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V l l l 

SUMMARY 

The object of the research described herein is the design, con

s t ruc t ion , and evaluation of an equipment with which an experimental 

invest igat ion can be made of post-detector in tegrat ion as a signal pro

cessing technique in narrowband d i g i t a l communications rece ivers . The 

improvement in decoder accuracy provided by post-detector integrat ion 

can be quant i ta t ive ly determined from the probabi l i ty d i s t r ibu t ion func

t ions a t the decoder input. Probabil i ty d i s t r ibu t ion functions can, in 

many cases of i n t e r e s t , be derived for the envelope detector output. 

However, similar functions have been a l l but impossible to obtain mathe

matically in closed form at the output of a post-detector in tegra tor for 

receiver operation a t low signal- to-noise r a t i o s . An empirical determin

at ion of these desired post-detector d i s t r ibu t ion functions can be con

veniently made using the equipment described. 

Receiver s e l e c t i v i t y and non- l inear i ty are simulated with a mech

anical f i l t e r and a conventional diode envelope de tec tor . The mixer, 

local o sc i l l a t o r and RF amplifier are neglected. Timing and gating c i r 

cu i t s included provide smooth, convenient control over the time in terval 

during which modulated-carrier-pulse-noise is admitted to the equipment 

as well as the occurrence and duration of the time in terval during which 

detected-modulation-pulse-noise is applied to the post-detector integra

t o r . This allows an experimenter f l e x i b i l i t y in performing studies of 

various modulation waveforms. 

The equipment output is a four microsecond pulse with amplitude 



p r o p o r t i o n a l t o the value of the i n t e g r a t o r a t t h e end of t he i n t e g r a t i o n 

i n t e r v a l . This output i s designed t o be compatible t o a P a c i f i c E lec

t r o n i c s - N u c l e a r Company pu l se height a n a l y z e r . Such an ana lyze r i s r e 

qui red t o be used wi th t h e s imulated r e c e i v e r t o process a s e r i e s of 

s e v e r a l thousand a u t o m a t i c a l l y occur r ing output p u l s e s , and therefrom 

produce an approximation t o the p r o b a b i l i t y d i s t r i b u t i o n funct ions 

d e s i r e d , 

Eva lua t ion of t h e equipment designed and cons t ruc ted inc ludes 

the measurement of t h r e e r e p r e s e n t a t i v e p r o b a b i l i t y d e n s i t y funct ions 

for a pulse-modulated c a r r i e r - a n d - n o i s e i n p u t . C i r c u i t diagrams of t he 

equipment, which i s completely t r a n s i s t o r i z e d , a r e included« An i n s t r u c 

t i o n manual d e t a i l i n g equipment ope ra t ion and i l l u s t r a t i n g t y p i c a l equip

ment waveforms i s provided in t he appendix. 



CHAPTER I 

INTRODUCTION 

The object of the research described herein is the design, con

struction, and evaluation of an equipment with which an experimental 

investigation can be made of post-detector integration as a signal pro

cessing technique in narrowband binary digital, communications receivers. 

A determination of the accuracy of decoding decisions in pulse receivers 

and, therefore, an evaluation of the improvement provided by a signal 

processing technique requires a knowledge of the probability distribu

tion function at the input to the decoder. Determination of such dis

tribution functions by a mathematical analysis of the receiver is shown 

to be not presently, conveniently possible, due to inherent receiver 

non-linearities, for receiver operation at low signal-to-noise ratios-

The equipment designed consists of a simulated narrowband digital re

ceiver, timing, switching and control circuitry,, 

Background information on the two most common binary pulse com

munication systems is presented in the second chapter,. Attention is 

given to the similarity of the systems. The cause of and the extent 

of the difficulty in performing a mathematical analysis of post-detector 

receiver stages, of which an integrator may be considered to be one spec

ial type, is also outlined. The limited special cases in which solu

tions have been obtained are indicateda 

System requirements are presented in the third chapter for a sim

ulated receiver capable of being used experimentally to obtain that data 
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on post-detector integrators so d i f f i cu l t to derive mathematically,, The 

necessi ty for equipment f l e x i b i l i t y , convenience of parameter var ia t ion , 

and automatic operation is emphasized. A discussion of the technique 

proposed for the measurement of probabi l i ty d i s t r ibu t ion functions using 

automatic analyzing and recording equipment is also included. 

The fourth chapter outl ines the equipment designed and i t s eval

uation. Probabi l i ty d i s t r ibu t ion and density functions measured with 

the equipment are included in. the evaluation* 



CHAPTER II 

BACKGROUND 

Digital Communications Receivers 

The equipment described in later chapters is designed to simulate 

binary pulse-amplitude modulated (PAH) and frequency shift keying (FSK) 

digital communications receivers. Block diagrams of the respective 

receiver types, given in Figure 1, provide a means for comparison. 

The PAM system functions as the usual superheterodyne receiver, 

feeding a sequence of binary pulses conta.in.ing the coded inf.ormation to 

the decision circuitry* Characteristics of this receiver important to 

the recognition of signals in noise are the frequency selectivity of the 

intermediate frequency (IF) filter, the type of envelope detector, and the 

method employed to make the binary decisions using the noisy signal at 

the detector output. 

The FSK system differs primarily in that two complementary pulse 

sequences containing the same information are transmitted on slightly 

different carrier frequencies, or channelso The signals on the two chan

nels are the inverse of one another; i.e., a pulse condition in the."mark" 

channel corresponds to a no-pulse condition in the "space" channel. Since 

there will always be a non-zero signal level in only one of the two chan

nels, the FSK decision can be made by deciding in which of the two channels 

the signal most probably lies* This decision is often made by simply 

determining which channel has the larger output. 

conta.in.ing


Decis ion as t o t he presence or absence of a r e c e i v e r pu l se in 

both the PAM system and the FSK system depends upon whether t he envelope 

d e t e c t o r output exceeds or f a i l s t o exceed an a p p r o p r i a t e ampli tude 

t h r e s h o l d . How gauss ian no i se p resen t in t he f i l t e r output makes such 

a simple t h r e s h o l d d e c i s i o n u n c e r t a i n can be q u a l i t a t i v e l y seen from the 

p r o b a b i l i t y d e n s i t y func t ions of Figure 2 . When random noise i s p resen t 

the d e t e c t o r output can , t h e o r e t i c a l l y , assume any p o s i t i v e v a l u e . Non

zero p r o b a b i l i t i e s e x i s t t h a t ; ( l ) no i se a lone w i l l exceed the d e c i s i o n 

t h r e s h o l d (crosshatched a rea of 2 ( c ) ) ; or (2) a s i g n a l , of ampli tude A, 

and no i se w i l l f a i l t o exceed i t (c rosshatched a rea of 2 ( d ) ) . The p ro 

b a b i l i t y of an erroneous i n d i c a t i o n being given in e i t h e r case depends 

upon the s i g n a l - t o - n o i s e r a t i o (S/N) p r e s e n t . 

Va r i a t ion in t he S/N appears in Figure 2(d) as a v a r i a t i o n in the 

r a t i o A / 5 , where A i s t h e peak ampli tude of t h e pu l se s i g n a l a lone and 

5 i s t h e s tandard d e v i a t i o n of t h e s i g n a l wi th n o i s e . Thus the p r o b a b i l 

i t y of d e c i s i o n e r r o r i s seen q u a l i t a t i v e l y t o inc rease for lower S/N 

and decrease wi th h igher S/N. 

Severa l s i g n a l p rocess ing techniques may be used t o improve the 

p r o b a b i l i t y of a c o r r e c t decis ion. , The technique t h a t w i l l be considered 

here i s gated p o s t - d e t e c t o r i n t e g r a t i o n . Ins tead of bas ing t h e "pu l s e -

p resen t " d e c i s i o n on one sample of t h e d e t e c t o r o u t p u t , t he d e t e c t o r 

output i s app l i ed t o an i n t e g r a t o r fo r a f ixed per iod of t i m e . The 

" p u l s e - p r e s e n t " or " p u l s e - n o t - p r e s e n t " d e c i s i o n i s then made using the 

value of the i n t e g r a t o r output a t t h e end of t h i s i n t e r v a l of i n t e g r a t i o n . 

The p r o b a b i l i t y of a d e c i s i o n e r r o r when gated p o s t - d e t e c t i o n i n t e g r a t i o n 

i s used i s now a func t ion of, not only the S/N, but a l s o the occurrence 
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and duration of the integration interval. A quantitative mathematical 

expression for the probability of decision error would be helpful. Un

fortunately, such an expression cannot be easily obtained. 

Mathematical. Analysis 

If the input to a linear receiver stage is gaussian distributed, 

the output is gaussian distributed. Thus the statistics of a received 

signal as it passes through the ini t ial linear portions of a receiver 

are relatively well behaved and can be calculated mathematically until 

the detector with its inherent non-linearity is encountered <> The detec

tor output is non-gaussian and, therefore, a mathematical, analysis of 

succeeding stages becomes quite difficult. 

Application of a single sinusoidal signal and gaussian noise 

through a narrowband filter to an envelope detector results in the fol-

1 2 
lowing amplitude probability density function for the detector output ' 

2 2/ 2 
e-s r e - r /2N rg- 2 A c 

q ( r ) = " Tf \ ( r s V I ) ; s = 2F" ( 2 _ 1 ) 

where r is the random amplitude, I is a Bessel function of the first kind, 

s is the power S N ratio at the input to the detector, A is magnitude of 

the sinusoidal, pre-detector carrier, and N is the mean noise power at the 

input to the detector, Note that as the power signal-to-noise ratio ap

proaches zero, the noise-only condition q(r) approaches the Rayleigh 

Mischa Schwartz, Information Transmission, Modulation and Noise, 
McGraw-Hill Book Company, Inc., New York, 1959, p. ^00. 

2 t, 
David Middleton, Some General Results in the Theory of Noise 

Through Non-Linear Devices," Quarterly of Applied Mathematics, Vol. 5y 
No. k, pp. 470, 471, January 1948. 
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distribution, Figure 2(c), which is for A = 0, 
c 

2 / 
/ v r -r /2N /„ 0x 

<l(r) = | e ' • (2-2) 

Also, as A becomes very large in comparison with N, q(r) can be shown 

to be approximated by a gaussian function of mean, A , 

, -(r-A )2/2N rA » N 
q(r) = i e C 7 - ° . (2-3) 

^/2JIA N A 2 » N 
V C C 

It is this gaussian approximation at high s/N, Figure 2(d), that makes 

possible conventional and straightforward analysis of post-detector 

stages« 

Several investigators have sought to obtain an analytic expres

sion for the output of a post-detector receiver stage operating at low 

S/N where the above gaussian approximation no longer holds. Such a post-

detector stage is generally termed an audio or video amplifier, as would 

be the case in most conventional communications equipment; however, one 

should recall that the post-detector integrator of interest here can be 

considered to be a simple one-pole, low pass f i l t e r . 

M. Kac and A. J. F. Siegert have investigated the s t a t i s t i ca l 

affects of uncorrelated white gaussian noise with and without signal for 

such an IF, square law envelope detector, and audio amplifier system. 

While the work is quite general with respect to both IF and audio pass-

band characteristics and the form of the input signal, the final resul t , 

• — — ~ * • • • • • • \ 

M. Kac and A. J . F. Siegert, "On the Theory of Noise in Radio 
Receivers with Square Law Detectors," Journal of Applied Physics^ Vol. 18 
No. k, pp. 383-397, April 1947. 
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the amplitude probabi l i ty density function at the audio output, is indi

cated as the Fourier transform of a ra ther complicated charac te r i s t ic 

function. The r e s u l t s , although exact , are of limited engineering value 

in that the required Fourier inversion in tegra l cannot generally be 

evaluated in closed form, 

k 
M. A. Meyer and David Middleton working along the same l ines as 

Kac and Siegert show tha t the desired video (audio) output probabi l i ty 

density function can be determined exp l i c i t l y provided the eigenvalues of 

a cer ta in in tegra l equation can be found. For signals and noise both the 

eigenvalues and the associated eigenfunctions of t h i s in tegra l equation 

are needed. Moreover, only the charac te r i s t i c function of the desired 

dis t r ibut ion—not i t s Fourier transform--is expressible in convenient 

form so that a p r ac t i c a l , usable solution is no c loser . However, r esu l t s 

are included which show that the output probabi l i ty d i s t r ibu t ion tends 

to tha t obtained by an in f in i t e ly wide post-detector f i l t e r ( i . e . , no 

post-detector s e l ec t i v i t y a t a l l ) when the video f i l t e r is wide compared 

with the IF, and to a gaussian d i s t r ibu t ion when the f inal f i l t e r is 

narrower than the IF, 

5 
R. C. Emerson, who derives a cha rac te r i s t i c function similar in 

form to tha t of Kac and Sieger t , expands the logarithm of the charac te r 

i s t i c function, which appears as an in f in i t e product, in a power s e r i e s . 

Coefficients in t h i s ser ies are used to obtain an asymtotic expansion for 

the desired probabi l i ty densi ty . Resul ts , shown in Figures 3 and k, are 

k M. A. Meyer and David Middleton, On the Dis t r ibut ion of Signals 
and Noise a f te r Rectif icat ion and F i l t e r i n g , " Journal of Applied Physics, 
Vol. 25, No. 8, August 195^-.. 

^R. C. Emerson, "Firs t Probabi l i ty Densities for Receivers with 
Square-Law Detectors, Journal of Applied Physics, Vol. 2kf No. 9j PP« 
1168-1176, September 1953. 
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the amplitude probability density function at the audio output, is indi

cated as the Fourier transform of a rather complicated characteristic 

function. The results, although exact, are of limited engineering value 

in that the required Fourier inversion integral cannot generally be 

evaluated in closed form. 

k 
M. A. Meyer and David Middleton working along the same lines as 

Kac and Siegert show that the desired video (audio) output probability 

density function can be determined explicitly provided the eigenvalues of 

a certain integral equation can be found» For signals and noise both the 

eigenvalues and the associated eigenfunctions of this integral equation 

are needed. Moreover, only the charac te r i s t i c function of the desired 

dis t r ibut ion—not i t s Fourier transform--is expressible in convenient 

form so that a p r a c t i c a l , usable solution is no c loser . However, r e su l t s 

are included which show that the output probabi l i ty d i s t r ibu t ion tends 

to tha t obtained by an in f in i t e ly wide post-detector f i l t e r ( i . e . , no 

post-detector s e l e c t i v i t y a t a l l ) when the video f i l t e r is wide compared 

with the IF, and to a gaussian d i s t r ibu t ion when the f ina l f i l t e r is 

narrower than the IF. 

5 
R. C. Emerson, who derives a cha rac te r i s t i c function similar in 

form to that of Kac and Sieger t , expands the logarithm of the charac te r 

i s t i c function, which appears as an in f in i t e product, in a power s e r i e s . 

Coefficients in t h i s ser ies are used to obtain an asymtotic expansion for 

the desired probabi l i ty densi ty . Results , shown in Figures 3 an<3- ^t a r e 

k r, " 
M. A. Meyer and David Middleton, On the Distr ibut ion of Signals 

and Noise a f te r Rectif icat ion and F i l t e r i n g , " Journal of Applied Physics, 
Vol. 25, No. 8, August 1954* 

^R» C. Emerson. "Firs t Probabil i ty Densities for Receivers with 
Square-Law Detectors, ' Journal of Applied Physics^ Vol. 2h, No. 9, pp. 
1168-1176, September 195JT 



obtained under the assumption of a gaussian-shaped post-detector selec

t i v i t y . The resu l t s are in teres t ing for comparative purposes; however, 

they are applicable only insofar as the gaussian shape assumed represents 

the post-detector integrator of i n t e r e s t . An in tegra tor , considered in 

f i l t e r terminology, is a simple single pole, low-pass f i l t e r , Emerson's 

gaussian assumption is very good for the audio video post-detector band

pass amplifier he was considering; however, i t is not a good model for a 

low pass f i l t e r cha rac t e r i s t i c . 

Post-detector " integrat ion" has been studied extensively by re

searchers interested in the accurate reception of radar returns in the 

presence of noise . Unfortunately, the integrat ion considered is actual ly 

a summation of samples of the detector output, each sample being taken 

from a different radar re turn . As the time between radar returns is 

r e l a t i ve ly long, and as the radar bandwidth is qui te wide, the samples 
7 

taken are uncorrelated. Marcum, in a paper c lass ic to the f i e ld , obtains 

expressions for the charac te r i s t i c function, probabil i ty density function, 

and d i s t r ibu t ion function of the summation of N (N = 1, 2 , 3*-») detector 

output samples for both the l inear and the square-law envelope detectors 

operating on pulsed ca r r i e r and noise . 

With PAM and FSK communications rece ivers , however, a decision must 

be made af te r only one pulse in terval has elapsed. Thus, Marcum1s work 

using N targe t returns is not d i r ec t l y applicable; however, his resu l t s 

David Middleton, Introduction to S t a t i s t i c a l Communication Theory, 
McGraw-Hill, New York, i960, p . 147. 

7 
J . I . Marcum, "A S t a t i s t i c a l Theory of Target Detection by Pulsed 

Radar: Mathematical Appendix," I.R.E. Transactions on Information Theory, 
April i960. 



could be applied if several uncorrelated detector output samples were 

considered to be taken during the one PAM or FSK pulse interval avail

able, Such uncorrelated samples would require evaluating the detector 

output samples were considered to be taken during the one PAM or FSK 

pulse interval available« Such uncorrelated samples would require eval-
O -| 

ua t ing t h e d e t e c t o r output every T seconds , where T = (IF Bandwidth)" , 

a t t h e zero c ros s ing of t h e a u t o c o r r e l a t i o n func t ion for band- l imi t ed whi te 

n o i s e . The r e l a t i o n s h i p between t he IF bandwidth and pu lse d u r a t i o n 

used would, t h e r e f o r e , determine t h e number of independent samples which 

could be t a k e n . Such a sampling technique might well, provide a c lue to 

an a n a l y t i c a l , perhaps d i g i t a l computer implemented, s o l u t i o n for the 

output p r o b a b i l i t y d e n s i t y func t ion of a p o s t - d e t e c t o r i n t e g r a t o r . 

The use of s e v e r a l samples t o r e p r e s e n t a continuous i n t e g r a t i o n 

i s , of c o u r s e , an approximat ion , t h e accuracy of which must be eva lua t ed . 

Unless t h e r e a r e many independent samples a v a i l a b l e t o r e p r e s e n t each 

p u l s e , t h i s v e r i f i c a t i o n would be d i f f i c u l t t o do mathemat ica l ly . I t 

could be done expe r imen ta l l y . 

Middleton, I b i d . 



CHAPTER I I I 

INSTRUMENTATION REQUIREMENTS 

Equipment Approach 

G e n e r a l S i m u l a t i o n P h i l o s o p h y 

In l i g h t of t h e s e v e r e c o m p l i c a t i o n s i n v o l v e d i n o b t a i n i n g a con

v e n i e n t l y u s a b l e m a t h e m a t i c a l e x p r e s s i o n f o r t h e o u t p u t of a p o s t - d e t e c t o r 

i n t e g r a t o r , i t was d e c i d e d t h a t e f f o r t d i r e c t e d t oward d e s i g n and con 

s t r u c t i o n of equ ipment c a p a b l e of y i e l d i n g an e m p i r i c a l s o l u t i o n would be 

of v a l u e . Such an e q u i p m e n t - - a s i m u l a t e d d i g i t a l communica t ions r e c e i v e r -

would p r o v i d e a n e x p e r i m e n t a l means f o r e s t a b l i s h i n g t h e r e l a t i o n s h i p 

be tween t h e i n p u t s i g n a l - t o - n o i s e r a t i o , t h e i n t e r v a l of p o s t - d e t e c t o r 

i n t e g r a t i o n , and t h e a m p l i t u d e p r o b a b i l i t y - d e n s i t y f u n c t i o n a t t h e i n t e 

g r a t o r o u t p u t . From t h i s d a t a , t h e p r o b a b i l i t y of d e c i s i o n e r r o r can be 

f o u n d . 

To be of maximum u s e f u l n e s s s u c h a s i m u l a t e d r e c e i v e r s h o u l d be 

a s f l e x i b l e a s p o s s i b l e . A l s o , &,s i t must be used t o make a l a r g e num

b e r of m e a s u r e m e n t s , c o n v e n i e n c e of p a r a m e t e r v a r i a t i o n and a u t o m a t i c 

o p e r a t i o n a r e o f c o n s i d e r a b l e impor t ance , . F l e x i b i l i t y i s r e q u i r e d i n 

t h e s e l e c t i o n of m o d u l a t i n g s i g n a l waveform, i n t h e s i g n a l - t o - n o i s e r a t i o 

t o b e a p p l i e d , and i n t h e t i m e o f o c c u r r e n c e and t h e d u r a t i o n of t h e i n t e 

g r a t i o n i n t e r v a l . V a r i a t i o n of t h e s e p a r a m e t e r s must b e a c c o m p l i s h e d 

c o n v e n i e n t l y . A u t o m a t i c means s h o u l d b e p r o v i d e d f o r e v a l u a t i n g t h e 

i n t e g r a t o r a t t h e end of t h e i n t e g r a t i o n i n t e r v a l b e c a u s e o f t h e v e r y 

l a r g e amount of d a t a r e q u i r e d f o r t h e measurement o f a p r o b a b i l i t y d e n s i t y 

f u n c t i o n . 
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Measurement of Probability Density Functions 

The value of t h e i n t e g r a t o r output a t the end of each i n t e g r a t i o n 

i n t e r v a l i s one sample of a continuous random v a r i a b l e . The p r o b a b i l i t y 

d e n s i t y func t ion of such samples can be e s t a b l i s h e d by sample ave rag ing . 

(The d r i v i n g s i g n a l a t t h e r e c e i v e r input causing the p o s t - d e t e c t o r ran

domness i s s t a t i o n a r y whi te gauss ian n o i s e . ) 

9 The probability desired is 

P(X± < | < X± + AX) (3-1) 

where £ is the random amplitude of the integrator output as sampled at 

th the end of the integration interval, X. is the i unit of amplitude 

measure, and AX is the incremental amplitude measure. The probability 

th density at the i increment is then 

~ P(Xi < i < X± + AX) (3-2) 

and the approximate probability density function is 

W ~ Sx P(Xi < 6 "̂  Xi + ^' i = °Ai2,3,-.- (3-3) 

The probability density function for a continuous X is defined as 

Pfe(X)dX = P(X < £ < X + dX) . (3-k) 
5 

The smaller the interval AX, the better the approximation, but in prac

tice AX on the order of l/̂ O of the total range of j- is usually suffi

cient . 

___ 
Y. W. Lee, S t a t i s t i c a l Theory of Communication, John Wiley and 

Sons, I n c . , New York, i 960 , pp . 268-272 
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Now consider a function v of | such that 

1 for X. < i < X. + AX 
v<U)=< "- x (3-5) 

0 elsewhere „ 

The mean value of v.(|) is 
I 

/

oo 

v±(X) P (X) dX (3-6) 
- 0 0 S 

X.+ X 

= / P (X)dX = P(X. < £ < X + AX). 
•A . 

1 

Hence t h e approximate p r o b a b i l i t y d e n s i t y func t ion above (3-3) i s 

W=SC ^ (3-7) 

This result states that, if a unit pulse v.(i) is generated whenever | 

falls in the amplitude interval (X., X. + AX), the ensemble average of 

these unit pulses divided by AX is the approximate value of the probabil

ity density of |, the random height of the sampled integrator output, at 

X = X.. 
l 

Pulse height analyzers are commercially available which perform 

the above described amplitude quantization automatically. The machines 

count, through generation of a pulse output similar to v . ( £ ), the number 

of times in a given total number of samples that the pulse amplitude falls 

within each of the machine's quantized amplitude levels. The relative 

frequency of occurrence of pulses in each level is, for a sufficiently 

large number of pulses, an approximation to the probability density 
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function desired. 

A Pacific Electronics-Nuclear Co. (PENCO) pulse height analyzer 

operating as described above with a maximum of one hundred channel reso

lut ion is located in the Radioisotopes and Bioengineering Laboratory on 

the Georgia Tech campus and is available for student, and faculty use upon 

request . The output of the simulated receiver , therefore , should be a 

pulse compatible to the PENCO pulse height analyzer and l inear ly propor

t i ona l to the value of the post-detector integrator a t the end of the 

integrat ion in t e rva l . The desired approximate probabi l i ty density func

t ion can then be automatically compiled by the PENCO equipment. PENCO 

equipment readout i s avai lable both in p i c t o r i a l form on a cathode-ray 

tube and in printed form on an adding machine tape . 

Simulated Receiver 

A simulated receiver capable of performing the desired post-detec

tor integrator experiments with maximum f l e x i b i l i t y and convenience is 

outlined in the block diagram of Figure 5» Virtually no s e l ec t i v i t y or 

non- l inear i ty of importance here occurs in the RF, mixer, and osc i l l a to r 

stages of an FSK or PAM receiver . As the areas of mathematical d i f f i cu l ty 

l i e in the narrowband IF f i l t e r , the detector and the in tegra tor , the 

unnecessary complications of a mixer and RF stage are avoided by opera

t ing the o s c i l l a t o r , or simulated " ca r r i e r , " shown d i r ec t l y at the in te r 

mediate frequency. 

As was pointed out in Chapter I I , approximations to the proba

b i l i t y density functions at the output of a post-detector f i l t e r have 

been obtained bv Emerson when the IF and post-detector f i l t e r s are assumed 

to be gaussian. In order to expand experimentally on these r e s u l t s , the 
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t he IF a m p l i f i e r used in t he s imulated r e c e i v e r should be markedly non-

gauss i a n . P rac t i ca l , d i g i t a l communications r e c e i v e r s should have exce l 

l e n t ad jacent channel r e j e c t i o n (so t h a t c r o s s t a l k between c l o s e l y tuned 

r e c e i v e r s i s minimized) . Thus the equipment cons t ruc ted should employ as 

c lose t o an i d e a l r e c t angu l a r passband c h a r a c t e r i s t i c as p o s s i b l e . Prac

t i c a l IF bandwidths used a r e on the order of 1250 cps for FSK systems and 

3000 cps for PAM sys tems . 

The envelope d e t e c t o r commonly used in communications equipment 

depends upon t h e r e s i s t a n c e c h a r a c t e r i s t i c of a diode for i t s o p e r a t i o n , 

a c h a r a c t e r i s t i c much n e a r e r square- law than l i n e a r . A l l t he . invest iga

t o r s noted in Chapter I I , wi th t h e except ion of Marcum, der ived t h e i r 

r e s u l t s on t h e assumption of a square- law envelope d e t e c t o r c h a r a c t e r i s 

t i c . Marcum, who was a b l e t o compare s o l u t i o n s for both the square- law 

and l i n e a r c h a r a c t e r i s t i c s , could f ind no s i g n i f i c a n t performance advan-

12 t ages of one type over t he o t h e r . There fore , no advantage i s seen in 

the s imulated r e c e i v e r having o the r than a convent iona l diode envelope 

d e t e c t o r . 

The swi tch ing c i r c u i t r y shown in Figure 5 should p r o v i d e , in a d d i 

t i o n t o t h e b a s i c t iming requ i red for automat ic o p e r a t i o n , t echniques 

whereby t h e beginning and the d u r a t i o n of t he i n t e g r a t i o n i n t e r v a l may be 

convenien t ly and smoothly v a r i e d . As t h e de t ec t ed no i s e i s unco r r e l a t ed 

Reference Data for Radio Eng inee r s , Four th E d i t i o n , I n t e r 
n a t i o n a l Telephone and Telegraph Company, 1956/ p . 23-

'F. E. Terman, E l e c t r o n i c and Radio Engineer ing , Fourth E d i t i o n , 
McGraw-Hill Book Company, I n c . , New York, 1955, PP- 5^7-557-

2 
"Marcum, I b i d . , p . 189 -



every T seconds , ^ where T i s ( IF Bandwidth)"" ', t h e i n t e g r a t i o n i n t e r 

va l wi th both i t s beginning and the d u r a t i o n v a r i a b l e over a range of 

O . I T t o 10 T should al low a l l reasonable i n v e s t i g a t i v e f l e x i b i l i t y 

r e q u i r e d . A four microsecond sample of the i n t e g r a t o r l e v e l a t t h e end 

of t he i n t e g r a t i o n i n t e r v a l forms t he output p u l s e . 

The p o s t - d e t e c t o r i n t e g r a t o r employed in t h e s imulated r e c e i v e r 

must be capable of gated ope ra t ion of from 30 microseconds t o 3 m i l l i 

seconds d u r a t i o n i f the 3,000 cps PAM IF bandwidth requ i red i s assumed, 

Opera t iona l i n t e g r a t i o n i s p rec luded , wi thout des ign of a s p e c i a l very 

wide-banded high gain a m p l i f i e r , by the shor t g a t i n g i n t e r v a l s involved. 

Therefore , t he i n t e g r a t o r t o be s e l e c t e d i s seen as an o rd ina ry RC i n t e 

g r a t o r , which i s , in e f f e c t , a one pole low-pass f i l t e r 0 The accuracy 

of i n t e g r a t i o n in such types i s s u f f i c i e n t so long as t h e i n t e r v a l of 

i n t e g r a t i o n i s a small f r a c t i o n of the RC time c o n s t a n t . 

A u x i l i a r y Equipment Required 

Equipment shown ou t s ide the dashed l i n e s of Figure 5 i s considered 

a u x i l i a r y , a l though e s s e n t i a l , equipment and i s not a p o r t i o n of the sim

u la ted r e c e i v e r . No modulator i s included as i t i s expected t h a t o the r s 

w i l l use t h e s imulated r e c e i v e r t o s tudy p o s t - d e t e c t o r i n t e g r a t i o n as 

app l ied t o var ious types of pu lse modulat ion, i . e . , r a i s e d c o s i n e , r e c 

t a n g u l a r , t r a p e z o i d a l , e t c e t e r a . The modulator des ign i s f e l t b e s t l e f t 

t o t h e experimenter making t h e modulation s tudy . 

The ready a v a i l a b i l i t y of o s c i l l a t o r s of s u f f i c i e n t frequency s t a 

b i l i t y in the +̂55 kc range and t h e requirement for an e x t e r n a l modulator 

'^David Middleton, I n t r o d u c t i o n t o S t a t i s t i c a l Communication 
Theory, I b i d . 
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make the design and construction of an oscillator internal to the simu

lated receiver superfluous. Means, however, should be available (a 

digital counter is recommended) for monitoring the frequency of the 

oscillator used to assure bandcenter operation. 

Facility is included within the equipment for adding the noise 

produced by the external gaussian noise generator to the modulated 

carrier. Such a gaussian white noise generator is available within 

the Electrical Engineering School. 

The PENCO pulse height analyser discussed earlier in this chap

ter and its related linear amplifiers are essential, for effective use 

of the simulated receiver. The four micro-second random amplitude output 

pulse generated by the simulated receiver is first amplified so that 

all fluctuations of .interest occur in a K volt to 104 volt range. This 

amplified pulse is then fed to the pulse height analyzer from which an 

approximation to the probability density function is obtained as per the 

discussion earlier in this chapter. 
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CHAPTER IV 

DESIGN AND EVALUATION 

Design 

A simulated receiver designed to perform in accordance with 

the specifications outlined in Chapter III is shown in Figure 6, 

Figures 7 an(i 8 are circuit diagrams of the equipment. 

IF Amplifier 

As the IF bandwidth used determines the time constants re

quired for the timing circuitry, attention was first concentrated on 

this portion of the equipment. 

A mechanical filter was seen to give a close approximation to 

the rectangular, steep-skirted selectivity desired with the additional 

advantage of simplified circuitry. The particular filter chosen has a 

6 db bandwidth of 3»1 kilocycles and a bandcenter frequency of ̂ -55 kilo

cycles. Figure 9 shows a typical selectivity characteristic for a 

mechanical filter similar to that selected. 

The amplifier at the input to the mechanical filter serves both 

as an amplifier and a gate. In the presence of the main gate pulse at 

the base of T2 or when SW 1 is closed, Tl is biased in its active region 

and acts as a regular transistor amplifier. In the absence of either of 

these, however, Tl is biased in its cut-off region and no input signal 

is allowed into the equipment. The reasons behind this arrangement are 

deferred to the section on gating circuits below. The output amplifier 

is of standard type. Both amplifiers are designed to approximately match 
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t h e 8,000 ohms input and output impedance of t h e mechanical f i l t e r „ 

Timing C i r c u i t s 

S e l e c t i o n of t h e J . l kc IF bandwidth r e q u i r e s t h a t t h e t iming 

c i r c u i t s c o n t r o l l i n g the beginning and d u r a t i o n of t he i n t e g r a t i o n 

i n t e r v a l be smoothly v a r i a b l e from 30 microseconds through 3 m i l l i s e c o n d s . 

Ik 

The t iming m u l t i v i b r a t o r s designed a r e s tandard types designed t o incor 

po ra t e v a r i a b l e RC t ime c o n s t a n t s . Coarse t ime c o n s t a n t , and t h e r e f o r e 

pu l se d u r a t i o n , c o n t r o l i s exerc i sed through the switched c a p a c i t o r s , each 

of which d i f f e r s by a f a c t o r of two from t h a t below i t in s i z e - Fine con

t r o l i s accomplished through t h e po ten t iomete r which g ives a s t a b l e t ime 

cons tan t v a r i a t i o n over a range s l i g h t l y g r e a t e r than a f a c t o r of two 

provid ing a convenient over lap between c a p a c i t o r s e t t i n g s . 

Gating C i r c u i t s 

Gating c i r c u i t s a r e used in t h e s imulated r e c e i v e r f o r : ( l ) admit

t i n g t h e input s i g n a l s for a f i x e d , de te rminable per iod of t ime (an over

r i d e swi t ch , SW 1, Figure 7 i s provided should continuous ope ra t i on be 

d e s i r e d ) , (2) apply ing t h e de t ec t ed s i g n a l t o the p o s t - d e t e c t o r i n t e g r a 

t o r dur ing the de s i r ed i n t e g r a t i o n i n t e r v a l , and (3) sampling t h e ampl i 

f ied i n t e g r a t e d s i g n a l f o r t h e f i r s t four microseconds immediately a f t e r 

t h e i n t e g r a t i o n i n t e r v a l t o ob ta in t h e pulse output requi red„ 

Main Input Gate. The input s t age t o t h e mechanical f i l t e r serves 

both as a m p l i f i e r and input g a t e . This input ga t e se rves t o admit only 

a known, c o n t r o l l a b l e d u r a t i o n of input s i g n a l and i s important in t h a t 

i t a l lows t h e ope ra to r c o n t r o l of the s i g n a l admit ted t o t h e equipment. 

_____ _ . 

Leonard S t r a u s s , Wave Generat ion and Shaping, McGraw-Hill Book. 
Company, I n c . , New York, i 960 , Chapters 9 a n ( i 1°« 



Under normal cond i t ions when t he main ga te pulse i s not p r e s e n t , 

t r a n s i s t o r T2 i s b i a sed .into i t s c u t - o f f reg ion r a i s i n g the e m i t t e r of Tl 

t o approximately 10 v o l t s and d r i v i n g Tl in to cu t -o f f„ The c o l l e c t o r of 

Tl then s i t s a t 10 v o l t s and no input s i g n a l reaches t h e mechanical, f i l 

t e r or t he remainder of t he equipment <, 

The presence of the main ga te pulse d r i v e s T2 in to s a t u r a t i o n drop

ping i t s c o l l e c t o r t o j u s t above ground p o t e n t i a l and t h e r e b y b i a s i n g Tl 

in to i t s a c t i v e r e g i o n . (The same e f fec t can be accomplished b;y c lo s ing 

t he normally open SW 1 s w i t c h . ) However, as t he main ga t e pu l se al lows 

Tl. t o become a c t i v e r a t h e r than cu t -o f f , the d o C p o t e n t i a l a t t h e co l l ec 

t o r of Tl drops from lOv t o i t s a c t i v e b i a s po in t causing a waveform simi

l a r t o t h a t shown in Figure 1.0. 

Main G\a\e P u l s e XnVerva1 

Figure 1.0<> Ef fec t s upon Mechanical F i l t e r Input 
Waveform by Main Gate Pulse I l l u s t r a 
t i n g t he "Pedes t a l " or "Well" E f f ec t . 

As w i l l be shown dur ing t he d i s c u s s i o n of the equipment eva lua t ion 

l a t e r in t h i s c h a p t e r , t h i s "well." e f f ec t a t t he c o l l e c t o r of T2 i s of 

no consequence due t o t h e r e l a t i v e l y narrow passband of the mechanical 

f i l t e r as compared wi th the sharp f a l l and r i s e t imes exper ienced . 
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I n t e g r a t o r Input Gate. Control over t h e a p p l i c a t i o n of t h e de tec ted 

signal, t o t h e i n t e g r a t o r i s exerc i sed by a g a t i n g c i r c u i t composed of T5, 

To, and T7» Presence of t h e I n t e g r a t e ga t e pulse causes 16 t o go from 

cu t -o f f i n t o s a t u r a t i o n which in t u r n d r i ve s T5 from cu t -o f f i n to i t s 

a c t i v e region- This a c t i o n i s s i m i l a r to t h a t of 12 and Tl when a main 

ga te pu l se o c c u r s . However, in order t o ob t a in e f f e c t i v e use of t he 

i n t e g r a t o r , only gated de t ec t ed modulat ion wi th no we l l e f f e c t , as i l l u s 

t r a t e d in Figure 10 for t he Main Input Gate , should be a p p l i e d . 

The undes i red w e l l e f f ec t i s o f f s e t by the a c t i o n of T7° The i n t e 

g r a t e ga te pu l se app l ied t o T7 does not cause a change in s t a t e but i s 

ampl i f ied by T7 as. a p u l s e . By adjustment of the 50K po t en t i ome te r , the 

he ight of t h e pu l se suppl ied from T7 can be made t o e x a c t l y cancel the 

we l l genera ted by t h e T6-T7 combination so t h a t t h e input t o t h e fol low

ing s t age sees t h e gated modulation as a p o s i t i v e s i g n a l of t r u e ampli

tude.. 

Evalua te Gate, The output of t h e i n t e g r a t o r i s ampl i f ied and then 

sampled by t h e eva lua t e ga te t r a n s i s t o r , T I C The ga t e t r a n s i s t o r i s 

normally s a t u r a t e d so t h a t t h e i n t e g r a t o r output waveform i s normal ly 

shunted t o ground. During the four microsecond eva lua t e i n t e r v a l , how

ever , T10 i s cu t -o f f and the cu r r en t flows ins tead through t h e 5K poten

t iomete r and t h e 12K r e s i s t o r . This gene ra t e s an output vo l t age pu l se 

p r o p o r t i o n a l t o t h e value of t h e i n t e g r a t o r a t t he c lo se of t h e i n t e g r a 

t i o n i n t e r v a l and compatible wi th t h e PENCO a m p l i f i e r s and a n a l y z e r . 

I n t e g r a t o r and De tec to r 

The RC i n t e g r a t o r employed in the s imulated r e c e i v e r i s of s tand

ard con f igu ra t ion wi th the except ion t h a t p rov i s ion i s incorpora ted for 

swi tching the c a p a c i t o r used. This a l lows t h e i n t e g r a t o r t ime cons tan t 
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to change as the length of the integration interval is varied, thereby 

maintaining the integrator output at approximately the same amplitude 

(for constant input) irrespective of the integration interval., The 

rotary switch wafer for CT is located on the same shaft as the wafer 

used in switching the integrate multivibrator time constant. Opening 

switch SW 2 disrupts the integrator and changes the waveform on TP 5 from 

that at the output of the integrator to that being applied to the inte

grator. 

An envelope diode detector of conventional type is used. 

I 
Evaluation 

Test Results 

Evaluation of the simulated receiver was accomplished, for the 

most part, by operating the equipment as it was designed to operate and 

noting the results obtained,. However, preliminary tests were performed 

to establish the frequency selectivity characteristics and linearity of 

the receiver from the input terminals through the IF filter to the detec

tor input. 

IF Selectivity and Linearity. Selectivity characteristics of 

the IF filter were established by applying gaussian white noise from a 

General Radio Model 1390-B noise generator to the receiver input using 

a Panoramic Electronics Model. SB-12b spectrum analyzer and to examine the 

signal present (with SW 1, closed for continuous operation) at the detec

tor input, TP 2. Figure 11 shows on a logarithmic or decibel scale the 

IF selectivity characteristic present. "O11 on the horizontal scale cor

responds to 455«0 kc as determined by a Berkley digital counter while each 

horizontal interval corresponds to 500 cps. 
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Linearity measurements were made with a k^^.O kc input signal 

with the output again taken at TP 2 ; the detector input and with SW 1 

closed for continuous operation. The results are given in Figure 12. 

Operation as Designed« The major portion of the evaluation per

formed was with the simulated receiver connected in its operational con

figuration as shown in Figure 13. Unless otherwise stated, all tests were 

run with a 5 millisecond main gate interval and with the integration 

interval as given, but placed symmetrically around a point in time 2.5 

milliseconds after the main gate opens. 

Overall linearity from signal generator to analyzer output was 

first investigated by applying to the simulator a ̂ 55.0 kc "carrier" 

of measured amplitude. The height of the pulses analyzed (represented 

by the analyzer channel into which the pulse amplitude was counted) should 

vary directly as the input amplitude,, Data obtained for integration inter

vals of 30 microseconds, 300 microseconds, and 3 milliseconds is presented 

in Figure Ik. Note that the data for each integration interval has at 

least 0*6 volt and 50 channel region of linear operation. 

9?he general procedure (see Instruction Manual, Appendix, for 

details) used to measure probability density functions with the simulated 

receiver was to first apply the signal without noise for a fixed period 

of time to aid in calibrating the analyzer and to illustrate the effects 

of noise, and then to apply the desired proportions of signal plus noise 

for a similar time or until a sufficiently smooth density function was 

attained. Results obtained for a peak signal to rms noise ratio, A a, 

of 10 db at the detector input and for integration intervals of 100 micro

seconds, 300 microseconds and 1 millisecond are presented as probability 
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d i s t r i b u t i o n func t ions and compared wi th t h e r e s p e c t i v e s i g n a l - o n l y da ta 

in Figures 15 , 16, and 17 r e s p e c t i v e l y . The 100 microsecond da ta i s a l s o 

presented as a p r o b a b i l i t y d e n s i t y func t ion in Figure 1.8o 

Recommendations 

Use of t h e s imulated r e c e i v e r i n making t h e above p r o b a b i l i t y 

d e n s i t y measurements uncovered equipment shortcomings which should be 

recognized by an experimenter us ing the equipment. The maximum output 

of t he gauss i an no i se gene ra to r used , General Radio Model I.39O-B, i s such 

t h a t i t i s imposs ib le , due t o t h e narrow s e l e c t i v i t y of t h e IF f i l t e r , t o 

ob ta in a f i gu re for A a a t t h e d e t e c t o r of smal le r than 10 db wi thout 

dec reas ing t h e input s i g n a l below 1„2 v o l t s rms and t h e r e b y , causing 

n o n - l i n e a r equipment o p e r a t i o n . A d d i t i o n a l e x t e r n a l a m p l i f i c a t i o n should 

be provided for t h e no i s e i n p u t . 

The i n t e g r a t e ga te and "wel l" e f f ec t compensation c i r c u i t com

pr i sed of T5, To, and T7, F igure 7^exh ib i t s a tendency t o d r i f t s l i g h t l y 

over r e l a t i v e l y long pe r iods of t ime 0 An exact compensation a t TP 1.1 for 

t he w e l l e f f e c t w i l l be in e r r o r a f t e r t h i r t y minutes of o p e r a t i o n by a 

t y p i c a l maximum of 10 m i l l i v o l t s , , This smal l change seems i n s i g n i f i c a n t 

compared t o t h e s i z e of t h e w e l l wi thout compensa t ion However, because 

of t h e l a r g e amount of ga in and t h e presence of an i n t e g r a t o r between TP 

11 and t h e pu l se he igh t a n a l y z e r , such a change can cause as much as a 

t e n channel ana lyze r s h i f t i n t h e s i g n a l - o n l y c o n d i t i o n . This d r i f t i s 

not ove r ly s e r i o u s , however, as s u f f i c i e n t da ta for an a c c e p t a b l e proba

b i l i t y d i s t r i b u t i o n func t ion can be obta ined from 5*000 samples correspond 

ing t o approximately t e n minutes ope ra t ing t i m e . N e v e r t h e l e s s , i t i s 

recommended t h a t a s i g n a l - o n l y t e s t be made bo th before and a f t e r the 
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signal-plus-noise data is taken to assure that negligible drift 

occurred. 
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CHAPTER V 

SUMMARY AND CONCLUSIONS 

Design, construction and evaluation of an equipment capable of 

simulating receivers used in PAM and PSK systems is the subject of this 

research. The simulated receiver was designed to provide a convenient 

means whereby experimental data could be gathered on the advantages of 

post-detector integration when applied to pulse communications systems, 

An explanation of the similarity between PAM and PSK communica

tions systems which allows a single equipment to simulate both types is 

explained in the beginning of the second chapter. The chapter goes on 

to illustrate the threshold decision technique used in such binary digital 

communications systems, how the technique depends upon a knowledge of 

the probability density function at the decision point, and the effect 

of unavoidable random noise on the density functions and the decisions 

resulting therefrom.. 

As post-detector integration, i0e„, integrating the detector out

put before making the decision as to whether a pulse was present or not 

during the preceding interval, is thought to provide an increase in deci

sion reliability, consideration was given to the signal, statistics with 

and without noise at the detector output, the input to a post-detector 

integrator. With post-detector integration, however, the pulse present 

decision is deferred to the integrator output and a knowledge of the 

probability density functions there is now required. 

A survey of the literature indicates that the probability density 



26 

funct ion a t t h e output of any p o s t - d e t e c t o r f i l t e r , of which the i n t e 

g r a t o r may be considered t o be very s imple , low-pass t y p e , i s q u i t e d i f f 

i c u l t t o de t e rmine . One r e s e a r c h e r , .Emerson, was ab le t o ob ta in a so lu 

t i o n t o t h e problem, but only under assumptions not wholly compatible 

wi th p o s t - d e t e c t o r i n t e g r a t i o n - In l i g h t of t h e s e mathematical d i f f i 

c u l t i e s , an experimental, approach t o the problem was f e l t t o be of value,, 

Design, c o n s t r u c t i o n and e v a l u a t i o n of an equipment capable of provid ing 

the da ta requ i red by such an exper imenta l approach i s t he sub jec t of t h i s 

t h e s i s . 

Design requirements fo r t h e equipment were o u t l i n e d in Chapter 

I I I . B r i e f l y , t h e equipment must s imula te t h e narrowband IF and diode 

d e t e c t o r c h a r a c t e r i s t i c s of a c t u a l FSK and PAM r e c e i v e r s and inco rpo ra t e 

ga t ing and t iming c i r c u i t s t o al low f l e x i b l e , convenient c o n t r o l of t h a t 

p o r t i o n of t h e input s i g n a l app l i ed t o the p o s t - d e t e c t o r i n t e g r a t o r . A 

technique must be included for e v a l u a t i n g t h e i n t e g r a t o r a t t h e end of 

t he i n t e g r a t i o n in te rva l , and p rocess ing the va lues obta ined over a l a r g e 

number of samples so t h a t a p r o b a b i l i t y d e n s i t y func t ion can be measured„ 

The t h e o r y of p r o b a b i l i t y d e n s i t y func t ion measurement i s p resen ted in 

Chapter I I . 

A d e s c r i p t i o n of t h e equipment designed t o f u l f i l l t h e r e q u i r e 

ments s e t f o r t h i s Inc luded , t o g e t h e r wi th an equipment e v a l u a t i o n , in 

Chapter IV. The s imulated r e c e i v e r i s completely t r a n s i s t o r i z e d and uses 

a Co l l ins mechanical f i l t e r , which has 3 . 1 kc bandwidth centered on -̂55 

kc , t o a t t a i n t h e d e s i r e d , non-gauss ian IF s e l e c t i v i t y . A convent iona l 

diode envelope d e t e c t o r i s employed ahead of the gated RC I n t e g r a t o r . 

Timing and g a t i n g c i r c u i t r y comprises a cons ide rab l e p o r t i o n of 



27 

the equipment. An input gate, in addition to the gate controlling the 

integrator, is provided so that the experimenter may, if desired, exercise 

control over the duration of the input signal admitted to the equipment. 

A switch is provided to disable the input gating and thereby provide the 

continuous operation necessary to a detector input signal-to-noise ratio 

determination. The input gate is seen to be of particular importance to 

an investigator making a study of various pulse modulation signals in 

conjunction with post-detector integration. 

Multivibrators are used to control the timing of the equipment* 

Three of these employ variable RC time constants so that the length of 

input signal admitted, the interval between the time the input signal 

starts and the integrate gate opens, and the length of time during which 

the integrate gate remains open may all. be conveniently varied. A fixed, 

timing astable multivibrator is incorporated so that the main signal gate 

will open automatically every 150 milliseconds to admit the desired in

terval of signal. At the end of the integration interval, a fixed four 

microsecond pulse is generated which triggers the sampling circuit to 

evaluate the integrator and produce a four microsecond output pulse pro

portional to the integrator value. 

Output pulses from the simulated receiver are applied to an exter

nal linear pulse amplifier and then to a pulse height analyzer. The 

analyzer, which is able to resolve one hundred amplitude levels, deter

mines the level into which each incoming pulse falls. As an automatic 

count is kept of the total number of pulses occurring in each equally 

spaced amplitude quantization interval, the readout from the analyzer 

after several thousand pulses have been applied is an approximation to the 



probability density function of the input pulses, i.e., the integrator 

amplitude at the end of the integration interval. 

Linear evaluation of the equipment from the input through to 

pulse height analyzer shows a region of linear operation over approxi

mately 0.6 volt at the input or 50 channels at the pulse height analyzer 

regardless of the duration of the integration interval used. To assure 

that the equipment would, indeed, perform as designed, probability den

sity measurements were made with integration intervals of 100 microsec

onds, 300 microseconds and 1 millisecond and a detector peak signal tc 

rms noise ratio, A /a, of 10 db. 

Two unanticipated equipment shortcomings were encoun+ered in the 

equipment evaluation. The noise generator output was seen to be insuf

ficient to force sufficient power through the narrow 3.1 kc IF bandwidth 

to provide as wide a variety of A a values as would be required fcr an 

extensive probability density function investigation,. Additional exter

nal noise amplification is recommended. Slight drift was discovered a4: 

a critical place in the receiver's operation., Fortunately, however, it 

is sufficiently slow in. occurring that operation is not curtailed if data 

is not taken for longer than ten minutes, or approximately 5*000 output-

pulses. This was seen to be sufficient in the measurements made. 

As is probably true with research in any area, regions of inter

est are seen which time and scope prohibit exploring. The most obvious 

here is that of a modulation waveform study, the logical next step with 

the simulated receiver and the purpose behind its being constructed. 

Does post-detector integration offer more advantage with, say, raised 

cosine or triangular modulation waveforms? Threshold criteria for detection 



of pulse signals in noise, a subject in itself, could be investigated 

using probability density functions obtained with the simulated receiver„ 
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Figure 11. Measured IF S e l e c t i v i t y of the Simulated 
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APPENDIX I 

EQUIPMENT MANUAL 

General Operating Procedure 

The simulated receiver is designed to operate in the operational 

configuration shown in Figure Al. Power supply voltages required are +10 

volts (yellow wire) and -5 volts (gray wire)» The oscillator should "be 

set for 455«0 kc and monitored (preferably with a digital counter) as 

the scales on most variable frequency oscillators are not sufficiently 

accurate. Figure A2 contains a layout diagram of the equipment with all 

inputs, controls, and outputs appropriately designated„ An index of con

trols and their functions is contained in Figures A3(a) and A3(b)o Fig

ure A^(a through n) contains a summary of the test points and a typical 

waveform at each. 

The following procedure should be followed in operating the equip

ment : 

(1) Connect the power supply to the equipment terminal strip 

+10 volts to the yellow wire, =5 volts to the gray wire and ground to 

the black wire. 

(2) Turn the equipment ON with the 0N-0FF switch by switching it 

toward the rear of the equipment. 

(3) With the oscilloscope set for automatic triggering, place 

the test probe in the TP 8 test point recepticle and adjust the Main 

Gate potentiometer for the desired interval. 
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(k) Switch the oscilloscope to triggered operation and trigger 

from the TP 8 socket. 

(5) Place the test probe in TP 9j vary the Begin Integrate rotary 

switch and the Begin Integrate potentiometer for the desired interval,, 

(6) Insert test probe in TP 10 and adjust the Integrate interval 

for the desired duration with the Integrate rotary switch and potentio

meter. 

(7) A check of the Evaluate gate signal can be made if desired 

on TP k. 

(8) The oscillator should be connected to either of the .input 

terminals and adjusted for an output voltage of approximately 1.2 volts 

rms. 

(9) Switch the Continuous Operation toggle switch toward the 

rear of the chassis for continuous operation and place the test probe 

in. TP 7- Set the scope for maximum gain and a.c« operation*. As bhe 

oscillator is tuiied to 4r5'5*0 kc, the scope should indicate the presence 

of the carrier and the passband of the mechanical filter„ 

(-10) Switch the Continuous Operation switch forward to gated 

operation. The TP 7 waveform should now indicate the ringing and delay 

characteristic of a pulsed signal passed through a narrowband filtera If 

an oscillator monitoring device is not available, ̂ 55 kc to sufficient 

accuracy Is indicated by the sharpest rise time and an exponentially 

decaying ringing on the waveform. 

(1.1) Disconnect the oscillator from the equipment and place the 

test probe with medium a.c. gain, in TP 11. Make certain the Continuous 

Operation switch is forward and the equipment is, therefore, In the gated 



mode of operation. The Integrate toggle switch should be to the l e f t , or 

closed, so tha t signal wi l l be applied to the in tegra tor . Adjust the Well 

Balance potentiometer so that the well effect is exactly cancelled a t the 

highest scope gain se t t ing (5 mi l l ivo l t s per centimeter) . 

(12) With the s ignal s t i l l disconnected from the equipment place 

the t e s t probe in e i ther of the outputs . Adjust the oscilloscope for 

negative internal, synchronization and expand the time scale to approxi

mately 5 microseconds per centimeter. A pulse with approximately 2 micro

seconds r i s e time should be present , but in a s l igh t "well ." Adjust the 

Output potentiometer for maximum gain. CAREFULLY and LIGHTLY touch up the 

Well Balance potentiometer u n t i l the 1.5 microsecond f l a t portion of 

the output pulse is even with the base l ine or a very s l igh t amount pos

i t i v e . Reconnection of the o sc i l l a t o r to the equipment should cause a 

posi t ive shif t in the pulse height . This is the signal-only or ca r r i e r -

only output l eve l . 

(13) Noise may be connected to the equipment on the remaining 

Input terminal . The measurement of the peak signal to rms noise r a t i o , 

A J a, desired is made at TP 2 , the detector input, with the equipment 

set for continuous operation by the Continuous Operation switch. After 

the A la r a t io has been establ ished, the equipment must be returned to 

gated operation. 

{Ik) Operation of the pulse height analyzer w i l l be outlined 

here insofar as the simulated receiver t e s t s are concerned. No attempt 

should be made--nor would one be permitted--to operate the pulse height 

analyzer (PENCO) without ins t ruct ions from those personnel responsible 

for the equipment. Connection to the auxi l ia ry amplifiers should now 
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be made and the PENCO equipment placed in the operating mode-

(15) Gain of the auxi l ia ry l inear amplifier and the Output Poten

tiometer se t t ing should be adjusted under a l l three simulator input con

di t ions so that the desired spread is obtained in the data being compiled„ 

I t may be necessary to use only half of the analyzer 's dynamic range, but 

with 0.5 volt channel widths. 

(16) After appropriate gain se t t ings have been determined, the 

PENCO equipment should be cal ibrated by applying varying amplitudes of 

signal-only input, including zero s igna l , into the simulator. Each in

put amplitude should be allowed to run for approximately three to five 

minutes» This ca l ibra t ion data should then be printed out for l a t e r 

use. 

(17) The desired A o t e s t can now be run. Accumulate data 

only u n t i l a sufficiency has been obtained, which should occur in ap

proximately ten minutes of running time. Print the data,, 

(18) Disconnect the noise generator and make a run with signal 

only of approximately three minutes and a no-signal run of the same 

length to assure tha t the equipment has not drif ted during the jus t com

pleted s ignal- to-noise data run. 

.Equipment Layout 

In addit ion to the general layout diagram of Figure A2, Figure 

A5, A6 and A7 present the component layout diagrams for the three phen

ol ic c i r cu i t boards used. In order that the Equipment Manual w i l l be 

independent of the body of the t h e s i s , the c i rcu i t diagrams given as 

Figure 8 and 9 in the text are repeated iden t ica l ly here as Figures A9 

and A1.0. 
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Figure Al. Operational Configuration for Simulated Receiver. 
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Figure A2. General Layout Diagram of the Simulated Receiver. 



INDEX OF CONTROLS 

CONTROL LOCATION 

1. ON-OFF toggle Left front top 
switch 

2. Continuous 
Operation 
toggle switch 

Left center top 

3. In tegra te Left rear top 
toggle switch 

4. Main Gate Left front 
potentiometer 

5. Begin I n t e - Left -center front 
g r a t e ro ta ry 
switch 

6. Begin I n t e - Center front 
g ra t e poten
tiometer 

7. In tegra te Right-center front 
r o t a ry switch 

FUNCTION 

Applies 10 volts and -5 volts bias to 
equipment circuits when toward rear. 

Grounds emitter of Tl to defeat gating by 
T2 and thereby admitting signal continu
ously. 

Applies signal to integrator when toward 
left and opens circuit ahead of integrator 
when toward right. Switches TP 5. 

Controls time constant of main gate multi
vibrator and thereby the duration of main 
signal gate, T2. 

Provides step control in factors of two 
of Begin Integrate multivibrator time 
constant. (Thereby controls start of 
integrate interval.) 

Provides fine control of Begin Integrate 
multivibrator time constant and, thereby, 
of the start of the integrate interval. 

Provides step control in factors of two of 
Integrate multivibrator time constant. 
(Thereby controls duration of Integrate 
interval and start of Evaluate interval.) 

Figure A3. An Index of the Location and Functions of the Various Switches 
and Other Equipment Controls. (Continued on next page.) vn 



INDEX OF CONTROLS (CONTINUED) 

Integrate Right front 
potentiometer 

Output Right side, front 
potentiometer 

Well Balance Right side, rear 
potentiometer 

Provides fine control of Integrate multi
vibrator time constant and, thereby, of 
the duration of the Integrate interval. 

Varies amplitude of output pulses. 

Provides control of the signal supplied 
to counteract the well effect just prior 
to the integrator. 

Figure A3. (Continued). 
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Mi l l i s econds 

Synchronized to S t a r t of Main Gate 

Figure A4(a) . Waveform a t TP 1 for a 5.0 Mi l l i second 
Main Gate I n t e r v a l and a 1.20 Volt rms Input S i g n a l . 

/ 8 3 4 5 6 
Milliseconds 

Synchronized to Start of Main Gate 

10 

Figure A4(b) . Waveform a t TP 7 for a 5.0 Mi l l i second 
Main Gate I n t e r v a l and a 1.20 v o l t rms Input S i g n a l . 
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Figure A4(c ) . Waveform a t TP 3 for a 5.0 Mi l l i second 
Main Gate I n t e r v a l and a 1.20 Volt rms Input S i g n a l . 
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Figure A4(d). Waveform at TP 4. 
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Milliseconds 
Synchronized to Start of Main Gate 

Figure A4(e). Waveform at TP 5 With SW 2 Closed for 
an Integration Interval of 0.5 Millisecond and a 1.20 Volt 
rras Input Signal. 

Mil l i s econds 
Synchronized t o S t a r t of Main Gate 

Figure A4( f ) . Waveform a t TP 5 With SW 2 Open for 
an I n t e g r a t i o n I n t e r v a l of 0.5 Mi l l i second and a 1.20 Volt 
rms Input S i g n a l . 



58 

Milliseconds 
Synchronized to Start of Main Gate 

Figure A4(g). Waveform at TP 6 With a 5.0 Millisecond 
Main Gate Interval and an Input Signal of 1.20 Volts rms. 

Milliseconds 
Synchronized to Start of Main Gate 

Figure A4(h). Waveform at TP 7 With a 5.0 Millisecond 
Main Gate Interval and an Input Signal of 1.20 volts rms. 



59 

w 
u 4 
r-l 

o 
> 
0) 2 
J-J 

3 

2 3 
Milliseconds 

Synchronized to Start of Main Gate 

Figure A4(i). Waveform at TP 3 for a 5.0 Millisecond 
Main Gate Interval. 

2 3 
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Figure A4 (j). Waveform at TP 9 for a 2.25 Millisecond 
Begin Integrate Interval. 
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Synchronized to Start of Main Gate 

Figure A4(k). Waveform at TP 10 for a 0.5 Millisecond 
tegration Interval. 

Synchronized to Start of Main Gate 

Figure A4(l). Waveform at TP 11 With No Input to the 
Simulated Receiver and An Integration Interval of 0.5 Milli
second. Note the Well Cancellation in the Integration Inter
val. 
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Milliseconds 
Synchronized to Start of Main Gate 

Figure A4(m). Waveform at TP 11 with an Input of 
1.20 Volts rins and an Integration Interval of 0.5 Millisec
onds. 

Microseconds 
Internally Synchronized 

Figure A4(n). An Output Pulse Generated by the Simu
lated Receiver When Operated with a Main Gate Interval of 
5.0 Milliseconds, an Integration Interval of 0.5 Milliseconds, 
and an Input Signal of 1.20 Volts rms. 



Figure A5. Component Layout Diagram, C i r c u i t Board 1. 
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Figure A6. Component Layout Diagram, C i r c u i t Board 2. 



Figure A7. Component Layout Diagram, C i r c u i t Board 3 
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Input 1 

R2. \10 
Input 2 o——W* 

Notes: 

L. All capacitances are in 
microfarads and resistances 
are in kilohms unless otherwise 
indicated. All diodes are 1N97. 

2. CI is chosen from among 0.047 
J.10, 0.20, 0.40, 1.0, 2.0, 4.0, 
and 6.0 microfarads by a front 
panel rotary switch. 

3. Test points shown (TP *) are 
brought out to chassis jacks. 

4. S'v' 1 overrides the Main Gate 
to allow continuous operation. 
SU 2 allows TP 5 to show the sig
nal both before and after inte
gration. 

Figure A8. Schematic Diagram of the Simulated Receiver Excluding 
.Timing Circuitry. 
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Main Timing Astable 
Mult iv ibra tor 

Main Gate Mult ivibrator 
Main Gate Pulse 

Integrate 
Gate Pulse 

Notes: 

1* All capacitances are in microfarads 
and all resistances are in kiloohms 
unless otherwise shown. All diodes are 
1N97. 

2. Capacitors CIS and C2Iare each selectee 
from among 0.002, 0.0033, 0.0063, 0.012, 
0.027, 0.047, 0.1, 0.2, and 0.4 micro
farads by seperate front panel rotary 
switches. The C2 rotary switch is in 
tandem with the CI rotary switch described 
in the preceding figure. 

3. Test points shown (TP *) are brought 
out to chassis jacks. 

o Evaluate Gate Pulse 

Evaluate Multivibrator 

Figure A9. Schematic Diagram of the Simulated Receiver 
Timing Circuitry, 
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