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Abstract: The Phase-Locked Loop (PLL) system is used
extensively in modern electronic systems such as modems,
mobile communications, satellite receivers and television
systems. This work presents a method for modeling and
simulation of second-order PLL in time domain to study
transient behavior during frequency acquisition and tracking.
Here we utilize a basic PLL system that consist a multiplier,
used as phase detector (PD), a passive loop filter (LF) and a
voltage controlled oscillator (VCO). The method combines a
circuit level modeling for the LF and mathematical modeling
for VCO and the multiplier. For circuit level modeling, the LF
is represented by its equivalent companion network model.
Transient analysis method for linear dynamic networks is
applied for simulating the model of the LF. The complete
simulation program, written in Turbo C language, combines
the circuit level modeling of LF with the mathematical
modeling of multiplier and the VCO. The MATLAB program
is used for graphical analysis of data to observe transient
behavior of PLL system. The nonlinear cycle slip phenomena
occurred during acquisition process is observed. The transient
response at locked condition with reference to step change in
input frequency and step change in input phase verifies the
mathematical descriptions of the PLL system.
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I. INTRODUCTION

Understanding the transient behavior of PLL during
acquisition and tracking is an important aspect in many
applications. Block diagram of PLL is shown on Fig.1. The
theories of PLL systems have been analyzed in details in the
literature [1-7]. It is observed that the PLL is already well
established by its theoretical work and practical application.
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Fig.1 Block diagram of PLL

However different methods may be applied for studying and
for further improving various performance parameters of
PLL. The motive behind this work is to study the transient
behavior of PLL with proper choice of LF components and
with different types of signals and frequencies in time
domain. The work is based on companion model [9]
representation of circuit elements which are used in SPICE
and SPICE-like simulator programs.

II. BRIEF OVERVIEW OF PLL BEHAVIOR

A PLL is electronic systems which can phase lock an
internal oscillator signal i.e. the output of VCO with the
reference signal. The phase error between internal oscillator
signal and the reference signal is quantified by the multiplier
used as phase error detector. The output of the phase error
detector is processed by the loop filter and the results are
applied to the input of the VCO. The output of the loop filter
controls the phase and frequency of the VCO.
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If the reference input and VCO frequencies are not
equal, the output of the LF will be an increasing or
decreasing voltage depending on which signal has the higher
frequency. This change in frequency is tracked by a change
in the loop filter output, and thus forcing the VCO free
running frequency to capture the reference input frequency.
In the acquisition mode, which has non linear behavior, the
PLL system is either out of lock or just starting up to lock
with the input reference signal. In tracking mode, the PLL is
already locked and it tries to maintain the locking condition
in the situation of sudden change of phase and frequency of
the input reference signal. If the changes are small, the PLL
can manage the disturbances so that it can come back to the
steady state.

III. MODELING OF PLL COMPONENTS

The three components of PLL system are considered
for its equivalent representation before simulation. The PD
and the VCO are represented in its mathematical
relationship and the loop filter is being implemented at the
component level. So the PLL as a system will be simulated
as a combination of mathematical and circuit level
modeling.

A. Multiplier as Phase Detector

The two input signals to the phase error detector are as
follows:

x,(t) = 4, cos (ot +6,) (1)
x,(f) =B, cos(w,t +6,) 2)

Where A; and B, are the amplitudes of input reference and
VCO signal, w; and w, are the angular frequencies of input
reference and VCO signal, e; and e, are the input and VCO
phase respectively. The loop filter removes the high
frequency component from multiplier output and the output
of the loop filter is approximated [1] as:

V. = AB,sin@,-0)
_ K, sin( ¢) 3)

Where ¢ is phase difference and K, is the PD gain in
Volts/radian. The phase difference ¢ plays a prominent role
in PLL analysis and PD gain is important as one of the
design parameters of the closed loop gain.

B. Loop filter

The most common type of LF that is normally used in
linear PLL system is of Lag-lead type as shown in the Fig.2.
This filter circuit is of linear dynamic type and its equivalent
is represented by transient solution method of linear
dynamic network [8]. The charge-storage element capacitor
must be reduced to simplified equivalent circuit known as
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It

Fig.2. Loop filter

companion model [9], [10]. The method transforms
capacitor by applying a numeric integration to the current-
versus-voltage relationship of a capacitor i.e.
i =2 “)
dt

This derivative is approximated numerically by using
the backward Euler formula [8]. Backward Euler offers a
good compromise of accuracy and stability

n+l _ n
dv v v (5)

tn+l _ t"

- n+l
dr '

Where the “n” superscript refers to a particular time and it is
assumed that the difference between successive time steps is
constant i.e.

t"t—t" =T (6)
Where, T is called the time step or step size. Now Eq.4 is
approximated by using Eq.5 as

n+l n

i - c (V—‘V) (7
i T

The current 7,V is an approximation to the true capacitor
current. The linear companion model representation for a
capacitor follows from Eq.7 by viewing this equation as a
Kirchhoff’s Current Law (KCL) sum at a branch node as
shown in the Fig.3.

Ic(nJrl)l
_|_
V(n+1) = o=

G=C/ I, oD

Fig.3. Companion model of Capacitor

Conductance G describes the part of C’s current dependent
on its new voltage v “*". Current source 1,,~G.v" describes
the other part based on the past voltage. Since V" is the node
voltage from previous time step and remains fixed, only
v changes with each new iterative voltage value and
1™ changes to become the linear I-V relation for the new
capacitor voltage at that transient time-step. At each discrete
time point, the numeric integration determines the linear I-V
relationship for the capacitor.
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SLOPE=G=I/R

Fig.4. Companion model of Resistor
The value of the resistor is represented by its conductance
value in the system matrices. Fig.4. represents the I-V
characteristics of a resistor and its equivalent conductance
value

C. Voltage Controlled Oscillator

Instantaneous angular frequency w, of the VCO is a
linear function of the control voltage v. with reference to the
free running angular frequency w, and the VCO produces a
sinusoidal signal. Mathematically,

Q)V = a)O + vac (t) (8)

v ()= e ©

In the Eq.9, K, is the VCO gain parameter and it has the unit
of radians per second. The frequency of oscillation of the
VCO changes by K, radians per second for every volt of
control voltage v (f) applied as input.

IV. SIMULATION METHOD

The method presented here, simulates the PLL system
in time domain. The nodal equations for loop filter are
represented in a set of matrices as [G][V]=[I] and it
characterizes the linear representation between the voltage
and current for every element in the circuit. The simulation
program is written in Turbo C language for the complete
PLL System. The program iterates for the element of
voltage in the set of matrices over and over again until a set
of voltage is found that satisfies the nodal equations of the
low pass filter. The iteration is based on Gauss-Sidel
technique [11] and it makes use of the fact that a non-linear
device can be treated as linear over a small range. Gauss-
Seidel technique is an advantageous approach because it
allows the user to control round-off error that is inherent in
elimination methods such as Guassian elimination.

V. RESULT AND DISCUSSION

The simulation time step size used in this work is 1 nano
second. LF component values are R1=68K, R2=2 K and
C=10nF.

A. Frequency acquisition
We set (as per Eq.8) wy= 10MHz and K, =10 MHz. As per

Eq.9, the VCO control voltage v.(z) should be 0.05 volt so
that the initial frequency difference of 500 kHz reduces to
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Fig.5 Frequency acquisition at 500 KHz

zero. Here we observe that the VCO control voltage v.(¢)
pushes VCO free running frequency ®, towards
instantaneous angular frequency w, of the VCO. Finally w,
of the VCO becomes frequency and phase locked with input
reference frequency w; during steady state. Fig.5 shows that
VCO control voltage attains steady state after about 2000
time steps and the frequency difference approaches towards
zero. As the initial frequency difference increases, the gain
of multiplier is reduced due to increased phase error. Fig.6
shows the Frequency acquisition range of 747 KHz without
cycle slip and the Fig.7 shows the same for 748 KHz
causing a cycle slip with phase error beyond 180°. It shows
the acquisition or capture range of PLL for the selected
values as 747 KHz. The theoretical acquisition range for the
same selected values as per references [2-5] is 713 KHz.
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Fig.6 Frequency acquisition at 747 KHz without cycle
slip
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Fig.7. Frequency Acquisition at 748 KHz with cycle slip

B. Tracking behavior

A phase step of 45° is applied at 8000 time steps at the
input reference signal when the PLL is in steady state as
shown in Fig.8. The VCO control voltage again attains
steady state after about 22000 time steps and also the
frequency difference approaches zero. So, the PLL is able
of tracking out the sudden change of input phase as per
theoretical formulations.

A frequency step of 20 KHz is applied at 8000 time
steps at the input reference signal when the PLL is in steady
state as shown in Fig.9. We observe that the VCO control
voltage changes due to the step input and the frequency
difference approaches towards zero. Finally the VCO output
signal becomes synchronized with the input reference signal
at the steady state. So, the PLL is able of tracking out the
sudden change of input frequency.
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Fig.8. Input Phase step of 45”at 8000 time step
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VI CONCLUSION

In this paper we have observed that the circuit level
simulation of companion model of loop filter along with
mathematical formulations of multiplier and VCO may be
used for simulation of analog PLL to investigate its transient
behavior in time domain. The simulation program uses
uniform time steps size. Data generated from simulation
program has been analyzed using MATLAB program. The
practical simulated value of Frequency acquisition range is
almost similar with the values known from literature of
PLL. Tracking behavior due to input phase step and
frequency step also shows the results as per theoretical
formulations. This work may be further observed to study
the steady-state probability density function of phase error
behavior [4] under the influence of Additive White Gaussian
Noise (AWGN).
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