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ABSTRACT

The performance of an FM demodulator can be defined in terms
of the threshold phenomenon which determines the minimum acceptable
input SNk 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 which can be implemented at the

output of an FM 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 FM demodulator improvement has
concentrated on the design of specialized demodulation schemes
which provide optimum performance for one set of channel parameters.
However, FM 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 FM discriminator to provide

improved system performance.
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CHAPTER I
INTRODUCTION

During the past several years the subject of optimum FM
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 (PLL) and Frequency Feedback
Demodulator (FMFB) have received particular attention by severai

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



-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 éonditions. The test
data presented in this thesis demonstrates the performance
of the FM threshold extension technique with a multi-channel

demodulation system.



CHAPTER 11
FM THRESHOLD

By definition, the criteria for evaluating the performance of
an FM demoaulator 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 sigha1-

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 Tinear 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
outpﬁt 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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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 éither 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 wct

(1)
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The input noise to the discriminator can be repreéented in quad-

rature form by the following expression: r

N(t) = X(t) Cos wct + Y(t) sin Luct .

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

the total input cafrier plus noise is

G(t) + N(t). = [A+ x(tjj cos wet + Y(t) sin wct
which can also be expressed as,fo]]ows

G(t) + N(t) = R cos [uct + ¢(t)]

where R is defined as the magnitude of the resultant carrier plus
noise waveform, wc is the carrier frequency, and ¢ 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).

- Y
¢ = tan ! X
For high signal-to-noise ratios, we can assume that A >>.X.

Therefore,

1

: ¥
A

| <

¢ = tan

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

N, and ¢, as shown in Figure 2-3.

(2)

(6)



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 ¢ to change accordingly.

The click event takes place at the input of the FM discrimina-
tor as an interaction between the randomly varying noise enVe]ope
and the carrier amplitude that results in a sudden 2w phase excur-

sion of the carrier-plus-noise vec*oral resultant, R.

Both plus or minus 2r 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 ¥27 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 inbut 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.
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Figure 2-4, Phasor Representation of No1‘s'e, Carrier
and Resultant R, Near FM Threshold .
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Since the output of an ideal discriminator is proportional
to d¢/dt, the 2r phase excursion causes a noise spike of area 2w

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

It is'a1sp possible for the angle ¢ to experience a phase
excursion of 4m, 67, or even 8r radians. For phase steps exceed-
ing 2n 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 ii]us-
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 t2n 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.
Figurés 2-8 and 2-9 represent second order clicks (4= 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 2-6.

UPPER TRACE:
LOWER TRACE:

M ST ORDER

First Order Click Waveform

Filtered
Unfiltered

HORIZONTAL SCALE: 1 usec/cm

Figure 2-7.
UPPER TRACE:
LOWER TRACE:

First Order Click Waveform

Filtered
Unfiltered

HORIZONTAL SCALE: 1 usec/cm

12



2ND OR DER

f>ND ORDER

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 1 usec/cm

2ND ORDER

ﬂm ORDER

F1gure 2-9. Second Order Click Waveform

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 1 upsec/cm

Figure 2-8. Second Order Click Waveform
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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 f%]tered 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 signq].

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

S(t) = A cosfuct + ¢(t)],

where A is a constant representing the amplitude of the signal;
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UNFILTERED FILTERED
CLICK ORDER DURATION RELATIVE AMPLITUDE
: ' (10-6 SEC) (M)
First 0.5 0.5
Second 1.0 1.0
Third 1.5 1.5
Fourth 2.0 2.0

Table 2-1, Duration and Amplitude Characteristics of

Nth Order Click Waveforms
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3RD ORDER i
- Y

SRD ORDER

Figure 2-10. Third Order Click Waveform

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
_HORIZONTAL SCALE: 1 usec/cm

L 3RD ORDER §

SRD ORDER

Figure 2-11. Third Order Click Wavetorm

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE; 1 usec/cm
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i/ TH ORDER &
, e .

4TH ORDER 2 Y

Figure 2-12. Fourth Order Click Waveform

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 1 usec/cm

3 4TH ORDER

Figure 2-13. Fourth Order Click Waveform

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
- HORIZONTAL SCALE: 1 usec/cm
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we = 2 f, which is the carrier angy]ar frequency; and ¢(t) is

the -modulation term.

The modulation information can be utilized to determine the

instantaneous frequency of the carrier in the following manner.
N«
wi = wc t I - Yc + Awm(t) (8)

where wi is the instantaneous frequency of the carrier; we is the
carrier rest frequency when modulation is not present; and Aw is
the carrier frequency deviation; and m(t) is the modulating sigha]

waveform.

The magnitude of the frequency deviation Aw is determined
by tre 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:

wji = we + Awcos upt (9)
Since

Aw COS wmt = g%—
Then

b =.)wa cos wpt dt (10)
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Therefore, Equation (7) can be rewritten as

S(t) = A cos [wct +wa cos wpt dt:]

= A cos [wct.+ ﬁﬁ-sin wm€] (11)

By definition, %ﬁ-ié designated as the modulation index, 8. The

final form of Equation (1) is

S(t) = A cos [wgt + 8 sin wpt] ' (12)

-

The input SNR to the demodulator is determined by considering a

rectangular predetection bandpass filter having a bandwidth.

B, . = 2(af + fp), (13)

IF
where Af is the peak frequency deviation and fj; is the modulatirg

frequency.

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

be
and the input noise power fs

Nj = KT B, (15)

23 Yatts-sec 0K—]); T

where K is Boltzman's constant (1.38 X 10~
is the effective system temperature in degrees Kelvin; and BWIF

is defined by Equation (13).
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Therefore, the input SNR can be found by dividing Equation (14)
by Equation (15):

A2

KT B0 (16)
2KT BW

Si/Ni
The output’ signal power at hiéh levels of input SNR is independent
-of the input carrier amplitude A and is a function of the frequency

deviation Af.

s = K A o K= (17)

‘The -output noise power of the discriminator for the unmodulated
case can be determined by considering the noise disturbance about
the carrier frequency wc. The input noise can be represented in

quadrature form by the following expression.

Noj = X(t) cos ot + Y(t) sin wct (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.

X(t) = Y(&) = 0 (19)
and
X2(t) = Y3(t) = chz (20)

By definition,

=<}

X(t) = :E:: [xn cos(nwo—wc)t+yrl sin(nwo—wc)t] (21)

n=1
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Y(t) = :;;;txn win(nwo—wc)tzyn cos(nmo—mc)t] (22)

where Xn and y, are 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 w.t + X(t) cos wt + Y(t) sin w.t

[A+X(t)] cos mct + Y(t) sin wct (23)

The phase error caused by the noise disturbance about the carrier

frequency we is represented by dar

_ 1Y) LY
% = N IO R A (24)

4

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

Similarly, the frequency error, or noise disturbance about
the carrier frequency e at the output of the discriminator is

represented by da-

Y(t) o (25)

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

. d .

Gy = ]K?E; [xn s1n(nwo—mc)t-yn cos(nwo-wc)t] (26)
1_2:

wg = xn(nwo—mc)cos(nwo—mc)t+yn(nmo—mc)sin(nwo-wc)t] (27)

n=1
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[oo]

- EE_EE; . . . g -
vy = n=][xn(nfo fc)cos(nwo mc)t+yn(nfo fC)S1n(nw0 wc)t](28)

The average output noise power is proportional to mez

L
o

2 4 2 2 2 2 2
= I - - -
wy = A2 s l}n (nfo fc) €os (nwo wc)t+_yn (n'f"0 fc

)Zsinz(nwo-wc)t

+2xnyn(nfo-fc)2cos (nwo—wc)t sin (nwo—wC {] . (29)

Since the mean value of the cross product term,

2 .

2xnyn(nf0—fc) cos (nmo-wc)t sin (nmo—wc)t,
is zero,
w2 = -4—1'—2—Z(nf -f )2 x_z—cosz(n - )t+—2—s1‘n2(n -p )t (30)
“e p2 e=ome n W%/ ¥y “07%
but,

Xp = Y, = 0 (31)
and

Y Y KT

2 _ 2 _ =

L (32)

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

of noise under consideration.
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“Therefore,
W2 = ﬂﬂg— E—(nf -f )2 [cosz(n - )t+sin2( - _)t] (33)
e W2 ST o “0™% 9™
Si 2, . 2 ' _
ince [cos (nmo—wc)ﬁ+s1n (nmo-wc)t] = 1 we have,
- 2
u’e2 - :_TZT’;E'I_ (m:o_fc)2 (34)
n:

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

‘to an integral in Equation (34).

- 2fC+fm
we2 - 9“—5 KT(fO-fC)Z df, (35)
£ ' '

b~

C—

where f is the maximum modulating frequency (the cutoff frequency

of the postdetection Tow pass filter, Bwo).

= f +f
. Mo cm
7 2 (g_) (fo-fc)
e A2 3
o = Tty
A
_ 2 (KT ) £ 3 £ _e\3
- o (1) [ttt - ety 0]

2.3

2 (KT 3.3 8 fm KT

= 4" (=) [f “+f ] = (36)
<3A2) mom 3A2



Finally, we get
3,2

2 2KT(fm) 4 Ky
2

3A

The output: SNR can be found by dividing Equation (17) by Equation
(37).

The output SNR can be expressed in terms of the input SNR by com-
bining Equation (16) and Equation (38).

2
3af BWIF

SofNo .= (/M) ¢

By assuming that the cutoff frequency of the postdetection filter
is the same as the maximum modulating frequency fm we can rewrite
Equation (39) as follows:

2
3af BWIF

SNy = (85/8;) ZBWO3

-

where Bw0 is the bandwidth of the postdetection Tow pass filter.

Remembering that the modulation index 8 is defined as

B:Aui=27rAf=Af
© enf BW,

24

(37)

(38)

(39)

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

3328wIF

SofMo = (i) —zgw- (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 T Mgt

where N6 is the total output noise power, N0 is the Gaussian noise

contribution, and NC is the click noise contribution.

Rearranging Equation (39), we get

3
C o 2oty

° 2
(Si/Ni)BAf BW

IF

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

2 2.3 2. 3
i} KD41T AT fm KD41r fm

o
2
(si/Ni)3Af BNIF 3BWIF(51/N1)

The noise power contribution of click noise NC has been found by

Rice to be 8ro(N" + N%)E,

- N. = K.8re(

+ -
SN D N" + N )fm

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

NT o= 7 (-erf /S7N)

(42)

(43)

(44)

(45)

(46)
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where r is defined as the radius of gyration of the power spectrum

we(f) about its axis of symmetry, f = f_.

’(h)?/(ﬂfc)2 w(f)df
S o
Y‘ - 21]_: © (47)
L /w(f)df
“o
3 1/2
T w BW. - BW
r = —;—-ﬂ- —————-———30 BVIJF = ——2 )I/g (48)
Yo "IF :

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

N = DIE (1eerf ST (49)

4 /3 v
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
TN = K16n2(N)F (50)

c D'°" m .

Substituting Equation (49) into Equation (50) we get _
KA 2Bl
No = — (1-erf /Si/Ni) fm (51)
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Therefore, the total average output noise power can be written as

2.3 2
4n°F K K.f. 4n°BW
D D'm IF
N/ = N+N_ = m + 1-erf /S./N, 52
o o0 ¢ 3BW, (S./N;) V3 ( i/ 1) (52)
IF* i

From Equation (17) we get,

KD(ZnAf)Z
S T T (53)

Dividing Equation (53) by Equation (52), we obtain the following
expression for the SNR transfer characteristic of an FM discrimina-

tor

20202 (50
S /N' = - 54
O g3 3BWIF2(Si/N1)
1+ 5 (1~erf/Si/Ni)
3BWIF(Si/Ni) ¢§'fm
Substituting Bwo in Equation (54) for fm and rearranging, we obtain
2
3/2 (AF°) BWIF(Si/Ni)]
~ o
S /N’ = — (55)
o' "o BU. .\ 2
/3‘( IF) (53/H)(1-erf /ST/) + 1
BW
0

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

g for af .

BW,
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BW
32 (g%) (—i) (S:/N;)
, , B ) i
IF i
) ﬁ(‘g‘w‘;“) <’N—L> (1-erf VS.i/N_i) + ]

.i

*

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 click 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
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detection and elimination of click noi§e in the demodulator out-

- put.

For a properly aligned FM demodulator, both the positive and
negative npise,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 eijther positive or negative clicks.

The most common cause of unsymmetrical click nojse 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.f11ter can result in offsets
that cause unsymmefrica1 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 jllustrates 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 carrijer offsets.

The problem of unsymmetrical click noise is significant since
the CSM FM transmitter can experience éffsets 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,

jnput SNR, and the shape of the filter response., In most cases
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a degradation of 1 dB to 2 dB was measured in tests of the CSM

_modes using offsets of ¥500 KHé. The problem of frequency offsets
can be solved by implementing Automatic Frequency anEro] (AFC)

in the MSFN receiver so that the IF frequency is always centered
in the predetebtion.fi1ter paésband. It is also necessary to use

a predetection filter that has a symmetrical frequency response.
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CHAPTER II1
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 technique§ 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 Tow-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 6f 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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= 10 Kiz
Af = _] MHz
BW = 500 KHz

Figufe 3-1. Demodulated Signal Plus Noise Waveform with
. and without Postdetection Filtering (fm = 10 KHz)

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

fm = 10 KHz
af = 1 MHz
Bw0 = 500 KHz

Figukéﬂ3-2.‘ 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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fm = 50 KHz
A = 1 MHz
Bwo = 500 KHz

Figure 3-3. Demodulated Signal Plus Noise Waveform with
and without Postdetection Filtering (fm = 50 KHz)

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

fm = 50 KHz
Af = 1 MHz
Bw° = 500 KHz

Figure 3-4, Demodulated Signal Plus Noise Waveform with
and Without Postdetection Filtering (f_ .= 50 KHz)

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL SCALE: 10 upsec/cm
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fm = 100 KHz
af = 1 MHz
Bwo = 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 usec/cm

'fm = 100 KHz
Af = 1 MHz
Bwo = 500 KHz

Figure 3-6., Demodulated Signal Plus Noise Waveform with
and without Postdetection Filtering (f = 100 Khz)

UPPER TRACE: Filtered
LOWER TRACE: Unfiltered
HORIZONTAL. SCALE: 5 usec/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 Tower 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 jmportant to note that a click occurs on the 500 KHz
Tow-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 ampfitude noise impulses pfesent
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 nojse will be preéerved if the cutoff frequency of the
filter is high compared with the 500 KHz postdetection filter,

A 2 MHz Tow-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 tﬁe 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 predeterminad 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,
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The detected click information is used to perform a click
elimination operation on a delayed version of the demodulator cut-
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 proyide 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 tne 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.
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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 outpu£ 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 noi§e 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 jdentical 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.
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F. The resulting output consists of signal plus Tow-level
noise with fewer high amplitude impulses to degrade the signal-

to-noise ratjo,



The performance of the click elimination device has been

evaluated in terms of its abjlity to improve the demodulated out-

CHAPTER 1V

EXPERIMENTAL RESULTS
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put of an Apollo, MSFN, phase-~locked Toop 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,

modes are listed in Table 4-1,

The signal characteristics of these

BASEBAND

MODE SERVICE Af fm Bw0
CSM FM 1:1 Playback | 100 KHz 3 KHz 70 KHz
Mode 1 Voice )

CSM FM | 32:1 Playback | 100 KHz 70 KHz 70 KHz
Mode 2 Voice

CSM M TV 1.0 MHz | 409 KHz | 500 KHz
Mode 4

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

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 test%

.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 ;igna1~p1u$-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 outﬁut consists of noise w{thout
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 sinusoidé] signal plus noise are present at the output
of the demodulator. The modulation frequencies and deviations
(Af) used for these photographs are compatible witi the Apollo
CSM Fil modes listed in Table 4-1, '
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WITHOUT CLICK
~ ELIMINATION

WITH CLICK
EL IMINATION

Figurew4?é:h7$ignal Plus Noise Waveform Analysis

Bwo 70 KHz

NO MODULATION

SNRIN = 3 dB

WITHOUT CLICK
ELIMINATION

WITH CLICK
ELIMINATION

F{guré 4-3, Signal Plus Noise Waveform Analysis
BW = 70 KHz

NO MODULATION
T dB :

SNRIN
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WITHOUT CLICK
ELIMINATION

WITH CLICK
ELIMINATION

Figure 4-4. Signal Plus Noise Waveform Analysis

fo ® 30_FHZ Bwo = 500 KHz

af = 1 MHz SNRIN = 2 dB‘

WITHOUT CLICK
- ELIMINATION

WITH CLICK
ELIMINATION

Figure 4-5, Signal Plus Noise Waveform Analysis

fm = 30 KHz Bwo = 500 KHz

af = 1 MHZ SNRIN = 1 dB
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~ WITHOUT CLICK
" ELIMINATION

WITH CLICK °
ELIMINATION

Figure 4-6. Signal P]ustoise WaVeform Analysis :

: fm = 1 KHz Bwo =; 70 KHz
Af = 100 KHz SNRIN = 4 dB

WITHOUT CLICK
ELIMINATION

WITH CLICK
ELIMINATION

Figure 4-7. Signal Plus Nofse Waveform Analysis
f = 1 KHz Bwo 70 KHz

L]

m

af = 100 KHz SNR1y 3 dB
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- WITHOUT CLICK
ELIMINATION

WITH CLICK
EL IMINATION

Figure 4-8, Signal Plus Noise Waveform Analysis

T 30 KHz BWO = 70 KHz
af = 100 KHz SNRIN = 2dB

WITHOUT CLICK
ELIMINATION

WITH CLICK
ELIMINATION

Figure 4-9, Signal Plus No{g;_Waveform AﬁéTysis

fm = 30 KHz B, 70 KHz

of = 100 KHz SNR

2 dB
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WITHOUT CLICK
ELIMINATION -

WITH CLICK
ELIMINATION

Figure 4-10. Signal Plus Noise.waveform Analysis
f, = 30 Khz - BMWj 70 KHz

of = 100 KHz SNRIN

n

1 dB

WITHOUT CLICK
ELIMINATION

WITH CLICK
ELIMINATION

Figure 4-11, Signal P]ué Noise Waveform Aﬁé]ysis
f, = 30 Kiz BW 70 KHz

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 BW, 70 KHz

o
1 dB

Af 100 KHz SNR

IN

WITHOUT CLICK
ELIMINATION

WITH CLICK
ELIMINATION

Fiéu;é‘i—IB. S{gnal P]ug_NoiSQ_WdQé%ofm Analysis

fm = 30 KHz BWO = 70 KHz
af = 100 KHz SNRIN = 14dB

&
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Several combinations of modulation frequency and output band-
width were used to demonstrate the spike noise elimination process

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 KHz;
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 périod. 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 no{se 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 Tow-
level (those spikes having a peak amplitude less than the maximum
modulatien amp]ituée) and high-amplitude spikes from the demodulated
wayeform. 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 ffequency is
30 KHz; the peak frequency deviation i§ 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 modu]ation'peripd. This ﬁeans that a single noise spike will
cause considerab]e‘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-NMSFN playback voice channel in the Electronics Systems
Compatibility Laboratory (ESCL) at the Manned Spacecraft Center.
The ESCL contains an Apollo MSFN ground station receiver that was

used in conjunction with a simulated RF path and CSM transponder as



57
shown in Figure 4-14, The click elimination device was inserted
between the output of the carrier frequency demodulator and the

71-KHz Tow-pass postdetection filter.

The oytput signa]—to;noise ratio was measured with and with-
out the click eliminator in the system for a wide range of receijved
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
.fotal 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 iﬁdicated 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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CSM
SRRSO, -1, S
| |
\ FM PA & \ RF
E > x| TRipLexe Pi T | PATH
B \
%_' 70 mv - RMS FOR 100KHz A f) J]
i S ) ,
v MSEN | ¥
AUDIO RMS RCVR
0SC VOLTMETER
40 KH - MoFN !
1z FM
FoTCH ~| VOLTMETER DEMOD
A ' .%
| WAVE ‘ Vv %
' ANALYZER THRESAOLD
\(,)WST%OPE ] : EXTENSION
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CAMERA e
VOLTMETER
MSFN 71 Khz
iﬁEN S— :&ga 1150 l<—! LOW PASS lec— ]
! AMP FILTER

*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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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 re]ati;nship expected for Targe 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 Tlimiting
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 1imit 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 discussea in Chapter II.

A plot of the output SNR improvement versus jnput 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
improvenent 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 1is pogsib]e 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 demodu]atbr
with 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 e]imination-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.
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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 obtajned 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 1ist tape was used for each test run represent-
ing a specific value of total received power, and the demodulated
information was recorded for later évé]uation of tne 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 ihput 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
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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 1is related
to the distortion inherent in the spacecraft playback system;

It should be noted ﬁhat even at relatively high values of input
SNR the inte]]igibiﬁity is Timited 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 shown 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 scén monitor operating 1nAthe
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 which 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



CSM
T . |
b L lFu PA | | RF
L 2> PP == it 2 TRIPLX |1 5| PATH
% ]
w i
PATTERN
GEN - l
\Y%
MSFN
FM
. DEMOD
‘ v
'MSFN 585 KHz
IS0, < S TV
AMP <7 FILTER
[_‘THRESHOLD -j
EXTENSION j<<
DEVICE
Y
SLOW SCAN
TV
MONITOR
Figure 4-25. Configuration for CSM Mode 4 Television

Picture Quality Tests

73



74

Af = 1.0 MHz
BWIF = 4.9 MHz
Bwo . = 500 KHz
Figure 4-~26. CSM Mode 4:. TV Picture Quality Tests
. SNRIN -= 20 dB Reference Picture ’
af = 1.0 MHz
BwIF = ,4.9~MH2
Bwo = 500 KHz

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

SNRp, = 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 SANR
with the click eliminator in the system. Notice that the click

noise has been eliminated and that thé 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 4-33 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
BWIF 4.9 MHz

1.0 MHz

BNO = 500 KHz
~ Figure 4-28. CSM Mode 4: TV Picture Quality Tests
‘ SNRIN- = 8 dB without Click Elimination
Af = 1.0 MHz
CBWIF = 4.9 MHz
Bwo = 500 KHz

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

SNRIN = 8 dB8 with Click Elimination
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o Af = 1.0 MHz
BNIF = 4.9 MHz
Bwo = 500 KHz
Figure 4-30. CSM Mode 4: . TV Picture Quality Tests
SNR;y = 7 dB without Click Elimination
Af = 1.0 MHz
BWIF = 4.9 MHz
Bwo = 500 KHz

kigure 4-31. CSM Mode 4: TV Picture Qua]ity Tests

‘SNRIN = 7 dB with Click Elimination
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Af 1.0 MHz

Bwo = 500 KHz
Figure 4~32.  CSM Mode 4: TV Pfcture Quality Tests
SNRIN = 6 dB without Click Elimination
af = 1.0 MHz
BWIF = 4.9 MHz
Bwo = 500 KHz

Figure 4-33. CSM Mode 4: TV Picture Quality Tests
'SNRIN = 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 considerab]y 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 effect{Veness of the modulation insertion circuitry
incorporated in the device can be séeh 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
Tine 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 synchronizat%ons is also drastica11y

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 d3. The grey scale pattern is not visible in Figure 4-38
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Af 1.0 MHz

':BWIF 4.9 MHz
BW

g - 500 KHz
é}gafé74—34. CSM Mode 4;A.TV Picture Quality Tests
SNRIN = 5 dB without Click Elimination ‘
Af = 1.0 MHz
BwIF = 4.9 MHz
BWO = 500 KHz

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

SNRIN = 5 dB with Click~Elimination
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of = 1.0 Mz
= BwIF = 4.3 MHz
Bw0 = 500 KHz
Figure 4-36. CSM Mode 4: TV Picture QuaTify Tests
SNRIN = -4 dB without Click Elimination
af = 1.0-MHz
BNIF = 4.; MHz
Bwo = 500 KHz

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

SNRIN = 4 dB with Click Elimination
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Af

= 1.0 MHz
BWip = 4.9 Miz
BH, = 500 KHz

Figure 4-38. CSM Mode 4: TV Picture Quality Tests
SNRpy = 3 dB without Click Elimination

af = 1.0 MHz
BW;p = 4.9 MHz
BW, = 500 KHz

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

'SNRIN = 3 dB with Click Elimination
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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 inte]]igib]e.
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 resuits. have shown that the high
click rate wnich occurs at low input éNR's causes the click é]iminator
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.



84

: A = 1.0 MHz
BWip = 4.9 Mz
BW . = 500 Kz
ff 7-: -':' e ‘Figure 4-40. CSM Mode 4: TV Picture Quality Tests
P SNRpy = 2 dB without Click Elimination
. : o = 1.0 Mz
BWp = -4.9 Mgz
BW, = 500 Khz

Figure 4~41. CSM Mode 4: TV Picture Quality Tests

SNRIN = 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 thr;sho]d phenomena, wnich 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 pract%ca],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 operaies
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-1ink 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 démodujator outpdt, resulting from offsets in carrier

frequency, does nof 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 thrésh—

old extension technique.

Additional data obtained from tests of the Apollo playback
voice modes reflect the output sigral-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 Apolio

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.



CSM MODE SERVICE IMPROVEMENT EXTENSION | FOR MAXIMUM OPERATING COMMENTS
(DB) IMPPOVEMENT
(DB) RANGE
1 1:1 Playback 10 dB 2.0 dB 3.3 dB 0 to 10 dB |Maximum word intelligi-
Voice bility improvement of
25% was obtained.
2 32:1 Playback 7.5 dB 1.5 dB 4.0 dB 0 to 10 dB }Maximum word intelligi-
Voice bility improvement of
4% was limited by inher-
ent recording-playback
distortion.
4 Television 7.5 dB 1.5 dB 3.0 dB 0 to 10 dB | Threshold extension is
to observed by comparing
2.0 dB output video pictures
with and without click
. elimination. A
Table 5-1. Threshold Extension Device Performance Summary

L8
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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 Toop (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 freduency 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 thatlthe 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 e%ficiency.

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 Tow 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 Qarrier Amplitude

AMP ' Amplifier

ATTEN Attenuator

BW Bandwidth

BW1F Predetection (input) Bandwidth

BW, Postdetection (output) Bandwidth

cin Centimeter

CSM Command/Service Module

dB Decibel

dBm Decibel, referenced to 1 milliwatt

DEMOD Demodulator

DSE Data Storage Equipment

ESCL E]éctronic Systems Compatibility Laboratory
M 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

91
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K Boltzman's Constant (1.38 x 10723 Watts-sec °Kk-1)
KHz Kilohertz

Kp Discriminator Constant

LM ‘ Lunar Module

MHz +  Megahertz

MSC Manned Spacecraft Center

MSFN Manned Space Flight Network

m(t) Modulating Signal

mv Millivolt

Nt "Positive Click Rate

N~ Negative Click Rate

Nc Output Click Noise Power

N Input Noise Power

NM Nautical Miles

NG Total Qutput Noise Power

No Output Gaussian Noise Power

N(t) Discriminator input Noise

0sC Oscillator

PA Power Amplifier

PLL Phase Lock Loop

PMP Pre-Modulation Processor

R Resu]éant Carrier Plus Noise Magnitude
r Radius of Gyration of the Power Spectrum about its

axis of Symmetry

RCVR Receiver



RF
RMS

sec

SNR ‘

SNR[y

SNRout
S0

T
TRIPLX
v

UsB
XMIT

X(t), Y(t)

Af
A¢

Aw -

usec
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Radio Frequency
Root-Mean Square
Second
Input Signal Power
Signa{—to—Noise Ratio
Input.(Predetection) Signal-to-Noise Ratio
Output (Postdetection) Signal-to-Noise Ratio
Output Signal Power

System Temperature

"Triplexer

Television

Unified S-Band

Transmitter

Independent Random Variables, Representing the Magni-
&%i? of the In-Phase and Quadrative Phase Components of

Modulation Index

Frequency Deviation

Phase Difference between the Resultant Signal plus Noise
Vector and the Carrier Vector at t; and t,

Radian Frequency Deviation
Microsecond )
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

Radian Carrier Frequency
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Radian Frequency Error caused by the Noise Disturbance
about the Carrier Frequency

Modulation Frequency in Radians per Second

Reference or Center Frequency in Radians per Second



