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New Phase-Lock Loop Circuit Providing
Very Fast Acquisition Time

BERNARD S. GLANCE, MEMBER, IEEE

Abstract — We present a new circuit configuration for second-order
phase-lock loops that provides, for large initial frequency offsets, acquisi-
tion times severaf orders of magnitude shorter than those achieved rising
conventional phase-lock loops. This new circnit afso provides freqnency
locking almost instautaneously when the time delay around the loop is

small. Furthermore, k can, without losing lock snstain frequency changes

several hundred times faster than those which can be sustained by a
conventional circuit.

I. INTRODUCTION

T HE ACQUISITION TIME of a second-order phase-

lock loop can be prohibitively long when the initial

frequency offset Au between the input signal and the

voltage-controlled oscillator (VCO) output signal is large

compared to the loop natural frequency a. [1], [2]. Differ-

ent techniques are employed to accelerate the acquisition

time [3]–[5]. One commonly utilized technique uses a

ramp-shaped periodic waveform to sweep the VCO

frequency. With this scheme, the loop can acquire phase

lock with certainty only if the VCO sweep rate is less than

or equal to 4Au/u~ [3]. This effect deterrnjnes the minim-

um acquisition time. The scheme is complicated by the

circuitry needed to generate the periodic ramp waveform

and by the locking sensor for disabling the VCO frequency

sweeping after acquisition. Two other methods are the

combined frequency discriminator-phase detector scheme

[4] and the dual-time-constant integrator scheme [5]. These

acceleration techniques also need relatively complicated

circuitry.

The acceleration method proposed in this paper requires

a much simpler circuit than previous ones. This circuit is

robust, easy to implement, and its performance is superior

to that of prior techniques. Furthermore, it provides

frequency locking almost instantaneously for loops having

a small time delay. It also has a much greater capacity to

remain locked against fast frequency changes.

To explain simply how the new result is obtained, we

first review briefly the physical process responsible for the

long acquisition time of a conventional second-order

phase-lock loop. We then show how the circuit can be

modified to speed up the acquisition process. The new

circuit configuration is analyzed using numerical computa-
tions to obtain the phase error variation versus time. The

acquisition time and the capture range are determined
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Fig. 1. Conventional second-order phase-lock loop using an active filler.

from these results. The analysis concludes with an evalua-

tion of the circuit capacity to remain locked in the presence

of rapid frequency changes and with the assessment of the

influence of the damping factor. The last part of the study

describes the experimental circuit and compares its results

with those of a conventional second-order phase-lock loop.

II. CONVENTIONAL PHASE-LOCK LooP

Fig. 1 shows the schematic of a conventional secorld-

order phase-lock loop in which an active filter integrates

the error signal. The error signal between the input signal

of angular frequency U1 and the VCO signal of angular

frequency Uz is kd sin rp(t). The quantity kd depends on

the amplitude of both signals and on the phase detector

response. Its value is expressed in, volts per radian. The

quantity rp(t) represents the phase difference between both

signals.

The output of the integrator gives the control signal

which tunes the VCO frequency according to the relation

[1]-[2]

(1)

The quantity k. k defined by the frequency-voltage rela-

tionship of the VCO control. Its dimension is expressed in

rad/sec per volt. The quantity U2 – al is the initial

frequency offset. The parameters kd and k. combined

with the resistances RI and R* and the capacitance C

determine the natural loop frequency ~. and the damping

factor 1 according to the relations [1], [2]

kokd~2=—
n CR1

(2)
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Fig. 2. Variation of the number of cycles of the error signal with
normalized time before achieving phase-locking for a conventional
second-order phase-lock loop. These results, obtained by computer
simulations, are presented for increasing frequency offsets normalized
relative to the loop natural frequency.

and

(3)

Phase locking is achieved when the charge accumulated

by the capacitance provides the bias voltage required to

tune the VCO by tiz – 01, i.e., when

(4)

The quantity tl is the acquisition time. For large values of

(o, - @l)/an, it is given approximately by [1]

(5)

For example, a loop having a 200-Hz natural frequency

and a damping factor of unity takes about 36s to phase-lock

when (QZ – ul)/u~ = 300.

The long duration of the acquisition process can be

simply explained by noting that the biasing voltage devel-

oped across the capacitance C is obtained from the charge

accumulated by the quasi-periodic current kd/Rlsin rp( t ),

whose period increases very slowly with time when ( CJ2–

ul)/ti~ >>1. The net charge accumulated per cycle of p(t),

which is proportional to the area difference between the

positive and the negative parts of the cycle, is correspond-
ingly small. Therefore, it takes many such cycles to charge

the capacitance to obtain the bias voltage required for

phase-lock — several thousand in the previous example.

This effect is illustrated in Fig. 2 for different values of the

normalized initial frequency offset ( a2 – OJl)/a~.

The reduction in the acquisition time is obtained in the

proposed circuit by amplifying the error signal for values

of rp( t ) close to + 7r/2, as explained in the following

section.

III. NEW PHASE-LOCK LooP CONFIGURATION

The schematic of the new phase-lock loop circuit is

shown in Fig. 3. It differs from the conventional loop by

the addition of a circuit inserted between the phase detec-

---------- ----- -,
I
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Fig. 3. New loop configuration.

tor and the integrator. This circuit consists of a network

followed by an operational amplifier whose function is to

provide an output voltage V(~) proportional to the current

from the network. The network is made of a pair of

antiparallel diodes shunted by a resistance R whose value

is much smaller than the combined resistance of the diode

pair when biased near zero voltage. The voltage V(q) is

thus the sum of two terms; one is due to the current

flowing through the resistance R; the other is caused by the

diode current. Its value varies with the error signal k~ sin q

asl

{ }
V(rp)=R’ ~kjsinq +1, sinh(akjsinrp) . (6)

The quantities 1, and a are parameters characterizing the

diode current variation with input signal [6]. The resistance

R’ determines the gain of the operational amplifier.

In the phase-locked state, the network current is mainly

controlled by the resistance R because the fluctuations of q

are small around zero degrees and, thus, the combined

diode resistance (al,) -1 is much larger than R. Conse-

quently, V(rp) can be expressed as

(7)

To obtain the desired a. and { values as defined by (2)

and (3), the resistance R’ is adjusted to give

(8)

As a result, the new loop configuration provides in the

phase-locked state the same performance as the conven-

tional loop having the same O. and ~.

By contrast, the unlocked state resulting from an initial

frequency offset gives rise to a network current controlled

mainly by the diode pair when the phase error exceeds a

given magnitude Ipol. This is achieved by adjusting k~ to

make kj sin TO large enough to drive the diodes into large

current conduction. In this mode, a large surge of voltage is

provided by the operational amplifier during the first cycle

of the error signal. The surge can have a maximum value

several hundred times larger than kd, the maximum value

1For simplicity, q(r) is expressed as q hereafter,
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provided by the conventional loop. As a result, the time to

charge the capacitance C is reduced. A more detailed

analysis is given in the next section.

,.m~l

IV. ANALYSIS t
,/ ‘i

To satisfy the prior condition, we assume that R is

adjusted relative to the low current diode resistance (aI,) -1

so that 9/10 of the network current flows through R for

small Iq I values. Alternatively, the diode pair is driven into

large conduction when the magnitude of the error signal

equals about 0.6 V [6]. This implies a range of values for k;

between about 0.7 V per radian and 2 V per radian,

depending on the linear tracking range selected for q.

Consequently, the exponential factor akj (hereafter desig-

nated as /3) is between 6 and 30.2 The voltage V(rp) can

thus be expressed simply as

{ )V(q) =kd 0.9sinrp+ ~sinh(~sinq) . (9)

This voltage feeds the integrator and thus provides the

tfil

1
f~ UP

control signal which tunes the VCO frequency. To obtain a /1
40 ,1

more accurate expression relating the control signal to 6 42 n ‘w

dcp/dt, we take into account the loop time delay ~, i.e., the
K& FWd?TER, p

time taken by the VCO to respond to the control signal.
Fig. 4. Calculated maximum normalized capture range versus the

This effect, usually negligible in a conventional circuit, can
parameter P for different normalized loop delays.

give rise to phase error oscillations during acquisition

caused by the rapid increase of J’(q). To take this effect

into account, we replace q by cp’ into (9) with

fp’(t)=rQ(t -7). (lo)

The locking equation resulting from an initial frequency

offset Ati = Uz – UI is thus expressed as

($ + kokd$$ 0.9sin@+ ~ sinh(~sinq’)
1 )

kokd t

—J{+ CRl ~ )
0.9sin#+ u sinh(~sinq’) dt = Aa.

P
(11)

The solution of this equation depends on the two loop

parameters tin and {, on the diode exponential factor /3,

and on the initial frequency offset Ao. It can be normal-

ized relative to a. by substituting tint and G+T for the

variables t and ~. In this case, the locking equation is

expressed simply as (with x = tit)

{
‘q 2 ().9sin#+ ~~+ ( ‘sinh(/3sinqY)

}

+ ~x{0.9sin@+ ~sinh(&#))dx= ~. (12)
n

Numerical solutions of this equation are presented in the

following sections.

V. OPTIMUM VALUE OF THE PARAMETER/3

To further the analysis, we determine the ~ values which

yield the maximum (one-sided) normalized capture range

(Au/a.)M for a given normalized delay ti.~. The results,

obtained by computer calculations, are shown in Fig. 4 for

2The diode parameter a – 1 varies usually between 50 mV and 100 mV

[6].
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Fig. 5. Example of phase error variation versus normrdized time in
which there are significant initial phase oscillations due to loop delay.

the normalized delays fnr= 10-2, 10-3, and 10-4. The

corresponding maximum normalized capture ranges are 20,

220, and 1’900. They occur, respectively, for /3=8, :10.8,

and 13.5. For the latter two values, there are phase oscilla-

tions during the first part of the phase acquisition process.

The oscillations damp out after a short time interval, as

illustrated lby the results shown in Fig. 5, calculated for

P = 10.8, ~,~ = 10-3, ~d Au/a~ = 200. To minimize this
effect, we select the near optimum ~ values of 8, 10, and
12 for, respectively, the normalized delays of 10 ‘2, 10-3,

and 10 “.

VI. VARIATION OF THE PHASE ERROR VERSUS TIMIE

The variation of tp with tint was calculated for {=1 and

an initial phase error of zero. Figs. 6–8 show the results for

the previously chosen /3 values of 8, 10, and 12 and the
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Fig. 6. Variation of the phase error versus normalized time crdculated
for the parameter values /3= 8, ~n7= 10-2 and ~ =1.
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Fig. 7. Same results as in Fig. 6 for/3=10 and ~mt-= 10-3.
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Fig. 8. Same results as in Fig. 6 for f3 = 12 and f.T = 10-4.

corresponding normalized delays u.~ =10 – 2, 10 – 3, and

10-4. The results are presented for a range of normalized

frequency offsets Au/u. varying from 1 to a value slightly

below the maximum capture range achievable in each case.

This choice avoids phase curves having large initial phase

oscillations.

These results can be simply explained in the absence of

phase oscillations as follows. Initially, q increases almost

linearly with Aat. Concurrently, the current flowing in the

feedback loop of the integrator increases as

kd 0.1

~ (
~ sinh ( @sin q’ )

)

until the voltage developed across the resistance R z be-

comes equal to Aa/ko; this is the voltage required to tune

the VCO by Au. When this happens

This occurs during the first cycle of the variation of rp for

a phase error Irpl I <90 degrees, in the very short time

interval

_fi
‘t-Au”

(14)

The time interval At is too short for any significant accu-

mulation of charge into the capacitance C if Ati >> U.. At

this time, dq/dt = O and thus the VCO is frequency-locked

with a phase error rpl. This duration decreases in inverse

proportion to Au. For values Au/u~ >10, the correspond-

ing variation of q is compressed into the vertical axis as

shown in Figs. 6–8 because At is too short for the time

scale used in the graphs. For example, if f. = 1 KHz and

Ace/@. = 250, the VCO is frequency-locked in less than 1

ps.

Thereafter, rp decreases to zero while the current flowing

into the feedback loop of the integrator charges the capaci-

tance C to give the final dc voltage required to keep the

VCO frequency-tuned to U1. This happens after a duration

t( defined by

Au kd

/{~=mo
‘; 0.9sin@+ ~sinh(~sinq’))dt. (15)

VII. ACQUISITION TIME VERSUS INITIAL

FREQUENCY OFFSET

We define the acquisition time as the normalized time

~~t needed for q to decrease to one degree. The variation of

the normalized acquisition time, designated as fntj, versus

Au/ti., is shown in Fig. 9 for the results given in the

previous section. Its variation follows closely the relation-

ship

fnt’=+(104a+281
(16)

Note that the normalized acquisition time increases only

by a factor of 3 as A~/ti. varies from 1 to 1000. In

comparison, the normalized acquisition time required by

the conventional loop having the same damping factor of

unity varies according to Viterbi’s expression as [1]

()
2

fnt,=-+ $ , (17)

The acceleration provided by the new loop configuration is

3Expression (14) is obtained by curve fitting the numerical resuits.
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Fig. 9. Normalized initiaf frequency offset versus normalized acquisi-

tion time.
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b“Fig. 10. Acceler tlon of the acquisition time provided by the new loop

configuration relative to the conventional circuit versus the normalized

capture range. Limits are presented for the three normalized loop

delays ~nT =10–2, 10–3, and 10–4.

thus (for { =1)

(18)

Fig. 10 shows the variation of (18) with Au/un (each

dashed vertical line indicates the maximum capture range

achievable for the corresponding value of j~~).

VIII. MAXIMUM CAPTURE RANGE

The maximum normalized capture range depends on the

parameter ~ whose optimum value is a function of the

normalized delay fnr, as illustrated in Fig. 4. Its value can

be estimated by making ql = 7r/2 in (13) yielding

(19)

iei4L
~{ 40~ i& 434

NORMALIZE CAPTURE RANGE , ~

Fig. 11. Normalized loop delay versus normalized capture range.

For example, the near optimum values of ~ = 8,10, and 12,

corresponding respectively to the normalized delays of

10-2, 10-3, and 10-4, yield in the case of { = 1 the

respective maximum normalized capture ranges of 37, 2,20,

and 1329. In comparison, the computer calculations pjve

for the same parameter values 35, 223, and 1356, respec-

tively. In these results, q varies less than one cycle. They.

can be increased slightly by letting rp skip a few cycles

before locking. In this way, the normalized capture range

can be increased for the previous set of (~, fn~)to 37, 246,

and 1950, respectively, for a slight increase of the acquki-

tion time. The quantity (Au/u.)~ can also be expressed

versus the normalized delay fn~ from the results given in

Fig. 4. Its variation is then given, as shown in Fig. 11, by

the approximate relationship

(-)Ati 21——
an ~ = 10 fn~“ (:20)

These results are valid as long as the operational amplifier

used in the added nonlinear circuit is working in its linear

range. The saturation of this amplifier, which usually oc-

curs at +15 V, can reduce the capture range depending on

the kd values selected. The kd value which gives rise to

saturation is given by making V(rp)v= ~ f = 15 V in (9),

yielding

kdm= 15 (21)

~sinh(~) “

If kd > kdm, the capture range given by (19) is reduced by

the ratio kdn,/kd.

IX. CAPACITY TO REMAIN LOCKED IN THE

PRESENCE OF RAPID FREQUENCY CHANGES

The new phase-lock loop circuit also provides a much

larger capacity to remain locked in presence of fast

frequency changes. This effect can be seen by substituting
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Fig. 12. Effect of damping factor on the variation of the phase error
versus time normrdized relative to loop frequency and damping factor.

into (12) a variable frequency offset Au(t). The maximum

rate of frequency variation which can be sustained without

losing lock is given by

(22)

In comparison, the conventional loop yields, in the same

condition

The enhancement of the locking stability is thus

(23)

(24)

For example, the new circuit can sustain a frequency

change 678 times faster when ~ = 12.

X. EFFECT OF THE DAMPING FACTOR (

The effect of the damping factor { is illustrated by

plotting the variation of the phase error rp with time,

normalized by fnt/(. The variation thus obtained is almost

the same for different values of { when the initial frequency

offset is scaled by the parameter t. This effect is shown in

Fig. 12, which gives the variation of rp versus fnt/( for the

three sets of values (( = 0.5, Au/u. = 40), ({=1, Au/ti~ =

80), and ({= 5, Ati/u~ = 400) for the case @=12 and

fn7 = 10-’.

This result shows that the acquisition time increases
proportionally with (. By contrast, the maximum capture

range varies little for { varying from 1 to 5, and decreases

with { when { <1. Therefore, the optimum value of the

damping factor is close to one.

XI. EXPERIMENTAL RESULTS

A. Circuit Configuration

An experimental circuit was built according to the

schematic shown in Fig. 13 to verify the performance

predicted by the computer calculations. The circuit has a

dual configuration: one path provides a conventional sec-

ond-order loop; the other path gives the new loop. This

~. _-_--.---- ___---___,

/)7/4 iNONUNkAR WE
L ------------------- J

AMPLIFIER
OUAL NETWCRK

w

Fig. 13. Duaf circuit used for measuring the acquisition time of a
conventional circuit and that of the new configuration. Both circuits
have the same smafl-signaf natural frequency and damping factor

respectively equal to about 168 Hz and 1.2.

dual configuration was selected to compare in a simple way

the performance of both types of circuits.

The input signal was provided by a Hewlett-Packard

synthesizer generator, model 3335A, The VCO was ob-

tained using a Wavevek oscillator, model 114, having a

voltage–frequency coefficient of 200 kHz/V around 1

MHz. The error signal was obtained using a double-bal-

anced mixer giving an output voltage of 100 mV peak-to-

peak.

The circuit contains three operational amplifiers. The

first amplifier is treed to raise the error signal to a peak

value of about 0.6 V, as necessary to drive the diode pair

into condtiction in the presence of a frequency offset. It

also provides a source of zero impedance to the second

amplifier so that the resistance provided by the diode

circuit does not effect the voltage gain.

The amplified error signal can be switched between two

positions. Position 1 gives the conventional mode with a

value of kd adjusted to about 40 mV/rad. The adjustment

of kd is made by varying the operational gain R/R’, with

R equal to 200 KQ. The new mode of operation is obtained

by switching to Position 2, which directs the error signal

toward another resistance R of 200 KL? shunted by a diode

pair whose combined small-signal resistance is several

megaohrns. Consequently, almost the same kd value is

obtained for the small phase error fluctuations of the

locked state.

Finally, the signal is processed by a conventional active

filter, consisting of an input resistance RI of 1 Kfl, and an

operational amplifier having a feedback loop made of a
damping resistance of 50 !2 in series with a capacitance of

45 pF. These values, combined with those of kd and k.

previously defined, yield a loop natural frequency of 168

Hz and a damping factor of about 1.2 for both modes of

operation.

B. Acquisition Time Measurement

The acquisition time was measured for both modes of

operation for the initial frequency offsets of +30 KHz,

+60 KHz, and + 100 KHz. The measurements were made

with a constant input signal frequency of 900 KHz and a

variable VCO frequency. In the conventional mode, the
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5 ms6c/div

AF=-30 kHz

AF=-60 kHz

‘AF =100 kHz

Fig. 14. Measured phase-error variation versus time for irritiaf frequency

offset of – 30 KHz, – 60 KHz, and – 100 KHz from 900 KHz. The
time scale is 5 ms/div.

corresponding acquisition times were 12 s, 48 s, and 190 s,

respectively. In the new mode of operation, they were

reduced, respectively, to about 20 ms, 22 ms, and 28 ins, as

shown in Figs. 14 and 15, which show the variation of the

error signal versus time. The acquisition time thus accel-

erated by about 600, 2000, and 6785, respectively. Table I

summarizes these results.

The experimental results are found to be in good agree-

ment with those predicted by numerical calculations. In

particular, frequency locking is observed to be almost

instantaneous for initial frequency offsets less than or

equal to 30 KHz, as shown by the vertical rise of the phase

error in Figs. 14 and 15. Larger frequency offsets give rise

to initial phase oscillations caused by the loop delay. The

magnitude and duration of the oscillations increase with

the frequency offset, as predicted by the calculations. i%

expected, the acquisition time is found to increase very

little with increasing frequency offsets. The negative and

positive capture frequencies are, respectively, – 120 KHz

and 200 KHz, giving an absolute range of 320 KHz around

900 KHz. The asymmetry of the capture range is due to the

variation of the frequency response of the phase detector.

C. Locking Stability

We also observed a much improved locking stability in

the presence of fast frequency changes for the new mode of

operation. The measurements were made by changing either

the frequency of the VCO or that of the input signal. For

5 ms6c/div

753

AF=+30 kHz

AF =+60 kHz

AF=+IOO kHz

Fig. 15. Same results as in Fig. 14 for mutuaf frequency offsets of +30
KHz, +60 KHz, and + 100 KHz.

TABLE I

-1

A?
r

Af/ in
(kHz)

f

*SO % 476

t. 60 i SS6

t. 400 * 595

t’1
(SECONOS)

.

42 +

190

4 LIA1
(MILLISECONDSI

20 600

22 2182

28 6765

‘1

\

example, the VCO frequency could be varied at a rate of

several MHz/s without losing locking to the fixed input

signal frequency. In comparison, the circuit switched to the
convention~al mode could only sustain a frequency varia-

tion of a few tens of KHz/s without unlocking. Similarly,

the VCO was kept locked to an input signal whose

frequency was varied in steps of 100 KHz from 700 KHz

to 1300 KHz, each step changing in 1 ms. Such a result was

unachievable in the conventional mode.
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XII. CONCLUSION

We have shown that the acquisition time of a

second-order phase-lock loop can be reduced by several

orders of magnitude for initial frequency offsets large

relative to the loop natural frequency. We have also shown

that frequency locking can be made almost instantaneous

within some limits imposed by the loop delay and the

frequency offset. Furthermore, we have shown that the

locking stability against fast frequency changes can be

enhanced several hundredfold. These results are obtained

by the addition of a very simple circuit to the conventional

loop configuration.

Finally, we have given quantitative relationships for the

effects of loop natural frequency and damping factor on

capture range and acquisition time. Other important issues,

such as performance in noise, have been addressed and will

be reported in a separate paper.
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