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Abstract

Phaso-lock loops (PLL') are now rocciving wida attontion from communication system designors.
Though the primary functicn of a PLL is to track a recoived signal, it has to acquire the signal first.
A low value of acquisition timo (f,,) is of immsnse practical importance for PLL applications, parti-
cularly in space communication, clectronic warfare, otc. Therofore. analytical studies have besn
carried out for the minimization of 7, using some aiding functions. To experimontally verify the ana-
lytical ovaluation, a second order aided PLL has been realized along with the chosen aiding functions
vsing the stato-of tho-art components and this has yiclded satisfactory results, The analytical and
experimental studies are presented in this paper,
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1. Introduction

The PLL is essentially an electronic seivo-loop which is finding increasing application
in signal tracking Bufore the received signal is tracked, a PLL has to acqure the
signal. In the signal acquisition mode, the performance of a PLL is governed by the
p-oduct of signal acquisition range , and ¢,,. A large @, and a small ¢,, are usually
desirable for a PLL. So, it is important to reduce #,, of a PLL by some means or the
other. The analysis of locking bchaviour in the fiequency search mode IS diﬂic_ult
as the PLL is described by a nonlinear, non-autonomous differential equation which
i not amenable for easy solution.

The quasilinearization technique for a PLL, whether unaided or aided, gives a direct
physical insight into its acquisition behaviour and yields a closed form solutlon.dfos
t,.. The measurement of f,, is important equally for an aided as well as an unaide
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PLL. The ?,, can be measured by two methods, viz,, (i) from the study of L.P.F. out-
put transient, and (i) by employing 2 lock detecting and indwcating circuit. [f
measurements are carried out by both these methods, 1t 15 very useful to cross-check
the experimental results as well as to check the validity of the analytical results, There-
fore, bath these methods are employed in the experimental work reported in this paper,

2. Acquisition in PLL : A state of the art review

The acquisition time evaluation of a PLL can be made using the phase-plane techniquel,
Using the phase-plane portrait and some linearization techniques®®, the nonlinear
diff:rential equation of a PLL is studied. Though the phase-plane portrait completely
describes the performance of certzin PLL", 1t is not a2ccurate cnough to describe a phase-
fock receiver. The linearization techniques do not give very accurate results for large
small detuning. But the evaluation made using quasi-stationary approach®! is a
pow:rful technique and it leads to a closed form solution of ¢, with good accuracy,
A few of the impartant references about * Acquisition in PLL*" have been cited above
and a more detailed list of references has been presented elsewhere’®,

In the absence of noise, the pull-in time of an unaided PLL is proportional to the
square of Af, the frequency detuning®. The acquisition behaviour of a second order
PLL in the absence of noise using the aiding function e(z)=Drt has been studied?.
The quasistationary approach suggested by Richman? has been applied here to evaluate
the dependence of ¢, on the sweeping rate and relevant system parameters. B:sides the
analytical study, several techniques’ have been reported for the minimization of ?
Among them, the following five approaches are more useful,

act

2.1. Sweep method

A block schematic of this method® is shown in fig. 1. The V.C.O. is tuned by applying
a ramp voltage either manually or via a computer, which searches the input frequency.
The ramp voltage can be applied at the V.C.O. input as shown, or obtained from a
step Voltage at the LP.F. input. The direction of the sweep has to be periodically
rcveised and the sweep voltage has to be disabled after lock is achieved.

INPUT
tp' D ﬁ
RAMP

= VOLTAGE

e(t)= Dt

Fig. 1. Signal acquisition by Sweep method,
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Fi0. 2. Signal acquisition aided by frequency difference measurement.

2.2. Frequency difference technique

A block schematic of this method” is shown in fig. 2. The P.D. outputs are band-pass
filtered and heterodyned in P.D. 3, which provides a D.C. output voltage proportionaj
to AS with proper polarity. Tnis D.C. voltage shifts the V.C.O. quiescent frequency
suitably towards the incoming signal {requency, Due to the two-mode action, the noise
bandwidth of the loop is made nairow enough for good locking without affecting 2cqui-
sition. This method generally has poor performance at low input S N ratios.

2.3. Wide bandwidth method

A block schematic of this method® is shown in fig. 3. It employs two switchable band-
width (wide/narrow) filters. The L.P.F. 1s brought into the feedback path of the loop
by switching the resistance during acquisition/tracking mode by a suitable control <ignal.
The transition should be smooth and during acquisition wide bandwidth will be success
ful only for large input S 'N ratios.

2.4. Discriminator-aided acquisition

This uses a frequency discriminator in a conventional AF.C. arrangement as :~‘-hmj.1'n3
in fig. 4. The multiple input active filter uses a damping resistor and all the damping
is provided by the discriminator causirng A® to decay exponentially, When Ao decays
to zero, the P.D, takes control and phase-lock overwhelms. This is a simple and effcc-
tive method which takes care of the direction of Aw. -

2.5. Quasi-stationary approach for aided acquisition

ted by Richman? has been exploited by Russo

The quasi-stationary approach sugge: Df). A closed form

et al* for aided loops using a linear saw-tooth signal (i.e., e (1) =
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FiG. 3. Dual bandwidth PLL-circuit schematic.

solution for 7, has been obtained with 2 considerable reduction in ¢,, for higher sweep
rates (within the maximum limits), using this approach.

The aiding techniques cited above do not seem to have been supported with ana-
lysis except in the case of discriminator-aided acquisition and quasi-stationaiy approach.
Also though a closed form solution of aided acquisition of 2 PLL in the absence of
noise has been reported using only a linear ramp type of aiding function, similar
analysts for other types of aiding functions has not been reported. Besides, very little
expertmental work has been reported mn support of aided acquisition. These factors
are taken into account in the analytical and experimental work described in this paper.

3. Analytical stady

It s clear from the above discussion that no effort seems to have been made towards
the acquisition time minimization of PLL® using aiding functions other than e(t) = D¢,
Hence, it was decided to conduct a detailed investigation on the aided acquisition of
a second-order PLL in the absence of noise, using some potentially useful aiding func-
tions, such as e(t) = D%, e(t) = Di3 e(t) =D(L —e¥7), e(t) = D(l — &™), e(1)
=D(l +e&'7), e(t) = D(l + €/7) and e(t) = De'/". These aiding functions have
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FiG. 4. Discrimirator-aided acquisition for PLL.

becn chosen with the premise, that when applied as input to the V.C.0,, it should
be poisible to modify the V.C.O. output frequency to realize fast acquisition. Using
these aiding furctions with the PLL, closed form solutions have bcen obtained in ezch
case by employing the quasistationary technique. 1t has been found from the ara
lytical evaluation of the r, as well as fiom the expeiimcntal measurements, that the
aiding functions e(r) = Dr?* and e(1) = D1® are the most useful ones. Therefore the
discustion in this and the following sections 1s confined to the use of these functions.

In the absence of noise and with an imperfect integrator, the differential equation
governing the PLL is given by,

S¢ = Q, — AK f(S) g(¢) — Ko e (1). (1)

where, ¢ is the phase eiror, K, is the V.C.O. gain constant, A is the base band
amplifier gain, g(§) is the arbitrary periodic odd phase detector characteristic with a
maximum value equal to 1, £2, is the initial angular fiequency detuning, e(r_) is the
aiding function under consideration and f(s) is the L.P.F. transfer function given by,

L + 7,8

f(s)"l*—:;l" = fo + l:—ﬁ’ . (2)

Where, 7, =(R;, + R) C, 7, = R;C, fuy = :‘ the high frequency component. Breaking

l .
f(s) into high frequency components, with its remainder corresponding to an LP.F.

the equivalent base band model ¢f a PLL from eqn. (1) can be written as,

S¢ = o, — AK, /; g ($)

where, w, the instantaneous angular frequency difference |
PLL shown in fig. 5 is given by

(3)

mpressed on the first order

(4)

i —
w, =2, — AK g(9) 'r:f — Ky e (2).
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FiG. 5. Equivalent base-band model of PLL—block schematic.

In order to apply the quasistationary analysis, w; may be considered constant over
the time interval of the order of the beat note period (T;) relative to the fundamental
frequency of the P.D. output. Under this assumption, the sweep rate is much smaller
than 1/7,. Consequently a second order loop may be examined as a fiist order loop
as shown in fig. 5, with an input average firequency @; which is given by

-0 — i‘I‘f} AK, 20P) — K, e (f) (5)

L]

where, the average P.D. characteristic

g($) = (g*(¢) AK"ﬁ'

@y

for > 1 and, {(g*(§)) is the average over the intaival —n< ¢ < + 7.
AK, fo

For the aiding functions e(r) = Dt* and e(t) = D3, the differential equations
coitesponding to eqn. (5), are given respectively by eqns. (6) and (7) :
d'y f

T =7 _,,_7<g @) — a(e* +25,0) (6)
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- Equations (6) and (7) are nonlinear diff:rential equations having no exact solution
. Thevefore, in each case, using the method of variation of parameters by which t}u;
nonlinear term is remaved, the remaining linear equation is solved. What follows next
is given for the aiding function e (1) = Dt? only, as similar results can be obtained for
the aiding function e(#) = Dt®, Thus, the lincar equation for the case of aiding func-
tion e(?) = Dt*is given by

dy 4 _ i Yy
ar g :, 1, rl(f + 21,1). | (8)

The solution of eqn. (8) is given by
7wy —at* +ce !/ (9)

wiere C 15 an a~bitrary constant of integ-ation that must satisfy the initial condition
7(0) = 7., and is allowed to become a function of independent variable, ie., C(1),

Taen the general solution is given by
y myg—at*+ C(t)e*' s, (10)

Sibstituting eqn. (10) in eqn. (8) and assuming y,> 1 (large initial detuning),

-‘-I%(ti) + xyc(r) = x(1 + yar¥)e'"s. | (11
Where,
i X = (1 =/ (g*(¢)) , y = B and f is a coeffizient dectermined on the basis
Jo T 7 70

- of pull-in range.

With the initial condition C (o) = 0, the solution of eqn. (Ll) is given by:

! 2ya  “2ya .
C(t)e'™ = ,':; {l 4 yai? + 2};" + ‘.;2 - \—‘—1—3 -+ 1) e "} (12)

where,
d=(xy + 1/1,).

With the pull-in range
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and f; <1, eqn. (9) becomes,
873: Pars Tt

1
32 y3, Bays 13 32 y3u Bays 11 . — pt
3 Hp: °o 3 ( 0 p'-' 1 4 ,g" 70 | €XP 4 y? 7, (13)

where, p = (47} — frew)-

The frequency acquisition time 7, (at ¢ = t,,) may beevaluated as the time required
for 7 — L from eqn. (13). Here the phase acquisition may be disregarded under the
assumption of large detuning. Although in correspondence to the limit ¥ — 1, the
initial assumption becomes invalid, the contribution to the acquisition time after ¥ has
reached a few multiples of unity is negligible. For simplicity, the lower limit of 7 1s
assumed to be zero. Using these conditions, ¢qn. (13) can be rewritten as

Ko lee , 1 { Your _ lae 7%
A0 . & L 31 F . — 8Bu == + t,/m
7' 1,1 571 ﬁ” 70 71 ﬂl" ?:H Ill

+ 32 ﬂp;—:-,;- * 1,/m? -(32 TR -?— e 7,/m* + 1) - exp (1;’;/;',:::‘)} = |

7omr

) (19)

whaere u is related to the sweep rate of the aiding function and

2 ool L5 1]
m-=(4—7&-“— —ﬂ)- As 1, — oo, for 7, = yom.
Tom

yields = 3 from eqn. (14).
Proceeding on similar lines for the aiding function e(t) = Dr3,

Pouwr _ loe 1 { 7 ot
A R i TR | 70M , “ae Yo , 42
[ . 1 = + fu e TR 12 Bu o 12 /m

96 Jo 5 7 Yo \°
+ 96 fu > Ty teefm® — 384 fu| =2 ) t¥/md

You

funm (B am- (G s

I‘:or_ the sak:‘: of comparison, an evaluation of 7,, has also been made in the case of
aiding function e(t) = D¢, using the following equation®:

Pou by , 1 { Your [ 4
U— — + — AN G S
7o T m 1+ﬁﬂ Yo Ty m)

. (1_ =4 b ?olm) - (-—4»: - f.Jn)} <1 (16

e BT
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When there is no aiding function introduced in the loop, i.e., # =0, it is interesting
to see that eqns. (14)-(16) reduce to

= {t- oo (g D} -t @

Employing a numerical method and a digital computer?®, the value of 7, is evaluateq
for aiding functions e(r) = Dt? and e (1) = Dt*® using eqns. (14) and (15) respectively and
compa~ed with that obtained for the aiding function e{r) = Dt. Some results obtained
from the analytical evaluation in cach case are shown in figs. 6 and 7 for different
sweeping rates z and L.P.F. time constants 7,. The following inferences can be drawnp
from these studies:

(i) The aiding functions e(t) = Di? and e(t) = Dr® arc observed to yield improved
performance over the aiding function e(t) = Dr. The improvement 15 particularly more
significant in the case of aiding function e(¢f) = D¢®. This point can be more clearly
seen from the graphs in fig. 6.

(i) As the L.P.F. timc constant (7;) is incrcased, the improvement becomes more
and more significant in the case of aiding signals e(r) = Dt? and e(t) = Di® over
e(t) = Di. This point can bc more clearly seen from the graphs in fig. 7.

(i) As the sweep rate (z) is increased, t,, decreases in all cases (e(t) = Dt/ Dt/ D3,
but the improvement is more pronounced in the casc of e(?) = Dt aver e(t) = Dt*
and e(t) = Dt*. This is probably due to tie fact that the voltage build-up is sharper
(before the commencement of the subsequent cycle of the aiding function) in the case

of e(t) = Dt* and e(r) = D3, due to which the frequency variation of V.C.O. will not
be able to follow up.

(i.v) All these aiding functions, viz., e(t) = D¢, e(t) = Dt* and e(t) = Dr® can be
easily generated using conventional hardware and used to improve 7, of the PLL.

INPUT SIGNAL

AIDING
FUNCTION

FiG. 8. Experimental set-up; block schematic.
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:VR

Fia. 9. (a) laput switching signal and () LPF output waveforms,

4. Experimeotal work

In order to verify the analytical results of the previous section, experiments have been
conducted by developing suitable hardware using commercially available PLL*and other
components. A-s the prescnt application is to study the acquisition behaviour of the
aided second order PLL, suitable aiding functions are required to be introduc?d in the
feedback path of the loop. This is shown in the block diagram of the experimentin fig. 8,

4.1.  Acquisition time measurement technique

The acquisition time t,, for large A f has been defined as the ime _interval required for
the PLL to achieve frequency lock after the input catrier is applied (Here, the phase-
lock time (1,) is assumed to be veiy small compared with ¢,, for large A f as shown m
fig. 9). The t,, can be measured by using either of the two methods as indicated below:

(1) From L.P.F. output transient

When the PLL input is changed from *outband ’ frequency (/) to ‘infl:and' _fffnfl:sz';{
(f,) at time ¢ =0 as shown in fig. 9 (@), the LP.P. output changes from a q

11.8:.—3
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to a steady state d.c. level Vp (locked) as shown in fig. 9 (3),

.c. level ¥, (unlocked
d €veE Q ( ) avsient cad be dlsplayt‘d on a CRO and Laa Ineasured

Therefore, the L.P.F. output tr
as shown.

(i) By employing lock detecting circuit

A commonly employed lock indication methad uses a quadrature or a:¢Jf£1fary P.D.
A typical arrangement for this is shown in fig. 10. Here also the input is switched
from ‘outband’ frequency (f;) to ‘inband’ frequency (f;) so that £, can be measured
simultaneously by this method as well as the previous ome. Itis to be naoted that
the lock detection circuit as shown in fig. 10 disables the aiding function applied to

the loop as soon as the lock is achieved.

In the hardware realized for experimental work, the main loop is realized using I(¥s
NE 5596, NE511 and NE 566. To facilitate measurement by bath the methods, the
L.P.P. is buffered. The quadrature loop facilitates measurement with the help of lock
detecting and indicating circuit, As f,, is statistical in nature (owing to the randam
phase relationship of the P.D. signals), it is necessary to obtain its mean value as a
result of repeated measurements of £,,. To get meaningful results, each of the measure-

STORAGE 0SCILLOSCOPE
PLL _

INPYT | STENAL MAIN | SIN® | Loop

|
PO !
P FILTER ||
f B ' TRIG
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o ! Lo aoine !
o FUNCTION rl'
I GENERATOR .{
4

r-_""""—— - =

- -L_ i - : —_— — H
90’ |
. } s10P
START —
QUADRA —
= COSe |SMOOTH LOCK
i N e DETECTION LRI
#£2 | FILTER CIRCUIT DISPLAY
-

CLOCK PULSES

FiG, 10, Acquisition time m:asurement set-up: block schematic.



ACQUISITION TIME IMPROVEMENT OF PLL

--.T....‘

4
!‘"‘“

‘I"“ ‘.".‘

.:,,1. ;,] b-—

i
1

-h' o il .-.T_H 4- = *_-‘
! * X -".‘

Fig. 11. CRO photographs of L PF output transient (d) for 7 trials with p =] fy =5 KHz, Af =
97Hz, 7;— 50 msec using aiding functione (1)  Di*. xaxis 0§ mscc[dw v Yaxis = 0 2 v/div.
(b) for different functionswithr  SIYmeec, p |, Uppertrace: e (1) - Dr? (Xaxis =0-5 msce/div)
Middle trace . e(r) Dt (,\'axis | msce div). Lower trace i e (1) - Dt (X axjs =1 msec div).
In all the cases © )} axs 1 2\ div,

ment is reparted at Ixa t 10J time; and averaged. A sambole of these results obtained
from exp.rim atel mrrurements is ~howa in fig. 6 (svpuiimpiicd over the analytical
result g aphs). F.g rc Il <~how. the L.P.F. output t.ansicnt oscillog ams (using Tok-
teonix type 314 <ta 2g> CRO) for vepeated tiials, From these vesults, it is cleer that
expaimental wark ca ricd out in the laborato.y suppoits the analytical evaluation.

5. Concluding remarks

With the help of quasistationaiy app.oach, a sccond order PLL aidcd by diff.rent

aiding functions has been analysed to study its acquisition bchaviour in the abscnce of

noise and the analytical icoults have been expe:imentally veiified. The acquisition time

plots show im>.-oved minimiztion of 7,, with the aiding functions e(t) = Di* and e ()

= D3 over e(t) = Dt. The salient featurcs of this stedy aie as follows:

(i) A closed fo m solution is obtained for the evaluation of £, using diflevent aiding
functions :

(1)) Tne aiding signal g:neration is simple and economical, and it can use state-of-the-
ait hardware;

(iii) Tae m:asuremsnt techniques for ¢, are simple and capable of yiclding
results.

vepcatable

‘ a g realizcd
It is expactad that PLL* with im>-oved acquisition time pei for mance can be

“ te
easily following the app-oach indicated in thl“‘ papcr. While it is of lntu:ﬂo:?cn:}hc
that the analysis p.esentcd heie is for an ajded PLL in thc absence ol noiie,

L.1.Sc.—4
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| that there exists a noise level that will be neither
he warst-case value of #,.. This is suggestive
d PLL in the presence of naise is likely to
This is being defeired for a separate invest;.

studics reported in literature! rcvea

excessively large nor small to minimize- t
that the acquisition behaviour of an aide

show a considerable improvement of 7.
gation.
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