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PHASE-LOCKED LOOP SWEEP ACQUISITION 

by 

P. Wakeman 

ABSTRACT 

The work consists of a theoretical description 
of the phased-locked loop (PLL) behaviour affect-
ing sweep frequency signal acquisition. The 
empirical formula for the allowable sweep rate 
previously cited in the literature is given some 
theoretical justification as well as being 
extended to cover the case of non-sinusoidal 
phase detectors and sinusoidal phase modulation. 

Experimental measurements are given for the 
statistics of PLL sweep acquisition. The advantages 
of various phase detector types and PLL circuit 
configurations are discussed. 

The conclusion reached is that the smallest 
signal acquisition time can be obtained with a 
PLL using a sinusoidal or triangülar phase 
detector with an output signal-to-noise ratio of 
approximately 2 dB and with sweep removal after 
detection of lock. Without sweep removal, the 
smallest time occurs in loops using the sawtooth 
phase detector, since the natural pull-in effect 
is significant. 

I. INTRODUCTION 

The requirement for this work arose as a result of involvement in the 
AEROSAT program. 
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The Aerosat system will consist of two geostationary satellites placed 
at approximately 15 °W and 40 °W, and a number of earth terminals/control 
centres in the USA, Canada, and UK. Aircraft will be in communication with 
the control centres via satellite for the purposes of voice, digital, and 
surveillance data transmission. Up to 650 aircraft will be accommodated by 
the system at any given time, so that if each aircraft is to be polled every 
minute on approximately 5channels then the earth terminal receiving system 
has only 0.5 second per aircraft for data and surveillance reception. Part 
of this time will be used for carrier signal acquisition, and since this time 
will be lost to the system, it must be minimized. 

The purpose of this work is to determine and investigate those factors 
affecting signal acquisition with phase-locked loops (PLL) so that the 
acquisition time can be minimized under given constraint conditions. 

A significant part of this investigation was to make sweep acquisition 
measurements using a real system and also to test out the performance of 
various PLL components. 

1.1 PHASE-LOCKED LOOPS 

The basic loop (Figure la) is made up of three elements; the phase 
(error) detector which has a conversion gain of say kd volts/radian, the 
voltage controlled oscillator (VC0), ko  rad/sec/volt, and the loop filter 
with a voltage transfer function of F(s). 

VOLTAGE 
CONTROLLED 

PHASE DETECTOR 	INTEGRATOR OSCILLATOR 

Figure la. The Phase-Locked Loop 
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Typically F(s) will be an active filter chosen to make the loop close 
to the second order perfect integrator type as in Figure lb. 
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is called the loop natural frequency and the damping ratio t  = 2 

H(s) has a bandpass response with a noise bandwidth of 
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The PLL thus acts as a bandpass filter with a constant or limited output since 
the VCO signal is of a fixed amplitude. The system error response is 

6 (s) 

0 1 (s) 
   - 1 - H(s) - 2 

S
2 

S +S + w 2 
n 

 

This is a high-pass response with a half-power bandwidth of wn . The error 
response is important as it shows that the loop will track phase modulations 
less than wn  in frequency which is the situation when the loop is used as an 
fin  demodulator. Here the VCO drive voltage is used as the demodulated out-
put. For phase modulations greater in frequency than w , the loop tracks 
the carrier frequency only. The phase detector (PD) pase error output is 
the demodulated output in this case. 

A further point is that if the input signal has low phase noise and a 
noisy VCO is to be phase locked to it, then the loop bandwidth should be made 
as wide as possible. With sufficient loop bandwidth the PLL is able to supply 
a VCO control signal to cancel the internally generated VCO noise. 

(3)  

(4)  
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It is of interest to compute the error frequency response of the PLL 
to an fm signal of constant frequency deviation.  This  is 

- 

1 	{(wn
2 
- wm

2
)
2 
- (2wnwm)

2
}
l/2 

where wm  is the fm modulating frequency. The above has exactly the same 
mathematical form as the frequency response of a single tuned LCR resonant 
circuit. The peak of the response is at wm  = wn  and the 1/2 power bandwidth 
is 2wn . This provides perhaps the only practical method for measuring the 
natural frequency and damping ratio of the PLL. A normalized frequency 
response curve is given in Figure 2. 
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N.ORMALIZED FM MODULATION FREQUENCY (DRAWN FOR C". 1/2) 

Figure 2. PLL FM Frequency Response Curve. 

1.1.1 Effect of Noise on the Phase Detection Process 

The presence of phase noise on the input signals to a phase detector 
causes a modification of the phase detector characteristic shape and therefore 
a reduction in the mean output signal level. There is also a slight 
impairment of the signal-to-noise ratio after phase detection. These topics 
are discussed fully elsewhere (Wakeman, 1976). Figures 3 and 4 are design 
graphs of the signal suppression effect and signal-to-noise ratios after 
detection (p ) for various phase detector types and input signal-to-noise 
ratios  

w
m e 

e 
(5) 
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Figure 3. Curves of the Phase Detector Output Control Signal vs the Input 
Carrier-to-Noise Ratio. 

Pi (dB) 

Figure 4. The Change in Signal-to-Noise Ratio After Phase Detection for PD Types: 
A - Sinusoidal, 8 - Triangular, and C - Sawtooth. 
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1.1.2 Peak Mean Output 

For sinusoidal phase detectors the peak mean output pp  is directly 
related to the phase slope a, so the ratio p /a is a constant and independent 
of signal to noise ratio. 

pp /a for nonsinusoidal phase detectors depends on the phase detector 
input c/N(p). Details are given in Appendix B. 

1.1.3 The PLL Output Phase Variance 

In general terms this is expressed as 

+Tr 

a
2 

= 	0
2 p(0,p) dO 

•  

where  a  is the RMS value of the random phase 0 for an input signal to noise 
ratio of p. Following the work of Charles and Lindsey, 1966, three 
approximations can be made for p(0). These are: 

1) Assume a Gaussian probability density distribution for p(0), which 
results from assuming the PLL to be a linear system. 

p(0)  _ e-02p 

11  7  1  7 r-D- 

(8) 

2) Consider the PLL VCO signal to be the sum of a sinusoid plus 
narrow band noise, i.e., the PLL is considered to act as a 
narrowband bandpass filter. Then 

(6) 

(7) 

(From Middleton, 1960) 

(From Wakeman, 1976 
equation 19) 
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3) Use the exact solution to the Fokker-Planck equation for the RC 
loop filter or first order loop as an approximation to the second 
order integration loop, (Viterbi, 1966) 
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Of these three approximations the first is the most useful because it 
is the simplest and is usable for p > 3 dB if great accuracy is not required. 

2. SIGNAL ACQUISITION 

When a signal is initially applied to a PLL, a beat note appears at 
the PD output. Although the fundamental frequency of this beat note is equal 
to the frequency difference between the VCO and signal, the waveform is 
highly non-sinusoidal. The beat note harmonics and DC component are caused 
by frequency modulation of the VCO by a certain fraction of the PD output 
that is passed by the loop integrator/filter. This DC component when 
integrated drives the loop into lock. The magnitude of the DC voltage is 
inversely proportional to the instantaneous frequency difference so that if 
the initial frequency error is large the generated DC voltage will be small. 
When this happens the loop will take a long time to achieve lock, and if the 
inevitable loop offset voltages are larger than the driving voltage the loop 
will never lock by itself. 

It is easy to show* that, if the initial frequency difference is 
greater than about 4wn , lock can be acquired more rapidly by sweeping the 
VCO frequency than by using the natural pull-in effect. 

Aw2 
* Viterbi gives pull-in time T 	 for 	= 1. This is equal to the 3 

2w 

lock-up time with sweep acquisition at a rate of say 0.5 wn
2 
when Aw = 4w

n
. 

2.1 SWEEP ACQUISITION 

The previous discussion shows that to get fast, reliable signal 
acquisition for signals with large initial frequency errors an artificial DC 
voltage must be applied to  the  loop to sweep it into lock. The difficulties 
with this process are: 

i) There is a maximum sweep rate (or maximum applied DC voltage) 
beyond which lock-up will not occur when the frequency error is 
reduced to near zero. 
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ii) Undesirable effects may occur due to the presence of the sweep 
voltage after lock-up. 

iii) Care must be taken with the choice of initial VCO frequency and 
the direction of sweep. 

2.2 FORMULATION OF THE MAXIMUM SWEEP RATE 

One method of generating a VCO frequency sweep is to apply a voltage 
to the loop integrator input. Experimentally it has been found that the 
voltage necessary to drive the loop out of lock is very nearly the same as 
the maximum voltage that may be applied to sweep the loop into lock and still 
have a high probability of maintaining lock. It is therefore apparent that 
the conditions limiting the sweep rate are principally those that pertain 
after lock-up has been achieved. The probability that a PLL will jump out of 
lock can be determined from the following considerations (see Figure 5): 

If the input phase to the loop phase detector exceeds (Pp, the value at 
the peak output of the PD, the loop will be driven out of lock because the 
input currents to the loop integrator will no longer cancel and therefore the 
integrator output will start to ramp up (or down) and the loop will be forced 
away from locking-up again. For a VCO phase jitter of 6 and loop phase offset 
of cb s  the loop lock will be broken if gh s  + 6 > (Pp and if 6 has a probability 
desity distribution given by p(6), the probability of this happening is 
fe p(0) de. The mean phase offset (P s  gives a mean PD output voltage at Vo . 
The integrator current due to Vo  cancels the integrator current caused by the 
applied sweep voltage, V.  

Figure 5. Phase Relationships and Probability Density Distributions for the PLL System. 
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Experimental measurements show that the RMS value of 6 is nearly 
independent of (P s , so to a first approximation, p(6) can be taken as being 
independent of 4)

s 

For reasonably high loop signal-to-noise ratios the phase probability 
density distribution can be approximated by the normal or Gaussian distribution 
with the variance a2  =  L. This is called the linear approximation. 

2p 

4 2
p 

P(0 ) 	e 	 
fir/7 

Using standard tables of the cumulative normal distribution function, it is a 
simple matter to determine the value of (P s  required to keep cP s  + 6 < (Pp with 
any given probability. For example if the required probability is  0.99,  from 
tables it is found that; 

p(6) de = .01 = (1 - .99) 	 (13) 

J(2.33a 

and therefore, (P s<4) - 2.33a for a 0.99 probability that 4) will not be 
-  exceeded. 	 P  

There is an alternative approach, viz, 

The rate at which Gaussian noise exceeds a level x is approximately 
(Middleton, 1960) 

BN -1/2  x2  = — e  
(-) 

For example if the noise bandwidth BN is taken as 660 Hz and n is 2 per 
second, then x = 3.2a so that (P s  	3.20  to keep n greater than 2 per 
second. This gives a very conservative value of cp s  compared with equation 13 
and previous discussion. It seems likely that equation 14 cannot be applied 
accurately to the second order PLL system. 

2.2.1 Calculation of the Sweep Rate 

Consider the PLL system of Figure 6 in lock. 

The PD output voltage VD = kD g(4) s ) where kD is PD gain slope (volts/ 
radian) and g(4) s ) is the normalized (for unit slope at 4) = 0) mean PD output 
for angle (P s . The integrator current through R1  is 

kp 
g(l)s) 

I 	— 
1 	

R1 

(7) 

(14) 
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Figure 6. PLL System With Sweep Capability. 

This is exactly balanced by I s  since the loop is locked, 

-Vs 	kp  g(cP s ) 
= 

1 

Now consider the loop to be unlocked. VD is now zero (the integrator is 
assumed to average the high frequency beat note) and the sweep input current 
I
s 

is balanced by the feedback current, viz, 

V 	 dV 
— = IF = C - Rs 	 dt 

If the VCO gain is ko rad/sec/volt, then the VCO output frequency sweep rate 
is, 

• dV 	 V 
o 	 s 

w = k --- = k --- 
o 	o dt 	o RsC 

Substituting for Vs/Rs  from 15 we have, 

• g(gb s ) 
wo = kk oD R C 1 

To obtain a given loop natural frequency,  w,  at a given value of a, the 
relative PD output signal R1  is chosen thue 

ak
o
k
D 

(15) 

(16) 

R1 = 
WC  

• g((i) s ) 
w
o 

- 
a 	

w
n
2 Therefore (17) 
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2.2.2 The Sinusoidal Phase Detector 

For this case g(4) s ) 	= asies 

• 2 
w
o 	= wns 

For sinusoidal phase detectors (P = u12. 

Therefore (P s  < Tr/2 - 2.33a 

and using the linear approximation that a2  = 1  

2.33 
we have (P

s 	
{712 	

vç  

and 	w 	{n/2 	2.33 
o 

	1 

ri 

A better fit to the experimentally measured sweep rates is obtained when a 
straight line approxiLation is made to the PD characteristic as in Figure 7. 

thus 

1/7 

e. , 	wo —< 	w
n cos 

(2.33) • 2 

Figure 7. Straight Line Approximation to the PD Characteristic. 
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Using this straight line approximation with p as the normalized peak mean 
output gives 

2 /LIE (7/2 - 2.23a) 
w < w 
0 — n  a 	u/2 

— n 
w  2 Pp ( 1 	2.33 2 	1 

n  

— n 
_ 1 ' 05 ) 

Equation (19) with the factor 1.05 fits the experimental data 
(Figure 16(b)) for an acquisition probability of 99% very well. However, if 
equation (19) is recalculated for an acquisition probability of 90% this 

= 2 yields a factor of 1.28 	0.58, which does not fit the measured data at 

all well. Therefore an empirically modified equation (19), viz., 

w  2 < 	 11 will be used to predict the 90% sweep rate as this 
n 
gives anestimate on the conservative side. This formula also gives 
conservative estimates compared with measurements for the other types of 
phase detector tested. 

2.2.3 The Ratio Pp/a 

	 The normalized mean output characteristic of the phase detector is 
g((1)) (see Wakeman, 1976). The peak value of this function is pp  and occurs 
at a phase of (Pp. The gradient of the function g((1)) at (I) = 0 is a, which 
is the small signal conversion gain of the phase detector. It follows 
therefore that, for sinusoidal phase detectors, pp/a is a constant, With 
nonsinusoidal FD's e  p /a depends on the input signal-to-noise ratio p

i 
and p 

has these asymptotes, 

SAWTOOTH 	TRIANGULAR 	SINE 	COSTAS 

u/2 
1 	1/2 

1 	 1 

(19) 
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2.2.4 The Effect of the Loop Damping Ratio 

If a frequency ramp signal is applied to a locked PLL there is a 
phase transient with a peak value given by: 

W 
• 	 — 	 ( 71. 	1 
i 	 /1 	 2  (PE 	= --- 1 + e 	— 

max 	2 	 J w 
n 

i.e. there is an overshoot in the phase response given by l+d where 

d = e 	1 - (` . This modifies the allowable sweep rate, 

2 
w 	1.1 
n 	( 1  _ 1 ) 

o — l+d a 
/7 

Typical values of d are given below: 

1.0 	0.7 	0.5 

d 	0 	.046 	.163 
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2.2.5 The Effect of Phase Modulation 

In the case of sinusoidal PM the remaining carrier amplitude (to which 
the loop responds) is given by J0 ( ) where II) is the peak phase deviation. 
Thus we may expect that the allowable sweep rate would become 

2 • w 	P 
w< 

 n _p_ [I:  _ 1 1 
o -T ( 11) ) o - 	 p 

l+d a 	1/F- 

However a better fit to the measurements is given by 

2 • w 	p 
w < — n 	 [

1 - 	[ 
1/D- 	

1 —1 2.4 

This expression takes account of the carrier null which occurs at a 
modulation index of 2.4 radians. 

It should be noted that if a modified value of a is used to compensate 
for the decreased carrier signal (equation 26), the above factor is no longer 
required. This is the recommended design philosophy where 14 is known, i.e. 
the effect of sinuosidal PM should be taken simply as reducing the available 
carrier signal. 

For bi-phase modulation of ± 7/2 radians there is no carrier component 
and therefore sweep acquisition of such signals with a conventional loop is 
impossible. However suitable nonlinear signal processing can regenerate the 
carrier component from the sideband information. This leads to the squaring 
and Costas loops. 

2.2.6 Sweep Rate for Costas or Squaring Loops 

For PLLs using these type of phase detectors the phase characteristic 
is sin20. This has two effects on the loop operation 

1) p /a = 0.5 

2) cl) 	= 7/4 (instead of u/2 for sinusoidal PD) 

The sweep rate formula becomes, 

wn
2 

w < — 0.5 1 - -2- 
° 	l+d 

Note that the sweep rate for these loops is 1/2 the value of the rate for 
sinusoidal loops operating at a 6 dB lower value of p. For example the 
Costas loop at 8 dB has 1/2 the sweep rate of the sinusoidal loop at 2 db. The 
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fact that these PD types have only 1/2 the phase linear range of the 
sinusoidal PD means that PLL's using these detectors must be designed for a 
p value 6 dB greater in order to achieve the same performance as far as the 
rate of cycle skipping is concerned. 

2.3 PLL CONDITIONS TO MAXIMIZE THE SWEEP RATE 

2.3.1 Output C/N 

The relation between p = p and wn is 

1 B = + — 0 	and 2 	4 

PL 	BIF 	Po 

•Pi 	2BL 	pi  

where po /pi is the change in signal-to-noise ratios after phase detection as 
shown in Figure 4. 

From the above 

• (i BIF 	1 P 	Po

)- 	

- 

w 
omax 	+—Op 	(l+d) PL) 

	

1 	
(1 

[1 - —1!-] -11-2- [1 	
2.4
-11)-2—] 	(24) 

4 i  

For sinusoidal phase detectors and assuming po /pi  (Figure 4) is constant, 

dwo 	 2 	2.5K  ] 

L 
[- 	- 	3.5 

Po dpL 	 P 

Thus wo 	is greatest for 
max 

(2. 
2 
 5K)  2  

PL OPT 

If 	K = 1.44 	 = 3.24 
OPT - 5.1 dB 

if 	K = 1.0 	PL 	= 1.56 	(K = 1 fits the experimental 
OPT 

= 1.94 dB 	data best) 

(3) 

2 	 2 
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The situation regarding non-sinusoidal PDs is complicated by the fact 

that  p/Œ is also a function of pi. This will enter into the optimization 

procedure if the heterodyne PLL is used because, although the input C/N will 

be fixed, the C/N applied to the PD will vary with wn  (and hence PO since it 

will be desired to keep the ratio BIF/wn  as small as possible. Approximate 

calculations show that pi, for the sawtooth PD is 2.5 dB for BIF/wn 
= 5. 

OPT 

In the above case, and possibly for the sinusoidal PD, it is advantageous 

to normalize (I)o to the input carrier 
to noise density ratio (C/No 

2 	2 	 a • 	2 	[  Po /p i 	] 	[1 ] 	( 1 	_ 	 (25) w
o
/(C/N

o
) - 

	

l+d 	
2.4 

+ l/40 	PL 

This function is plotted in Figure 9 for the typical conditions = .7 and 

B
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2.3.2 Damping Ratio 

As both the noise bandwidth and the phase error overshoot are affected 
by the damping ratio, it is to be expected that an optimum value would exist 
that maximizes the allowable sweep rate. A maximum is found at = 0.59 

approximately. It is not a sharp maximum since  t  from 0.7 to 0.5 yields rate 
values within about 3% of the best value. This result was found by numerical 
evaluation of the proposed sweep rate formula. 

2.4 SWEEP REMOVAL AND LOCK DETECTION 

Since the conditions after lock primarily determine the sweep acquisi-
tion probability then the removal of the sweep voltage as soon as lock has 
been detected should make a substantial improvement in the allowable sweep 
rate. Experimental results (in the next section) show this to be the case in 
spite of the presence of an additional phase transient associated with the 
removal of the sweep voltage. A block diagram of a lock detection-sweep 
removal system is shown in Figure 10. 

There are two difficulties with lock detection. The first is simply a 
matter of making the best compromise between detection reliability and speed, 
while the second is the problem caused by the phase offset due to the 
continuing presence of the sweep voltage. When the sweep is removed there is 
a change in the phase shift between signal and VCO and therefore a change in 
the lock detector output. If the phase shift between VCO and the lock 
detector can be suitably changed when the sweep is removed then the above 
problem can be overcome. 

C R2 
rHEC:3-1 

INPUT _Ili 
SIGNAL 

eq) 	

RI 

RS à 

SET/RESET 
FLIP FLOP 

VCO 

ele4 LOW LOV/PASS 
FILTER 

LEVEL 
DETECTOR 

Figure W. Block Diagram for a Lock Detection and Sweep Removal System. 
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As for the first difficulty, using suitable approximations to the 
output characteristics of a coherent phase detector, the post detection filter 
noise bandwidth necessary to achieve any given detection reliability has been 
calculated. An outline of the method is given in Appendix A. The results of 
these calculations are plotted in Figure 11 below. They are to be used in 
conjunction with Figures 5 and Al for the design of coherent lock detectors. 

For example, if the IF bandwidth is 50 kHz, the loop natural frequency 
200 Hz, and the loop po is 8 dB, we can determine the post detection bandwidth 
necessary for a detection reliability of 99% (i.e. K = 2.33). 

Assuming the signal to be in-band 

2BL  
1) p

i 
= p

o 	
+ 2 dB = -6 dB (2 dB C/N impairment due to use of 

 BIF 	 sawtooth PD say) 

2) RD 
B
IF 

= 
1  1 

(
0.331  2 
	 2B

D) - 99.2 ( K 	- 0.331 (from Figure 11)) 
2 	 B

IF 2.33  

2.5 ADDITIONAL COMMENTS 

If there is a signal fade while the sweep voltage is applied, the loop 
center frequency will be swept away from the signal. When the signal returns 
the loop will not re-acquire lock. If the sweep has been removed and the loop 
voltage offsets cancelled, the loop center frequency will not move significantly 
during fades and therefore there will be a high probability of re-acquisition. 

With Costas loops the lock detection strategy must be modified. This 
is because the Costas loop can lock at two stable phase states 180 °  apart. 
Two level detectors, one on each PD output, are necessary. To get a unique 
output an Exclusive-OR logic decision must be made on both level detector 
outputs. 

In some previous work on sweep acquisition it has not been clearly 
stated exactly what was the lock interval under which the measurements were 
made. This is important because if the sweep is not removed the loop will 
always jump out of lock in a finite time. 	Loop behaviour that leads to 
cycle skipping causes a loop with sweep applied to lose lock permanently. 
However as the C/N increases, the mean interval at which this occurs increases 
exponentially (Lindsey, 1972). Where sweep removal is not used it is 
important to ensure the C/NL ratio is such that the mean 'loss-of-lock 
interval' is much larger than the interval over which correct loop operation 
is desired. For the AEROSAT system, operation is required for 500 ms, and 
therefore this is the measurement interval used in this study. 
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Figure 11. Design Curves for Coherent Lock Detection. 

2.6 THE ACQUISITION TIME 

For any given C/N ratio and PD type the acquisition times are affected 
by three components: 

1) a portion arising from the natural pull-in capability of a PLL. 
This factor depends on 

a) C/N 
b) PD type 
c) frequency offset - (Af) 2 

d) natural frequency wn  
e) any excess loop filtering 

2) the sweep rate 

3) lock-up transient and detection time delay. 
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The effects of components 1) and 3) are usually much smaller than 2) 
except for sawtooth PD's where the effect of component 1) can make a 
significant reduction in the acquisition time. 

Defining tc  as the lock-up time for the sweep rate R = 0 and tp  as the 
lock-up transient time, then heuristic considerations yield, for the total 
acquisition time, 

1 
	 + t 1 	R 

-r 

Furthermore we can set R = Klwn
2 

.=
• 
K (àf  ) 	w

n

2 1 
2 w 	

Lk)
2 

tc 	 sinusoidal PD tc - 
n 	 2(1)

n  

K
3 .

=• —w 	
5 Lindsey gives tp  = 

Therefore 
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w
n
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1
w
n
2 

wn + 
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2 M 

A numerical example using (26) is given in Appendix C. The approach taken 
above gives comparable results to the theoretical acquisition times given by 
Mengali (1974). A numerical evaluation of his equations is included in 
Figure 17, where it will be seen there is approximate agreement over a limited 
range. 

3. MEASUREMENTS 

The measurements required in this study were: 

(1) The PLL capture probability as a function of sweep rate, signal-
to-noise ratio and loop characteristics. 

(2) The mean and standard deviations of the acquisition times for 
the various conditions in (1). 

T - 

T - 
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3.1 METHOD 

A minicomputer was used to: 

(a) Provide a variable sweep voltage to the PLL under test as required. 
A digital-to-analogue converter was available as part of the 
computer I/O  hardware. 

(h) Measure time intervals between the start of sweep and lock 
detection. 

(c) Calculate statistics and control the number of sample runs. 

The measurement sequence in the tests was as follows: 

(1) Set the initial voltage on the loop integrator capacitor to put 
the VCO frequency at the edge of the band to be swept. 

(2) Apply the sweep voltage. 

(3) Close the loop and start timing. 

(4) Measure time after lock-up detected and maintained for 500 ms. 

The input frequency was fixed so that the loop had to be swept 14 kHz 

to acquire lock. The system centre frequency was 10.7 MHz and the VCO range 

was set to ± 10 kHz tao that at step (1) above the VCO frequency would be 
10.7 MHz - 10 kHz and the signal frequency was set to 10.7 MHz + 4 kHz to 

give a total initial frequency difference of 14 kHz. 

The sequence above was repeated 100 times for each sweep voltage, 
carrier-to-noise ratio and phase-locked loop type under test. The computer 
program calculated the following 

i) the percentage of successful acquisitions 

ii) the mean time of the successful acquisitions 

iii) the standard deviations 

iv) a histogram of the time distribution (if required). 

3.1.1 Measurement Conditions 

For the bulk of the measurements the PLL small-signal natural frequency 
and damping ratio were maintained at 200 Hz and 0.7 respectively. At each 
change in the PD input signal-to-noise ratio the integrator input resistor 
(R1 ) was adjusted to compensate for the change in the PD output signal a, 
thus keeping the loop gain constant, viz, 

ak
o
k
d  R1 - 

WC  
(28) 
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3.1.2 Lock Detection 

The circuit used was independent of the lock detector used for sweep 
removal. This detector consisted of an auxiliary PD with VCO and clean 
signal (i.e., signal before the addition of noise) inputs. The PD output is 
ac coupled to a peak detector which is then level-detected. The principle is 
that the presence of a phase detector beat note indicates that the loop is 
unlocked. 

It was found that this system gave a more reliable lock detection 
output at low C/N ratio than the other lock detectors tried. The difficulty 
with detection of a transient lock condition is overcome in the computer 
program by re-examining the state of the lock detector after a suitable time 
interval which was chosen to be 500 ms. (see paragraph 2.5). 

3.1.3 The Systems and Circuits 

3.1.3.1 IF Bandpass Filter Outside PLL 

In this arrangement the phase-locked loop is closed with the IF filter 
being external. The IF filter was a 10.7 MHz crystal filter with a 48.8 kHz 
noise bandwidth. Figure 12 refers: 

Figure 12 The Short Loop or Tracking Filter PLL System. 

3.1.3.2 IF Bandpass Filter Within PLL 

In this case the IF filter is a 2 resonator bandpass filter of 6.3 kHz 
noise bandwidth and center frequency of 250 kHz. Figure 13 refers: 
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Figure 13. The Long or Heterodyne PL L. 

3.1.3.3 The Loop Filter and Sweep System 

Figure 14 refers: 
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Vs FROM D/A CONVERTER 

Figure 14. Prefilter and Integrator for the Experimental PL L. 

0-TO VCO 

The function of the RC prefilter is to remove the IF frequency 
components from the PD signal. A ten turn helipot with scale (R1 in Figure 
1(b)) is adjusted at each change in test C/No  to compensate for the change 
in a (Equation 25). The control logic driving the analogue switches ensures 
that the integrators start sweeping from the correct initial conditions. When 
required the lock detector output sets a flip-flop which then opens a switch 
to remove the sweep voltage. 
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3.2 RESULTS 

3.2.1 Acquisition Probability vs Sweep Rate 

Two sets of curves are produced in full (Figures 15a and 15b). The 
measurements for other loop conditions are summarized by means of curves of 
sweep acquisition time and sweep rate vs. input carrier to noise density. The 
features to notice are the sudden drop in acquisition probability as the 
sweep rate is increased beyond the 90% point and that at low values of p

o 
the 

acquisition probability never reaches 100%. 

0 

0 
1 	 1 	 1 

1.4 	1.6 	1.8 	2.0 
1 

0.2 	0.4 	0.6 	0.8 	1.0 	1.2 
SV/EEP RATE x 

Figure 15a. Acquisition Probability vs. Sweep Rate for the Sawtooth PD. 

Figure 15b. For the Sinusoidal PD. In Both Cases = 0.7. 
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3.2.2 Sweep Rate vs C/No  (Figures 16(a) & (b)) 

The experimentally determined points are superimposed on the curves 
calculated from the formula developed in the previous section. 

No empirical relation has been found that accurately describes the 
behaviour for the case of sweep removal. 
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Figure 16. Sweep Rate Vs. C/N. 
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3.2.3 Acquisition Time vs Sweep Rate (Figure 17) 

The results show quite well the effect of acquisition time reduction 
caused by the PLL frequency pull-in phenomenon. The reduction in time for 
the sinusoidal PD loop is small because the pull-in effect for such a loop is 
much weaker than for sawtooth PD loops. See also paragraph 2.6. 

Figure 17. Acquisition Time at the Probability Level vs the Sweep Rate. The Line T Llf/R is the Expected 
Acquisition Time if there is no Natural Pull-In Effect. The Results Calculated from Mengali's Paper 

are Shown as the Dashed Lines. 

3.2.4 Mean Acquisition Time vs Loop Input C/N (Figure 18) 

The cross-over in the curves 3 and 4 for wide and narrow IF sawtooth 
PD loops at low C/N is most likely caused by an increased natural pull-in time 
for the narrow IF loop compared to the wide IF loop. The narrow IF affects 
the harmonic content of the beat note waveshape and therefore affects the 
generated pull-in voltage. The reduced pull-in voltage will be most noticeable 
at low sweep rates and/or low C/N ratios. 

The curve for the sweep removal case crosses the curve for the narrow 
IF case for the following reason: the measurements were taken with a fixed 
phase shift in VCO signal feeding the auxiliary PD used for sweep removal 
lock detection. This phase shift was adjusted to optimize the lock detection 
when no sweep was applied, and therefore as increasing amounts of sweep 
voltage were applied the lock detection performance would be degraded and thus 
affect the acquisition probability. 

Obviously in a working system where the sweep rate is known and fixed 
the phase shift would be optimized for this value. For an automated 
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experimental system where the test sweep rate is automatically stepped such 
as this, the phase shift would need to be changed (in some nonlinear way) at 
each sweep rate step. 
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Figure 18. Mean Acquisition Time (at the 90% Sweep Rate) vs. the Loop Input C/N Ratio. 
The Loop Types and Conditions Were:— 

1 
55 

Curve 	PD Type 	 cennir 	 B I F /2BL 

1 	 Costas 	 200 	 30 

2 	 Sine 	 200 	 37 

3 	 Sawtooth 	 200 	 37 

4 	 Sawtooth 	 200 	 4.7 

5 	 Sawtooth 	 200 	 4.7 

6 	 Sawtooth . 	 283 	 4 • 7 
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3.2.5 Histogram of Typical Acquisition Times 

Considering that each histogram contains less than 100 samples, they 
are reasonably close to Gaussian shapes. The important point is that there 
were no sample times beyond the 30' limits (0.26% for Gaussian curve). 
Figure 19 refers: 

20-1 
1Mn 

Figure 19. Histograms of the Distribution of Acquisition Times for 2 Typical Cases. 
(Sinusoidal PD, R .32con

2  and.?  con
2.). 

3.2.6 Standard Deviation of Mean Acquisition Time 

In Figure 20, the experimental points are not shown as the scatter in 
values is some 10 to 20% about the lines shown. Notice that the standard 
deviation is proportional to the square of the mean time, T. Also note, 

wn 
1. There is a factor of 2 between lines for -27—rf = 200 Hz and 283 Hz 

i.e., the standard deviation appears to be proportional to 
(wnT)2. 

2. The ratio between lines for the narrow IF bandwidth is 2.8 and the 
ratio between lines for the wide IF is 2.4. The ratio of the ENS  

iT  
PD characteristic is 	- 2.57. 

3. The standard deviation for the narrow IF loop is greater. 



29 

S
TA

N
D

A
R

D
 D

EV
IA

T
IO

N
 (

m
s )

 

10 	 20 	30 40 	60 	80 100 	150 200 
MEAN ACQUISITION TIME (ms) 

300 400 

Figure 20. Standard Deviation of the Mean Acquisition Time vs the Mean Acquisition Time. 
The Lines are for the Following Conditions:— 

Line 	 PD Type 	 con /2/r 	 B I F 

A 	 Sawtooth 	 283 	 6.3 

B Sawtooth 	 200 	 6.3 

C 	 Sawtooth 	 200 	 48.8 

D Sine 	 200 	 6.3 

E Sine 	 200 	 48.8 
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3.2.7 Sweep Rate vs Phase Modulation 

These measurements clearly show that excessive phase modulation is to 
be avoided. Notice that the Bessel function is not a good fit to the data 
points, even though it may be expected to be so. Figure 21 refers: 
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Figure 21. Sweep Rate vs Phase Modulation. 

3.3 COMPARISON WITH PREVIOUS WORK 

The measurements made by Frazier and Page (1962) were taken under 
different conditions from those reported here. In their measurements with 
limiting in the IF, Frazier and Page fixed the gain of their loop to give 
particular values of loop natural frequency and bandwidth at one input signal-
to-noise ratio only, the 'match point'. As the S/N ratio is increased w 
and will also increase as 14i, and this will change the loop noise bandUidth. 
In this work the loop gain is changed at every new input C/N to compensate 
for Œ and thus keep wn  and constant. Thus the measurements in this work 
are taken under conditions of constant loop noise bandwidth. 

The results of Frazier and Page show a strong dependence of the allow-
able sweep rate on the IF bandwidth (e.g., see Frazier and Page Figure 6, 
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page 212). This is explained by the following considerations. At large IF 
bandwidths the PD signal-to-noise ratio will be small and therefore changes 
in a will be directly proportional to changes in the signal-to-noise voltage 
ratio. For small IF bandwidths, the PD signal-to-noise ratio will be large 
and thus there will be almost no variation in a with changes in signal-to-
noise ratio. 

In this work it has been found that when measurements are taken under 
conditions of constant noise bandwidth, there is no dependence of the maximum 
sweep rate on the IF bandwidth for sinusoidal PDs. This is because for 
sinusoidal PDs p /a = 1 independently of p

i
. 

There also appears to be a discrepancy in the value of Will  used by 
Frazier and Page (see Gardner 1966). This manifests itself in two ways: 

1) Their empirical sweep rate formula is too large by approximately 
1.5 (possibly  71 /2). 

2) Their measured phase jitter values are approximately /777 larger 
than their calculated values. 

Both these could be due to an error of a factor of 1.5 in their assumed value 
of w

n
. 

Blanchard (1976) summarizes some previously unpublished experimental 
results done at the CNES in 1969. These measurements are for sweep acquisi-

tion with the PLL oi.een. The results show that very rapid acquisition is 
possible with this technique - which is not surprising since the results are 
for noise free conditions. 

Also given are experimental results for closed loop sweeping with sweep 
removal at lock detection. Compared with measurements detailed in this 
report, they are very optimistic. 

At the time of writing this report, the author had not seen the 
original data so that no further comments are appropriate. 

4. SYSTEM CONSIDERATIONS 

4.1 THE IF BANDPASS FILTER 

For a sawtooth (or triangular) PD, the input C/N ratio must be made 
as large as possible to achieve the best performance, i.e. the IF bandwidth 
must be made as narrow as possible. However, these limitations apply: 

1) If the IF filter is outside the loop the IF bandwidth must be 
greater than the signal doppler shift. 

2) Assuming the IF filter is in the loop, the bandwidth must be 
significantly greater than the loop bandwidth for stability 
reasons. A rule of thumb is >. 10f. 
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3) The order of the filter, i.e., the number of equivalent passband 
poles, must not exceed say 3 otherwise the loop can maintain a 
condition of 'false lock'. (See Gardner) 

For a sinusoidal PD the input C/N is immaterial and the above 
restrictions do not apply. 

4.1.1 Advantages of Placing the IF Filter Within the Loop 

1) Bandwidth much smaller than possible doppler shift. 

2) At lock-up, the incoming signal to the PD is always at the center 
of the IF passband with these effects: 

i) Constant phase shift through the IF filter independent of any 
doppler frequency offset; (especially important in ranging 
systems). 

ii) Signal at center of IF noiseband; it should be noted that an 
unlocked loop tends to 'steer' the VCO frequency to the center 
of the IF noiseband and therefore, with the long loop, the 
loop will not shift frequency in any preferred direction 
during a signal fade. 

4.1.2 Disadvantage 

There is a limitation on the order of the filter response necessary in 
order to prevent false locks. 

4.2 TWO LOOP ACQUISITION SYSTEM 

Consider two independent PLLs each with signal acquisition probabilities 
of pi  and p2. The combined probability of either or both acquiring the 
signal is 

p
1+2 

= 1 - (1 - 13 1)(1 - p 2) 

For instance if pi = p2 = 0.9 then p1+2 = 0.99. So that if the system has two 
loops fed with the same signal and swept from opposite edges* of the 
expectation band at the 90% rate we have, 

1) The acquisition probability increased to 99%. 

2) The necessary frequency span reduced to 7 kHz for 90% probability 
of acquisition. 

With each additional PLL, the frequency span and hence acquisition time will 
be reduced. This illustrates the speed - complexity trade-off that is 
available with PLL's. 

* Another, possibly better method is to start the two loops sweeping from the 
center of the band with some small amount of overlap. This is because in 
the AEROSAT system the mean doppler shift is zero. 
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4.3 SWEEP METHOD 

There are two possible methods. The first is to generate a ramp voltage 
and then add it to the loop integrator output, the sum being used to drive 
the VCO. The second uses the loop integrator to generate the ramp voltage 
(Figure 22) by applying at its input a fixed current when sweeping is 
required. The differences between the methods are: 

i) The added ramp method produces a further phase transient after 
lock-up when the limiting occurs (care would have to be taken 
that it is the ramp generator and not the loop integrator that 
limits first). 

ii) The loop integrator method produces no further phase transient 
unless the sweep voltage is removed. 

iii) The added ramp method needs an extra integrator and summing 
amplifier. 

VsI 
a 

Vs R2 
Rs 

Figure 22 Ramp Generation for Frequency Sweeping. 

4.4 FREQUENCY ESTIMATION 

Faster signal acquisition is possible if an estimate of the signal 
frequency is generated and then used to pretune the PLL to the estimated 
frequency. This can be done by Fast Fourier Transform techniques, by the 
use of a number of frequency estimator circuits (e.g., see Viterbi 1966) or 
by using multiple PLL's each covering only a fraction of the expectation band 
and then selecting the loop which locks first. 

There is obviously a trade-off between signal acquisition speed and 
the amount of hardware necessary which will depend on the frequency estimation 
technique used. 

4.5 HARDWARE 

4.5.1 Phase Detector Types 

The three most important phase detector characteristics can be 
generated by the following devices and circuits. 
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1) Sinusoidal: 

Analogue multiplier fed with sine waves; 

0 - 1 MHz 	Active circuits e.g., differential pair transistor 
multiplier. 

1 - 100 MHz Active or passive-double balanced diode mixer. 
100 - 1 GHz Passive - double balanced diode. 
1 GHz 	Passive - double balanced diode with stripline or 

waveguide techniques. 

2) Triangular: 

Analogue multiplier fed with square waves which is the same as a 
digital multiplier. A digital multiplier is an Exclusive -OR gate. 
Such gates are available in integrated circuit form. 

Sawtooth: 

This characteristic is most easily produced by a set-reset flip-
flop. Such flip-flops are readily available as integrated circuits. 
TTL types can operate up to several tens of MHz. 

One difficulty with digital logic type PDs is that the device logic-
level voltages determine the filtered output voltage. In some logic families 
these levels are not temperature compensated and/or depend on the filter 
loading. From this point of view the CMOS circuits are nearly ideal as the 
two logic output states are simply the common and power supply voltages. 
These can be easily temperature stabilized. The frequency limit for CMOS 
circuits as PDs is approximately 500 kHz (rise and fall times must be small 
compared to the period to get accurate triangular or sawtooth characteristics). 

4.5.2 VCO Noise 

In most PLL systems and especially those of narrow loop-bandwidth, it 
is important that the phase noise generated by the VCO does not degrade 
system performance. Past experience has shown that RC or relaxation 
oscillators are the worst followed by LC then crystal oscillators from this 
viewpoint. Since most IC oscillators are of the relaxation type (Cordell, 
1976) care must be exercised in their use. In addition, most IC PLLs are 
internally connected in such a way that either the class of loop filter 
is fixed or the addition of sweep voltages is not practicable (or both). In 
general, few IC PLLs have adequate connection flexibility for use in the 
long loop connection. 

4.5.3 The Loop Filter 

With IC operational amplifiers it is possible to make easily very low 
drift integrators and therefore this type of filter is suitable for PLLs. 

The advantages of this type of loop filter (Figure 1(b)) are: 

a) The VCO voltage is held during signal fades. 
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h) Loop natural frequency and damping ratio can be selected 
independently. 

c) Since the open loop gain of an operational amplifier is of the 
order of 100,000, the loop static phase error is very small and 
the lock-in range is very large. 

5. CONCLUSIONS 

For rapid signal acquisition using PLL's, sweep frequency techniques 
must be used. If the sweep is not removed on lock-up, the limitations on the 
sweep rate that can be imposed on the PLL are determined by the mean time 
required before the loop jumps out of lock, and not necessarily by the so-
called probability of signal capture during sweep. If a non-sinusoidal 
phase detector is used, e.g., a sawtooth characteristic PD, than an increased 
sweep rate over the sinusoidal case is possible. A further considerable 
increase in sweep rate is allowable if the sweep is removed at lock detection. 
However when PD's are compared on the basis of the PLL output signal-to-noise 
ratio (instead of wn ), it appears that loops using triangular and sinusoidal 
PD's can be swept at faster rates than loops using the sawtooth PD. This is 
shown in Figure 9. The situation is complicated further since the sweep rate 
alone does not fix the acquisition time. For the sawtooth phase detectors 
the natural pull-in effect can be significant (see Figure 17). Therefore 
when there is no sieep removal the sawtooth PD in general provides the 
smallest acquisition time. For sweep removal the triangular or sinusoidal 
PD will give the smallest time provided natural pull-in is significant. 

It is shown that for constant input signal conditions there exists 
an optimum loop operating signal-to-noise ratio and damping ratio that yield 
the fastest sweep rate. These values should give a total acquisition time 
that is very close to the minimum. 

In order to gain maximum advantage from the use of a sawtooth PD its 
input C/N must be made as large as possible, which is achieved by making the 
IF bandwidth as narrow as possible. If the input signal frequency uncertainty 
is greater than the IF bandwidth then the so called long loops PLL system 
must be used. Other significant advantages are realized with this system. 

The measurements for non-sinusoidal phase detectors follow the 
empirical sweep rate formula found by Frazier and Page (1962) when it is 
modified by the ratio pn/a. A further simple modification can be used to 
predict the effect of slnusoidal phase modulation. 
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5.1 SUMMARY OF ACQUISITION TIMES APPLICABLE TO THE AEROSAT SYSTEM 

At . = 14 kHz 

Output C/N 	90% Acquisition Time — ms. 
Loop Type and Condition 	 dB 	 C/N0=37dBHz C/N0=40 C/N0=43 	R/(C/N 0) 2  

Triangular PD (No Sweep Removal) 	 2 	 67 	 17 	4.2 	8.4 x 10-3 

8 	 312 	 78 	19.5 	1.8x  10-3 

Sawtooth PD (No Sweep Removal) 	 2.5 	 108 	 27 	6.8 	5.2 x 10-3 

8 	 280 	 70 	17.5 	2 x 10-3 

Sawtooth PD (estimated times including 	 Af/R=108 	Af/R=27 Af/R=6.8 
pull-in [see eq. 261) 	 2.5 	 te160 	69 	tc= 20.1 14t6'2'53  2.9 

tP= 4.2 t =2.1 	t=1.1  P 	P 

Sinusoidal with sweep removal 

(Data from Blanchard) 

Sawtooth with sweep removal 

Costas — No sweep removal 

2 	 21.6 	 5.4 	1.35 	26x  10-3 

2.5 	 44 	 11.0 	2.8 	12.7 x 10-3 

10 	 4100 	1030 	260 

6. FURTHER WORK REQUIRED 

6.1 SIGNAL INJECTION 

Recently it has been shown (Runge, 1976) that the injection of some 
of the input signal directly into the VCO can effect a significant reduction 
in the VCO output phase jitter. However this is only the case if there is 
significant cross correlation between input amplitude and phase noise 
components. Nonlinear signal processing, such as squaring to regenerate a 
carrier, introduces this type of correlation. Therefore it may be possible 
to improve the performance of the Costas and squaring loops by signal 
injection. 

6.2 DESCRIPTION OF EFFECT OF SWEEP REMOVAL 

An empirical relationship is needed to facilitate the design of PLLs 
using sweep removal at lock detection. 
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LOCK 
INDICATION IF 

APPENDIX A 

Lock Detection 

DETERMINATION OF POST DETECTION FILTER BANDWIDTH 

Consider a sinusoidal phase detector followed by a low pass filter* of 
noise bandwidth, BD . 

IF  
BANDWIDTH LIMITER AUXILIARY POST- DETECTION LEVEL 

BIF 	 PD 	BANDWIDT H BD DETECTOR 

VCO  IN  

Figure Al. Block Diagram of Lock Detection System. 

* This filter should have good rise time and small noise bandwidth, i.e., a 
rectangular frequency response. 

In Incoherent Mode i.e., Loop Unlocked: 

Total output power of mixer 	= 1/2 {assuming unit slope of PD 
characteristic} 
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Noise power 
1  

= —2 [1 - 

2 	 2 (PM = G 

This assumes the signal lies within the IF pass band. If not the noise power = 
the total output power. 

2B 
1 

Output of LP filter aUL
2 = - 	[1 -  BIF 

2B 

	

2 	 1 	D or 

	

UL 	= 7  BIF 

(signal in band) 

(signal out of band) 



LOCKED MEAN OUTPUT. a 

DECISION LEVEL 

UNLOCKED MEAN OUTPUT 
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In the Locked Condition: 

Mean output (DC) 	 = a(P) 

	

2BD 	1 + 	1F1[1,3,p]  —ce2  (Wakeman, 1976) Variance aL
2 = 

2 BIF 

The calculation of the post detection filter output assumes that the 
noise spectral shapes at the phase detector output are flat and occupy the 
same bandwidth as at the IF output. This assumption is verified by the 
experimental measurements. Furthermore if BD < < BIF  the output statistics 
are Gaussian as shown in Figure A2 below: 

Figure A2, Locked and Unlocked Signals at Level Detector. 

In order to simplify the analysis select the decision level such that 
the probability of making a decision error is the same in both conditions, 
i.e., 

x
1 	

K eL 

X2 = KaUL 

(For 1% error K = 2.33 and for 10% error K = 1.28 from tables of cumulative 
probability for the Gaussian distribution) 

xi x2 = 
Therefore 

a  = K(eL eUL)  

a 
(aL + aUL ) 
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and 

APPENDIXB 

p /a For Nonsinusoidal Phase Detectors 

The mean phase detector output p is given by, 

+71-  

1-1(4),P) 	= 	g(e+.(e) p(e,p) de 

-n 

dp 
Œ(4,P) = 717 

The Sawtooth PD: 

p is a maximum when a = 0. It has been shown (Wakeman, 1976) that for the PD 
characteristic under discussion, 

a(cP) = 1 - 2 11  p(n4) 

So that the peak mean output p occurs at an angle (I) defined by 

1 
= 2n 

To find p this equation must be solved numerically to find (t) which is then 
used in equation A2.1. 

The Triangular PD: 

(1) 13  is always -2- radians, which is used in equation A2.1 to calculate the mean 
phase detector output. 

Using the Fourier series expansion for p(e,p) (equation 9) the integral to be 
evaluated is, 

jie  g(e-Fe4) cosme de =  1 	where m = harmonic number 

A2.1 



sin 
efT 
2 

4 
= m2 sine 

a 

11 1 + 2- F1  [1 ; 3; -p]  - Œ 	
1

2 
2  

2BD  
Kt/ BIF 

2 2 il 
1 -a 

2 

2 

I is readily determined to be, 
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(-1) m 2u sinmq)  

and for the triangular PD, 

for the sawtooth PD 

+4  (-1) n  sin(2n-1» 	where m = 2n-1 
(2n-1)

2 

Therefore for the sawtooth PD, 

( -1) 
m 

2 	 p  E 
m=1 m m! 

r e + 1) 1  F1  CLI '. m+1;-0 sinmq) 2 	 2 11 (q),p ) 	= 

and for the triangular PD, 

8  
- F1 	2' [n--1 .2n;-p] sin(2n- l) q) 110),P) 	

f 	) n 	n  
4 1/-77(7)— 	n=1 	(2n-1) 2n! 1  

These functions have been evaluated numerically for the values of q) 
discussed above, and used to plot Figure 8. 

and 

for the signal in-band case, 

and 

B_ 

.‘1 	P  

1 + — F [1".3--p] 	a2  2 1 1  

2 

IF 
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for the signal out-of-band case. These can be solved numerically, then the 
ratio of BD/BIF selected to give the required value of K. This has been done 
and the results given in Figure 11. 

In summary, referring to Figure 11, 

ct is the normalized output of the coherent detector when locked 

X2  is the level at which the decision 'locked or unlocked' is 
to be made 

K D is a factor determining the predetection filter bandwidth — 
BIF necessary to achieve a given lock detection probability. 

The two curves for x2 and K 
2BD arise out of the fact that the noise output 

BIF  
4 

of the auxiliary PD when unlocked depends on whether the signal lies within 
the IF passband or not. This is because when a limiter is used the total 
output power is fixed and if the signal is in-band and appears in the 
limiter output then the noise output will be suppressed. 

The out-of-band curves are to be used when the IF bandwidth is much 
smaller than the signal frequency uncertainty since then there is a high 
probability that the signal will be initially outside the IF band. 



300  

( 2) 3  

.1  
1 	1 

•25 	106.1 

= 106.1 

+ 3.96 = 24.2 ms 

t
c 
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APPENDIX 	C 

Examples of Scaling of Acquisition Time to Other Natural 

Frequencies and Frequency Errors 

Typical Values: 

For 	w
n 	= 27F X 200 Hz 

	

f 	= 14 kHz 

- 50 ms 
max 

te 	= 300 mS for sawtooth PD 
5000 mS for sinuosidal PD 

= 5.6 mS 

1 

1 , 1 	
+ 5.6 = 48.5 ms. from (25) 

50 ' 300 

Scale results to w
n 

= 2n x 200 x 

= 	- 3.96 ms 

Af 	50  , - 25 ms R 	- 
max 	(1-7-2 

)

« 

Af 
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Scale to Af = 7 kHz 

t 	= 5.6 ms 
P 

Af 	50 
- - --- ms 
R 	2 
max 

300 _ „ 
t
e 

- - - ID MS 

(2) 2  

T 	= 24.4 ms 
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