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ABSTRACT

Quantized Frequency Moduiation is one of the various
methods used to reduce the effects of multipath propapa-
tion of tigh frequency radio waves. The modulation
technique 1s described,and a signal and noise analysis is
made resulting in a theoretical maximum perrormance
criteria, A comparison is made with the performcuce of
various configurations of the system demodulztor,

The auther wishes to express appreclation to Mr.
G. L. Evans of the Commuuication Division of Hupes Aircraft
Company for his assistance and encouragement,.

Also the writer wishes to acknoled;e the direction
and instruction given by Professor Mitchel L. Cctton of the
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1. Introduction.

It has long been recognized that reliability in high
frequency radio comrwunications is limited not so much br
the power which can te radiated by an antenna as it is by
the destructive vectoral adaition of signals arriving at
the receiver. The sipnals which are added vectorially
may be delayed replicas or may be parts of two different
symbols. In both cases the effect is the result of the
delays in multaipath propagation. The first case is selec-
tive fading, and the second case is intersymbol interfer-
ence,

There have been many schemes devised in attempts to
reduce the effects of multipath propagation phernomena,
Several torms of diversity reception including time civer-
sity, space diversity and frequency diversity each designed
to isolate one of the incoming signals, and various
combining techniques have been used., /1/ Other schenes
include the use of single sideband /2/ and synchronous
detection. /3/

Probably the most advanced technique in combatting
multipath effects is the "Rake" system. /4/ This system
uses a cross correlation detection scheme, coupled with a
method for isclating the signal from each path, end then
combines the signals from each path in nearly optimum
proporicions.

All these schemes have their own advantazes and dis-

advantages, Usually the bes% results are obiained by

1
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those schemes requiring large antennas or complex cquip~
ment, or large land areas. Other schiomes of less complex-
ity can cxpect less increase in reliesbility,

The modulation scheme analyzed in this paper is one
designed to opcrate within the bandwidth of one single~
sideband voice channel of 3 K.C. Alsc a minimus size and
welght limitation is impored which preccludes large antennas
or spare diversity techniques. Instead a type of freaquency
¢iversity is emplcyed which allows the transmitter to oper-
ate at a nearly constant power output. A coded pulse is
used for both the "mark" and "gpace", and 8 delay line
summer is used to aad coherently “he output pulses.

The modulation scheme will be duscribed and related
to the principles of communication theory. A signal and
ncise analysis will be made on the syctem to predict error
rates for various signal ﬁo noise power ratios.

The methods and results of laboratory testing of the
demodulator under various signal to noise ratios will be
presented. Comparisons will be meae batween the predictec

error rates and the actual error rasves,




This section includes a description of the basic
modulaticn scheme and the method used for demodulation.
The principles of communication theory which this system

implements are emphasized where employed,

2.1 Basic modulation scheme,

Quantized Frequency Modulation (QFM) is the name
given to the modulation scheme developed by the Comumuni-
cations Division of Hughes Aircraft Company. This schems
was devised in an effort to reduce the effects of multipath
fading on the reliability of teletype or mark-space communi-
cations systems.

A combination of several techniques is applied, and
these techniques will be described in later sections.

The tapped delay line approximation to the matched
filter is used in this system as follows,

A combination of short pulses 21d frequency stepping
is used to reduce the effects of intersymbol interference
and selective fading respective%y. The short pulses are
spaced at each frequency to allow time for the path
delays to die out. But upon detection these pulses are
added coherently by means of the tapped delay line. Fig. 1
is an idealized graphical representation of the signal

transmitted.

ot e
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This is the .nodulation on a carrier. Notice that there
is uninterrupteu modutation of the carrier, and hence the
output power is constant. In order to contaln the modulation
within a 3KC banuwidth the pulses are shaped to approximately
a cosinc squared shape. An example of the actual shsped
pulses is showvn in Fig. 2 for Mark--Space--Space--Mark as
before.

To demodulate this Quantized Frequency Modulation
a ademodulator of the type described below is used. Fig. 3
is a block diagram which will be used in the foliowing
description.

The QFM signal is obtained from a standard communica-
tions receiver and is put through the four filcers, but
only one of four filters will pass a signal at any instant
of time., The other three filters will pass only noise,

The amplifier will amplify the signal to a maximum level
if the signal is large enough to reach tiat level, other-
wigse it is amplified by the full gain of the amplifier.
Lach channel is full wave detected either positively or

negatively, and the cnaunels are added as shown in Fig. 3.

The signels are then summed in the tapped delay line and
differential amplifier.

The output of the differential amplifier i3 used to
establish synchronization, which in turn gates the inte-
grator to operate only during the time that the peak signal

occurs,
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The output of the guted integrator will be positive
or ncgative depending on wheiher a *"iark" or "space™ code
vas transmitted. The output of the gated integrator is
sampled just befcre the integrator capacitor is discharged.,
The sampling timing is also ccontrolled by the synchroni-
gation cirsuitv. The polarity of the integrater output will
then determine vhether the data is "mark® or "space" and
will triggcer the appropriate data flip-flop.

Siuce the decision is based sulely on the polarity of
integrator cutput the decision is made atout a nearly
zero threshold.

The operat.ion of the system has been described. The
principles of communication theory employed will be described

where applicable in the following sections.

e b ittt Ao




[T

2.2 Short pulse and multil-frequency transmissaion,

The effect of multipath delay for pulses which are
lony compared to the delay time is shown in Fig. 4.

The effect of multipath dclay for pulses which are
short ¢ -.pared to the delay time is shown in Fig. 5.

It can be seen that the short pulse is more desirable,
but of course this pulse requires more bandwidth, and con-
tains less total energy.

Turning now to the selective {ading effects of multi-
path prcpagation and directing our attention to Fig. 6,
it may be noted that the multipath delay is different for
different frequencies. So one possible approach to com-
battine selective fading could be by using more than one
frequency in the transmission.

in this QFM scheme, the techniques and those to be
descrited in Sections 2.3 and 2.4 are combined. In
addition, in order to increase the total energy in a mark
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baud. At the receiver the envelopes of these pulses are

added coherently as described in the previous section.
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detect. a signal in vhite Gaussian noisc 15 one which
calculates the likelihood ratio and then decides if a
signal was present or not depending on whether the like-
lihood ratio exceeded a given threshold value or not
respectively., The receiver vhich does this is a cross
correlator, and essentially calculetes the coefrficient of
linear correlation between the received signal end a copy
of the transmitted sirnal. If this exceeds a specified
value then the decision is made that a sipnal was present.
Since this is a continuous process {(1)1s continuously being

calculated as
-
¢ Lo ! Ve A

Cory = rpw T D€ S T) A+ (1)
-/I.

where S$/(¢? is the received signal and
Sat) 1is the copy of the transmitted signal.

ppiication tc the communications preblem the

]

For
decision to be made is, "was the signal sent a mark or
a space?". It has been shown, /1/ that the optimum
decision process is one which calculates for both:
the mark and space by cross correlating the incoming
signal with the "mark" signal as transmitted and the
"space” signal as transmitted, and then decides which

is larger.
Py ' G
Thus ()mec(”r) T ;XT/ S Srpace (t'.nlf &)
I
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and (’marh 0/’ T+ ¥ Ly S Imap,x (L"T) {r (32
"

where Ss,ecc 2 48 the signal representing "Space"”
and J'n,.,.); ¢, 1is the signal representing "Mark",

It has also been shown /1/ that the probability of
making a wrong decision is least when mark space
and the decision threshold is zero. The cross correlation
of the "mark" signal as transmitted with a "space" signal
as transmitted for this case would be -1,

One means of implementing a cross correlation detec-
tor is by means of a filter. The output of a filter for
a given input signal is the convolution of the signal
with the impulse response of the filter,

;(U-‘[:x(n/\(t-'v AT -
er
AU /,: X h -0 At ()

if the impulse response of the filter h(t) is the time

| "N

ct

*+han W Ard maad
~ v

Vi \ nes - - 2 &
-y ] 449812 Al quyuu A LT

P & '
convolution of X(t) with X(-t). Substituting in equation
(5) above '

F =[:x(t) X(T-(-0) &M “

g M :ZW i) x (ret) d# @)
&0

7O ke xtrm 4 @
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Since (k}y as shown in cquation (1) is an even function

for pericdic signals
¢ = (CT) (7)
trem (1)
Ca = (1) T 1': T/L,((u all 1) & {res

7
In any physical implementation, integration starts
&t some time to and is carried out for some finite time

interval, Hence
Cery ()

for any physically realizable system.

In terms of probability, the question, "Giver that
a signal was sent, what is the probility that it was a
"mark"” and what 1s the probability that it was a mspace™ 2"
must be answered. Since each is equally likely, the a
priori probability of each is one-half,

The a posteriori probability that a mark (for instance)

was sent is, from /1/

?[ Trgt)‘/j-rh‘ﬂrk (t,’_—i * /D [)’lﬂarﬁ (t)
f[F(f,)/Smnk.(‘)]f(fmar&(t)]ff[{g//ﬂ/--l.((‘l:’ P[!J,’Q-"(f)]

P \)\Mark(‘(')/‘f(t)) -

It has been shown /1/ that for mark and space equally likely

the decision reduces to:

B e I e




"Declde "mark® if
~T T
_/c 71‘(“-'(1'10:'& ‘t) df-‘/o f({) .Jl/:' ((t)d/ (IZ)
is precter than zero (positive), Decide "space™ if (12)
above is less than zero (negative).
If a truly matched filter or correlation detector

could be built the error rate has teen shown to be

o0 -
= ! - Q‘.Z—E)— . t3)
Fe .4/;v;2em Exr[ 95#»] dx-. (

~w

SPnrnce MAAK
™ “~0 (28N,

Figure 7
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2.4 Tapped delay linc aprroximization to a matched filter.
Turin /6/ proposed three methods of implementing a
matched filter, One of these was the tapped delay line,
However, he pointed out that there are physical limitations
to this approach. The filter which is truly matched is
matched continuously from beginning to end of the signal
when T = 0. Fig. 8 shows an example of a signal and the

impulse response of a filter matched to it.

N

signal

h(t) for filter matched to signal
Figure 8.

A signal which might be put intc a tapped delay line and
its corresponding matched filter is shown in Fig. 9.

15
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s(t) signal

h(t) filter

(e K /

Figure 9

This particular signal pattern chosen is one of the
well known "Barker codes" /7,8/. It was chosen to illus-
trate a desirable property which is possessed by some
binary codes, namely that of a "gooad" autoccoryelsiion
function. Notice that the interval hetween pesks is flat.,

Howevef if instead of a truly matched filter a
tapped delay line is used, the output of the filter is
still the correlation of the input signal with the impulse

e
"

e taps &re nol as Tbroad
as the pulse length. Instead the taps could be represented
as delta functions weighted by the proper sign as shown in

Fig. 10,

16




s(t)

hit) H ﬂ

i(ﬂ

Figure 10

Notice that the outputy(m at 7 5 0 has the shape of

an individual signal of width T instead of the triangle,

The delay line it is seen, linearly adds the voltages at

each tap, and is not truly "matched" to the signal. The

ext section will deal with the analysis o the system,

and will esteblish a mathematical model to predict theoret-

ical performance maxima,

17
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3. Analysis of Demodulator.
3.1 Mathematical model of demodulator.

In order to analyze the performance of the system
and to be able to predict error rates for various signal
to neoise power ratio inputs a mathematical model was
devised. Models have been established and performance
analysis done for several of the well known binary
communications systems. /9,10,11/ However most of these
analyses assumeé a signal to noise ratio of 3dbt or more.
This paper deals with lower signal to noise power ratios
and consequently the approximation used in them are not
valid for this study. The signal to noise power ratios
inmand out ¢f an envelope detector have been described
coépletely by Rice. /12/ Techniques in the application
of his results may be found in other publications as well.
/13, 14/

The ¢xact expression for the density function of the
output o1 an envelope detector includes a modified Bessel
function. At this point th¢ high speed digital computer
was used to obtain the signal voltapge and nois< power for
different signal to noise ratiocs. This system is essentially
linear from input to the full wave rectifier of each channel,
and subseguent to that. Hence i1f the non-linearity of the
full wave rectifier could be analyzed and modeled then the
entire system could be modeled. The amplifier nrior to

detection will be assumed linear, and section iw2 demon-

strated that the tapped delay output was the lincar alge-
18
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braic sum of the signal in the filter at every instant
of time, Hernce the signal to noise pcwer ratio at the
input to the full weve detector will be taken as a refer-
ence. Signal to nolse power rstios at the input to the
demodulator can then be expressed in terms of the refer-
ence, In making the transition from full wave rectifier
input to demodulator input it will be assumed that the
noise figure for the AGC amplifier is zero,

Another assumption in the model is that the signel
pulse is a square pulse. This is done in order to simplify
the analysis of the model. However in order to use the
model to relate predicted error rates to actual error
rates measured a conversion factor is used. Appendix IV
shows in detail how this conversion factor is calculated.
Once the relationship is made the relative positions cof
the predicted curve to tie actual measured error rate curve
is established. The error rate versus signal to noise
ratio per pulse at the input to the detector can be used
&s a reference, and errsy rates for signal to noise ratio
at any point hefore the detector can then be obtained. This
relaticnship may be seen by comparing the graphs of Fig,

19 and Fig. 20.

The model is consldered to have four separate channels,
Each channel has ar idesl rilter 580 cycles wide Eentered
at 680, 1260, 1940, and 2620 cps. The signals of each
channel are envelor datenced and added together as shown
in Fig. 3. The outpu: o the tapped delay line is inte-

15




grated for on« half the pulse period during the time
hat wue summed pulse is highest. A decision is
then made at ti¢ end of integration time on the basis of the
of “ne integrator output, %Mark" it the integra-
tor output i& pusitive and "Space™ if the integrator output
is negutive.

The probability of error is the probability that
the integrator output will be negative (or positive) when

& ™ark" (or "Space") signal was transmitted.

| - ‘1\

Figure 11

From Fig, 11 it may be seen that the probability of error

is: ¢

A Lx;ﬁ):_]
Pe -/—co/;:’?f// EYP [1_6,.. //(
In order to take advantage of the tabulations of the
arca under the normal curve /15/ this is put into the form
T A
Fe - Z [1 EFrf V)
where Erf Vv = _i_ v v
Vom ). Exp-[ X7 dx

v

20




3.2 Analysis of model.

It has bLeen shown by Rice /11/ that if an envelope
detector haz as its input bandlimited white Gaussian noise,
the probability density function for the output is the
Rayleigh distribution, Specifically for an input or
bandlimited white Gaussian noise of power spectral density
N, watts per cycle per second, the output of an envelope
detector has as its probability density function the Ray-
leigh distribution,

7 (yle 1 ye¥*%/2 %
N2
where N° = N,B.

The power spectral density and probability density
function is as shown in Fig. 12. As a signal is added to
the noise input, the density function shifts to the right
as shown in Fig, 13 and Fig. 1l4.

The probability demsity runction for the output is

now a function of the signal power and the noise power,

Iy

P £ M2 - - '
Specificaily from /

(v)= =S dar 1, (g5 O
F (f—,c e BT I, (p ﬂ)

where I, (x) is the Modified Bessel function of the first
kind and zero order for the argument x, and £< is the
signal to noise power ratio for a continuous carrier.

Most treatments of envelope detectors will make a closed

2”1




form approximation to I, (x) for large or small signal to
noise ratios, because the density functinn becor.2s
essentially normal for large signal to noise ricvics, and
I, (x) can be closely approximated by e%z for x<<1., How-
ever for this study these approximations were crudest in
the region of main interest. The modified Bessel function
I, (x) may be expressed as the sum of an infinite series,

namely

«© 2h

X
IO (x) EO ;{!n(n!)"

.

Appendix I shows the infinite series solution to ob-
taining the mean, and variance of the resulting probability
density functicn.

Appendix II is the computer programs used to calcu-
late the mean and variance of the distribution resulting
from different signal to noise power ratios at the input
to the envelope detector, The program alsc includes some
othor calculations ussd t6 obtaim the probabllity of error
which would have been quite laborious if done by hand.
Also included in Appendix II is a sample of the program
outputs,

Fig. 16 illustrates an example of the probability
density functions for all four channels at one instant
of time, and how they are combined.

Although the distribution of the sum of the four

22
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channels is not truly normai, it is nearly so., After
summing, ten of these nearly normal distributions, by the
central limit theorem, the resulting distribution will be
very close indeed to being a normal distribution.

This signal is then integrated for an int rval of 2
milliseconds. Appendix III describes the treatment of
integrating a signal plus noise. For & continuous carrier
pulse this amounts to reducing the signal to noise power
ratio. The result is manifest on the distribution function
as a change in the ratio of the D. C. signal level to the
atandard deviation of the distribution, and the probability
of error is reduced accordingly. Probability of error is

now

PE - é 1-Erf Q
ro(Hi -l (1:2)
Y iol@i*+23")

where Q =

A1 is the mean of distribution of the output voltage of
the channel containing the signal during one pulse dura-
tion.o/.l2 is the variance of the distribution of the
output of the channel containing the signal during one
pulse duration, or fluctuation noise power.

Al 5 is the mean of the Rayleigh distribution resulting
white Gaussian noise. 6’22 is the
variance of the Rayleigh distribution or fluctuation noise
power of the output of envelope detection of white Gaussian

noise.

23
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] The standard deviation of the Gaussian noise distri-

Ll o

bution was take. as one, and thus the noise power d’Nz Was
one. Then the signal to noise power ratio is just the
signal power. A Control Data Corporation 1604 computer
was used to calculate Q and the probability of error

obtained from tables /15/. The probability of error for

various signal to noise power ratios was cbtained and
plotted. Curve V of Flg. 19 is the curve obtained,
Laboratory measurements were made to compare actual
error rates with those predicted, A description of the
apparatus and techniques used and the results obtained is

contained in the next two sections,

M mw rem me em —— S — i —— ——— R S — T T -y
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4e Laboratory Tests of Demodulator.

A laboratory test of the demgdulator wes desired to
compare actual performance with the theoretical predictions,
In order to do this it was necessary tc devise some means
of detecting and counting errors and counting decisions
made. Appendix V is a description of the error detector
which was built up fron Ingineered Electronics Company
digital building biccks, Fig. 17 is a block diagram of the
laboratory equipment layout.

The automatic galn control circuits of the amplifier
were sot for minimum gain, and the linear range of the
amplifier was determined. Fig. 18 s an example of the
linear range of the amplifier.

A few tests showed that the error rate was quite
good for good signal to noise ratios but seemed to have
& signal t0 noise ratic threshold below which the demodu-
lator lost synckhronization. Actual errors as a result

of wrong decisions were still quite iow,

vealed that for the signal to nolse ratio at which the
demodulator loat synchronization, there was still available
a reasonably f"clean" signal pulse coming from the differ-
entiel amplirier. However the voltage level of the signal
was not of sufificient amplitude to be seused by Lhe part
of the synchronization c¢ircuit which decided if a signal
(either "mark" or "space") was present. A two stage ampli-

fier wus then inserted between the differential amplifier
28
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and the "signal sensing" portion of the synchronization
¢ircuit., Curve II of Fig. 19 1s the curve of error rates
measured for this configuration,

Visicorder recording= of the outputs of the gated
integrator and data output showed that additional improve-
ment could be obtained. The time constant of the operational
amplifier integretor was reduced. The error rates obtained
for this configuration is shown as curve III of Fig., 19.

Visicorder recordings show that the sensing threshold
was considerably above zero. The input resistance to the
sensing transistors was reduced to allow the required

switching current to be reached at a lower threshold

voltage. This was the final configuration tested, and the
error rates for it are shown as curve IV of Fig, 19,

In Fig. 19 the measured signal to noise ratio was
corrected to fit ths model as described in Appendix IV,
Fig. 19 is the same data referring the model signal to
noise ratios to the measured signal to rolse ratioc per
bit.

As discussed in section 3, the data in Fig, 19 and 20
are for the signal to ncise ratio ¢t the input to the full

vave rectifier as a reference, in order to refer the error

| rate to the signal to noise ratic per bit at the input to

the filters the following correction is required,




L

Each filter bandwidth is 580 cps. The total nocise
bandwidth at the input is 3 kc — 400 cps = 2500 cps, There
is then 2%%% or 4.5 times as much noise per bit at the
input as in eachh channel, 3ignal to noise ratio must then
be reduced by 6.53db. Fig. 21 shows this.

Any me~ssurcments made in the future on this system
will probably be done by a true reading RMS voltmeter as

was done in our experiments. Figs. 19, 20, and 21 are on

a signal to noise power per bit basis. Since the signal

. was a mark-~--space--mark--space, etc., the average signal

power was just one-half of the pcwer per bit. Average
signal to nolse power ratio is then 3db less for each

- rate than for Fig. 21. This is showm in Fig. 22,
and is tne error rate for the =ignal to noise ratio which
vwould be rieasured at the input to the demoduilator.

Pig., 23 is a group of pictures showing the QFM signal,
the differcntial amplifier, output for tws signal to noise

ratics and configurations,
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Ev/en . FY e1gnal (no noise)
.5v/cu differential auplifier
ocuipbut

10v/cn ok signal + noise

3/L (per bit) = 243db (Ref COS°)

1v/cm output of differential
&nplifier

5v/ce guted integrator ouiput
1v/ca outpus of differential
amgplifler

Sv/ck differential wumplifier
output

8/l (per bit) = .3db (Ref COS2)

5v/em gated integrator output

FE (IVS = .orq

S5v/cm gated integrator output
5v/cn dete output
Fg (1IV) = 051
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5 Conclusions, !

A close analysis of a system to obtain a theoretical ’

optimum performance level provides a useful standard to

which actual performance may be compared. Such an anal-
ysis may show the posaible improvement to be gained by
alterations 2 various sections of a system., Such was
]i

the case for the QFM system studied. Curve V is the
thecoretical optimum performance criteria for this system,
and I to IV are performance levels for various configuations
of the system, It appears that additional improvements in
system performance are still possible, However these
curves cannot show the limitations of the synchronization
circuit., Perfect synchronization and zero threshold are
assumed,

In any physically realizable system synchronization
is not perfect sand the threshold is some small value above

and below zero.
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APPENDIX I
Infinite Series Solution %o Mean and Variance of the
Probability Density Function for the Qutput of an

Envelope Detector for Various Signal to Noise
Fower Hatios

From /11/ the probability density function for the

output of an envelope detector is

-t - & _
f{'?‘-):. ijegfv ID(XJ‘E—)
I~ w

where
S? is the signal to noise power ratio at the input
to the envelope detector,
N2 is the noise power at the irput and
I1,(Y) 18 the modified Bessel function of the first kind
and zeroth order of the argument Y .

IO(Y) can be expressed as the sum ¢f an infinite seriea

/I".."nn-féa 2., Taaw1 0 b

A/ J{,?—f;‘m(, e

~-®

o0 > X\ )‘..:V ]
!

"since the distribution has only positive velues for X and

i e amel) R
Y IS ) - A SR T
/ K I X ¥ LR EPeY v a‘

-~
%

[y s,

Term by term integration »28lds
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For digital Computer Cpecration this series may be

~nested az
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The computer program which does this is in Appendix Il.

The Seccond Moment for the distributicn function has

1

been evaluated in clcsed forw &s

E[x] =24 (5)

The variance or fluctuatiosn ncise power is then:

I

‘_.‘l,;" » o dgk:, E[)(b]-(fi"])

o

\&sz and 4 may be eveluated for different signal to noige

- .. power ratios.
A [ - .




o e . e 3
) - 3 . A i o
-} —— !l‘t&v\\(;rl% 1 oo VRV -
M i -~ & : S et : R
, = ke & .“,,_. -4 o4 -
k| w [~] M_ 1‘.‘. G
i } o ; % \ s
“ 'y . .- % S S
m ‘s ] L , LAy
4 v - P . T o
] . S . 2 S
“ ; N a ]
H o= -~ b oot Sx
o : L = - LT kg
’ o =S £ L] < -
o (s 0 Lot onid P N Mv it
2w o i g S e
yr] o P o G > g . Lyt
o ey - - - P g
® ¥ u =g - = 0 - - .
o 3 boipgl & o - ) e EREE IV
= a, . TR o o o e e T
& 4% 2 e : a = S SN
g8 3 & il Ly o -~ . . RAVCE
o =) 121 - ® <t Z ws Ed wra ) f -
Pxd [N (Y. -, Ul e b= : Py
¢ ¥ 2wl - T w R RPN wa )
o - . ZLd - - . B = o . - [ “ 2
P ¥ o ! " - . Ligeo w : prop : T\
VieL : o . - = g ] Lo
. g & O Z—d ' ® . v - . A fo
- o 6 ~ (=17 i g o URD ) o~ - S
- » (™ . i »CI . , [} ~J B d [ oy . g
. pet g X -Z = e =) & v R v 3
" - 2 Ot 5 - WAl €, — . P
“: 4 © @0 oD » o = 3 .= P Sy F
-] wO~ . v B we | O aR . -
4 PC R -3 N 2 e Vi - 2 vy st
- 5 e - - - . @ s (= ra e L
. m o = WX e LI Y] o » 2 - e
: wd (o] EURIS Ll ;] e o LT Ll o il =
) .u nv 5 4 Q seadp - o o " e X el M s &
d O ¥ o] [ i - N - L2~ 4 w - - Yoo B - - ’
"- ¢ 5 w O O K e erames o g W e L1 Dol et - N _
a, ot woeox S e sewd e O Al [ of &l [ <]
m- L1 . Yy hoe D S emta e wr et See (7 W e =]
O S u : v odde ne  meineCINRE th GG < CiratAE -
- © - (=) OX~el W) LW, - Dhmpe [~ o jaar Ny, 52 b
g £ £ - Zwow - Ao & ot - VS - N
i g o o =] [ - K 2 OEQTCea O COU - o -} .
O Qo Qmrpon -~ WU VI W =D o - (TR 2 oa? ] [ v i 1
£ - o & FOND el L U L K & VLB - o T4 o~ » -
© © w B L {=1=1-3 o e} D = G - - ce
P (3 [} V! =V - S o P heQreei g g re rewn oo o P et O 1
. [} e o St ind < [ and W e Zomlw prsiQO o MW & LD i B D= rep
- o 0 0 OUVXEZ Vie Moo O v reliw G wEZXrmenfNwr 8 omid Wk o s Qi 9 ms
q & ZAAUes O ob b o4 XL O LWL =L =OOwra -y O e A W °
» M [$ 2 = Ok o0 O et Ooax 0 rm EESWSWEr vt TWix: N BV o ol el P2 A
w o 0 P . ves s elld sl el WG Oe -XERNOFWARAS M~ VB U b ==O88 W ~td .
: W N W WOZOW 22 OX DX Xiee N e s OO O W) T TN e w hhe :
. -l 4] L1 = SO0 o 1 ~S0~DO0~000~V o P Ot NN Pty & G0 CAnnt 2 gt - B
| s > U - £ e ~OmOB 0L OA Al GHZONE N QRO M NO 0 mersrid) o ¥
. EINOO08 ~ IO OO0 K~1 som  emDemQemEwOE T = [=] - P Aot o o L
-] b o] (2] -} LT =IO I O 1 LD} O oL & e Sr=r= il S A= CYra O (S G i b . bu OV T P b &% o Qo 2D ea ulﬂ “o
=g 42 = [+8 Q OZ W e LI Ll e e llibe st i b= LU0 Q. 3 § v & wr § N NeutH § -l X ZTELZ LM =X =T 7
L v @ 0o d OUZTVOE wXE wE wE ZOO~IEL _ ET eI re el Dtem O b D ot B > Wt g SCr<ed o
. A rd = Eme = CGOOOLOOLDOWOOO—WI DXD I X IT LT OVCEALULOOa 4 O LA DK ZQZ LD .
! M O - anQ » |PDXPG'APGIPGPSXTSTUTTSEEEXDTTQF_PF?P‘FPFFPFDBS&?FE&F i,
: : > 0 N : O= Dev oo : ¢
L @ [=1 = ) i * - J € ew [ B
. o) D i : ¥ " i
oo o w5 o - o & o ]
: . M o 2 N0 M~ e ~ N N n >N & I )
- 1 v R 4
ﬁ _ i -
———— — P o Crebmat aa it T s e o . B
% . . E - LT EX
-, S R . -
. - M L4 [} . T cepn ! - . Y -
W.n :_u - .. ..- .t.
e 4 3 b {1 BRI o S SO . . ettt M AT I Mol & i ok o LI e M g ok i ot o e

e DM aPae | B2 et ™ a2 N Y v G

P il o R i

P J

o ek A




U

OND M

R o)
e

- ’ e > —~-——-—

FONNOWNY ' C B e OO M L FYN I D MATUA NN » e 2 OVIN DN O~ N1 T OIVIVIO X O O I OV B 2

N OV O ONNINO O 28 (PO OO Oom O 3 P PN OO 2 PN PO 8~ ON O N O he RO D
QO 2 oor=M e D00 .7 1 00 OV N2 M emmpe B PANN= 0N . €, 2 NC O 3 G O M OUIONT O X M A0 B v ivy
P=C 1000 O 0 MO I N D O G OGO P S0 o (Ne o= O VO O8Om0 O OV e O N O O DI MY M ooy
IO QO™ ONFEIN N QS N G (NI O MU O F S N G P QN7 23 s VMGG D OGNV O O e 3 33 22 3 OR- N I N OVY
R 1= O O 3 C3OND OPw siiee QIN S MO OO o A0 D QOO =0 & O N O o 7 I NIDMNM- ONO 0 QNN
WM Y SO ONC IR ONNMN O M 3 G WU D AN WY O b OO O e (UM F U000 O~
32T I OO0 00O PP o oo ) D0 D EOWD WO O ODVOOT: T T T T & oT
L N N 2 I O A B B R A B A A I R R A N N R I I N N N I I B BRI B A A A N N
1

NOISE PSKER

WY O N 2P 3 OO0 om ) Qe QUG T DN FVNON I O DN B OUNFHIO TN CH W IO SO Oved
e CRtve . NEHID DY O QO 10 CANAD A O D P 38 3 e 008 MINSOWN IOV O O e NN OO NN B N O OO N S O
OO> Q) 3 Ol AN O PR AIMZ OO N JOMPMONNO G Qe QI NN=MO T L0 SO0
W CGNT (00 0N O OV Q0w N e QO = (PN 0 O == {2 © OGSO M M 0D O~ D o QNI DD v Oremsmm oo 39 00 TN
oL Qiaee 7] 220 fon CA NN QAR QUM O O LR MM T Q P NN B 8 O&MMO-—NQN'OONNQDO*O‘-'

OO e I N3 m"'N"'@lﬂO#NWU‘0‘%0"’)0‘30’*”‘900(\!(\!0}(\)—'0‘#—{ “NQ O O += (00 =t I w= RN D =N
Q) Chemme NI 22 OO RN OV ON OO FOM P20 O 2 ON BOMIM e~ (R if icmbe = VNN A=A O INMY
20O O OO QemrofitiMN I VWO Chhep= QOO 0 O O~ m e NENNMM NP0 O NN OO The=(NM

L A N N R N R R R R R R A AL EE XA EEN.
2‘ Lt el S --QNNNNNNN"WG"‘
=
(&)
el
(%]

L)
[ =)

COLOCOTCOOVORODICNCIDDVDOOQODOORCOOO0C0O OOQgOQGQ@ [=3=4=1=4
=QOQOODN00LMI00OQNULOL00CO000O0OOIMQOOLRCOLLOND0O0
ﬁcac\ac}nu@c@c:.oooc»ot:oooocp QUOLOORQLOOCOJCORORCOOO000
DOCOOSECo OOE‘O(DQQODﬁQQQQQOQOQGQOOOOOCSOOC»QOOQQQOOO
QOOLLOVLUQOC IO OLICOVOOO000NCOO0CTDOOTOOTRCOOOCO

hw@QGQGOGOOQ&:\"‘C}C}UQOQC’C)OOOODO(’J"‘}C-‘OQGQQUOODQOOOQOOOOOOOGOO
ZNIDVVANIVOOC HOOODOOCQ0O000QGTOLQ00Q0CCOO000000N00CO0OL000
wQQQQ--»n-—uuN_w\{,\g:ooc\t.\r-cﬂOON-‘?OwGNIOwC)Nz‘OGONSQQOOOSQOOOO@OQOOO
z."c'i'..’l.o.& €« 2 85 @ " 8 v ¢ r &9 Kk S K SO DO L 9T G e S e s Oe e D e
QNl\lN(“JN&VNNNNN(\IQNMWMMM#-‘! #:fJ&lsmmm-ﬁ@oOO-ON&FP‘NQO‘O“‘NWL?V\QF-&OO'-NI

S g g g g gur = 05 e g (0 OOV

C0000
00000
00000
¢00Q0
00000
300000

2

SE

WYEm Y ¢ D A I 2 N Wi S TP CHANIO € Fr QD Tty D00 e DO T NN A0 O MO0y NI
SO QDR e Orom YO0 3 OO 00O e 0@ FHANTWIL B3l O Q- > SR COR PO Crjm e 29 B RN

T e e SN D (G DR B U OO QO I QO T 2 A b 5 o308 T DM e~ S O O 3 38 B T OO0
PReS NNIRONIE R (NN GO DO IV IND= DI S OR O M- 8§ QP OMNINOWNT

‘,»'hﬁ'

IGO0 G L Cu A i e i e 8 ="‘h‘m"ﬂNiﬂ!\'@ﬁ'ihN—ﬂsﬁﬁ-nuﬂNQOOu‘— '
[+ 2 sl ok AL a it o} J\U\\@NmﬂNEiﬂJNN’v\-@NGJNwmn‘ VN VL TR B R e Toted ta tog Eel Ca LT e Lo e "-Me“h. ‘-
Bom s Lot e £ T TP DO w00 P 8GN .rc;m-u-ca—--o-umamo:wwﬁs-wmmmo\-mmowoa e O e 3 e CYEN 2P Lo B0
R AN SIENTNINININ 3 25 N P ) P O O D D NS me-msnmu»mocmowvﬁsOh-wowNmar
Ul 0 ¢ ¢ ¢ ¢ ¢ 2 2 & 8 0 & & 6 CU P AL O OED C ¢ ¢ 0 SS90 9 I E R RN E R Y
:ﬁuMna-p-p\ﬂwwwmvz-uu-—boﬂw'mn—FDDN'PF“NNNN\\INNNN‘VF“‘J\VNN(’\.NNM"’MN‘I“MW!3ﬂ3838’

14

{
s leelstulelelalalnl vlnlwlald] \AQG ol

S o S D D G S I R DO AN B OO
35353655&EEE&EbBﬁ@&Em%oE@Q N T A ey
DODOaNOONEHOREOONE DRODOGHO SHOOOTE HQEIE BATOA
_zan ucaooacaeaa;aa&aaooevww e HHIGOBEIDLHDE
R R R R “"w§ SRERTEATEEAS
LR R R AR RECIES g8
AT DD OO Tl e (NI 411 1o B T £ 055 T4 N1 55 AT e D=8 B D31 IO S &
lh"eo.".‘."..I.@'@',‘QVICQUG .i.'a.@C!CCRQOQ“.CI!
~ o o NN RN IO BN i 015
= . '
‘ ; ,
]
'»‘.
1
t
L

" ) .-
Y] . . i PR 1 L3R S RN CIEN'S W RTINS YN Y




- . 3

[ B o

o - s e st e+ e

; 3
A\
. J‘ )Nf.wqus'po'?nzwnommmm—x mwwzmmﬂmm§mngmr-mawx OO ONNNS V-

3 NIRRT O b S SN N S O~ i SN ST NS STRNC TN TN N D —Ns

IR0 NOO IS b O PN 1ICRe © 3 ONGD 3 NN O O e o 35 N QO WINAO O o 5 e or o Wy o I O P IS 0o OO
MO P NNUINNMNN 2 2 0O~ OM G TMND FONN=NMOC IO relilic g 8 3o (A NN NI COT

; OO0 02 OVr=OOVXONT COMOMN I CNMOI=NCNNONO X A= ST NO P ISVNNI -0 T
QNS O T CMAOMNM O OPs NN OO O 0 0 &7 O I = e M= O 7= (N (8 o 17 s o Chems P CHOJMILN CONO 7 DI N

" @ | Q=SNG O M 3 00 N Q=M F NN 3 S M= OO OO = (D 3 NN IO MG O M N Q IR
- PO0OQO = rr=NINOWO=NM.FNOND P Crm NN VIOt QBRI DRV OONINC
R E R RN A R A AR RS DRSS

- e o g OO N OV N NN O N YNNI N 3 & I S NWNIO0 0O

'

WNICOMIN O O NI Mo e 38 e N2 B o= O NI 0D O O MO Q00 G e NP XN R DN O i QO e DD O N o=
WD MIQ O 0 O D N VI N 5 1NO T 0 W O NI O G0 N0 0O Q= O O O OOV
CHOOO = O NANN I NN T O OO O DN O R NMROC S AN S O~ ONODNOP-ONMN T ONON
P OWVINELE O MAD 0 O B UVWINO WO W NO 2 G 55Y 3 O Oy OO Oee Qo0 0 5 =N 2 0 N0 0 I
NP~ M= N ONM-OM O OO MNGI OO NMONND = OPNNCO »= Gr= ONOMP OO F I NG
MW OPF=C O O 0 WIS 00 OMI e VA O 33 @ 2 ML WP DY) ve T2 O D Qe QOUNMOD QO O O =
=Y O M= YO MM NG © N 0 N O D™ S N SN NG == P T IN ORI OV QO B oV QO e N O P G
NONNMML2 3 3 O P NO O~ N OO O~ 2 T - O N Cr= NN I P M QA O e IV S 2 3 IV
26 6 6668 06C 85060y 00 652680690 F 0606080678 aa®yeet o e ds s st oo
PP o o e P P P o P P D O T O P P QO O O C OO O e rm s s 51 guaogme o v am 0mo 00N N T OI IO O NN OO D

- e e g g - OO NN EV NN O OOV IO OV N ONEN TN OV N O N EN NN CU U N TN N N &

e (&N 30)

CHNN Yo oo e 0D G2 VAN O S S S N N P P N O G2 8 PN e Fos 7 3% s 5 )0 gh st O st o Q0= (NN O P OV P GG O

Wis2 O 0 P OO 2* AN OV O = PO o= PN NN G- o O e fatN Qo 22 B G L ED O MO8 & e O v OO I NS @O

- e O YR OOV O DN P O P~ N RN D P OO AN 3 eom 00 2 I O TN VR Qe O e O (P L VO OO I

O T o= 5 O Dl SN TN OO NN F D RO IO MONCI N G Qe P O FIN=MO T OPIFICC

WO ¥ VD M O TN e 1= O (N e P HANID Chemr fow O OO w3 8 O 2 S0 O3t Dir e DN D e (R e oo 2200 59

O W= O e ) 2F O 00 N O N M A me EIVIN Y e O O O P 13PN S OV NI S 25 DMDN NI e (N OO O PO T QR OV e

O 00 spemin MY QM i e O\ e DL ©) 2 e €D AN QO B 550 02 MO O 3 ORI N DM RO O G- DM B 3 <TI0y

Qe IS FUNONDOM OMAD N OOV W O 2 O Y= B €4 IO WIRer= R e e ot N NN M- O O (IR

9 GO P 0 90 0030 a0 00 0 00 E SO N EO0SE e U E S EEVESIELTOOOEPSLSI IO,

o NN I VI G PP Fo COCO O OF T QY omm - NI NI VI O QOIM T O @) Qrem gty

4V i Gy G G e 7 8.0 % pom g\ AUUON N O CUCI ENION T
] . i3 .

. lotﬂl -,éf.-?‘ !

]

rraNML PIwEt.
¢
0
0
o]

CUHOODDOOCOOHONHCOOOYDIUCVDCOLIDDRIPOOSOHTOLDOO0
5 OO0 CGOoOLOICROVUCLORTL IQ0LOLOACOONVCLOROLDQOR0Q
ooogocoa (=]

509
)]
Q
¢
¢

[~

<

[~} [olelele] DLOGIOIOOUCOOCOORCTONCOICVOCICONDOO0CD

GO0 D0000AN06HDADCCOOOORRUDNOLORC-LORCLOOIVIDOLCHIODRO .
GOOO0OGOOCOOSOOLODOCOIVNATIVOUVNUCROCOIRDOIOCOCCOT O0OCOOC | n
<

™~

o

€

a0Qo

ocC
ocC
oC
QC

CoOCOOCIOLOQACALLOOTINARDNOCODNOOOODADCEROOCOCLC0ORCOC -
M SASREASCCOOOSOUROODALVOROLUMECOLORHCQOICCOOG2000CC AR
auwmamawwm&mammwammmnmwmmmamwmmmamwvomcmamcmumoqomc o

& FeT
51003000

¥ 9 PR R TS ITLPNITEFERITIIFSEAYSISFSFSRINISTSSETSTZS S S S S 22 8 2 & - H

e Nt NWVENT T NN NN L P P - A WM . X _ !

o~
>
i

Sy e g . n . - - U

[
'11
P

i o Y e R AT
" IR NN VI R

NPT 3 LT T TR TR
R AP RV S Wiy 3

TR W TR RN S 3
TR O R TR T
-t s, . Lot ."_‘;-..r-"‘- TR a Ny, TLE DT aee
wmmdmm@ﬂu§

‘l
% . L e
!t'.’ .

7 - .

it
- R g8 A - - - L
s s FURAPVIRE DU YOV S 5 \.n‘"__,_},.,‘_x\a.___:'i; oo R Ca a v v - jj"‘\ .;;
- N N it L P UV PN
. N




G ol P b IRt L e S )

bl

"h ’ ' l
- 1
*"ONQNGGNNN“GanQ#QQ@”FSG@NW@Nﬂﬁ@QOOOJ%MONQﬂﬂBINQPMQNOD
A RO D0 ANt RAFIN O 2 b MRN8 2 e O o HD N WS O MO T VMMM R M OMOMNIN
S MY e M OIS B O OIS e e €3 © 2P €0 s 0= AN 12 S N TN IV 2 T O O P b Tromw 2 o O (R T M OO
KT O 2 0M© 63 00N O O T VNN I FUD Clemret I €0 1 DEHD G D= N 0O NN VMDA 0 OO r=M == (NP O
1{(~ v 0 00 22 N QM ED =01 1O O NN 2 W eme O G € 2 QO I 10D QD O F OO0 F OO O X —Q M N O =N O
SR G 2 e G 2 N OO D T U Qe IO e pume e OU N O M A (YO R 3 A DD PPN 0 QOO CIRS S e e NGO
-§*—mmhmcwsmﬁao@—oommowmhaemmaammmﬁamm::mmomwoNN—:moommo
Qcocccpwpw—mmomwwwmmONmmmmewonmoo~NmamooswwoomcmNmm—:
0>|Qa|..0.9..!.!!C.O.@.GQ..OC...ICQ!I.O'I.-OOEOOOOOOOG.
~ 00 10 420 s g o0 e S N Y O NN NN MM M A 23 o S OWNN O O O P P (O D

[
itk - -

RSO APU I L/ SR SSSR L PP PR 48

0'3-O"'C’:ﬁd\m'-ﬂm!ﬁﬂ%hwﬂo‘ﬂh!ﬁ_G‘M!'ﬂ'“:‘\ch{’MoN'QQ&IMW&ﬁiﬂQMQﬂ-?ﬁ:-}
\)‘NMP'-Q"‘QMK‘M”#&NOW%WN&NO%GN&ONN#E‘L‘éa"‘if‘«QmN:ONﬂ-—O"ﬂU\O‘U\OO#OQM
N.s‘»--!'l:\\\lD‘.ﬁ’lﬂNN&O‘Q‘O#NN¢W$€:}88W-—~tﬁm@‘.—w‘s@k"\aﬂ‘q‘Nrochh:Lﬁm’-‘;?mOF-lh:Mh
Naﬂnﬁammw:wemwm»w&-(wnhmwwommeQwh&hwmoo-—om&-ewmr—wmmmoca
owhwm:wowr-maoo:ri-ms-ncrommsemm\msr-ommonmoo~—!~m~~mmmmmm¢:
Q‘ﬁO‘F’)Ik-FﬂONEmﬂﬁﬁlﬂmO\ﬂNhNﬂ"‘“\DN?‘CU(D-"-*O.!'U'!O“FQ:!NN\-NOG-MQ8&08-OONN'MI!
AR P F 3 T 0.3 T o T IR Do Doireiv) B3 e NN SO TN G S XML — O N S 0m
wNNN):M\U\(QP%#PQMNWB”P*M&-'UW—O—HNNNP-FOPU\OU?@O”ém@ﬁﬁ‘?ﬁ:ﬁ'ﬂﬁéﬁ
0.0.'.00500...0..0*.‘0!0.ltic.lbuo.....on.aon....Qet

—-Nwmaamc\m\.\‘-wﬁmoos—-—NNmmxsmmo-oco-—m-:roeoc«-mamrsmo

O G o gy YU N R S g AICINAINOINIVIM N I

bl

)

1510500

1o () ).2
.o

(=2 2N (‘v“'ﬂogml-{::‘&?u‘lOGGQWOV\ON‘OON’SﬁWO‘ﬂv—gNQQ#v-mlh.""-ﬁ«.oQNOMNOO‘V\C
Q- QG “"0‘!‘.‘-“03@0‘&"30!**9‘09.‘!”1"’\0&0}0‘@@0‘“ 2O 20NN POV QNGOG

T e D SO ME e T S P NS ENE AL S e Ne s aS Smasasnag
iggﬁﬁéh~vR§§ﬁ“g£8Nwmgﬂ&§&;§bN:~ ANBR eSO NS =B SDNRE .
-3 O 3P DD (N O e P % & 1 3 NS o SO = 2 P on OO i P DU N O OUA == P O = N D (Do N C
U‘L\wQ‘-2""'-Dﬁ‘93@f)mﬂ‘@Noh’W@NQ”;NN°N:h~°a‘m~m~a°wa‘m"O‘QQOBNNC
N TR, e {1 Q@NF‘-F"T‘"’cﬁ‘U‘noﬂﬁﬂoﬁ.ﬂOmm’-NN-DFJPFNNIN"’QOQNU\@N\O‘-’NC
Ve OGN T T T OO E Q:h":hcmtﬂhcﬁ‘"oma‘""n:aha’omq‘ﬁ'h"-’ha(\)ﬂhc
N "\"'\'Q""'..ﬁ...“....e...‘.....’..'.'.....'...“
i (":"’"C!—\',)C)‘Cl‘ﬂi’ﬂm‘?\‘"‘l ] e (YO CINMMNMNMNON S 35 3 3 SO0 OC O =D C
N e T R g

L2BRER I I A |

107' .

Shd db
T =202700000 0

-jh

F Y L v

46 .

""!
i A i A

. dv-(." e’ LY ’,? . . .
AN T T ST N . e

atena arelih




IS T |

APPENDIX IIT

FILTER CHARACTLRISTICS OF AN INTEGRATUR

The impulse response of an ideal integrator whaich

integrates for a time interval T is shown as a solid line

in Fig. A. /17/

h¢)

i
|
|
i
|
I

|

] T t -

Impulse response of an ideal integrator.

Pigure III-A

To obtain the transfer characteristics in the frequency

demain translate the coordinates a. amount T/2, shown as

dotted in Fig. A.

o<

Transform this to che frequency domain,

A 4
Hw) -—/'Tg./ yy -t A

H ’(LJ,) =

Hiw) =
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! Ye — o t
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A delay in the time domain of T/2 seconds is manifest

Pl
as a phagse shift in the frequency domain of & . Heuce
*/.LJT-—
H(W) r e & ~ - T/
w~w T/
. o W T e TTLT
TFT

The power output of such an integrator would be
Ve -
£ z / ﬁmqf oy Lo
—.w
where G(W) is the power spectral density of the input

signal.

"“he power output of the integrator becomes

o - -
QAN Eakel = s

. PR PR . -
O One s5iaed

)

For this problem T & 2 x ].0'3 seconds, The frequency

of the first zero is then
mfT T

L =l—:(’nﬂ
1 T v v

» - oa
V,r.d-

L8
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For any one of those three channels whrich for any
instant contein noise only the power spectral density is

&s shown in Fig. 13 from /11/

S50%

ﬁ'h :/ G (w) Vs :;—(ac X$08) - 500C PPN 5
[}

From the Rayleigh distribution, the variance or fluctuation
noise power is .42%N2,

Then -VZ?O;h:éL(ZCKJ"OO)

C u_‘!__fm.:
»00

- 2¢f 2C['-£’ *’J

5500
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() r299n 4 (@ wa9an”
2}'0,000 i SCce

There will always be three channels of noise power

.429¢N2 end the noise power from the signal channel geing

&9




into the integrator which will add directly since the
he spectirum are not coherent.
The noise pever in the signal channel will be increasing
with the increasinpg signal power. Thus the noise power
may be considered as four channels of noise powver plus
the increased nois¢ power in the sign:l channel duc to
the signal times r ise products. This increase may be
closely approxaimatel by curve fitting techniques applied
to Fig. I1I-B, By linear recgression the increase in
noise power is

s F = .s21[1- e—'“x]
where X 1is the signal tc noise power ratio.

This increase in noise puwer is essentially flat over
half the origiral bandwidth of the noise input to the
detector. Thus the Noise Power Spectral Density into the
integrator will be

C(w) = Sl 295 f._,+,],,n,[,~e--w]

Sc ¢ LJ‘CO

and the power output of the integrator is
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The pover spectral deusity input to the integrator
will te ag ehown in Fig. 111-C,
[ \ Ho )
N, -
A7
Neise _,(rea.*rb'
pensity ]
g L
I ]
[ Jovu f —— ..
Figure III-¢ 2
In order to obtain a tractable model the noise power
spectral density will be assumed to be flat from zero to
B/2 cycles per second with & total noise power equal to the
criginal noise power. The noise power out of the detector, e
then 1is .
» w N
- N Cde e R
£, .«4:; 2 / H(py/ Lf LR
7"/" !'
4 " fT yr
2 oy —
- /\— (n {T) o
. l\'“ ,
Transforming variables I
"he o i
1| 1.
'Po_-_f/_, s &0[6:,77‘7‘-// -
2 g 4 : ‘ S
This modifies the error rate to be
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' rectifier is obCained from an input to the rectifier of

. : 2
oowine wave. The power in this signal is 3/2 A% . m

““oﬁ the integrator output after 2 millisiconds of integration.

. volbags output of the intigratur would be .82 FK,

AFPENDIX 1V
The anelysis of the QFK demodulator assumed a
‘squarc pulse shape fer each bit transmitted as shown in
¥ig. 1, The pulss transmitted is shown in Fig. 2. In
crder {c wridge the gap between the model and the actual
modulatov tue followling corversion proceedure was applied.

Tre power in a constant unmodulated carrier of
amplitude A is A%/2,

a\/ [5”_..__,

L

/;\.

*©
2-

L
1 fmc‘j/\—%_".';‘
The cosine squared pulse which is the cutput of the

a waveform 1like & carvier 1900 per cent modulated by a

2
terms of the peak voltage of the modulatec carrier
Fraye = 2 2 !f’f"»—_ 2z .’.)..’.‘_...: Z ./l'i
: o7 Rz / X & § =z
S Fhe "mark* or "spacc” decision is based on the polarity

. The output of the integrator for thé modulated input is
4
‘f—
; -
i / , Fx cow 65 de-,82Pn
.. !1" - g

The amplisude of a constant tarrier pulse for an equivalent
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The power in this carrier is

— Lol >
» [ FAFR) 67eYw Pr
leg = - - -

L -

The power in a constant carrier signal which will produce
the same output at the integrator as & nodulated carrier
with a power per bit of Pg is

Peg = F ["‘7““ e’

I 2 2

3/ 8 £y
2

A\
-~
~1

- i

Since &ll signal to noise ratios cre referrec to a noise
power of one, the Signal Power is tue signal to noise

ratio, and

16 Log Pey = /¢ Log 176110 Lo ra

SN EQ = e t2.S3 db

Thus 2.53db siaould be added to the signal power per bit

as measured,
To reier the model to the measured signal power 2,53db

must be subtracted from the theoretical noise power,
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APVERDIX V
ERROR DETECTICGH INSTRUMeNTATION
Some means of detecting errors was nccessory in
crder to obtain an error count., Since the outrut d
. digital, a digital system was used for ¢iror detection,
Engincered Electronics buillding tlocks were arranged as

shown in the diagram telow,

N A
RECEIVED J—] . _—iD
. ‘." A
DATA 5 — F.Ff o
T X R
E l -NG COU.I'ILC!"
g Timing | 1% %[)Ezcgrs
i
DEMODULATO 3 l .
__TIMING gl Y e
: rrss |3 0D
D

Flip flop A assumed the state corresponding to the "Mark"
or 'space" data received. Flip flop B assumed the state of
he outpuls were gated according io
the following equation.

C=(A.B) - (A.B)

Error = (C . D)

D wes derived from the interface timing circuits.




