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A nonlinesr computer simylation model of an
Analog Charge-Pump Phase Locked Loop (CP-PLLL is
described in this paper. Off-sets of the Phase
Detector and analog Charge-Pump are modeled as

disturbances in order to simulate their effects on the
steady-state phase error of the loop.

Extensive computer simulation study is carried
out for the design of an exsmple Analog CP-PLL using
the proposed nonlinear model and compsred to the
conventional linear model. The simulation results
clearly demonstrate that the linear model is not
sufficient to fully analyse and predict the behaviour
of the Analog CP-PLL.

NTR TION

The Analog CP-PLL [1] is an electronic control
syster whose simplified block disgram is shown in
Fig.1 . The's, and s, are applied to the inputs of the
Phase Detector which produces an output voltage sy
corresponding to the phase difference of these two
input sipnals. The Phase Detector is followed by »
Charge Pump consisting of a3 Transconductance Amplifier
with a3 capacitor at its output, forming an integrator
,and 3 Loop Filter. The output of the Charge Pump is
amplified and applied to the input of the Voltage
Controlled Oscillator (VCO) which produces an output
signal st a frequency corresponding to the change of
control voltage v, in such 3 way that it reduces the
phase difference between s, and s, .

The operational characteristies of the Analog
CP-PLL shown in Fig.1 are as follows:
1. When the reference frequency f, is equal to

VCO frequency f, , there is 3 90 degree phase angle
between s, and s, . 11 , Phase Detector offset V,, =0
, and the Charge Pump offset I, = 0, then the Phase
Detector output sy = 0 . When this happens , Y has
stesdy state value because of the integrator action on
the error signal .

2. When the reference frequency changes to s new
value the V(0 frequency takes up the same value
within 8 required time interval which is calied
*pull-in time® or *lock-in time" . During this coctrol
action , the phase angle error 4 ,which is taken with
respect to 90 degree phase angle mentioned above ,
changes from zero to 3 positive or negative value snd
finally becomes zero when f, = f, at the end of the

pull-in time.

L

3 When the reference frequency remains unchanged
and 3 disturbance signal (i.e. V. andfor 1 . ) enters
into the systed , the phase sngle error changes from
zero to 3 positive or negative value when f = f, ot
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the end of the pull-in time The value of & is
proportional to the level of the offset signal.
The control action during the pull-in time is

slso known 3s the *acquisition mode of operation® .The
control action after frequency lock folloring 3
disturbance of the fore mentioned in 2 and 3 is known
as the *tracking mode of operation® . As shown in the
following sections , all three major components of the

~ Analog CP-PLL have nonlinearities.
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Hence , the Analog (P-PLL is 3 nonlinear feedback
control system whose system parameters and statility
conditions that satisfy the prescribed perforeance
requirements can not be determined by well-known
techniques such as "Root-Locus® , "Bode Plot® from the
classical contro! theory. An efficient technique [2-3]
in sccomplishing ,the above task is to wvtilize the
power and flexibility of proven system simulation
it;guages such as ACSL [4] , CSSL-IV [5) , or DSL/VS

6] . .

In this article , the wusage of (SSL-IV s
demonstrated in the determination of tire-dorain
response characteristics of an example Analog (P-PLL
in response to prescribed disturbances.

The performance criteris of the Analog (P-PLL is
set }ﬁ in the following:

1. Settling Time ¢ 2 microseconds
2. Overshoot ¢ 20%
3. Steady State Phase Error ¢ 3 degrees

in response to the application of a 10% reference
frequency step at f, =10 MHz , and Phase Detector
offset V= 10mV and Charge Pump offset 1 . =75 4A in
the form of step inputs.

MATHEMAT]CAL MODEL ING

Analog CP-PLL shown in Fig.1 contains three main
subcircuits which are; 1.Phase Detector, 2.Charge Pump
and Loop Filter, 3.Voltage Controlled Oscillator. The
operation of these subcircuits are briefly described
and their mathematical models. are presented in this
section.

1.Phase Detector : A simplified circuit schematic
of » typical analop phase detector is shown in Fig 2 .
The output of the V(D denoted by s, is applied to the
upper transistor pairs Q3,Q4 and Q5,Q6 while the PLL's
reference signal denoted by s, is applied to the lower
transistor pair Q1,Q2. The input signals are given by

s, = A Sin(2nf,t o 8,) m



s, = Ay Sin(?t'vt - 00) (2)

where A, , Ay sre the smplitudes ; f, , f, sre the
frequencies and ¢, ¢, are the phase angles of
(P-PLL's reference input and the V(0 output
respectively .

An expression for the phase detector output
signal s, can be derived by observing its operational
characteristics ss in the following:

*When s, and s, are in phase and have positive

polarities ; Assume is large enough so that
transistors Q3 , Q6 asre fully turned ‘®on* snd
transistors Q4 , Q5 sre fully turned ‘'off® The

differential pair Q1,02 and cascode transistors Q3,06
configuration yields a voltage of s5,=(2R /R )s, across
losd resistors R .

*When the input signals asre in phase and have
negative polarities; Assume A, is large enough so that
transistors Q4,05 are fully turned ‘on' and
transistors Q3,06 are fully turned ®off* . Since s,
is of negative polarity , differentisl pair Q1,02 and
cascade transistors Q4,05 configuration yields »
voltage of same magnitude and polarity ss previous
case. across losd resistors Ri . Hence when the phase

error #,=0 , the input reference sipnal is amplified

and also its negative swinging half is inverted ,
producing an output signal s, as s periodic function

st twice the frequency of s, with 3 maximum positive
sverage dc level.

SWhen s, lags s, by 1B0 degrees ,using the same
argument given above it can be shown that s, is spain
8 similar periodic function with s maximum negative
average dc level.

*When s, lags s, by 90 degrees , s, is s sinilar
periodic function with 3 zero avarsge dc level.

*¥hen s, lsgs s, by any phase angle less than 90
degrees , s, is » periodic function with 8 positive
svarage dc level,' When s, lags s, by any phase sngle
sore than 90 degrees , s, is a periodic function with
negative avarage dc level. Fip.3 shows the phase
detector output signal s, versus phase angle §.
characteristic.

Based on the above discussion sn expression for
s, is given by,
sp=(2R /Ry )s, . Sign{s;}

in which (2R /R.) is the dc gain
, and Sign{s;} is defined by,

®)

of the phase detector

Sign{sy} = «1 for s, >0 (42)
Sign{s;} = 0 for s, =0 (4b)
Sign{s,} = -1 for s, <0 (4¢)

Fig. 4 shows the phase detector output sipnal 5,
versus phase angle error 0( over the region -n ¢ 't <

®  where;

b o= 4 - 900

(5)

From Fig.4 | an avarage value of S, is given by ;
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()
:vs(QR‘/R‘)‘sl ASing dp -7 ASing d¢) (6)
0
]

carrying out the integration in Eqn.6 yields ;
]
s, = (4R A /nR) Cosdy (7
Using the definition given in Eqn.5 , equstion (7) can
be re-written »s;

s, = (4R A /xR, ) Sind (8)

. ?. har Pym n [ Filter Simplified
circuit schematic of an Analog Charge Pump is shown in
fug.s . The d:ffcrgnti:l output of the phase detector
is applied to the input of differential pair Q1.Q2 .
The output current I‘, of this transconductance
ssplifier charges and discharges the capscitor Gy
For Rep =0 , the output current of the charge pump is
given by ;

Iy = Ips Tanh(s, /V;)

where 1" is the constant current source and V,‘ii

given by KkT/q in which k is the Boltzman constant, T
is the sbsolute tempersture and q is the electronic

charge . When R.p#0 , the expression given in Eqn.9
can be simplified to a linesr relationship as ;

Ly = (1/R,) 5, (10)

The Loop Filter is formed by series conne:tﬁdn of »

resistor R, and » capacitor C, . The state equations
for the configuration shown in Fig 6 is given by;

;t,t-[(b—l)/f]v‘,~[(b-])/v]v‘,4[(b-])/(,]]t, (1])

. T -
Ve = (/M)vpz = (V1) v, (12)
where + =R, C, and b= 1. (/C,

3.Voltege ntroll A negative

resistance LC type oscillstor 1s considered 3s 2
V(D in this article . A simplified schematic of such
oscillator is shown in Fig.7 . The differentisl pair
Q1 ,Q2 which is connected in 3 positive feedback
configuration forms 8 negative resistor. The
combination of sn inductor L , a capacitor (, and the
negative resistor produces the oscillations st the
collector of QI The amplitude of the oscillations

sre controlled by 8 subcircuit which varies the
negative resistor by changing the tail current of
differentis!l psir Q),Q2. The smplifier A drives a
frequency divider circuit. The frequency of
oscillstion is given by;

fo =K /2n[L €, (v,))'"? (13}

where K, is coefficient introduced by the frequency
divider (K,=1/2) circuit which follows the V(D and v,

is the output voltage of the bufferfamplifier
following the charge pump and is piven by;

w =K, (1¢)
A voltage controlled capacitor (varactor) [8) is used
to realize f{requency control by voltage The
capacitance (,  versus the buffer voltage \f

® .,

v
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characteristic is nonlinear. However , fo versus v,
characteristic with this particular varsctor is slwmost

linear. Hence , Eqn.13 can be linesrized and
re-written ss ;
fo =K v+ Ty (15)

where f, . is the VCO's frequency of oscillation at “ws
0 , which is called center frequency (or free runaing
frequency). Eqn.15 is used in the linear analysis part
of this study. The output of the V(O is given by;

S = A Sin[2nfy (v)t « 4 (v,)] “(16)
Iherg, )
4 = f(v,) 1)
| ~ B
Fig.8 shows the cosplete block disgraa
corresponding to the nonlinear mathematicsl model

developed for the Analog CP-PLL . It should be noted
that the offset voltage of the phase detector v, snd

the offset current of the charge pusp igg 8re
introduced as disturbance signals in Fig.8 .

WP AT

A computer simulation of the proposed Analog
CP-PLL smodel is carried out in the folloving steps:

Stepl Linear Anslysis: For small changes of L'
Sini‘ is spproximately equal to 4 .Therefore , Eqn.8
can be linearized as ;

S = (4RLA;. /'R;) LA (18)

Using linearized wmodels of phase detector
transconductance amplifier and VCO given by equations
(18) , (10) and (15) respectively, we obtain the block
diagran of linearized CP-PLL 3s shown in Fig.9 .

When the phase detector and charge pusp offsets
sre introduced into the system 3s vye= Voo u(t)
and, ige= Do u(t) where u(t) being 8 ‘unit step
function ; fron the block disgram in Fig.9 , it can be
shown that the steady state phase error tO] due to
offsets is;

4, = (GRJAANR) [Vos « Rep Tl (19)

From Fig.9 , the closed-locp transfer function (when
offsets are zero) is obtained as

b/ = F(s) / 1« F(s) (20)
where )

F(s) = K (s+1/1) [ [s? (s+b/r (21)
in which

K= [BR A (b-1)K K]/ [RR,C,] (22)
T = R( (23)
Substituting Eqn.21 into Eqn.20 we obtain ;

b (8 /4 (8)K(s1) /[82« (b/2) ks (K[1)]  (24)

where the characteristic equstion is ;
s? 4 (b/1)s? ¢ Ks ¢ (K/1) =0 (25)

The roots of Eqn.25 determines the response
characteristics of the linear systea shown in Fig.9 .
Here , the following systea parsseters sre used, A=
0.2V, K=2, K= 367 °100 Hz/V , (= 10nF , R = 33
oha , b=11 ,R =150 oha , R =300 ohm . From the Root
Locus [10] disgram (not shown here) of Eqn.25 , the
roots of the characteristic equation , and the gain
which yield an scceptable system performance , are
determined. As a result , an initisl value of 150 oha
is selected for the resistor of the linearized charge .
pump.

A computer simulation program using (SSL-IV [5)
is written for the linear (P-PLL. Using the prograa
shown in Fig.10s , the linear CP-PLL is sinulsted for
3 108 frequency step (i.e. FPER=0.1) and zero offsets.

_ The CP-PLL response is shown in Fig.1la .

Step2.Nonlinepr Analysis: The CSSL-IV program
developed for nonlinear CP-PLL model of Fig.8 is shown
in Fig.10b . The response of the nonlinear CP-PLL' for
o ssae input frequency step as in linear (P-PLL is
shown in Fig.11b . From Fig.11 ,the following
conclusions are drawn:

1. The linesr mode! is_not sdaguate for predicting the
response charscteristics of the (P-PLL.

2.The ®pull-in time® as predicted by nonlinear model
with previously assumed circuit parameters is sbout 14
aicroseconds which is sbout twice the value obtained
from linear model , and seven times larger than the
maxisun allowsble value of 2 microseconds. Note that
here ; R, =150 ohrs. In order to reduce the *pull-in

time® to an scceptable value , it is known from

control theory that the loop gsin msust be incressed
without exceeding - the stability limit. Several
computer runs have been made to optimize the design .
Only the~most interesting results are given below.
Fig.11b7 shows that the V(O frequency loses its
synchronisa with the reference frequency for about 4
cycles before » ®lock-in® is achieved. This clearly
desonstrates the importance of the nonlinear analysis
since the linear model wil not show such
characteristics . Fig.12 shows the response for final
selection of parsseter R.p 35 75 ohms and » frequency

step of 10%.

Fig.13 shows the step response of the CP-PLL when
the linearized charge purp model is replaced with
nonlinear mode! and other parsmeters kept the same as
in Fig.12 . With the nonlinear charge pump , the
*lock-in® time ¢ reduced from approximately 5

_ microseconds (see Fig.)2) to less than 2 microseconds.

Fig.14» shows the response characteristics of the
CP-PLL for » phase detector offset of Vpg=10aV while

FPER=0 and Ips=0 Fig.14b shows the same
characteristic for a charge puap offset of Tos=75 pA
while Vo =0 . The system response characteristics sre
stable and performance criteris such as: pull-in time
< 2 psec and phase error ¢ 3° are satisfied.

A nonlinear mathematical mode! is developed for
the simulation of Analog Charge Puap Phase Locked
Loops. It was clesrly desonstrated that the linearized
sodel is not sufficient to fully analyse and predict



the response characteristics of the loop. It is slmost
mandstory to use 8 proven computer bssed nonlinear
snalysis methodology for the desipn of Analog Charge
Pump Phase Locked Loops. The Phase Detector snd Charge
Pump offsets are introduced ss disturbances into the
sodel ond - their influence on the (P-PLL response
characteristics is demonstrated.
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