as
age range of the AD9901 divided by 2 7 ° frequency increases, the linear range is
(1.8V/2 = = .285V/rad). Figure 8.10 decreased. This effect is caused by the

shows the relationship of the mean value fixed propagation delay through the
of the AD9901 output as a function of the phase detector. This fixed delay is nomi-

phase difference of the two inputs. Itis nally 3.6 nsec. Therefore, the typical

important to note that the slope of the detection range can be found using the

transfer function is constant near its mid- following equation:

point and does not exhibit the “dead 1

zone” characteristic of other digital phase Detection Range = F ° 360° [— - 3.6ns].
F
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As an example, this yields 100° linear
phase detection range for F = 200 MHz.

Away from lock, the AD9901 becomes a
frequency discriminator. If the reference
frequency and the oscillator frequency are
significantly different, the appropriate
Discriminator Flip-Flop Output Fre-
quency will be clocked to logic LOW.

This overrides the XOR output and holds
the output at the appropriate level to pull
the oscillator toward the reference fre-
quency. Once the frequencies are within
the linear range, the phase detector
circuit takes over again. Because the
AD9901 combines a frequency discrimina-
tor with the phase detector, the possibil-
ity of locking to a harmonic of the refer-
ence is eliminated.

The AD9901 can operate with ECL inputs
when using a single -5.2V supply or TTL/
CMOS when using a single +5V supply. A
current setting resistor controls the
current in the open collector differential
pair output stage. The open collector
outputs allow flexibility in varying the
output voltage swing to match the ampli-
fier and loop filter requirements. A
functional circuit diagram of the AD9901

configured for TTL and ECL mode opera-
tion is shown in Figure 8.11. In the TTL
mode, the output voltage swing is nomi-
nally +3.4V to +5V. In the ECL mode,
the output voltage swing is nominally -
1.8V to OV. The output stage current is
controlled by an external R resistor,
where I, = 0.47V/Ryr. Nominally Ry
= 47.5 ohms and R;,, = 182 ohms will

yield an output voltage swing of 1.8Vp-p.

Since the AD9901 has complementary dif-
ferential outputs, it can be used either
single-ended or differentially. The output
can be filtered with a passive filter thereby
eliminating the need for a high frequency
op amp, or the AD9901s output can be
used in a fully differential mode.

Another shortcoming of previous phase
detectors was the cutput stability over
temperature. This has been eliminated in
the AD9901 as has been previously de-
scribed by the use of an internal bandgap
reference in conjunction with external
Reer and Ry, 1, Tesistors to control the
output voltage swing. This gives a stable
output voltage swing over temperature
thus making a single ended cutput an
alternative to a differential output.

/”

64 REFERENCE
INPUT
OSCILLATOR

92 INPUT I ‘ l I ! ‘ !
REFERENCE
FLIP-FLOP I l l l I )
OUTPUT

N

OSCILLATOR
FLIP-FLOP

| A S |

OuUTPUT

XORGATE
OUTPUT

MEAN OUTPUT LEVEL

AD-9801 TIMING WAVEFORMS AT "LOCK"
Figure 8.7

Viil-8




o e L L LT L LI L
6o oscI;"{lLFl,_S:rrOR w [_\ ]"l ‘_
i e I e N

OUTPUT

OSCILLATOR
FLIP-FLOP ] l

OUTPUT
MEAN OQUTPUT LEVEL

woneate (1 4[] (1 [L._[l.

AD-9901 TIMING WAVEFORMS ¢, LEADS o,

Figure 8.8 j

61 REFERENCE‘l I | I | | ! ‘
INPUT
02 OSCILLATOR
INPUT
REFERENCE
FLIP-FLOP ] l l I
V OUTPUT
OSCILLATOR
FLIP-FLOP ] I
OUTPUT
MEAN OUTPUT LEVEL

o 1 W O N I A I A O

AD-9901 TIMING WAVEFORMS, s, LAGS s,

Figure 8.9 j

VIil-9




e e b N5 P 4 o s i

Ve »/ ~
| m2$ . [
REFERENCE REFERENCE ! . ! [
NPT mNPUT Vs i UTPUT Raen i
- S Mf;M(T}_"\ !
& : ’

ECL MODE TTL MODE

ECL/TTL CONFIGURATIONS FOR AD-9901
\_ Figure 8.10 J

24

Fo=5MH
LDR = LINEAR ° z
Y <—DETECTION
For 2z ?- 3.6ns RANGE Fo=70MHz
0 (LDR) Fo=200MHz -
TYPICAL PHASE DETECTOR

GAIN IS 0.2865V/RAD
AVour=1.8V

OUTPUT VOLTAGE SWING
-l
!

v L

] - T
—27 —ar - 0

PHASE DIFFERENCE AT INPUTS

PHASE GAIN PLOT FOR AD-9901

\_ - Figure 8.11 /

VHI-10



PLL MATHEMATICS
AND DESIGN BASICS

PLLs are analyzed using feedback control
theory with Laplace transforms used to
represent transfer functions of the various
elements in the loop. Refer to Figure 8.12

Combine (2) and (3) and solve for the
phase transfer function, 0,(s) :
0,

and obtain: 6,(s) KK F(s)
H(s) = = T "
Phase error, 0_(s): 0, Ns +KKF@E) » (B
(s) = 0,(5) - 6,(5) @ where
KK, °0.() *F(s) K,= Phase Detector Gain
0,6) = @ (V/rad)
Ns K,= VCO Gain (rad/sec/V)
Combine (1) and (2) and solve for the F(s)= Loop Filter Transfer
phase error transfer function, 6_(s) : Function
1) N = Integer Divisor
6.() Ns
H.(s) = =
0,(s) Ns + K, K °F(s) (3).
4 )
Kd =PHASE DETECTOR GAIN (V/RAD)
REFERENCE
INPUT, f 4 K, =VCO GAIN (RAD/SEC/V)
o K,
61(s) e
Fis) OUTPUT =
+ Kqfe(S) Ky 0e(s)F(s N fy
LOOP
FILTER
PHASE - = -
DETECTOR Gele) = 64(8) - 62(5) K 4Kobe(S) « F(s)
62(s) p
+N
4 CONTROL
BASIC PHASE LOCKED LOOP
Figure 8.12
- J
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From the phase transfer function H(s), it
is obvious that the basic loop without a
filter is a first order (one pole) system.
Let F(s) = 1 (i.e., an all pass filter), and

K
H(s) = _QL
© Ns +K K,
Therefore, if we introduce a one pole
loop filter, it is obvious that the PLL
system becomes a second order system.

The most popular loop configuration is
the second order loop, which is techni-
cally stable under all conditions. The
second order loop gets one pole from the
VCO and one pole from the loop filter.
With the second order loop, the phase
detector output is filtered before being

used to control the VCO, thereby greatly
reducing reference frequency sidebands
in the VCO output.

Higher order loops should be used with
caution since they become very difficult to
stabilize. In fact, a second order loop can
become unstable due to high frequency
parasitics which may increase the Joop
order unintentionally.

The transfer functions F(s) are given in
Figure 8.13 for the most popular passive
and active first order loop filters, each
having one pole and one zero. Recall that
a first order loop filter will produce a
second order unconditionally stable PLL.

- ™
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FILTER FILTER
rz C
~wW—{ €
IN o ::/‘ OgT IN&——-?/:/“—‘ ouT
RZ% —©°
c
v
1+s7,
F(s) = F) = 1+s7,
1+s(r,+71,) s,
7, =R,C 17, =R,C
FIRST ORDER PASSIVE AND ACTIVE LOOP FILTERS
USED IN SECOND ORDER PLLs
\ Figure 8.13 J
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The basic analysis and design of a PLL
now centers around the optimization of
the loop filter transfer function F(s) for
the desired PLL characteristics. If the
values of F(s) for the passive and active
case from Figure 8.13 are substituted in
the equation for H(s), we obtain the
following results:

PASSIVE LOOP:
N, (®)
Hy(s) = b , Wwhere
s2 + 20w s + o 2
A
KK, 2
o, =" =

N@, +7,)

natural frequency
1

1[ xx; |2 N
Sd="]— Tz + =
2LN(@, +7, K Ky
damping factor
N;(s) = Numerator Function of s

ACTIVE LOOP:

N,®
s2 + 26 s+ o2

H,(s) = , where

1

< KOK‘d> 2
w o =\"__ =
RS (A
natural frequency

&.(}ﬁ) 2
2

Nz, ,
damping factor

N, (s) = Numerator Function of

The above equations were obtained by
writing the transfer functions in normal-
ized form as is often done in filter design.
The natural frequency of the PLL (o) is
the frequency of a damped oscillation
caused by a transient input. The damping
factor of the PLL (J) in conjunction with
the natural frequency (@) are the tradi-
tional servo loop parameters which
dominate the PLL control voltage re-
sponse characteristics. If 0 = 1, the
system is critically damped. Ifd < 1, the
system becomes oscillatory and tends to
overshoot. In most practical systems, an
optimally flat frequency-transfer charac-
teristic is the goal. This implies 0 = 1/ 73
= 0.7. If 6 >> 1, the transfer function
flattens out, and the dynamic response
becomes sluggish. The second order PLL
is actually a low pass filter for input
signals whose frequency spectrum is
between zero and approximately the
natural frequency w_. This means thata
second order PLL is able to track for
phase and frequency modulations of the
reference signal as long as the modulation
frequencies remain within an angular fre-
quency band roughly between zero and
w,. Damping curves which show the rela-
tionship between o, phase error and 6
are given in Reference 2, p. 49 (Gardner).
It should be noted, however, that these
curves assume that K K, >> o, the crite-
rion for a high gain loop.
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SECOND ORDER PLL DESIGN EQUATIONS

6,(s) PHASE NUMERATOR (s)
H(s) = — =  TRANSFER = -
6,(s) FUNCTION S2+ 200 S + 02
w_= Natural Frequency
8 = Damping Factor

n
[

K,= Phase Detector Gain (V/rad)

K = VCO Gain (rad/sec/V) Rz C

N = Integer Divisor W€

R1 R1
o MA ° . o—— M —
P 0

PASSIVE Rz % P ACTIVE
LooP c - LOOP
FLTER vV [L=RC 5, =RC

T T FILTER

KoKd z
0, =| ——— N i
N(T1 + 7:2) . f < KoKd> 2

IFKK,>> @, 0
K.K T, >>N o
T,>>7,

Figure 8.14
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IfK K, >> o_,andK K7, >> 1 (the
criteria for a high gain passive loop), then
the equations for w_and 6 reduce to
those of the active loop:

Active/Passive Loop, K K, >> o_
KXz, >>N
T, >>71,

[= %

Ve

7, KK T, W
2°n

1
2
S = 2(°d) =
2 \ng, 2

USING THE AD9901 IN A PLL

" A PLL which multiplies a 56 MHz refer-

~ ence frequency input to 112 MHz is
shown in Figure 8.15. A FET Colpitts
oscillator was chosen along with two
MV1404 varactor diodes and a 100nH coil
in the circuit shown. For this circuit, the
output frequency versus varactor diode
reverse bias voltage is plotted in Figure
8.16 (data obtained experimentally).
Note that an operating point of 5.5V is
optimum for an output frequency of
about 110 MHz. The VCO gain can be
calculated from Figure 8.16.

K =115x 10° rad/sec/V.

An output swing of 1.8V is chosen for the
AD9901 operating in the ECL mode. R
is chosen to be 47.5Q such that the
output current is 9.9mA. With a 182Q
output resistor, the output swing is 1.8V.
This low value for R, - assures that the
parasitic pole associated with the output

If the PLL is used for frequency synthesis,
the damping factor J is a function of the
divider ratio N. If the divider ratio is vari-
able in the range NMIN =N<=< NMAX,

If N is changed by a factor of 100, J varies
by a factor of 10, which would be intoler-
able. The PLL would be underdamped or
overdamped at the limits of its frequency
range. In such applications, the loop
filter time constants have to be switched
in accordance with the instantaneous
value of N in order to achieve a damping
factor in the approximate range between
0.5 and 1.

capacitance of the AD9901 is minimized.
The phase detector gain is next calcu-
lated:

1.7v
K = =
27 rad

0.286V/rad

Because the phase detector is used in ECL
mode, its output swing is -1.8V to 0V. At
phase lock, the nomimal mean output is
therefore -0.9V. This must be matched to
the VCO input range.

The optimum varactor diode reverse bias
voltage was determined to be +5.5V for
an output frequency of 110 MHz. The
nominal input voltage for the FET oscilla-
tor is -3.6V. The input voltage to the
51kQ resistor required to maintain the
5.5V varactor diode reverse bias is

+5.5-3.6 = +1.9V.
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Since the mean value of the AD9901 at
lock is -0.9V, an inverting gain stage of -2
is used after the unity gain follower stage.
An offset adjustment is provided to allow
the user to vary the phase of the output
signal versus the input signal. This is an
easy way for the user to check the output
linearity of the phase detector.

Another advantage of the complementary
differential outputs of the AD9901 is the
designer can choose which output (either
increasing or decreasing) is correct for
the application. Since an inverting gain
stage was used, the inverting AD9901
output was chosen. This inverts the
signal before the gain stage corrects the

signal polarity.

A passive loop filter having a single pole is
used to produce a second order PLL. The
output of the loop filter is buffered by a
unity gain follower before going to the
inverting gain stage.

The final stage of the design is to calculate
the natural frequency w_ and the damp-
ing factor 8. From the damping curves, a
damping factor of 0.7 allows the loop to
settle to within 5% of its final value within
one millisecond with less than 25% over-
shoot.

From the set of damping curves, p. 49,
Ref. 2 ~

wt =45
For t = Ims
o, =45KHz
The gain of the inverting stage is then

lumped into the phase detector gain to
give

q = 0.286V/rad x 2 = 0.572V/rad.

WithK = 115x 10 rad/sec/V, the equa-
tions

kk 2
o d

w z(% and

n
N‘t’l
Tza)n

S = with N = 2,

2

are solved for 7, and 7, yielding:

T, = 1.624 sec = R1°C
T, = 311 x10%sec. = R2°C

The following values are chosen for R1,
R2 and C:

C = 10uF
R1 = 160kQ2
R2 = 30Q

The design is now complete.

The outputs of the AD9901 can be used in
the single ended or differential mode.
Figure 8.17 shows the single ended con-
figuration while Figure 8.18 shows the
differential connection.
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USE OF DUAL MODULUS

PRESCALERS
In a PLL which does not use fractional the beginning of a cycle: the prescaler for
division techniques (such as pulse swal- division by M + 1, the modulus control
lowers), the output frequency is limited counter for division by N, ., and the
to integer multiples of the reference programmable counter for division by
frequency,ie,f =N f . Flexible Np.- The prescaler will divide by M + 1
programmable counters can perform this until the modulus control counter has
function but often must be preceded by counted down to zero. At this time, the
higher speed dividers called prescalers all zero state is detected and causes the
which bring the VCO frequency into the prescaler to divide by M until the pro-
range of the programmable counter as gralnmable counter has also counted
shown in Figure 8.19. The use of a - down to zero. When this occurs, a cycle
prescaler which divides the VCO output is complete and each counter is reset to
frequency by M limits the frequency reso- its original modulus in readiness for the
lution of the PLL to multiples of M* £ next cycle. The output frequency is given
rather than f__ by:
High speed dual modulus prescalers as f,= (MN,. + N, ) fre
shown in Figure 8.20 solve this problem
as follows. The modulus of the prescaler Note that channels can be selected every
is controlled by a third counter causing it~ fggp BY letting N,.and N . take on suit-
to alternate between Mand M + 1. As- able integer values, mcludmg zero,
sume all three counters have been set for provided N . > N, for all values.
4 fRerF N
o
fo =N-M- fREF
LOOP OUTPUT
PHASE FILTER
DETECTOR
PROGRAMMABLE PRESCALER
COUNTER
+ N +M
Ai' CONTROL
HIGH-SPEED PRESCALER
Figure 8.19
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