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ABSTRACT

The performance of an EM demodulator can be defined in terms 

of the threshold phenomenon .which determines the minimum acceptable 

input SNR for the' system. The presence of high-amplitude noise 

impulses ("click" noise) in the demodulator output is a primary 

factor contributing to the occurrence of threshold in an EM system. 

Certain distinguishing characteristics of click noise provide a 

basis for practical techniques which can be implemented at the 

output of an EM demodulator to improve its threshold performance.

A threshold extension device has been developed which operates 

on the principle of click detection and elimination.

Previous work in the area of EM demodulator improvement has 

concentrated on the design of specialized demodulation schemes 

which provide optimum performance for one set of channel parameters. 

However, EM systems use several channels having different charac

teristics in terms of required channel bandwidth, maximum frequency 

deviation, and range of modulation frequencies.

The click-noise eliminator offers an advantage in flexibility 

since it is not a demodulator but rather a device which can be 

implemented at the output of any EM discriminator to provide 

improved system performance.
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CHAPTER I

INTRODUCTION

During the past several years the subject of optimum EM 

demodulation techniques has received considerable attention 

in the literature. Much work has been accomplished with respect 

to analyzing the relative performance of various demodulation 

schemes. The phase lock loop (PEL) and Frequency Feedback 

Demodulator (FMFB) have received particular attention by several 

authors.

In most cases, the criteria used as a basis for evaluating 

the relative performance of a particular FM demodulator is 

the ability of the device to provide extended threshold per

formance. Although a specific demodulator configuration may 

provide optimum threshold performance for a particular set 

of input signal characteristics it will not necessarily provide 

the same improvement when the input signal parameters are changed.

Therefore, it was determined that a technique should be 

developed which could be applied to any FM demodulator to provide 

improved threshold'performance regardless of the input signal 

characteristics.

This thesis presents an analysis of the FM threshold phenomena 

based on Rice's classical work. It also presents the results
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-of laboratory experiments and tests that resulted in the develop

ment of an FM threshold extension device. The threshold exten

sion technique described in this thesis can be implemented at 

the output of any FM demodulator to provide improved perfor

mance.

As a specific example of its application, the test data 

presented was obtained using a simulated Apollo FM communica

tions link. This particular Apollo unified S-band system is 

applicable for a threshold extension study unified S-band since 

it utilizes a single carrier frequency demodulator to process 

several FM signals having significantly different input charac

teristics. This results in degraded threshold performance 

of the demodulator under operational conditions. The test 

data presented in this thesis demonstrates the performance 

of the FM threshold extension technique with a multi-channel 

demodulation system.
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CHAPTER II

FM THRESHOLD

By definition, the criteria for evaluating the performance of 

an FM demodulator is based on the ability of the device to provide 

a linear-relationship between the output and input signal-to-noise 

ratios. The useful operating range of all FM demodulators, however, 

is limited by the fact that this relationship, or transfer charac

teristic, becomes non-linear below a certain value of input signal- 

to-noise ratios. This value of input SNR is called the "point of 

threshold" for the demodulator.

Since it is,difficult in most cases to determine the exact 

value of input SNR that divides the linear and non-linear regions 

of the performance curve, it is necessary to define a reasonable 

criteria for determining the threshold point.

One accepted definition of FM threshold is based on the graphical 

determination of the specific input SNR value whose corresponding 

output SNR occurs exactly 1 dB below an extension of the linear 

portion of the transfer curve. This method of defining FM threshold 

is illustrated in Figure 2-1 and will be used consistently through

out this document.

The occurrence of threshold in an FM system can also be defined 

in terms of the demodulator output noise characteristics. In general.
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Figure 2-1. Graphical Determination of FM Threshold for 
a Typical Demodulator SNR Transfer Drive
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when the demodulator is operating with values of input SNR greater 

than 10 dB, the output noise spectrum is parabolic, and the amplitude 

distribution is Gaussian. As the input SNR decreases, the output 

noise voltage is punctuated with occasional high amplitude noise 

spikes having either positive or negative polarity. These noise 

impulses become more frequent as the input SNR is reduced to values 

below 10 dB. For the region of input SNR's between 0 dB and 10 dB, 

the output noise power increases at such a rate that the slope 

of the SNR transfer curve becomes much more severe than the slope 

of the linear portion. This implies that a small change in input 

SNR results in a relatively large change in output SNR as illustrated 

in Figure 2-1. The difference in the relative contribution of 

Gaussian noise and click noise can be seen by noting their indi

vidual spectral characteristics in Figure 2-2.

The energy contained in the individual noise spikes (called 

click noise) at the output of an FM demodulator contributes signifi

cantly to the total output noise power. In addition, the impulsive 

nature of click noise causes it to be much more degrading to the 

demodulated signal than the Gaussian output noise. Although click 

noise is not the only phenomena which causes FM threshold, it is 

definitely a primary factor contributing to the occurrence of thresh

old in an FM system.

Consider an unmodulated signal at the input of an ideal FM 

discriminator where the carrier is represented as G(t).

G(t) = A cos u)Ct (1)
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(a) BASEBAND NO!SE SPECTRUM ABOVE THRESHOLD

(b) CLICK NOISE SPECTRUM BELOW THRESHOLD

Figure 2-2. FM Demodulator Output Noise Characteristics
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The input noise to the discriminator can be represented in quad

rature form by the following expression: r

N(t) = X(t) cos u)Ct + Y(t) sin u)Ct • (2)

where X(t)' and Y(t) are independent random variables. Therefore, 

the total input carrier plus noise is

G(t) + N(t) = [A + X(t)] cos a)Ct + Y(t) sin a)Ct (3)

which can also be expressed as follows

G(t) + N(t) = R cos [toct + 4>(t)J (4)

where R is defined as the magnitude of the resultant carrier plus 

noise waveform, ioc is the carrier frequency, and <f> is the phase 

of the resultant R with respect to the carrier. The FM demodulator 

detects the frequency of the signal by differentiating the phase 

of the received signal plus noise. The phase of the signal-plus

noise waveform can be obtained from Equation (3).

<|> = tan-1 (5)

For high signal-to-noise ratios, we can assume that A >>-X. 

Therefore,

<|> = tan-1 j (6)

The following phasor relationship exists between A, X, Y, R, 

N, and <j>, as shown in Figure 2-3.



Figure 2.3. Phasor Representation of A, X, Y, R, and N

X and Y are Gaussian distributed random variables whose fluctua

tion causes the angle <f> to change accordingly.

The click event takes place at the input of the FM discrimina

tor as an interaction between the randomly varying noise envelope 

and the carrier amplitude that results in a sudden 2tt phase excur

sion of the carrier-plus-noise vectoral resultant, R.

Both plus or minus 2tt phase excursions can occur with equal 

probability, which results in a corresponding positive or negative 

noise spike in the demodulator output.

Using the phasor representation of Figure 2-4, the click event 

can be defined in terms of a phase excursion of ±2tt radians by 

the angle <|>. The probability of such an excursion increases as 

the input SNR to the discriminator decreases below a value of 10 dB. 

This figure shows that, for low values of input SNR, a small change 

in the phase angle between the noise and carrier waveforms can 

result in a relatively large change in the resultant phase angle.



Figure 2-4. Phasor Representation of Noise, Carrier 
and Resultant R, Near FM Threshold •
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Since the output of an ideal discriminator is proportional 

to d(j>/dt, the 2ir phase excursion causes a noise spike of area 2k 

to occur at the output as shown in Figure 2-5.

It is also possible for the angle <#> to experience a phase 

excursion of 4tt, 6if, or even 8k radians. For phase steps exceed

ing 2tt radians, the resulting output noise spike will have a pro

portionally greater duration prior to postdetection filtering. 

Figures 2-6 through 2-13 show the click waveform before and after 

postdetection filtering. Several photographs are provided to illus

trate each of the higher order clicks since each unfiltered wave

form is unique. Figures 2-6 and 2-7 represent clicks resulting from 

a -2k phase excursion. These noise spikes will be referred to 

as first order clicks since they are a result of the minimum click

producing phase excursions. Some higher order clicks are also 

present in these figures, but the clicks referenced in the figure 

titles are shown in the extreme left portion of the photographs. 

Figures 2-8 and 2-9 represent second order clicks (4k radians). 

The duration of the second order clicks is approximately twice that 

of the first order clicks at the unfiltered output of the demodula

tor. The noise contribution of the second order clicks is correspond

ingly greater than-that of the first order clicks.

The difference between first and second order clicks can easily 

be distinguished at the output of the demodulator postdetection 

filter by observing the relative amplitude of the spikes. The
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Figure 2-5. Relationship between *2^ Phase Excursions 
and Resulting Impulses of Area 2tt
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Figure 2-6. First Order Click Waveform
UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 1 psec/cm

Figure 2-7. First Order Click Waveform
UPPER TRACE: Filtered 
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 1 psec/cm
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Figure 2-8. Second Order Click Waveform
UPPER TRACE: Filtered
LOWER TRACE: Uhfiltered
HORIZONTAL SCALE; 1 psec/cm

Figure 2-9. Second Order Click Waveform
UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 1 psec/cm
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-cutoff frequency of the low pass filter determines the duration 

of the output noise spikes so that both first and second order 

clicks have the same duration at the filter output. Therefore, 

the difference in duration between the first and second order 

clicks at the unfiltered output is translated to an amplitude 

difference in the filtered output. Table 2-1 summarizes the rela

tive amplitude and duration relationship between the different 

orders of filtered and unfiltered click waveforms.

Figures 2-10 through 2-13 represent third and fourth order" 

click waveforms at the demodulator output. These higher order 

clicks occur only for very low values of input SNR, and for practical 

considerations, their contribution to the total output noise power 

can be neglected. In most cases the degradation of the demodulator 

output below threshold will primarily be caused by the occurrence 

of first order clicks.

The click event was described previously in terms of the inter

action between an unmodulated carrier and a quadrature-carrier 

representation of the input narrow-band noise. However, in order 

to discuss the effect of click noise on the performance of an FM 

demodulator, it is necessary to consider a modulated input signal.

An FM signal can be represented by S(t) in the following form:

S(t) = A cos[a)ct + <j)(t)J, (7)

where A is a constant representing the amplitude of the signal;
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Table 2-1, Duration and Amplitude Characteristics of 
Nth Order Click Waveforms

CLICK ORDER
UNFILTERED 

DURATION 
(10-6 SEC)

FILTERED 
RELATIVE AMPLITUDE 

(CM)

First 0,5 0.5

Second 1.0 1.0

Third 1.5 1.5

Fourth 2.0 2.0
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Figure 2-10. Third Order Click Waveform
UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 1 psec/cm

Figure 2-11. Third Order Click Waveform
UPPER TRACE: Filtered 
LOWER TRACE: Unfiltered 
HORIZONTAL SCALE; 1 psec/cm
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Figure 2-12. Fourth Order Click Waveform
UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 1 ysec/cm

Figure 2-13. Fourth Order Click Waveform
UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 1 ysec/cm
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u)C = 2it fc, which is the carrier angular frequency; and <f>(t) is 

the modulation term.

The modulation information can be utilized to determine the 

instantaneous frequency of the carrier in the following manner.

oi-j = u)C + = ojq + Au)m(t) (8)

where coj is the instantaneous frequency of the carrier; wc is the 

carrier rest frequency when modulation is not present; and Aw is 

the carrier frequency deviation; and m(t) is the modulating signal 

waveform.

The magnitude of the frequency deviation Aw is determined 

by the amplitude, of the modulating waveform m(t) and by the sensi

tivity of the transmitter modulator.

For sinusoidal modulation. Equation (8) can be written as 

follows:

wi = Wq + AwCOS w^t

Since

4. d<bAto COS

Then

J*Aw cos wmt dt

(9)

(10)
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Therefore, Equation (7) can be rewritten as

S(t) A COS U)ct + / Aw COS 0)mt dt

A cos u)ct + — sin u)mt (11)

By definition, — is designated as the modulation index, g. The 
^m

final form of Equation (1) is

S(t) = A cos [a)Ct + g sin a)mt] (12)

The input SNR to the demodulator is determined by considering a 

rectangular predetection bandpass filter having a bandwidth

BWif = 2(Af+fm), (13)

where Af is the peak frequency deviation and fm is the modulating 

frequency.

The input signal power can be found from Equation (12) to

(14)

and the input noise power is

(15)Nj = KT BWif,

where K is Boltzman's constant (1.38 X 10"^3 Watts-sec °K~'*); T 

is the effective system temperature in degrees Kelvin; and BW^F 

is defined by Equation (13).



20

Therefore, the input SNR can be found by dividing Equation (14)

by Equation (15):

a2 
Si/Ni = 2KT BWif

The output' signal power at high levels of input SNR is independent

-of the input carrier amplitude A and is a function of the frequency 

deviation Af.

e _ tz All) _ jz (27TAf) /-i 7 \
5o KD 2 KD 2

■The output noise power of the discriminator for the unmodulated 

case can be determined by considering the noise disturbance about 

the carrier frequency a)C. The input noise can be represented in 

quadrature form by the following expression.

Nu^ = X(t) cos a)ct + Y(t) sin <Dct (18)

where X(t) and Y(t) represent the in-phase and quadrature components 

of noise and are defined by a summation of Gaussian random variables 

having zero mean.

w = w = 0 (19)

and

X2(t) =■ Y2(t) = N 2 (20)
U)C

By definition,

X(t) = 'zEL [xn cos(niD -ii)r)t+y sin(nu) -id )t] (21)

111 V ** 11 V V
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Y(t) = zEv[x win(na) -uo )t-y cos(nu) -co )t] (22)

__ i II U U . II u u

where xn and yn $re Gaussian random variables with zero mean.

The total expression for the instantaneous carrier plus noise can 

be written-as follows.

Total input voltage = A cos coct + X(t) cos coct + Y(t) sin w t

= [A+X(t)J cos coct + Y(t) sin coct (23)

The phase error caused by the noise disturbance about the carrier 

frequency w is represented by 4>e-

. - tan'l V(t), ~ 1111
♦e 1 A+X(t) ~ A (24)

This expression is similar to Equation (6) for the angle <#>.

Similarly, the frequency error, or noise disturbance about 

the carrier frequency w , at the output of the discriminator is 

represented by <{)e.

, Y(t) (9C,\*e “e ~ A I25)

Substituting Equation (22) for Y(t) into Equation (25), we get:

1 [xn sin(n<n -co )t-y cos(nu) -w )t] (26)
C #3 U v n II U ** I • U Ln= I

iV'
% = A^Zxn(no) -a)r)cos(na) -u) )t+y (neo -a) )sin(no) -a) )t] (27) 

c rt 1 ll u L U L II U U u un= I
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“a = rxL/tXntnf.-f )cos(na) -u) )t+y (nf -f )sin(nw_-o) 
e A n o c o c n o c on= I

2
The average output noise power is proportional to we

“o2 = x„2(nfn-f J2cos2(nw -a) )t+y 2(nf -f )2sin2(na) -u)
e a2 •' r n o c o c n o c o cA n=l L

o
+2x y (nf -f ) cos (no) -io )t sin (nw -a) t

II II U w V V V w

Since the mean value of the cross product term, 

o 
2x„y„(nf^-f^) cos (nw -w^)t sin (no) -wjt, n^n o c o c o c 

is zero.

2 
“e

2 2 2 2xM cos (no) -a)z.)t+y sin (nu -a)„)t n o c n o c
4tt2
A2 n=l

(nf0-fc)2

but.

x- = yn = o n n

and

CT
xn = yn = T

Where KT = equivalent noise spectral density and t is the period 

of noise under consideration.

)t](28)

(29)

(30)

(31)

(32)
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Therefore,

(33)

(„f -f )2 
A2 1^1 1 0 c (34) .

By making the period t relatively long, the summation can be changed

in Equation (34).to an integral

(35)

(36)

Fo

2 
“e

2 
“e

2
0)e

■~(nf0"fc)2 [cos2(nu)o-a)c)t+sin2(na)o-a)c)t]

where f is the maximum modulating frequency (the cutoff frequency 

of the postdetection low pass filter, BWQ).

[f 3+f 3] 
L m m J

f -fc m

_ (f _f _f )3 
v c m c'

(f +fm-f.)3 
v c m c

4tt2

47T2

=' f.+fmc m

o

2 2
Since [cos (nw0-a)c)t+sin (nw -a)c)t] = 1 we have,

2= iZ-j KT(f0-fc)2 df0 

fc-fm

87r2fm3KT
2 

3A

2 _ , 2
0)e - 4tt

-f )31
0 c'

3
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Finally, we get

2 
No « Kd< =

2KT(fm)3 4t2Kd

------------2----------
31V

The output SNR' can be found by dividing Equation (17) by Equation

(37).

3Af2A2
VNo 3" 4KTfm3

The output SNR can be expressed in terms of the input SNR by com

bining Equation (16) and Equation (38).

34f2BW,F

vNo.= ‘si/Ni’ "7^7“

By assuming that the cutoff frequency of the postdetection filter 

is the same as the maximum modulating frequency f we can rewrite 

Equation (39) as follows:

34f2BW,F 

vNo = w ”^7" 
0

where BWq is the bandwidth of the postdetection low pass filter.

Remembering that the modulation index g is defined as

 Ao)  2irAf  Af
a) 2irf BW m o

(37)

(38)

(39)

(40)
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we can express Equation (39) another way.

3s2BW,p
VNO ' W -2BW7 <4”

Equations (39), (40), and (41) express the SNR transfer charac

teristic of an FM discriminator operating in the linear region 

above threshold. (This region corresponds to the portion of the 

curve (see Figure 2-1) for values of input SNR greater than 10 dB.

The output noise represented by Equation (37) has a Gaussian 

distribution and a parabolic spectrum. This noise determines the 

behavior of the SNR transfer curve in the linear region above thresh

old. The occurrence of click noise in the output, however, causes 

the transfer curve to deviate from its linearity, and the FM thresh

old effect results. Therefore, Equations (39), (40), and (41) 

are valid only at values of input SNR that are large enough (generally 

> 10 dB) such that noise clicks do not appear in the output.

In order to describe the performance of an FM discriminator 

for values of input SNR below 10 dB, it is necessary to consider 

the addition of click noise to the Gaussian component in the out

put.

The noise power contribution of click noise increases as the 

number of clicks per second increases.
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Following the analysis of S. 0. Rice, the output noise power below 

threshold can be found by adding the contributions of the Gaussian 

and click noise as shown below.

N» = N + (42)

where NJ is the total output noise power, NQ is the Gaussian noise 

contribution, and N is the click noise contribution.c

Rearranging Equation (39), we get

3
2S f

Nn = OJ_______ (43)
0 a

(S./N.JSaCBWjp

Substituting Equation (17) into Equation (43), we have

Kn47T2Af2f 3 Kn4lT2fm3 t \

Nn = D m = D m (44)
0 p

(S./^JSACBWjp SBWjpfS./Np

The noise power contribution of click noise Nc has been found by
O J.

Rice to be 8tt^(N + N')fm

Nc = Kd8tt2(N+ + N")fm (45)

where N+ and N” represent the number of positive and negative clicks 

per second, respectively.

Rice further shows that the expression for the click rate N+ 

is given by

N+ = £ (1-erf /ST7N7) (46) 
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where r is defined as the radius of gyration of the power spectrum

a>e(f) about its axis of symmetry, f = fc.

1_
2tt -

u)(f )df

(47)

‘2 31 1/2
" "qBMIF . ^1F

SdBW,, 2 73o IF

Substituting Equation (48) into Equation (46) we obtain

. BWtc ,___ _
N+ = —(1-erf /S ./N.)' 

4/3 11

(48)

(49)

The click rate given by Equation (49) is valid only for an un

modulated carrier. Assuming that the number of positive and nega

tive clicks are equal, then Equation (45) can be written as

' Nc = KD16?(N+)fm . (50)

Substituting Equation (49) into Equation (50) we get

Kn47T2BWTF
Nr = (1-erf /SVN7) f (51)

c VQ I 1 Hl
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Therefore, the total average output noise power can be written as

"o' N +N, 0 c (1-erf /ST/NT) (52)

From Equation (17) we get,

Kn(21rAf)2
(53)

Dividing Equation (53) by Equation (52), we obtain the following 

expression for the SNR transfer characteristic of an FM discrimina

tor

Substituting BWQ in Equation (54) for fm and rearranging, we obtain

(55)

Equation (55) can be expressed in the following form by substituting

B for .
BW0
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(1-erf + 1

7 /BWTF\
3/2 (e <S1/Ni

S°/No “ -aTV
■ ■

(56)

Plotting Equation (56) gives results similar to the curve 

shown in Figure 2-1. The deviation from the linear portion of the 

curve is due to the click noise contribution as expressed by Equa

tion (51). For values of input SNR greater than 10 dB, the click 

noise term becomes negligible, and Equation (56) reduces to the 

form of Equation (41).

It should be noted that the c^ick noise term expressed by 

Equation (51) is valid only for an unmodulated carrier at the input 

to the discriminator. For a modulated signal, the click rate increases 

substantially so that the portion of the curve below threshold 

in Figure 2-1 exhibits a more severe slope.

The previous analysis indicates that the threshold effect 

in an FM-system is primarily determined by the click rate in the 

demodulator output. This implies that a substantial extension 

of threshold could-be accomplished by reducing the click rate at 

the output for a given input SNR. Experimental results have veri

fied that, indeed, the threshold performance of an FM demodulator 

can be improved by reducing click noise. The following sections 

describe a threshold extension technique that is based on the



detection and elimination of click noise in the demodulator out- 

-put.
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For a properly aligned FM demodulator, both the positive and 

negative noise, spikes in the output below threshold are present 

in equal quantity. ' However, certain conditions can exist that 

cause the output noise voltage to be unsymmetrical as represented 

by the predominance of either positive or negative clicks.

The most common cause of unsymmetrical click noise is an input 

carrier that is not centered properly in the passband of the demodula

tor predetection filter. Either a frequency drift in the trans

mitter or an unaligned predetection filter can result in offsets 

that cause unsymmetrical clicks. The effect of unsymmetrical clicks 

is to increase the output noise power and, hence, degrade the per

formance of the demodulator. Figure 2-14 illustrates the effect 

of input frequency offsets on the output noise power, while Figure 

2-15 represents measured data that shows the output noise power 

increase as a function of carrier offsets.

The problem of unsymmetrical click noise is significant since 

the CSM Ffi transmitter can experience offsets of *500 KHz from 

center frequency which adversely affects the performance of the 

FM channels.

The amount of degradation is a function of frequency offset, 

input SNR, and the shape of the filter response. In most cases



SIGNAL OFFSET BELOW CENTER 
FREQUENCY IN IF BANDWIDTH

SIGNAL OFFSET ABOVE CENTER 
FREQUENCY IN IF BANDWIDTH

----- I" "I ~| 1

OUTPUT NOISE VOLTAGE: 

SYMMETRICAL

OUTPUT NOISE POWER:

MINIMIZED

t

OUTPUT NOISE VOLTAGE:

PREDOMINANTLY NEGATIVE 
IMPULSES

OUTPUT NOISE POWER:

INCREASED FROM MINIMUM

t

OUTPUT NOISE VOLTAGE:

PREDOMINANTLY POSITIVE 
IMPULSES

OUTPUT NOISE POWER:

INCREASED FROM MINIMUM
CD

Figure 2-14. Effect of Carrier Offset on Click Noise Distribution
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a degradation of 1 dB to 2 dB was measured in tests of the CSM 

modes using offsets of -500 KHz. The problem of frequency offsets 

can be solved by implementing Automatic Frequency Control (AFC) 

in the MSFN receiver so that the IF frequency is always centered 

in the predetection filter passband, It is also necessary to use 

a predetection filter that has a symmetrical frequency response.



34

CHAPTER III

THRESHOLD EXTENSION TECHNIQUES

The discussion of FM threshold in the preceding chapter recog

nized the presence of high amplitude impulse noise (click noise) 

in the demodulator output as a primary factor contributing to the 

occurrence of threshold in an FM system.

Certain distinguishing characteristics of click noise provide 

a basis for practical techniques which can be implemented at the 

output of an FM demodulator to extend the threshold performance 

of the system. The threshold extension technique that will be 

described in this chapter is based on the accomplishment of the 

following two steps:

A. Detection of the click producing noise impulses in the 

demodulator output by distinguishing them from the demodulated 

signal and low-level Gaussian noise.

B. Utilization of the detected click noise information to 

perform a click elimination operation on a delayed version of the 

demodulator output.

The problem of click detection can be simplified by observing 

that, in most cases, the peak amplitude of the click-producing 

impulse noise is greater than that of both the modulation and 

Gaussian noise in the unfiltered demodulator output. Figures 3-1 

through 3-6 are presented to illustrate this point.
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f = 10 KHz m
Af . = 1 MHz

B'J = 500 KHz o

Figure S-l. Demodulated Signal Plus Noise Waveform with 
and without Postdetection Filtering (f = 10 KHz)

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 20 psec/cm

f = 10 KHz m

Af = 1 MHz

BW„ = 500 KHz o

Figure 3-2. Demodulated Signal Plus Noise Waveform with 
and without Postdetection Filtering (fm = 10 KHz)

UPPER TRACE: Filtered 
LOWER TRACE: Unfiltered 
HORIZONTAL SCALE: 20 psec/cm
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Figure 3-3. Demodulated Signal Plus Noise Waveform 
and without Postdetection Filtering (f

UPPER TRACE: Filtered 
LOWER TRACE: Unfiltered 
HORIZONTAL SCALE: 10 psec/cm

Figure 3-4, Demodulated Signal Plus Noise Waveform 
and Without Postdetection Filtering (f

UPPER TRACE: Filtered 
LOWER TRACE: Unfiltered 
HORIZONTAL SCALE: 10 psec/cm

= 50 KHz

= 1 MHz

= 500 KHz

with
, = 50 KHz)

= 50 KHz

= 1 MHz

= 500 KHz

with
, = 50 KHz)
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f = 100 KHz m
Af = 1 MHz

BWQ = 500 KHz

Figure 3-5. Demodulated Signal Plus Noise Waveform with
and without Postdetection Filtering (fm = 100 KHz)

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 5 ysec/cm

Figure 3-6.

f =100 KHz m
Af = 1 MHz

BWQ = 500 KHz

Demodulated Signal Plus Noise Waveform with 
and without Postdetection Filtering (fm = 100 KHz)

UPPER TRACE: Filtered 
LOWER TRACE: Unfiltered 
HORIZONTAL SCALE: 5 psec/cm
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The upper waveform in each photograph represents the signal 

plus noise output of a 500 KHz low-pass postdetection filter whereas 

the lower sweep in each figure represents the signal plus noise 

present in the unfiltered demodulator output. The sweeps in each 

photograph are' aligned such that the relationship between unfiltered 

and filtered waveforms may be observed for a particular click event. 

It should be noted that the 500 KHz postdetection filter acts to 

attenuate (as well as to broaden) the click waveform.

It is important to note that a click occurs on the 500 KHz 

low-pass filtered output only when the peak amplitude of the corres

ponding noise impulse in the unfiltered output exceeds the average 

peak amplitude of the modulation plus Gaussian noise. There are, 

however, a certain number of high amplitude noise impulses present 

on the unfiltered waveforms shown in Figures 3-1 through 3-6 that 

reach the amplitude of the click-producing noise spikes but do 

not result in a corresponding click on the unfiltered output wave

form. These noise spikes belong to the Gaussian portion of the un

filtered output noise whose energy is concentrated primarily in 

frequencies above the 500 KHz cutoff of the low-pass postdetection 

filter. The parabolic spectrum of these occasional high amplitude 

excursions of the Gaussian noise do not produce clicks on the 

filtered output waveform since most of the energy is concentrated 

in frequencies above the cutoff frequency of the low-pass postdetec

tion filter.
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The probability of detecting these non-click-producing noise 

impulses can be minimized by implementing a pre-click detection 

filter to attenuate the higher frequency Gaussian noise components. 

The relative high amplitude characteristic of the click-producing 

impulse noise will be preserved if the cutoff frequency of the 

filter is high compared with the 500 KHz postdetection filter, 

A 2 MHz low-pass filter was used for this purpose as shown in 

Figure 3-7,

Experimental results have shown that amplitude detection of 

the unfiltered click noise in the demodulator output is a simple 

and efficient means for obtaining the desired information indicat

ing the occurrence of a click. The actual detection process is 

accomplished with a pair of conventional Schmidt triggers. It is 

necessary to use two triggers since both positive and negative 

clicks must be independently detected.

. These devices are configured to detect noise spikes that exceed 

a predetermined positive or negative voltage level. The reference 

(trigger) voltage level is selected so that only the click-producing 

noise spikes will be detected, Figure 3-7 shows the system configura

tion for the click detection process.

The output of the amplitude level detector is used to trigger 

a pulse generator which provides gating pulses for the click elimina

tion circuitry,



V

Figure 3-7. C*lick Detector Block Diagram
4^ 
O
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The detected click information is used to perform a click 

elimination operation on a delayed version of the demodulator out

put. The elimination process is accomplished by first passing 

the delayed demodulator output through an amplifier whose output 

can be gated off for a predetermined time.

Gating pulses from the click detection system are then supplied 

to the amplifier so that it is turned off at the beginning of a 

click event. The turnoff time of the amplifier is present to coin

cide with the duration of the click,

A "holding” circuit is used in conjunction with the amplifier 

to provide a constant output voltage from the system during the 

time that the amplifier is biased off.. The output voltage of the 

"holding" circuit corresponds to the amplitude of the demodulator 

output just before the beginning of the click. The net effect of 

the click elimination circuitry is to provide an estimate of the 

modulation as a substitute for the high amplitude noise spike in 

the demodulated output. A block diagram of the click elimination 

system is shown in Figure 3-8.

Since the click elimination process is performed prior to 

postdetection filtering, the turnoff time, or click duration, is 

small compared with the average modulation frequency. The 500 

KHz postdetection filter provides a smoothing effect on the click- 

eliminated output, which enhances the performance of the device.



FROM CLICK 
DETECTOR 
OUTPUT

Figure 3-8. Click Eliminator Block Diagram ,

ro
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A block diagram of the complete threshold extension device 

is shown in Figure 3-9,

The following steps summarize the operation of the threshold 

extension device;

A. The output of an FM demodulator, which consists of signal 

plus noise, is split into two separate channels. The first channel, 

A, is passed through a pre-click detector filter and is then fed

to a series of circuits that detect the presence of high amplitude 

impulse noise. This is the noise that is a primary factor contri

buting to the degraded performance of an FM system,

B. The output of the impulse noise detection circuits consists 

of a series of positive pulses that are fed to a gated amplifier.

C. The input to the gated amplifier is channel B of the demodula

tor output, Channel B is identical to channel A except that it

is time delayed by a preset value.

D. The gating pulses from the noise detection circuits are 

used to turn off channel B whenever a noise impulse occurs. This 

creates a "hole" in the channel B output that is smoothed over

by additional circuitry which provides an estimate of the modula

tion during the turnoff time.

E. The output of the gating amplifier is fed to a low-pass 

filter that acts to provide additional smoothing to the output 

modulation during-turnoff time.



Figure 3-9. Click Detection and Elimination Threshold Extension Device Configuration
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F, The resulting output cons1sts_of signal plus low-level 

noise with fewer high amplitude impulses to degrade the signal- 

to-noise ratio.
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CHAPTER IV

EXPERIMENTAL RESULTS

The performance of the click elimination device has been 

evaluated in terms of its ability to improve the demodulated out

put of an Apollo, MSFN, phase-locked loop carrier frequency demodula

tor. Several tests have been conducted with input signals having 

parameters representative of the Apollo Block II downlink television 

and playback voice modes. The signal characteristics of these 

modes are listed in Table 4-1,

Table 4-1. CSM Modes used for Threshold Extension Device Test

MODE BASEBAND 
SERVICE Af BW 0

CSM FM
Mode 1

1:1 Playback
Voi ce

100 KHz 3 KHz 70 KHz

CSM FM 
Mode 2

32:1 Playback 
Voice

100 KHz 70 KHz 70 KHz

CSM FM
Mode 4

TV 1,0 MHz 409 KHz 500 KHz

The performance evaluation tests can be outlined as follows:

A. Signal plus noise waveform analysis

B. Signal-to-noise ratio tests

1, CSM Modes 1 and 2 

2. CSM Mode 4
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C. Voice intelligibility tests

D. TV picture quality tests

A qualitative estimate of the click eliminator performance 

was obtained by observing the effect of the device on the output 

noise and signal-plus-noise waveforms as displayed on an oscillo

scope. The test configuration is shown in Figure 4-1. The results 

of this test are shown in Figures 4-2 through 4-13.

The upper trace in each figure represents the unprocessed . 

demodulator output whereas the lower trace shows the click eliminated 

output.

Figures 4-2 and 4-3 show the effectiveness of the click elimina

tion process when the demodulator output consists of noise without 

modulation. The device eliminates 100 percent of the noise spikes 

for an input signal-to-noise ratio of 3 dB as shown in Figure 4-2. 

For an input SNR of 1 dB, the elimination process is more than 

90 percent efficient. In both cases the postdetection filter was 

70 KHz, which corresponds to the CSM Modes 1 and 2 demodulator 

configuration.

Figures 4-6 through 4-13 show the improvement that is obtained 

when both sinusoidal signal plus noise are present at the output 

of the demodulator. The modulation frequencies and deviations 

(Af) used for these photographs are compatible with the Apollo 

CSM FM modes listed in Table 4-1.



Figure 4-1. Signal Plus Noise Waveform Analysis Test Configuration
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Figure 4-2. Signal Plus Noise Waveform Analysis
BW = 70 KHz

WITHOUT CLICK 
ELIMINATION

WITH CLICK 
ELIMINATION

NO MODULATION
SNRin = 3 dB

Figure 4-3,

WITHOUT CLICK
ELIMINATION

WITH CLICK 
ELIMINATION

Signal Plus Noise Waveform Analysis
BWa = 70 KHz o
SNRin = T dB

NO MODULATION
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Figure 4-4. Signal Plus Noise Waveform Analysis

WITHOUT CLICK
ELIMINATION

WITH CLICK 
ELIMINATION

fm = 30 KHz BW0 = 500 KHz

Af = 1 MHz SNRin = 2 dB

WITHOUT CLICK
ELIMINATION

WITH CLICK 
ELIMINATION

Figure 4-5. Signal Plus Noise Waveform Analysis
f = 30 KHz BWa = 500 KHzm o
Af = 1 MHz SNRin = 1 dB
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WITH CLICK ' 
ELIMINATION

. WITHOUT CLICK 
ELIMINATION

$.

Figure 4-6. Signal Plus Noise Waveform Analysis
f = 1 KHz BWa = 70 KHzm o
Af = 100 KHz SNRin = 4 dB

Figure 4-7. Signal Plus Noise Waveform Analysis

WITHOUT CLICK 
ELIMINATION

WITH CLICK 
ELIMINATION

f = 1 KHz BWn = 70 KHzm o

Af = 100 KHz SNRjn = 3 dB
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WITHOUT CLICK
ELIMINATION

WITH CLICK 
ELIMINATION

Figure 4-8, Signal Plus Noise Waveform Analysis

f = 30 KHz BWa = 70 KHzm o
Af = 100 KHz SNRin = 2 dB

WITHOUT CLICK
ELIMINATION

WITH CLICK 
ELIMINATION

Figure 4-9, Signal Plus Noise Waveform Analysis
f = 30 KHz BVJ = 70 KHzm o
Af = 100 KHz SNRin = 2 dB
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WITHOUT CLICK
ELIMINATION

WITH CLICK 
ELIMINATION

Figure 4-10. Signal Plus Noise Waveform Analysis
f = 30 KHz BWn = 70 KHzm o
Af = 100 KHz SNRin = 1 dB

WITHOUT CLICK
ELIMINATION

WITH CLICK 
ELIMINATION

Figure 4-11. Signal Plus Noise Waveform Analysis
f = 30 KHz BWO = 70 KHzm o
Af = 100 KHz SNRin = 1 dB
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WITHOUT CLICK 
.ELIMINATION

WITH CLICK 
ELIMINATION

Figure 4-12. Signal Plus.Noise Waveform Analysis.

f = 30 KHz BWrt = 70 KHzm o
Af. = 100 KHz SNRin = 1 dB

WITHOUT CLICK
ELIMINATION

WITH CLICK 
ELIMINATION

Figure 4-13. Signal Plus Noise Waveform Analysis
f = 30 KHz BWrt = 70 KHzm o
Af = 100 KHz SNRiN = 1 dB

/■



Several combinations of modulation frequency and output band

width were used to demonstrate the spike noise elimination process 
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for various ratios of click duration to modulation frequency.

Figures 4-4 and 4-5 illustrate the click elimination process 

for a modulation frequency of 30 KHz, a peak frequency deviation 

of 1 MHz, and a postdetection low-pass filter bandwidth of 500 

KHz.

For Figures 4-6 and 4-7, the modulation frequency is 1 KHzj 

the peak frequency deviation is 100 KHz; and the postdetection 

low-pass filter bandwidth is 70 KHz.

These figures represent the case where the click duration 

is small compared to the modulation period. The individual noise 

spikes do not significantly distort the overall shape of the signal 

because of their relatively short duration. However, the contribu

tion of the clicks to the output noise power is still considerable 

because of their relatively high amplitude.

An important observation to be made from Figures 4-4 through 

4-7 is that the click eliminator is capable of removing both low- 

level (those spikes having a peak amplitude less than the maximum 

modulation amplitude) and high-amplitude spikes from the demodulated 

waveform. This observation verifies the validity of the criteria 

for amplitude detection of click noise in the unfiltered demodula

tor output.
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In Figures 4-8 through 4-13, the modulation frequency is

30 KHz; the peak frequency deviation is 100 KHz; and the postdetec

tion low-pass filter bandwidth is 70 KHz. These figures represent 

the case where the click duration is approximately equal to half 

the modulation period. This means that a single noise spike will 

cause considerable distortion to the shape of the demodulated signal 

waveform.

Figures 4-8 through 4-13 illustrate the ability of the click 

eliminator to provide a modulation estimate as a substitute for 

the distortion caused by the occurrence of a noise spike on the 

output waveform. It should be noted that, in most cases, the noise 

spikes occur when the modulation amplitude is at a maximum.

A quantitative evaluation of the.click eliminator's ability 

to improve the performance of an FM channel can be obtained by 

determining the threshold extension that results from the suppres

sion of spike noise. The threshold extension can be determined 

by measuring the output signal-to-noise ratio of an FM demodula

tor before and after the click elimination process.

These tests were performed with a simulated Apollo Block II 

CSM-to-MSFN playback voice channel in the Electronics Systems 

Compatibility Laboratory (ESCL) at the Manned Spacecraft Center. 

The ESCL contains an Apollo MSFM ground station receiver that was 

used in conjunction with a simulated RF path and CSM transponder as 
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shown in Figure 4-14, The click elimination device was inserted 

between the output of the carrier frequency demodulator and the 

71-KHz low-pass postdetection filter.

The output signal-to-noise ratio was measured with and with

out the click eliminator in the system for a wide range of received 

signal levels. Figure 4-15 represents the measured data for the 

1:1 playback voice mode test. The threshold point is approximately 

-90.6 dBm for the unprocessed channel and -92.7 dBm for the click 

eliminated channel. The difference between these two values of 

total received RF power represents the effective threshold exten

sion obtained with the click elimination device. From Figure 4-15 

it can be determined that a 2-dB extension of threshold was obtained 

for the Apollo CSM Mode 1, However, the improvement in output 

SNR is significantly greater than indicated by the 2-dB threshold 

extension. A maximum improvement of 8 dB to 10 dB is obtained 

for certain values of total received power that are below the thresh

old points found in Figure 4-15. The significance of this SNR 

improvement will be shown in the results of the word intelligibility 

tests.

Figure 4-16 represents the measured data for the 32:1 play

back voice mode test. The threshold point is approximately -89.0 dBm 

for the unprocessed channel and -90.4 for the click eliminated 

channel, A threshold extension of approximately 1.5 dB was achieved
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*NOTE: The test configuration. MSFN receiver does not 
include a paramp and, therefore, has a noise 
figure of approximately 10 dB.

Figure 4-14. Test Configuration for CSM Modes 1 and 2 Signal-to-Noise 
Ratio Tests with and without Threshold Extension Device
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Figure 4-15. Output SNR vs. Input SNR for 1:1 CSM Playback Voice Mode
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INPUT SNR(c3)

Figure 4-16. Output SNR vs. Input SNR for 32:1 CSM Playback Voice Mode
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for this mode, while the maximum output SNR improvement was 10 dB. 

A 1-KHz tone was used as modulation for the CSM Mode 2 tests.

It should be noted that in both Figure 4-15 and 4-16 the measured 

data does not agree with the theoretical one-to-one output vs. input 

SNR relationship expected for large values of input SNR. Instead, 

the measured curves flatten such that the output SNR remains almost 

constant for values of input SNR greater than 12 dB. This limiting 

effect is due to the presence of three scientific subcarriers which 

are part of CSM FM Modes 1 and 2. The subcarrier frequencies are 

close enough to the playback voice bandpass to limit the output 

SNR at large values of input SNR.

Straight lines have been drawn tangent to the measured curve 

with a slope of 1 for the purpose of determining the threshold 

point for Figure 4-15 and 4-16. The threshold point was then deter

mined graphically according to the procedure discussed in Chapter II.

A plot of the output SNR improvement versus input SNR is shown 

in Figure 4-17. The maximum improvement occurs for values of input 

SNR between 3 dB and 5 dB for both modes. The click eliminator 

improvement increases linearly as the input SNR decreases from 

approximately 9 dB-to 5 dB, For values of input SNR below 3 dB, 

the improvement drops off rapidly due to saturation of the click 

noise detection circuits. It is possible that this saturation 

effect could actually degrade the output performance of the
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demodulator. This would occur when the number of clicks per second 

is such that the output of the click eliminator is turned off most 

of the time.

The system configuration for the CSM television mode test 

is shown in Figure 4-18. A 300-KHz tone was used to modulate the 

50-MHz FM test set. A threshold improvement of 1,5 dB was obtained 

as shown in Figure 4-19. The maximum improvement in output SNR 

was found to be approximately 8 dB. It should be noted that the 

shape of the plot representing the performance of the demodulator 

v/ith click elimination is considerably more linear than the curve 

representing the performance of the same demodulator without click 

elimination.

The implication of this observation is that the rapid deteriora

tion of the output signal which is normally associated with the 

operation of an FM demodulator below threshold can be significantly 

reduced by the application of click noise elimination techniques. 

Therefore, an input SNR of 3 dB would probably result in a "useless" 

output signal for a demodulator without click elimination whereas 

the corresponding output signal from the demodulator using click 

elimination might be useful.

A plot of output SNR improvement versus input SNR for CSM 

Mode 4 is shown in Figure 4-20. The maximum improvement is obtained 

for values of input SNR between 1 and 3 dB.



300 KHz SNR
OSC IN

TEST POINT:

TEST POINT: SNR0UT

Figure’4-18. Configuration for CSM Mode 4 SNR Tests
2
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Figure 4-19. Output SNR "vs. Input SNR for CSM FM Mode 4
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CSM FM Mode 4 with Click Elimination



67

Experimental results from the signal-to-noise ratio tests 

indicate that a threshold improvement of 1.5 dB to 2 dB was obtained 

for CSM Modes 1 and 2, while the maximum output SNR improvement 

for the modes was 8 dB to.10 dB.

A more realistic evaluation of the click elimination perfor

mance, however, can be obtained by determining the improvement 

in output word intelligibility. Several tests were conducted, 

using the configuration shown in Figure 4-21, for the 1:1 playback 

voice mode. The pre-recorded voice tapes used to modulate the CSM 

FM transmitter were composed of 150 words separated into three 

groups, Each group of 50 words was spoken by a different person. 

A different word list tape was used for each test run represent

ing a specific value of total received power, and the demodulated 

information was recorded for later evaluation of the output word 

intelligibility.

The results of the word intelligibility tests are shown in 

Figure 4-22. The maximum improvement in word intelligibility was 

approximately 20 percent for an input SNR of 4.3 dB. Referring 

to Figure 4-17, this value of input SNR lies within the region 

of maximum improvement (between 3 dB and 5 dB input SNR) for this 

particular mode,

The results of the word intelligibility tests for the 32:1 

playback mode are shown in Figure 4-24. The improvement obtained 

for this mode is considerably less than that obtained for the 1:1



68

CSM

Figure 4-21. Configuration for CSM FM Mode 1 Word Intelligibility
Test with and without Threshold Extension Device
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Figure 4-22. Percent Word Intelligibility vs. Input 
SNR for 1:1 CSM Playback Voice Mode
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CSM

Figure 4-23. Configuration for CSM FM Mode 2 Word Intelligibility 
Tests with and without Threshold Extension Device



71
PE

R
C

EN
T 

W
O

R
D

 IN
TE

LL
IG

IB
IL

IT
Y

INPUT SNR(dB)

Figure 4-24. Percent Word Intelligibility vs. Input 
SNR for GSM 32:1 Playback Voice Mode
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playback mode. A maximum improvement of only 4 percent in word 

intelligibility occurred for an input SNR of 6.3 dB. The differ

ence between the improvement observed for these two modes is related 

to the distortion inherent in the spacecraft playback system.

It should be noted that even at relatively high values of input 

SNR the intelligibility is limited to 81 percent for the 32:1 play

back mode, whereas 91 percent intelligibility is obtained for the 

1:1 playback mode for the same input SNR. The 32:1 playback voice 

tests were performed with the test configuration shown in Figure 4-23.

The test configuration shov/n in Figure 4-25 was used to obtain 

a series of photographs representing the demodulated video signal 

output of an Apollo type FM demodulator. The demodulated signal 

was displayed on the CRT of a slow scan monitor operating in the 

CSM-LM Block II, 10 frame-per-second mode. The photographs were 

taken with equal exposure times of 1/10 second and with a constant 

camera aperture. Therefore, each picture represents one complete 

frame of information.

A grey scale signal was used to modulated the FM test set with 

a peak frequency deviation of 1.0 MHz, Figure 4-26 shows the de

modulated signal displayed on the slow scan monitor for a 20-dB 

input SNR, This picture is used primarily as a calibration refer

ence to v/hich the following data will be compared.

Figure 4-27 shows the demodulated output for a 10-dB input 

SNR, The presence of Gaussian noise results in a "fuzzy" picture
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CSM

Figure 4-25. Configuration for CSM Mode 4 Television 
Picture Quality Tests
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Figure 4-26. CSM Mode 4:. TV Picture Quality Tests

1.0 MHz

4.9 MHz

500 KHz

SNRjj^i ■= 20 dB Reference Picture

Figure 4-27. CSM Mode 4: . TV Picture Quality Tests

= 1.0 MHz

= .4.9 MHz

= 500 KHz

SNRj^ = 10 dB without Click Elimination
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as compared with Figure 4-26, The absence of click noise in these 

pictures indicates that the demodulator is operating above thresh

old.

The presence of click noise, which appears as white or black 

spots on the photograph, is first noticed in Figure 4-28 for an 

input SNR of 8 dB. Although only two or three clicks can be found 

in this figure, one of them has resulted in a momentary loss of 

line synchronization as indicated by the torn segment of the vertical 

white bar. The synchronization circuitry in the MSFN slow scan 

monitor is particularly sensitive to the presence of click noise. 

Figure 4-29 shows the demodulated output for an 8 dB input SNR 

with the click eliminator in the system. Notice that the click 

noise has been eliminated and that the line synchronization has 

been preserved.

As the input SNR is decreased to 7 dB, the demodulator approaches 

threshold, and the number of clicks, as well as synchronization 

perturbations, increases accordingly.

Figures 4-30 and 4-31 show the demodulated signal before and 

after the click elimination process for an input SNR of 7 dB. 

Figures 4-32 and 4t33 provide similar results for an input SNR 

of 6 dB (the click eliminator has been able to dispose of almost 

every click for values of input SNR down to 6 dB). For SNR's 

below 6 dB, the efficiency of the device decreases as a result 

of circuit saturation. The ability of the device to eliminate
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Af ' = 1.0 MHz

BWif = 4.9 MHz

BW„ = 500 KHz o

Figure 4-28. CSM Mode 4: TV Picture Quality Tests

SNRIN- = 8 dB without Click Elimination

Figure 4-29. CSM Mode 4: TV Picture Quality Tests

1.0 MHz

4.9 MHz

500 KHz

SNRjN = 8 dB with Click Elimination
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Figure 4-30. CSM Mode 4: . TV Picture Quality Tests

^NRIN = dB without Click Elimination

1.0 MHz

4.9 MHz

500 KHz

Figure 4-31. CSM Mode 4: .TV Picture Quality Tests

SNRin = 7 dB with Click Elimination

1.0 MHz

4.9 MHz

500 KHz
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Figure 4-32/ CSM Mode 4: TV Picture Quality Tests

Af

bwif

BW0

1.0

4.9

500

MHz

MHz

KHz

SNRin = 6 dB without Click Elimination

Figure 4-33.

Af ' = 1.0 MHz

BWIp = 4.9 MHz

BW = 500 KHz o

CSM Mode 4; TV Picture Quality Tests

SNRj^ = 6 dB with Click Elimination
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noise spikes is primarily related to the click rate and the recovery 

time of the detection circuitry.

In Figure 4-34 the number of click-produced white spots (before 

elimination) is considerably greater than the number found in 

previous pictures, 'which indicates that the demodulator is begin

ning to operate below threshold.

Figure 4-35 shows the effect of click elimination on the 

output signal for a 5-dB input SNR. The click rate is such that 

approximately 10 percent of the impulse noise perturbations remain 

after the elimination process. However, the improvement in picture 

quality due to the click elimination process is still significant.

The effectiveness of the modulation insertion circuitry 

incorporated in the device can be seen by comparing Figures 4-36 

and 4-37, In Figure 4-36 the demodulated signal information is 

almost completely masked by the perfusion of impulse noise. The 

line synchronization is also perturbed for most of the frame dura

tion. Figure 4-37 however, displays a demodulated signal that 

is considerably more intelligible than that of the previous figure. 

The number of missed line synchronizations is also drastically 

reduced.

A similar evaluation of the modulation preservation action 

can be obtained by comparing Figures 4-38 and 4-39 for an input 

SNR of 3 dB. The grey scale pattern is not visible in Figure 4-38
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Figure 4-34. CSM Mode 4: TV Picture Quality Tests

1.0 MHz

4.9 MHz

500 KHz

SNRj^i = 5 dB without Click Elimination

Figure 4-35. CSM Mode 4: TV Picture Quality Tests

SNR^ = 5 dB with Click' Elimination

1.0 MHz

4.9 MHz

500 KHz
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Figure 4-36. CSM Mode 4: TV Picture Quality Tests

1.0 MHz

4.3 MHz

500 KHz

SNRtm = 4 dB without Click Elimination

Figure 4-37. CSM Mode 4: TV Picture Quality Tests

1.0 MHz

4.3 MHz

500 KHz

SNRjn = 4 dB with Click Elimination
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Figure 4-38. CSM Mode 4: TV Picture Quality Tests

Af

bwif =
BWo =

1.0 MHz

4.9 MHz

500 KHz

SNRj^j = 3 dB without Click Elimination

SNRj^ = 3 dB with Click Elimination

Figure 4-39. CSM Mode 4: TV Picture Quality Tests

1.0 MHz

4.9 MHz

500 KHz
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due to the presence of click noise whereas in Figure 4-39 it is 

possible to distinguish the individual vertical bars from the 

remaining noise. The improved line synchronization also contributes 

to the overall image enhancement obtained with the click eliminator.

Figures 4-40 and 4-41 represent the output of the system 

for an input SNR of 2 dB. The grey scale modulation is completely 

masked by the impulse noise as shown in Figure 4-40. The click 

eliminated output shown in Figure 4-41 contains considerably less 

noise, but the grey scale vertical bars are still not intelligible. 

It appears, therefore, that the modulation insertion operation has 

become ineffective for this low value of input SNR. This observa

tion is correct since previous results, have shown that the high 

click rate which occurs at low input SNR's causes the click eliminator 

to turn off the output of the demodulator at a rate approaching 

the modulation frequency.

This implies that the modulation tracking circuitry in the 

device does not have sufficient time to obtain an accurate estimate 

of the modulation amplitude between successive click events. 

This situation is not so much a limitation of the threshold exten

sion device as it is a consequence of having a click rate approach 

the modulation frequency in the demodulator output.
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Figure 4-40. CSM Mode 4: TV Picture Quality Tests

1.0 MHz

4.9 MHz

500 KHz

SNRjm = 2 dB without Click Elimination

Af =1.0 MHz

BWif = .4.9 MHz

BW„ = 500 KHz o

Figure 4-41. CSM Mode 4; TV Picture Quality Tests

SNRjn = 2 dB with Click Elimination
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CHAPTER V

SUMMARY AND CONCLUSION

The performance of an FM .demodulator can be defined in terms 

of the threshold phenomena, which determines the minimum acceptable 

input signal-to-noise ratio for the system. The presence of high 

amplitude noise impulses (click noise) in the demodulator output 

is a primary factor contributing to the occurrence of threshold 

in an FM system. Certain distinguishing characteristics of click 

noise provide a basis for practical techniques that can be implemented 

at the output of an FM demodulator to improve its threshold perfor

mance.

A threshold extension device has been developed that operates 

on the principle of click detection and elimination. The device 

was designed to be compatible with the MSFN ground station receiver 

and to improve the performance of the Apollo Unified S-Band Communica

tions System.

Previous work in the area of FM demodulator improvement has 

been concentrated on the design of specialized demodulation schemes 

that provide optimum performance for one set of channel parameters. 

The Apollo down-link FM modes, however, use several channels having 

different characteristics in terms of required channel bandwidth, 

maximum frequency deviation, and range of modulation frequencies.
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The click noise eliminator offers an advantage in flexibility 

since it is not a demodulator but, rather, a device which can 

be implemented at the output of any FM discriminator to provide 

improved system performance. The presence of unsymmetrical click 

noise in the demodulator output, resulting from offsets in carrier 

frequency, does not affect the performance of the device.

Photographs of demodulated Apollo television pictures compar

ing the unprocessed demodulator output with the click-eliminated 

output are presented to illustrate the effectiveness of the thresh

old extension technique.

Additional data obtained from tests of the Apollo playback 

voice modes reflect the output signal-to-noise ratio improvement 

in the form of increased voice intelligibility scores. Improve

ments of 15 percent to 20 percent in word intelligibility scores 

are obtained when the device is used at the output of the Apollo 

MSFN receiver.

Experimental results using the Apollo television and play

back voice modes have shown that the click elimination device 

provides an improvement in output signal-to-noise ratio corres

ponds to a 1.5 dB to a 2.0 dB extension of threshold.

The performance characteristics of the threshold extension 

device are summarized in Table 5-1.



Table 5-1. Threshold Extension Device Performance Summary

CSM MODE SERVICE
MAXIMUM 

OUTPUT SNR 
IMPROVEMENT 

(DB)

THRESHOLD
EXTENSION

(DB)

INPUT SNR 
FOR MAXIMUM 
IMPROVEMENT

EFFECTIVE 
INPUT SNR 
OPERATING 

RANGE
COMMENTS

1 1:1 Playback 
Voice

10 dB 2.0 dB 3.3 dB 0 to 10 dB Maximum word intelligi
bility improvement of 
25% was obtained.

2 32:1 Playback
Vol ce

7.5 dB 1.5 dB 4.0 dB 0 to 10 dB Maximum word intel11gi- 
bility improvement of 
4% was limited by inher
ent recording-playback 
distortion.

4 Television 7.5 dB 1.5 dB 
to

2.0 dB

3.0 dB 0 to 10 dB Threshold extension is 
observed by comparing 
output video pictures 
with and without click 
elimination. .-■*
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The values listed in Table 5-2 are based on the improvement 

obtained when the device was used at the output of an Apollo MSFN 

phase lock loop (PLL) demodulator. The threshold extension obtained 

was in addition to the normally expected improvement of a PLL 

demodulator over a standard FM discriminator. The device was also 

tested with a frequency modulation feedback (FMFB) discriminator, 

and similar values of threshold extension were obtained. Therefore, 

the threshold extension technique is capable of improving the 

performance of any FM demodulation scheme that is degraded by . 

the presence of click noise in the output.

A breadboard version of the threshold extension device was 

used for the tests referenced in this thesis. Work is presently 

underway to complete a refined click detection and elimination 

device that uses integrated circuits to improve performance. 

It is expected that the finalized version of the threshold exten

sion device will provide additional SNR improvement.

The following steps must be followed to insure optimum per

formance of the click elimination device:

A. The threshold level of the click detector must be set 

as close as possible to the modulation peaks to insure maximum 

click detection efficiency.

B. The click-eliminator cutoff time must equal the click 

duration. The click duration is determined by the bandwidth of 

the preclick-detection filter. An optimum low pass bandwidth 

of 2 MHz was used for the Apollo modes.
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C. The beginning of the click-eliminator cutoff must coincide 

exactly with the beginning of the click in the demodulator output.

D. The recovery time for the click detection and elimination 

circuits must be made as small as possible to insure efficient 

operation at high click rates."
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APPENDIX A

ABBREVIATIONS AND SYMBOLS

A Carrier Amplitude

AMP Amplifier

ATTEN Attenuator

BW Bandwidth

BWip Predetection (input) Bandwidth

BW0 Postdetection (output) Bandwidth

cm Centimeter

CSM Command/Service Module

dB Decibel

dBm Decibel, referenced to 1 milliwatt

DEMOD Demodulator

DSE Data Storage Equipment

ESCL Electronic Systems Compatibility Laboratory

FM Frequency Modulation

fm Modulation Frequency in Cycles per Second

FMFB Frequency Modulation Feedback Discriminator

fo Reference or Center Frequency in Cycles per Second

GEN Generator

G(t) Unmodulated Carrier

Hz Hertz

IF Intermediate Frequency

ISO AMP Isolation Amplifier
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K Boltzman's Constant (1.38 x 10~23 Watts-sec °K~^)

KHz Kilohertz

kd Discriminator Constant

LM Lunar Module

MHz • Megahertz

MSC Manned Spacecraft Center

MSFN Manned Space Flight Network

m(t) Modulating Signal

mv Millivolt

N+ Positive Click Rate

N“ Negative Click Rate

Nc Output Click Noise Power

Ni Input Noise Power

NM Nautical Miles

No Total Output Noise Power

No Output Gaussian Noise Power

N(t) Discriminator input Noise

OSC Oscillator

PA Power Amplifier

PLL Phase Lock Loop

PMP Pre-Modulation Processor

R Resultant Carrier Plus Noise Magnitude

r Radius of Gyration of the Power Spectrum about its 
axis of Symmetry

RCVR Receiver
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RF Radio Frequency

RMS Root-Mean Square

sec Second

Si Input Signal. Power

SNR Signal-to-Noise Ratio

snrin Input (Predetection) Signal-to-Noise Ratio

SNRqut Output (Postdetection) Signal-to-Noise Ratio

So Output Signal Power

T System Temperature

TRIPLX ‘ Triplexer

TV Television

USB Unified S-Band

XMIT Transmitter

X(t), Y(t) Independent Random Variables, Representing the Magni
tude of the In-Phase and Quadrative Phase Components of 
N(t)

B Modulation Index

Af Frequency Deviation

A4> Phase Difference between the Resultant Signal plus Noise
Vector and the Carrier Vector at t-j and t£

Am Radian Frequency Deviation

usee Microsecond

T Time Interval

Phase of the Resultant Signal-plus-Noise Vector with 
Respect to the Carrier Vector

Phase Error caused by the Noise Disturbance about the 
Carrier Frequency

U)c Radian Carrier Frequency
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0)e Radian Frequency Error caused by the Noise Disturbance 
about the Carrier Frequency

“m Modulation Frequency in Radians per Second

“o Reference or Center Frequency in Radians per Second


