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ABSTRACT

Wedescribe a nonlinear computer sim ulation model of an Ana-
log Charge-Pump Phase wcked wop (ACP-PLL).Offsets of the
Phase Detector and Analog Charge-Pump are modeled as dis-
turbances to simulate their effects on the steady-state phase error
of the loop.

An extensive computer simulation study is carried out for the
designof an exampleAnalog CP-PLLusing the proposed non-
linear model and comparing it to the conventional linear model.
Results demonstrate the linear model is not sufficient to fully
analyze and predict the behaviour of the Analog CP.PLL.

and Yi!maz E. Sahinkaya
wckheed

Palo Alto Research Laboratory
Palo Alto, California 94304

INTRODUCTION

The Analog CP-PLLis an electronic control system whose sim-
plified block diagram is in Figure 1. The SRand Soare applied"
to the inputs of the Phase Detector which produces an output'
voltage SDcorresponding to the phase difference of these twOj
input signals. The Phase Detector is followed by an Analogi
Charge-Pump. It consists of a Transconductance Amplifier with
a capacitor at its output, forming an integrator. Note that this
analog charge-pump is different from the Charge-Pump de-
scribed by Gardner (1980) which is basically made of a curren~
source/sink>driven by a sequential.logic phase/frequency de-
tector/111e output of the loop filter is amplified and applied
to tlfu input of the Voltage Controlled Oscillator (YCO). This.
in turn produces an output signal at a frequency correspond,;
ing to the change of control voltage VBsuch that it reduces th~
phase difference between SRand so. '

The operational characteristics of the Analog C'P-PLL(Figure l}j
are

(1) When the reference frequency fR equals VCO frequen
fo, there is a 900 phase angle between SR and So (tE =,
!D-900 =0).
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Figure 1. Analog Charge-Pump Phase Locked Loop (ACP-PLL).

Reprinted with pennission from Simulation, S. Can and Y. E. Sahinkaya, "Modeling and Simulation of an Analog
Charge Pump Phase-Locked Loop," vol. 50, pp. 155-160, April 1988.
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:) When the reference frequency changes to a new value, the
VCO frequency takes up the same value within a required
time interval, called "pull-in time" or "lock-in time:' During
this control actionj the phase angle error h, taken with
respect to the 90° phase angle mentioned above, changes
from zero to a positive or negative value and finally be-
comes zero when fR = fo at the end of the pull-in time.

) When the reference frequency remains unchanged and a
disturbance signal (i.e., Vos and/or los) enters into the sys-
tem, the phase angle error changes from zero to a positive
or negative vahie. The value of fE is proportional to the
level of the offset signal.

e control action during the pull-in time is also known as the
quisition mode of operation. The control action, aher fre-
rency lock following a disturbance, is known as the tracking
ode of operation. As in the following sections, all three major
'mponents of the Analog CP-PLL have nonlinea~ities.

ence, the Analog CP-PLLis a nonlinear feedback control
;tem whose system parameters and stability conditions which
tisfy the prescribed performance requirements cannot be
termined by well-knoWn techniques such as "Root-Locus" and
ode Plot" from the classical control theory. An efficient tech-
lue (Mitchell 1978; Dost and Liu 1985) to accomplish the
k is use the power and flexibility of system simulation lan-
ages such as ACSL, CSSL-IV,or DSLIVS. .

this article, the usage of CSSL-IVis demonstrated in the deter-
nation of time-domain response characteristics of an exam-
~ Analog CP-PLL.

. e performance criteria of the Analog CP-PLL are set as:

) Settling time < 2 lis if .!,.
Overshoot < 20% - L';:-

Steady-state phase error < 3°

response to the application of a 10% reference frequency
pat fR= 10 MHz; and Phase Detector offset Vos= 10mV; and
arge-Pump offset los = 75 IlA in the form of step inputs.

MATHEMATICAL MODELING

nalog CP-PLL (see Figure 1) contains three main subcircuits:
ase Detector, Charge-Pump and Loop Filter, and Voltage Con-
,lied Oscillator (VCO). We will briefly describe the operation
these subcircuits and present their mathematical models.

.,e main differences of this model from the classical models
'e that:

) The offsets of the Phase Detector and Charge-Pump are in-
troduced into the model as disturbances.

) The Loop Filter is characterized with its state-space equa-
. tions and used as a sub-block in the simulation.

a5eDetector: For a simplified circuit schematic of a typical
.alog phase detector see Figure 2. Apply the output of the
:0 denoted by 50 to the upper transistor pairs Q3, Q4 and
5,Q6. Apply the PLl:s reference signal denoted by 5R to the

er transistor pair Q1,Q2. The input signals are given by:

SR= AR Sin (2nfR t + fR)

So= Ao Sin (2nfo t + ;0)

v+

RL
150

RL
150

5v

+

So

+ Q1 Q2
Rc

Sw
300

I . II

v-

Figure 2. Simplified phase detector schematic.

(1)

AR, Ao are the amplitudes; fR, fo are the frequencies and h,
fo are the phase angles of ACP-PLL:s reference input and the
VCO output, respectively.

An expressionfor the phase detector output signalSDcan be
derived by observing its operational characteristicsasfollows:

. When 5R and 50 are in phase and have positive polarities,
assume Ao is large enough so that transistors Q3, Q6 are fully
turned "on" and transistors Q4, Q5 are fully turned "oft' The
differential pair Q1, Q2 and cascode transistors Q3, Q6 con-
figuration yield a voltage of 5D= (2RLIRE)5Racross load re-
sistors RL.

. When the input signals are in phase and have negative po.
larities, assume Ao is large enough so that transistors Q4, Q5
are fully turned "on" and transistors Q3,Q6 are fully turned
"off:' Since 5Ris of negative polarity, differential pair Q1, Q2
and cascade transistors Q4, Q5 configuration yield a voltage
of the same magnitude and polarity as in the previous case
across load resistors RL. Hence, the input reference signal
is amplified. Also, its negative swinging half is inverted, pro-
ducing an output signal 5D as a periodic function at twice
the frequency of 5Rwith a maximum positive average dc level.

. When 50 lags 5R by 180~ using the same argument given
above,5D again is a similar periodic fun~tion with a maximum
negative average dc level.

. When 50 lags 5Rby 90~ 5D is a similar periodic function with
a zero average dc level.

. When 50 lags 5R by any phase angle less than 90~ 5D is a
periodic function with a positive average dc level. When 50
lags 5R by any phase angle more than 90~ 5D is a periodic
function with a negative average dc level. In Figure 3 is the

(2)
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So

~

Figure 3. Phase detector output for a phase angle difference +D.

phase detector output signal SDfor a phase angle difference
of ;D between So and SR.

Based on the above discussion an expression for SDis given by:

SD = (2RL/RE) SR- Sign {so}

in which (2RJRE) is the dc gain of the phase detector, and
Sign {so} is defined by:

From Figure 3, an average value of SD is given by:

SD= (2RL/nRE)*U;.ARSincp dcp - f~DARSincp dcp)

carryingout the integration in Eq. 5 yields:

SD = (4RLAR/nRE) COSTD

Since tE= tD -90~ Eq. 6 can be rewritten as:

SD = (4RLAR/nRE) SintE

Charge-Pump and Loop Filter: A simplified circuit schematic
of an Analog Charge-Pump is in Figure 4. The differential out-
put of the phase detector is applied to the input of differential
pair Ql, Q2. The output current Icp of this transconductance
amplifier charges and discharges the capacitor CcP'For Rcp= 0,
the output current of the charge-pump is given by:

Icp = Ics Tanh (sDIVT)

where

Ics is the constant current source; VT is given by kT/q in which
k is the Boltzmann constant, T is the absolute temperature, and
q is the electronic charge. When Rcp#:O,the expression given
in Eq. 8 can be simplified to a linear relationship as:

Icp = (1/Rcp) SD

The Loop Filter forms by series connection of a resistor Rx and

v+

les ~

Vep

+

Cep
InF

SD
Cx
10nF

les ~ Ics.~ Rx
33

V-

(3)

"

Figure 4. Simplified schematic of the Analog Charge-Pump and Loop Filter.

(4a)

a capacitor Cx. The state equations for the configuration in
Figure 4 are given by:

(4b)
Vcp = -[(b-1)/T] Vcp + [(b-1IT] Vex + [(b-1)/Cx] Icp

Vcx = (lIT) Vcp - (lIT) Vcx
(4c)

(5)

where

T =RxCx;b =1 + Cx/CcP'

Voltage Controlled Oscillator: A negative resistance LCtype
oscillator is-ctmsidered as a vca in this article. A simplified
schemati<;~such oscillator is in Figure 5. The differential pair
Ql,Q2 which is connected in a positive feedback configuration J;
forms a negative resistor. The combination of an inductor L, ,
a capacitor Cv and t~e negative resistor produces the oscilla-i
tions at the collector of Q1. The amplitude of the oscillations
is controlled by a subcircuit which varies the r'\egative resistor
by changing the tail curro/lt of differential pair Q1,Q2. The;
amplifier A drives a frequency divider circuit. The frequency
of oscillation is given by:

(6)

(7)

fo =KoI2n[L CV(VBW'2

(8)

where

KD is coefficient introduced by the freguency divider (KD= 1/2)1circuit which follows the vca and VBis the output voltage of
the buffer/amplifier following the charge-pump and is given by:

VB= KB Vcp

(9)

A voltage controlled capacitor (varactor) is used to realize fre"\lj
quency control by voltage. The capacitance Cv versus the buffe
voltage VBcharacteristic is nonlinear. However, the fa versw
VBcharacteristic for a particular varactor used in our examplE
is almost linear. Hence, Eq. 12 can be linearized and re-writter
as:

fa = Ko VB+ foc
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(11)

Sign {so} = +1 for So>0

Sign {so} = 0 for So= 0

Sign {so} = -1 for So<0
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Figure 5. Simplified schematic of VCO.

V-

"
where focis the VCO'sfrequency of oscillation at VB= 0, which
is called center frequency (or free running frequency). Equa-
tion 14is used in the linear analysispart of this study.The out-
put of the VCO is given by:

So= Ao Sin[2nfo(VB)t+ +0(VB)]

where

fa = fa (VB)

~//,.
In Figure 6 is the complete block diagram .caffe'sponding to
the nonlinear mathematical model developed for the Analog
Cp.PLL. Note that the offset voltage of the phase detector Vas
and the offset current of the charge-pump ios are introduced
as disturbance signals in Figure 6.

4A~R~Sin(')
. nR.

+

+ f.

~

,

n

(15)

COMPUTER SIMULATION

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

Step1.LinearAnalysis. Forsmallchangesof h, SinpEisapprox-
imately equal to h. Therefore, Eq. 7 can be linearized as:

sD=(4RL AR/nRE)h (17)

(16) Using linearized models of phase detector, transconductance
amplifier and VCO given by Eqs. 17,9, and 14 respectively, we
obtain the block diagram of the linearized ACP-PLL as in Fig-
ure 7.

When the phase detector and charge-pump offsets are intro-
duced into the system as Vas= VasU(t) and, ios = los u (t) where
u(t) being a unit step function, from the block diagram in Fig-

VOS los

+ +
LOOP

FILTER'S
STATE

EQUATIONS

IcsTanh(')

+

"'°(0)

J(.) ~-
-vTc:;;

Figure 6. Simulation diagram of the nonlinear ACP-PLL.
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1
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bCxS(tS+l)+

1
S

+

"'O(0)

Figure 7. Simulation diagram of the linearized ACP-PLL.

ure 7, it can be shown that the steady-state phase error (Gardner
1979) due to offsets is:

T. = (nRd4AR RL)[Vas + Rcp los]

From Figure 7, the closed-loop transfer function (when offsets
are zero) is obtained as:

To/TR = F(s)/[l + F(s)]

where

F(s) = K(s + llT)/[s1(s + bIT)]

in which

K =[8RLAR(b -1) KBKo]/[RE RcpCx]

T =RxCx

Substituting Eq. 20 into Eq. 19 we obtain:

fa (s)/ fR (s)= K(s + "I) / [S3 + (bIT) S1 + Ks + (KIT)] (23)

where the characteristic equation is:

S3 + (bIT) S3 + Ks + (KIT) = 0 (24)

The roots of Eq. 24 determine the response characteristics of
the linear system as in Figure 7. Here, the system parameters
used are AR =0.2V; KB = 2; Ko =3.67 *106 Hz/V; Cx = 10nF;
Rx= 33 ohm; b = 11; RL= 150 ohm; RE= 300 ohm. From the
Root Locus diagram (not shown here) of Eq. 24, the roots of
the characteristic equation and the gain which yield an accept-
able system performance are determined. As a result, an initial
value of 150 ohm is selected for the resistor, Rcp, of the linear-
ized charge-pump.

(18)

A computer simulation program using CSSL-IVwasdeveloped
(Can and Sahinkaya 1986) for the linear ACP-PLLand simulated
for a 10% frequency step (i.e., FPER=0.1) and zero offsets. The
ACP-PLLresponse is in Figure 8a.

Step2. Nonlinear Analysis. A CSSL-IVprogram is also devel-
oped (Can and Sahinkaya 1986) for the nonlinear ACP-PLLmod-
el of Figure 6. The response of the nonlinear ACP-PLLfor a same
input frequency step as in linear ACP-PLLis in Figure 8b. From
Figure8, the followingconclusions are drawn: -

(1) The linear model is not adequate for predicting the response
characteiisfics of the ACP-PLL. ./-

(2) The IIpiJlI-intime" as predicted by the nonlinear model, with
previously assumed circuit parameters, is about 14jlSwhich
is about twice the value obtained from the linear model,
and seven times larger than the maximum allowable value
of 2 jlS.Note that here, Rcp = 150 ohms. To reduce the "pull-
in time" to an acceptabl~ value, the loop gain must be in-
creased without exceeding the stability limit. At this point,
for the design method used in choosing the parameter
values one may refer to a recent article by Gardner (1980).

Several computer runs have been made to optimize the design.
Only the most interesting results are given here. The VCO fre-
quency (see Figure 8b) loses its synchronism with the reference
frequency for about 4 cycles before a IIlock-in"is achieved. This
clearly demonstrates the importance of the nonlinear analysis
since the linear model will not show such characteristics. In
Figure 9 is the response for final selection of parameter Rcp as
75 ohms for a frequency step of 10%.

In Figure 10 is the step response of the ACP-PLLwhen the linear-
ized charge-pump model is replaced with the nonlinear model
and other parameters are kept the same as in Figure 9. With
the nonlinear charge-pump, the IIlock-in"time is further reduced
from approximately 5 jls (see Figure 9) to less than 2 jls.

(19)

(20)

(21)

(22)

CONCLUSIONS

A nonlinear mathematical model is devel~ped for the simula-
tion of AnalogCharge-PumpPhase LockedLoops.UsingCSSL-
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Figure 8. Step input response of (a) the linear ACP.PLL (Rcp~150Q)

(b) the nonlinear ACp.PLL with linear charge.pump (Rcp~150Q).

IV,it was once again clearly shown that the linearized model
'; not sufficient to fully analyze and predict the response char-
cteristics of the loop. It is almost mandatory to use computer
ased nonlinear analysis methodology for the design of Analog
:harge-Pump Phase Locked Loops. The Phase Detector and
:harge-Pump offsets are introduced as disturbances into the
IOdel and their influence on the ACP-PLLresponse charac-
eristics is investigated.
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