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PREFACE 

This  Memorandum provides  p a r t  of  t h e  t e c h n i c a l  background f o r  a 

cont inuing  RAND s tudy  which is desc r ibed  i n  a companion p u b l i c a t i o n ,  

RM-5785-NASA9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Technology Potentials zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor Sate l l i te  Spacing and 

Frequency Sharing. S p e c i f i c a l l y ,  i t  examines, f o r  several message 

types  and modulation methods, t h e  r e l a t i o n s h i p  between message q u a l i t y  

a t  t h e  s i n g l e  channel  ou tpu t s  of a r a d i o  r e l a y  system and t h e  r e l a t i v e  

l e v e l  of r f  i n t e r f e r e n c e  and n o i s e  a t  t h e  i n p u t s  t o  t h e  r e p e a t e r s  and 

t h e  t e rmina l  receiver of  t h e  system. Re la t ionsh ips  of t h i s  type  are 

fundamental t o  a determina t ion  of how message q u a l i t y  o b j e c t i v e s  con- 

s t r a i n  des ign  cho ices  f o r  sa te l l i t e  and terrestrial r a d i o  r e l a y  systems 

which s h a r e  a common spectrum band. 

The material  on ana log  modulation r e p r e s e n t s  an ex tens ion  t o  r e l a y  

systems and t o  a r b i t r a r y  r f  n o i s e  of t h e  a n a l y s i s  r epor t ed  i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARM-5117- 

NASA, Multiple-Access Techniques zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor Comnication Sate ZZites zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: Analog 

Modulation, Frequency-Division Multiplexing, and Re luted Signal Proces- 

sing Methods. S i m i l a r l y ,  t he  t rea tment  of d i g i t a l  modulation may b e  

viewed as an ex tens ion  of t h e  work i n  RM-4997-NASA9 Multiple-Access 

Techniques for Comnicat ion Sate l l i tes:  

vision Multiplexing, and Related Signal Processing. 

Digital Modulation, Time-Di- 

Cer ta in  f e a t u r e s  of t h e  a n a l y t i c  approach are be l i eved  t o  b e  novel .  

For example, t h e  e f f e c t  on s i g n a l  q u a l i t y  of t h e  demodulators of t h e  

system is  desc r ibed  s e p a r a t e l y  from t h a t  of t h e  t e rmina l  s i g n a l  proces-  

s i n g  and demul t ip lex ing  equipment,  making i t  p o s s i b l e  t o  w r i t e  a gen- 

era l  f u n c t i o n a l  equat ion  a p p l i c a b l e  t o  a l l  r a d i o  r e l a y  systems employing 

a given type  of r e p e a t e r .  Another new f e a t u r e  i s  t h e  use  of wh i t e  t he r -  

m a l  n o i s e  as a r e fe rence  case f o r  t h e  d e s c r i p t i o n  of t h e  i n t e r f e r e n c e  

r educ t ion  c a p a b i l i t y  of a receiver. This permi ts  a cons ide rab le  s i m -  

p l i f i c a t i o n  i n  de te rmining  t h i s  c a p a b i l i t y  f o r  a r b i t r a r y  i n t e r f e r e n c e  

when a number of modulation and s i g n a l  p rocess ing  combinations are t o  

b e  compared. 
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SUMMARY 

This  Memorandum d e a l s  w i t h  t h e  o v e r a l l  e f f e c t  on o u t p u t  message 

q u a l i t y  of r a d i o  frequency ( r f )  i n t e r f e r e n c e  and n o i s e  a t  t h e  i n p u t s  t o  

t h e  r e p e a t e r s  and t h e  t e r m i n a l  r e c e i v e r  of a r a d i o  r e l a y  system. For a 

given system, t h e s e  e f f e c t s  may be  descr ibed  by a n  e q u a t i o n  which ex- 

p r e s s e s  t h e  o u t p u t  message q u a l i t y  i n  terms of t h e  r a t i o s  of wanted t o  

unwanted s i g n a l  power a t  t h e  r f  i n p u t s  of t h e  system. The f u n c t i o n a l  

n a t u r e  of t h e  e q u a t i o n  depends on t h e  type  of message (analog o r  d i g i -  

t a l ) ,  t h e  type of modulation (analog o r  d i g i t a l ) ,  and on whether t h e  

car r ie r  i s  demodulated a t  t h e  r e p e a t e r s  o r  n o t .  

When b o t h  t h e  messages and t h e  modulation are of t h e  analog type ,  

t he  equat ion  is l i n e a r  wi th  c o e f f i c i e n t s  whose numerical  v a l u e s  depend 

both on d e t a i l s  of t h e  modulation and message recovery processes  and on 

t h e  c h a r a c t e r i s t i c s  of t h e  i n t e r f e r e n c e  environment. Two types  of co- 

e f f i c i e n t s  are d i s t i n g u i s h e d .  The f i r s t  is  c a l l e d  t h e  demodulator t rans-  

f e r  c h a r a c t e r i s t i c  (DTC) because i t  i s  t h e  r a t i o  of o u t p u t  t o  i n p u t  

s igna l - to-noise  r a t i o  f o r  t h e  demodulators of t h e  system. The o t h e r  

p l a y s  a similar  r o l e  f o r  t h e  c i r c u i t s  fo l lowing  t h e  demodulator a t  t h e  

te rmina l  receiver and is  c a l l e d  t h e  channel iz ing  t r a n s f e r  c h a r a c t e r i s t i c  

(CTC). The product  of t h e  DTC and t h e  CTC a l s o  occurs  i n  t h e  system 

e q u a t i o n  and i s  known i n  t h e  l i t e r a t u r e  as t h e  r e c e i v e r  t r a n s f e r  char- 

a c t e r i s t i c  (RTC) o r  i n t e r f e r e n c e  r e d u c t i o n  f a c t o r .  

Numerical v a l u e s  of t h e s e  c o e f f i c i e n t s  are  p r e s e n t e d  f o r  te lephone 

and f o r  t e l e v i s i o n  channels  t r a n s m i t t e d  by v a r i o u s  ana log  modulation 

methods i n  t h e  presence  of an unwanted s i g n a l  having t h e  c h a r a c t e r i s -  

t i c s  of w h i t e  thermal  noise .  The modulation methods i n c l u d e  t h e  double  

and s i n g l e  s ideband suppressed carr ier  v e r s i o n s  of ampli tude modulation 

(SSB and DSB),  phase modulation (PM), and frequency modulation (FM), 

bo th  w i t h  and wi thout  preemphasis.  

t i o n  i s  given t o  t h e  dependence of  t h e  RTC on t h e  modulation index  which 

determines t h e  amount of r f  bandwidth needed t o  t r a n s m i t  a given i n f o r -  

mation bandwidth us ing  t h e s e  methods. 

With PM and FM, p a r t i c u l a r  a t t e n -  

For t h e  g e n e r a l  c a s e  of an a r b i t r a r y  unwanted s i g n a l  an e q u a t i o n  

is given  f o r  t h e  r a t i o  of t h e  RTC t o  t h e  v a l u e  i t  would have wi th  w h i t e  
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n o i s e  i n t e r f e r e n c e .  An important  parameter i n  t h i s  e q u a t i o n  i s  t h e  

d i f f e r e n c e  between t h e  wanted and unwanted carrier f r e q u e n c i e s .  Numer- 

i c a l  r e s u l t s  are presented  as a f u n c t i o n  of t h i s  parameter  f o r  interfer- 

ence between h igh  index  FM systems. It i s  concluded t h a t  f o r  carrier 

frequency s e p a r a t i o n s  g r e a t e r  than  one-quar te r  t h e  rf bandwidth o f  such 

wideband zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM s i g n a l s ,  t h e  a p p l i c a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARTC i s  l a r g e r  ( b e t t e r )  than  t h a t  f o r  

t h e  whi te  n o i s e  r e f e r e n c e  case. 

When d i g i t a l  modulation i s  used ,  o r  when d i g i t a l  messages are c a r r i e d  

by analog-modulated systems, t h e  e q u a t i o n  d e s c r i b i n g  t h e  r e l a t i o n  between 

o u t p u t  channel  message q u a l i t y  and t h e  i n p u t  wanted-to-unwanted-signal 

r a t i o s  i s  highly  nonl inear .  I n  t h i s  case, t h e  input -output  r e l a t i o n s  o f  

t h e  demodulators and of  t h e  te rmina l  equipment a t  t h e  f i n a l  receiver can b e  

descr ibed  by two funct ions,  r e s p e c t i v e l y  c a l l e d  t h e  demodulator and chan- 

n e l i z i n g  f u n c t i o n s .  These f u n c t i o n s  are presented  g r a p h i c a l l y  f o r  PCM- 

encoded te lephone channels  and f o r  v a r i o u s  d i g i t a l  modulation methods and 

whi te -noise- l ike  i n t e r f e r e n c e .  The d ig i  t a l  methods i n c l u d e  m-level am- 

p l i t u d e ,  phase,  and frequency s h i f t  keying (ASK, PSK, and FSK) demodulated 

both coherent ly  and noncoherent ly .  Equat ions d e s c r i b i n g  t h e  c o s t  i n  r f  

bandwidth o f  u s i n g  t h e s e  d i g i t a l  methods t o  t r a n s m i t  e i t h e r  d i g i t a l  d a t a ,  

o r  d ig i ta l ly-encoded  analog messages are a l s o  presented .  

The re la t ive  e f f i c i e n c y  o f  analog and d i g i t a l  t r a n s m i s s i o n  l i n k s  f o r  

t r a n s m i t t i n g  te lephone channels  i s  compared by p l o t t i n g  t h e  d i f f e r e n c e  

i n  dB between t h e  wors t  channel  o u t p u t  s i g n a l - t o - n o i s e  r a t i o  and t h e  

e f f e c t i v e  i n p u t  wanted-to-unwanted-signal r a t i o  a g a i n s t  t h e  r a t i o  o f  r f  

bandwidth t o  informat ion  bandwidth.. T h i s  comparison i n c l u d e s  SSB, pre-  

emphasized FM, and both b i n a r y  and four-phase coherent  PSK modulation 

c a r r y i n g  PCM-encoded channels  u s i n g  from f i v e  t o  t e n  b i t s  p e r  sample. 

Message q u a l i t y  o b j e c t i v e s  f o r  te lephone and t e l e v i s i o n  channels  

s u b j e c t  to f a d i n g  are presented  i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsome d e t a i l  for both  terrestrial  and 

s a t e l l i t e  r a d i o  r e l a y  systems.  

t u t e d  i n  t h e  p r e v i o u s l y  developed system equat ions  t o  determine t h e  

wanted-to-unwanted s i g n a l  r a t i o s  t h a t  must b e  maintained i n  such s y s -  

t e m s  i n  o r d e r  t o  meet t h e  q u a l i t y  o b j e c t i v e s .  

F i n a l l y ,  t h e s e  o b j e c t i v e s  are s u b s t i -  

Necessary background d a t a  on t h e  c h a r a c t e r i s t i c s  o f  analog messages,  

ana log  modulated carr iers  and n o i s e  weight ing and preemphasis networks 

are given i n  Appendices. 
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As i t s  t i t l e  i m p l i e s ,  t h e  primary concern  of t h i s  Memorandum i s  

wi th  t h e  e f f e c t s  of t h e  i n t e r f e r e n c e  t h a t  occurs  when elements of one 

o r  more r a d i o  r e l a y  communication systems o p e r a t e  on t h e  same r a d i o  

f r equenc ie s .  I n  some systems of t h i s  t ype  t h e r e  w i l l  be only a s i n g l e  

r e p e a t e r  and i t  w i l l  be loca ted  i n  an  o r b i t i n g  s a t e l l i t e .  I n  o t h e r s ,  

t h e  message p a t h  w i l l  be pu re ly  terrestrial and w i l l  c o n t a i n  many re- 

peaters l oca t ed  a t o p  b u i l d i n g s  o r  on towers o r  mountain tops .  I n  s t i l l  

o t h e r  systems, t h e  pa th  w i l l  i nvo lve  a tandem combination of t h e  two. 

The t e r m i n a l s  themselves may be f i x e d  on l and  o r  they  may be loca ted  

on land v e h i c l e s ,  s h i p s ,  o r  a i r c r a f t .  

I n  a l l  such systems, a fundamental requirement i s  t o  main ta in  a 

s p e c i f i e d  f i d e l i t y  of t r ansmiss ion  as r e f l e c t e d  by t h e  q u a l i t y  of t h e  

messages a t  t h e  system ou tpu t .  For ana log  messages, such as vo ice  and 

t e l e v i s i o n  s i g n a l s ,  t h e  f i d e l i t y  c r i t e r i o n  i s  u s u a l l y  t h e  r a t i o  of av- 

erage s i g n a l  power t o  average  n o i s e  power a t  t h e  channel ou tpu t .  For 

d i g i t a l  messages, such as t e l e t y p e  and computer d a t a ,  t h e  a p p r o p r i a t e  

measure of f i d e l i t y  i s  t h e  p r o b a b i l i t y  of e r r o r  a t  t h e  channel  ou tpu t .  

With e i t h e r  t ype  of message, s t anda rds  o r  o b j e c t i v e s  f o r  ou tpu t  message 

q u a l i t y  are u s u a l l y  based on e x t e n s i v e  u s e r  tests. 

The ou tpu t  message q u a l i t y  a c t u a l l y  d e l i v e r e d  by a r a d i o  r e l a y  

system w i l l  depend of cour se  on t h e  t e c h n i c a l  cho ices  and equipment 

parameters which c h a r a c t e r i z e  t h e  system and on t h e  e l ec t romagne t i c  

environment i n  which i t  o p e r a t e s .  Among t h e s e  are t h e  fo l lowing:  

a. The way t h e  message is mul t ip l exed  w i t h  o t h e r  messages t o  

form a baseband. 

The way t h e  message o r  t h e  baseband is  processed  o r  encoded 

p r i o r  t o  modulation. 

The modulation method and modulation index  used t o  impress 

t h e  baseband on a carrier. 

The t y p e  and number of  r e p e a t e r s  and t h e  c h a r a c t e r i s t i c s  of 

the terminal receiver 

b. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c. 

d. 
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e. The strength zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof  the message-bearing carrier relative to 

noise and unwanted signals at the inputs to the repeaters 

and the terminal receiver. 

f. The statistical nature of the unwanted signals. 

The dependence of output message quality on these factors is con- 

veniently described by giving the relationship between output signal 

quality and the input wanted-to-unwanted signal ratios (item e). In 

such a relationship, the other factors (items a, by c, d, and f) act 

as parameters. Once the minimum acceptable output signal quality is 

specified, this relationship permits a determination of the so-called 

"protection ratios" (i.e., the wanted-to-unwanted signal ratios that 

must be maintained in order to achieve specified output quality). 

The functional nature of the relationship between message quality 

at the output of a radio relay system and the signal environment at 

its repeater and terminal inputs depends primarily on the modulation 

method used. The type of modulation, analog or digital, not only de- 

termines the form of the relationship but also determines the amount 

of rf spectrum required to transmit information at a specified rate. 

The approach to deriving the desired relationships is much the 

same for all modulation methods, however. For both analog and digital 

types, an n-link radio relay chain will be represented schematically 

by the block diagram shown in Fig. 1. Here attention is focused on a 

single one-way message channel and the multiplexed 'baseband in which 

it may be embedded. The blocks labeled sending terminal, repeater, 

and receiving terminal are intended to represent only those parts of 

the system which carry the selected baseband. At the terminals, ac- 

count is taken of the processing or encoding that may be applied to 

the messages, either individually or in baseband form. At a given 

repeater, the unwanted signals in question include just that fraction 

of the total noise and extraneous signal environment which lies in the 

repeater passband. Since successive repeaters normally receive on 

different carrier frequencies, this means that the unwanted signals at 

one repeater will not be cochannel with those at the next. 

A common notation is also used insofar as possible. The symbol 

C i  denotes the average power of the wanted rf signal at the input 
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terminals of the i-th repeater--i.e., the modulated carrier power due 

to transmission from the (i-1)th repeater in the chain. Similarly, 

X. denotes the total average power at the i-th repeater input due to 

all other sources of signal and noise within the passband of the i-th 

repeater. These sources include repeaters other than the (i-1)th in 

the system being examined, as well zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas the transmitters and repeaters 

of external systems. They also include the i-th repeater itself whose 

contributions to noise, distortion, and crosstalk are represented as 

unwanted signals at the input terminals of an equivalent noise- and 

distortion-free device. For brevity, X. will often be referred to as 

the unwanted signal power. At the terminal receiver input, the wanted 

and unwanted signals are denoted by C and X respectively. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

1 

n n 
With some types zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof repeater, however, C. and X. do not represent 

1 1 

the division of total input power between "pure" signal on the one hand 

and noise and interference on the other. For example, the wanted sig- 

nal power c may include the contribution from noise and unwanted sig- 

nals originating on earlier links. In these cases, the pure signal 

portion of C 

and interference power by XI. 

and noise powers at the i-th repeater input may be written in two equiv- 

alent ways: 

i 

will be denoted by C *  and the corresponding total noise 
i i 

Thus the sum of signal, interference, 
i 

ci zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ xi = c; + x; (1) 

The ratio C./X. will be called the apparent wanted-to-unwanted signal 

ratio, since C 

values can be predicted from a knowledge of the transmitter, antenna, 

and receiver parameters and the propagation path l o s s .  The ratio 

C'/X: will be called the effective wanted-to-unwanted signal ratio, 

since it reflects the true division between signal and noise powers. 

In a l l  that follows, it will be assumed that both the apparent and the 

effective wanted-to-unwanted signal ratios are much greater than unity. 

1 1  

and Xi are the directly measurable quantities whose 
i 

1 1  

In terms of these quantities, the problem becomes one of express- 

ing the output channel quality in terms of the apparent wanted-to- 

unwanted signal ratios C./X . If output quality is variable as a i i  
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result of variations in C./X its pr 

be expressed in terms of the distributions 

analog and digital systems, the appro 

tions which describe the input-output 

block in Fig. 1, and then, using these, to follow the message channel 

through the chain from its input at the sending terminal to its output 

at the receiving terminal. 

1 i y  

The relationships between output message quality and the wanted- 

to-unwanted signal ratios will be derived for analog modulation methods 

in Section 11. 

lation (AM), the double- and single-sideband suppressed carrier forms 

of amplitude modulation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(DSB and SSB respectively), phase modulation 

(PM), and frequency modulation (FM). 

Specifically included are conventional amplitude modu- 

Corresponding relationships will be developed in Section I11 for 

the digital modulation methods of amplitude-shift keying zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(ASK), phase- 

shift keying (PSK), and frequency-shift keying (FSK). 

Finally, in Section IVY the relationships developed in Sections 

I1 and I11 will be applied to determine the constraints that must be 

imposed on the interference environment in order to achieve specified 

message quality objectives. The impact of such constraints on the pa- 

rameters of satellite and terrestrial radio relay systems operating in 

a common spectral band is investigated in a companion Memorandum. (1) 

Required background information on the characteristics of analog 

message basebands, analog modulated carriers, and noise weighting and 

preemphasis is given in Appendices A, B, and C respectively. 
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11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAANALOG MODULATED SYSTEMS 

Radio r e l a y  systems employing ana log  modulat ion methods such as 

AM, SSB, PM, and F'M are designed p r imar i ly  t o  c a r r y  ana log  messages 

such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas v o i c e  and t e l e v i s i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  prev ious ly  noted ,  t h e  ou tpu t  q u a l i t y  

o f  an  ana log  message i s  normally measured by t h e  s i g n a l - t o - n o i s e  power 

r a t i o  S 

'ch 
i t s  s tandard  r e p r e s e n t a t i o n ,  and N i s  t h e  t o t a l  e f f e c t i v e  n o i s e  

power i n  t h e  channel  due t o  a l l  sources .  

a t  t he  o u t p u t  o f  t h e  message channel .  I n  t h i s  r a t i o ,  

i s  an  a p p r o p r i a t e  measure o f  t h e  power of  t h e  message s i g n a l  o r  

ch 

chINch 

DEFINITION OF TRANSFER CHARACTERISTICS 

i n  
chINch 

The numerical  s p e c i f i c a t i o n  o f  ou tpu t  message q u a l i t y  S 

analog  systems w i l l  be d i scussed  i n  d e t a i l  l a t e r .  For the  p r e s e n t ,  

t he  important  t h i n g  t o  no te  i s  t h a t ,  w i th  a l l  analog  modulat ion meth- 

o d s ,  Sch/Nch i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  e f f e c t i v e  wanted-to- 

unwanted s igna l - to -no i se  r a t i o  C ' I X '  a t  t h e  t e rmina l  r e c e i v e r  i npu t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 
n n  

provided only  t h a t  C L / X A  exceeds a s p e c i f i e d  th re sho ld  va lue .  

i s  u s u a l l y  the  c a s e ,  t he  message i n  ques t ion  i s  p a r t  o f  a baseband 

formed by mul t ip l ex ing  a number o f  similar messages,  t h e  c o n s t a n t  of  

p r o p o r t i o n a l i t y  w i l l  depend no t  on ly  on t h e  parameters  which charac- 

t e r i z e  the  ana log  modulat ion method bu t  a l s o  on t h e  d e t a i l s  o f  t he  

demul t ip lex ing  o p e r a t i o n  and any a s s o c i a t e d  s i g n a l  p rocess ing  t h a t  

I f ,  as 

t a k e s  p l a c e  between the  r e c e i v e r  ou tpu t  and t h e  channel  ou tpu t  ( s e e  

Fig.  1). 

For purposes  of a n a l y s i s ,  i t  i s  sometimes convenient  t o  d e a l  w i t h  

t h e  s i g n a l - t o - n o i s e  c h a r a c t e r i s t i c s  of  t h e  r e c e i v e r  which recovers  t h e  

baseband from the  modulated car r ie r  s e p a r a t e l y  from those  of t he  c i r -  

c u i t s  which i s o l a t e  t he  s ing le-channel  o u t p u t s  from t h e  baseband. 

Towards t h i s  end,  t h e  s i g n a l - t o - n o i s e  t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  

t e rmina l  r e c e i v e r  w i l l  be desc r ibed  by n o t i n g  t h a t  t he  r a t i o  o f  average  

baseband power S t o  average  n o i s e  power N a t  t h e  demodulator ou tpu t  

i s  d i r e c t l y  p r o p o r t i o n a l  t o  C'IX' .  The c o n s t a n t  of  p r o p o r t i o n a l i t y  
n n 

n n  
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S /Nn 

n C’/X; n 
n R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=-  

w i l l  be  c a l l e d  t h e  demodulator t r a n s f e r  c h a r a c t e r i s t i c  (DTC) o f  t h e  

te rmina l  receiver. I t s  numerical  v a l u e  w i l l  depend on t h e  s t a t i s t i c a l  

n a t u r e  of  t h e  unwanted s i g n a l s  and n o i s e  as w e l l  as on t h e  method o f  

modulat ion and t h e  modulat ion index,  which j o i n t l y  determine t h e  r a t i o  

o f  r f  bandwidth t o  baseband bandwidth. 

The s i g n a l - t o - n o i s e  t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  c i r c u i t s  f o l -  

lowing t h e  t e r m i n a l  receiver c a n  then  be descr ibed  by a second con- 

s t a n t  o f  p r o p o r t i o n a l i t y  

which w i l l  be c a l l e d  t h e  c h a n n e l i z i n g  t r a n s f e r  c h a r a c t e r i s t i c  (CTC) . 
I n  t h i s  d e f i n i t i o n ,  S’ and N‘ are ,  r e s p e c t i v e l y ,  t h e  pure s i g n a l  and 

t o t a l  n o i s e  p o r t i o n s  of  t h e  combined s i g n a l - p l u s - n o i s e  power a t  t h e  

demodulator i n p u t .  They w i l l  d i f f e r  from Sn and N 

which t h e  baseband h a s  been recovered and r e t r a n s m i t t e d  a t  one o r  more 

r e p e a t e r s .  Where a d i s t i n c t i o n  i s  n e c e s s a r y ,  Sn/Nn w i l l  be c a l l e d  t h e  

apparent  baseband s i g n a l - t o - n o i s e  r a t i o ,  and S’IN’ t h e  e f f e c t i v e  base- 

band s i g n a l -  to -noise  r a t i o .  

n n 

i n  systems i n  
n 

n n  

I n  g e n e r a l ,  t h e  numerical  v a l u e  o f  R w i l l  depend on t h e  pos i -  
ch 

t i o n  o f  t h e  channel  i n  t h e  baseband, t h e  n a t u r e  of  t h e  s i g n a l  proces-  

s i n g  ( i f  any) ,  t h e  number o f  channels  i n  t h e  m u l t i p l e x ,  and t h e  d e t a i l s  

of t h e  n o i s e  and i n t e r f e r e n c e  power s p e c t r a  a t  t h e  demodulator o u t p u t .  

I n  computing t h e  CTC, one must a l s o  t a k e  i n t o  account  t h e  r e l a t i o n s h i p  

between t h e  t es t  s i g n a l  c o n v e n t i o n a l l y  used t o  r e p r e s e n t  t h e  baseband 

and t h e  s ing le-channel  test  s i g n a l  used i n  s p e c i f y i n g  channel  o u t p u t  

q u a l i t y ,  s i n c e  t h e  former is  n o t  a m u l t i p l e x  o f  t h e  l a t t e r .  However, 

t h e  v a l u e  o f  R 

cess and t h e  r f  bandwidth of  t h e  modulated c a r r i e r .  It  w i l l  be  noted 

i n  p a s s i n g  t h a t  under c e r t a i n  c o n d i t i o n s  t h e  product  R R y i e l d s  t h e  

” r e c e i v e r  t r a n s f e r  c h a r a c t e r i s t i c ”  o r  i n t e r f e r e n c e  r e d u c t i o n  f a c t o r ”  

as def ined  by o t h e r  a u t h o r s .  

does n o t  depend on t h e  d e t a i l s  o f  t h e  modulat ion pro-  
ch 

n ch 
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I n  d i s c u s s i n g  t h e  o v e r a l l  s igna l - to -no i se  performance of  ana log  

modulated r a d i o  r e l a y  systems, two types  o f  r e p e a t e r  should be  d i s -  

t inguished  accord ing  t o  whether o r  n o t  t h e  carrier i s  demodulated a t  

t h e  r e p e a t e r .  The i - f  repeater, a form zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof which i s  used e x t e n s i v e l y  

i n  long-haul terrestr ia l  microwave r e l a y  systems, i s  an example o f  t h e  

type  i n  which no demodulation t a k e s  p lace .  The rece ived  carrier i s  

m e r e l y  t r a n s l a t e d  i n  frequency t o  a n  i n t e r m e d i a t e  frequency, ampl i f ied  

i n  an i - f  a m p l i f i e r ,  and t r a n s l a t e d  back up t o  a new r a d i o  frequency 

f o r  a d d i t i o n a l  a m p l i f i c a t i o n  and t r ansmiss ion .  The wideband r f  re- 

peater,  as used i n  c e r t a i n  sa te l l i t e  r e p e a t e r s ,  i s  ano the r  example o f  

t h i s  type. It  d i f f e r s  p r i n c i p a l l y  from t h e  i - f  r e p e a t e r  i n  t h a t  t h e r e  

i s  no convers ion  t o  i n t e r m e d i a t e  frequency, and because o f  t h e  l i m i t e d  

a v a i l a b i l i t y  of primary power, t h e  ou tpu t  a m p l i f i e r  i s  normally opera ted  

a t  o r  c l o s e  t o  s a t u r a t i o n  t o  improve i t s  e f f i c i e n c y .  

The message-quality zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- signal-environment r e l a t i o n s h i p  f o r  a c h a i n  

o f  e i t h e r  i - f  o r  r f  repeaters i s  e a s i l y  de r ived  from t h e  f a c t  t h a t  s i n c e  

n o i s e  and d i s t o r t i o n  i n t e r n a l  t o  t h e  repeater have been r e f e r r e d  t o  i t s  

i n p u t ,  t h e  p ropor t ion  o f  wanted and unwanted s i g n a l  power a t  t h e  ou tpu t  

of  any given r e p e a t e r  i s  the  same as a t  i t s  i n p u t .  

t o r t i o n  i n  the  p ropaga t ion  medium, the  s i g n a l  p o r t i o n  o f  t h e  wanted 

s i g n a l  power a t  t h e  i - t h  r e p e a t e r  i n p u t  i s  g iven  by 

Thus, b a r r i n g  d i s -  

and the  t o t a l  n o i s e  power a t  t h i s  p o i n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr 

c t i v e  unwanted-to-wanted s i g n a l  

i s  

+ xi 

r a t i o  a t  t h e  i - t h  r e p e a t e r  i s  
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Since ,  a t  every r e p e a t e r  i n p u t ,  t h e  e f f e c t i v e  wanted-to-unwanted s i g n a l  

r a t i o  h a s  been assumed t o  be l a r g e  compared t o  u n i t y ,  t h e  t h i r d  term o f  

t h e  sum i n  Eq. (6) may be neg lec t ed .  Noting t h a t  C'/X' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= C1/X1, re- 
1 1  

peated  a p p l i c a t i o n  of t h e  r e s u l t a n t  r e c u r s i o n  formula then  y i e l d s  an  

expres s ion  f o r  t h e  e f f e c t i v e  wanted- to-unwanted s i g n a l  r a t i o  a t  t h e  

t e rmina l  r e c e i v e r  i n p u t  

r f  o r  i - f  r e p e a t e r s  1 
C' 
n 

X' n 
- =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c Xi/Ci 
i= 1 

(7) 

Since no demodulation t a k e s  p l a c e  u n t i l  t h e  t e rmina l  r e c e i v e r ,  

t h e r e  i s  no d i s t i n c t i o n  between t h e  apparent  and e f f e c t i v e  baseband 

s i g n a l - t o - n o i s e  r a t i o s ,  Sn/Nn and Sk/N:, and Eqs. (2) and (3)  may be 

combined w i t h  Eq. (7)  t o  y i e l d  t h e  d e s i r e d  gene ra l  expres s ion  f o r  ou t -  

p u t  message q u a l i t y  i n  terms of  t h e  apparent  i n p u t  wanted-to-unwanted 

s i g n a l  r a t i o s  

- =  'ch n RchRn r f  o r  i - f  r e p e a t e r s  

Nch c (Ci/Xi)-' 
i= 1 

When a l l  of  t h e  wanted-to-unwanted s i g n a l  r a t i o s  are t h e  same, t he  

r e s u l t  i s  even s impler :  

r f  o r  i - f  r e p e a t e r s  
'ch 1 - = -  

n c h n F  
Nch Ci/Xi = c/x 

(9 )  

The o t h e r  b a s i c  type  o f  r e p e a t e r  i s  c a l l e d  a baseband r e p e a t e r  

because i t  demodulates t h e  r f  signal t o  baseband and then  u s e s  i t  t o  

modulate a new c a r r i e r .  By analogy w i t h  t h e  t e r m i n a l  r e c e i v e r ,  t h e  

s i g n a l -  t o -no i se  performance of t h e  demodulator i n  t h e  i- t h  r e p e a t e r  

can  be r ep resen ted  by t h e  demodulator t r a n s f e r  c h a r a c t e r i s t i c  
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Si/Ni Si/Ni 

Ri=CI/X;=Ci/Xi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

where t h e  second e q u a l i t y  r e f l e c t s  t h e  f a c t  t h a t  i n  a r e l a y  system 

employing baseband r e p e a t e r s ,  t h e r e  i s  no d i s t i n c t i o n  between t h e  ap- 

p a r e n t  and e f f e c t i v e  wanted-to-unwanted s i g n a l  r a t i o s .  However, t h e  

apparent  baseband power S w i l l  c o n t a i n  n o i s e  from t h e  basebands re- 

covered a t  ea r l i e r  r e p e a t e r s .  I n  p a r t i c u l a r ,  a t  t h e  demodulator ou t -  

p u t  i n  t h e  i - t h  r e p e a t e r ,  t h e  e f f e c t i v e  baseband s i g n a l  and n o i s e  

powers are r e s p e c t i v e l y  

i 

and 

Hence t h e  e f f e c t i v e  baseband no i se - to - s igna l  r a t i o  a t  t h i s  p o i n t  i s  

N i  Ni , l  Ni N f - l  Ni 
7 = 7 + -  

'i 'i- 1 'i 1-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+sf si 

I f ,  a t  every r e p e a t e r ,  t h e  appa ren t  baseband s i g n a l - t o - n o i s e  r a t i o  

i s  l a r g e  compared wi th  u n i t y ,  t h e  t h i r d  term may be n e g l e c t e d ,  and i t  

fo l lows  t h a t  t h e  e f f e c t i v e  baseband s i g n a l - t o - n o i s e  r a t i o  a t  t h e  ter- 

minal r e c e i v e r  o u t p u t  i s  

Combining t h i s  w i th  Eqs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3) and (10) y i e l d s  t h e  d e s i r e d  g e n e r a l  expres- 

s i o n  f o r  o u t p u t  s i g n a l  q u a l i t y  i n  terms of t h e  appa ren t  i n p u t  wanted-to- 

unwanted s i g n a l  r a t i o s  



-11- 

I f  t h e  demodulator t r a n s f e r  c h a r a c t e r i s t i c  i s  t h e  same f o r  a l l  

r e p e a t e r s  and t h e  te rmina l  r e c e i v e r ,  t h i s  becomes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- -  - RchR Baseband r e p e a t e r s  
'ch 

R . =  R; i=l,.  . . , n  
n -1 

Nch i= c 1 (Ci/Xi) 1 

which i s  formally i d e n t i c a l  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  (8) f o r  a s y s t e m  employing r f  o r  i - f  

r e p e a t e r s .  

i = 1, ..., n ,  depends on t h e  s t a t i s t i c a l  p r o p e r t i e s  of t h e  v a r i o u s  

unwanted s i g n a l s  a t  t h e  i n p u t  t o  t h e  c i r c u i t s  they r e p r e s e n t  as w e l l  

as on t h e  d e s i g n  of  t h e s e  c i r c u i t s .  To say t h a t  a l l  of  t h e  r e p e a t e r  

demodulators have t h e  same t r a n s f e r  c h a r a c t e r i s t i c  R i s  t o  imply n o t  

only i d e n t i c a l  r e p e a t e r s  b u t  s t a t i s t i c a l l y  e q u i v a l e n t  unwanted s i g n a l s  

a t  t h e i r  i n p u t s .  To assume f u r t h e r  t h a t  t h e  r e p e a t e r s  of  a baseband 

r e p e a t e r  c h a i n  have t h e  same demodulator t r a n s f e r  c h a r a c t e r i s t i c s  a s  

t h e  te rmina l  receiver o f  a n  i - f  r e p e a t e r  system would be t o  imply t h a t  

t h e  s t a t i s t i c s  o f  t h e  e f f e c t i v e  unwanted s i g n a l  a t  t he  te rmina l  re- 

ceiver i n p u t  are no d i f f e r e n t  from those  a t  each r e p e a t e r  i n p u t  i n  t h e  

baseband system. Since t h e  former s i g n a l  comprises t h e  weighted sum 

of t h e  unwanted s i g n a l s  i n c i d e n t  a t  each o f  t h e  r e p e a t e r s ,  i t s  s t a t i s -  

t i c s  w i l l  i n  genera l  be d i f f e r e n t  from those  of  i t s  components. Hence 

even w i t h  i d e n t i c a l  r e c e i v i n g  c i r c u i t s  and t h e  same s i g n a l  environment 

a t  t h e  r e p e a t e r s ,  it i s  n o t  t o  be  expected t h a t  a baseband r e p e a t e r  

system w i l l  i n  g e n e r a l  d e l i v e r  t h e  same performance as a n  i - f  r e p e a t e r  

sy  s t e m .  

But n o t e  t h a t  each of  t h e  t r a n s f e r  c h a r a c t e r i s t i c s ,  Rch, Ri,  

PARTITION OF OUTPUT CHANNEL NOISE 

It is  common p r a c t i c e  wi th  both  types  o f  r a d i o  relay s y s t e m s  t o  

view Nch,  t h e  t o t a l  n o i s e  a t  t h e  channel  o u t p u t ,  as t h e  sum of  c o n t r i -  

b u t i o n s  a r i s i n g  from t h e  i n d i v i d u a l  l i n k s  of  t h e  s y s t e m .  However, 
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s i n c e  t h e  channel  i s  n o t  a c t u a l l y  i s o l a t e d  u n t i l  t he  f i n a l  s t a g e s  of 

t h e  r e c e i v i n g  t e r m i n a l ,  i t  i s  more a c c u r a t e  t o  regard the  "no i se  con- 

t r i b u t i o n  of  a l ink" a s  t h e  incrementa l  i n c r e a s e  i n  channel  n o i s e  t h a t  

would b e  observed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAif the  channel  were t o  be  recovered a t  success ive  

r e p e a t e r s  u s ing  equipment wi th  the  same t r a n s f e r  c h a r a c t e r i s t i c s  as 

t h a t  of t h e  r e c e i v i n g  t e rmina l .  

- _. 

With t h i s  i n t e r p r e t a t i o n ,  i t  i s  easy t o  show t h a t  when t h e  gene ra l  

E q s .  (8) and (15) are solved f o r  N each term i n  t h e  sum i s  i n  f a c t  
ch '  

j u s t  t h e  c o n t r i b u t i o n  from a s i n g l e  l i n k .  For t h i s  purpose,  n o t e  t h a t  

t h e  no i se  t h a t  would be observed i n  t h e  s e l e c t e d  channel a t  a p o i n t  i n  

t h e  ou tpu t  of  t he  i - t h  repeater where the  s i g n a l  has  a r e fe rence  va lue  

Sch i s ,  by analogy wi th  Eq. ( 3 ) ,  

When t h i s  equa t ion  i s  app l i ed  t o  a system o f  

N!/S: i s  t he  e f f e c t i v e  n o i s e - t o - s i g n a l  r a t i o  

a t  the  i - t h  repeater. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1  

For an r f  o r  1-f r e p e a t e r  system, i t  i s  

r a t i o  t h a t  would be  observed i f  t h e  baseband 

baseband repeaters, 

t h a t  i s  a c t u a l l y  observed 

t o  be i n t e r p r e t e d  as t he  

w e r e  t o  be  recovered a t  

t h i s  po in t  u s ing  a r e c e i v e r  having  the  demodulator t r a n s f e r  cha rac t e r -  

i s t i c  of the  terminal  r e c e i v e r .  I n  e i t h e r  case ,  i t  fo l lows  from Eq. 

(17) t h a t  t he  incrementa l  c o n t r i b u t i o n  of t h e  i - t h  l i n k  t o  t h e  t o t a l  

channel  n o i s e  is 

= -  'ch ("i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA?si - ";-1) 

(ANch> i = ("ch). 1 - ("ch> i-1 Rch 
1- 1 

For systems employing baseband r e p e a t e r s ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  (13) a p p l i e s  and 

l e a d s  d i r e c t l y  t o  t h e  r e s u l t  

= -  'ch - = -  Ni 'ch - 'i Baseband 

(ANch) i Rch Si RchRi Ci  r e p e a t e r s  
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where t h e  second e q u a l i t y  i s  based on Eq. (10) .  Comparing t h i s  with 

t h e  gene ra l  expres s ion  f o r  t h e  t o t a l  channel  n o i s e  i n  a baseband system 

given  by Eq. (15 ) ,  i t  i s  seen t h a t ,  as a n t i c i p a t e d ,  t he  i - t h  term i n  

t he  sum i s  j u s t  the  incrementa l  c o n t r i b u t i o n  from t h e  i - t h  l i n k .  

n n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
)J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= (‘.ch) repeaters .ch Rch 

i 
i= 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi= 1 

’ch - ’i Base band - - -  

I n  t h e  c a s e  of  i - f  r e p e a t e r s ,  t h e  h y p o t h e t i c a l  demodulation a t  t h e  

i - t h  r e p e a t e r  i s  c h a r a c t e r i z e d  by t h e  t r a n s f e r  c h a r a c t e r i s t i c  R of the  

t e rmina l  r e c e i v e r ,  and Eq. (18) g i v e s  
n 

’ch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2 ’i-1) 
(ANch)i = RchRch ‘i- 1 

whence, u s ing  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 6 ) ,  

r f  o r  i - f  repeaters (20) 
‘ch ‘i 

(ANch) = - - 
i RchRn ‘i 

This  d i f f e r s  from Eq. (19) f o r  baseband repeaters only  i n  t h a t  the  

demodulator t r a n s f e r  c h a r a c t e r i s t i c  f o r  t h e  t e rmina l  r e c e i v e r  appears  

i n  place o f  t h a t  for t h e  i - t h  baseband repeater. Solving zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  (8) f o r  

t h e  t o t a l  channel  n o i s e  i n  a s y s t e m  o f  i - f  r e p e a t e r s ,  and comparing 

t h e  r e s u l t  wi th  Eq. (20), i t  i s  seen t h a t  t he  i - t h  term is aga in  the  

c o n t r i b u t i o n  from t h e  i - t h  l i n k :  

I n  us ing  e i t h e r  Eq. (19) o r  (20) t o  calculate the no i se  con t r ibu -  

t i o n  o f  t h e  i - t h  l i n k ,  i t  i s  impor tan t  t o  remember t h a t  R i s  cal-  

c u l a t e d  f o r  t h e  baseband n o i s e  spectrum a t  t he  te rmina l  r e c e i v e r  and 
ch 

n o t  t h e  spectrum t h a t  i s  o r  would b e  observed a t  t h e  i - t h  r epea te r .  

Also,  as a l r eady  mentioned, t h e  demodulator t r a n s f e r  c h a r a c t e r i s t i c  
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used t o  c a l c u l a t e  t he  n o i s e  due t o  t h e  i - t h  l i n k  of  an i - f  r e p e a t e r  

system i s  t h a t  o f  t h e  terminal r e c e i v e r .  Thus i t  r e f l e c t s  t h e  statis-  

t i c s  o f  t h e  wanted and unwanted s i g n a l s  a t  t h e  t e rmina l  receiver i n p u t  

and n o t  those  of t h e  s i g n a l s  a t  t h e  i - t h  r e p e a t e r  i npu t .  

J u s t  as i t  i s  p o s s i b l e  t o  decompose t h e  t o t a l  o u t p u t  channel  n o i s e  

i n t o  c o n t r i b u t i o n s  from t h e  i n d i v i d u a l  l i n k s  o f  a r a d i o  relay c h a i n ,  i t  

i s  a l s o  p o s s i b l e  to  d i s t i n g u i s h  t h e  c o n t r i b u t i o n s  a r i s i n g  from d i f -  

f e r e n t  t ypes  o f  sou rces ,  such as  thermal  n o i s e ,  d i s t o r t i o n ,  intermodu- 

l a t i o n ,  and,  of  p a r t i c u l a r  i n t e r e s t  i n  t h i s  r e p o r t ,  unwanted r f  s i g n a l s .  

Assuming a l l  sou rces  t o  be  s t a t i s t i c a l l y  independent ,  t h e  procedure i s  

t o  c o n s i d e r  s e p a r a t e l y  t h e  power con t r ibu ted  by each type  of sou rce ,  

and f o r  each o f  t h e s e  t o  d e f i n e  t r a n s f e r  c h a r a c t e r i s t i c s  as i f  they 

were t h e  only  source  of  i n p u t  n o i s e  o r  unwanted s i g n a l .  These t r a n s f e r  

c h a r a c t e r i s t i c s  may then  be s u b s t i t u t e d  i n  Eq. (8) o r  Eq. (15) t o  com- 

pu te  the  c o n t r i b u t i o n  of  t h i s  t ype  o f  source  t o  t h e  t o t a l  n o i s e  i n  t h e  

ou tpu t  channel .  A l t e r n a t i v e l y ,  they may be used wi th  Eq. (19) o r  (20) 

t o  f ind  t h e  p o r t i o n  represented  by t h i s  source  i n  t h e  c o n t r i b u t i o n  from 

a p a r t i c u l a r  l i n k .  

THE EFFECTS OF SIGNAL FADING 

I F  t h e  wanted-to-unwanted s i g n a l  r a t i o  changes a t  t he  i n p u t  t o  any 

r e p e a t e r  o r  a t  t he  t e rmina l  r e c e i v e r  because of  v a r i a t i o n s  i n  propaga- 

t i o n  o r  For any o t h e r  reason ,  t h e  o u t p u t  channel  q u a l i t y  w i l l  change 

i n  a manner governed by E q s .  (8) and (15). Unless  a l l  o f  t h e  i n p u t  

r a t i o s  change b\, t he  same amount, however, t h e  change i n  the  ou tpu t  

q u a l i t y  w i l l  be  smaller than t h e  change i n  wanted-to-unwanted s i g n a l  

r a t i o  f o r  t h e  most s eve re ly  faded i n d i v i d u a l  l i n k .  

For  example, c o n s i d e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 20- l ink  cha in  of i - f  r e p e a t e r s  where, i n  

t he  absence of  Fading, a l l  wanted-to-unwanted s i g n a l  r a t i o s  are equa l  

t o  50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd 3 .  Then from Eq. ( 9 ) ,  wi th  10 log  n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 13 and 10 log C / X  = 50, 

t h e  o u t p u t  q u a l i t y  w i t h  no f ad ing  i s  

'ch 

Nch 
10 log  - = 10 log  R R + 37 

ch 20 
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I f ,  on t h e  o t h e r  hand, there is  a 30-dB fade  i n  t h e  wanted-to-unwanted 

s i g n a l  ra t io  a t  t h e  f i r s t  r e p e a t e r  i n p u t  o n l y  ( i . e . ,  i f  10 l o g  C / X  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
= 20 and 10 l o g  Ci/Xi = 50, i = 2 , .  . . ,20) , then  Eq. (8) g i v e s  

1 1  

'ch 1 
10 l o g  - = 10 l o g  R R - 10 log[% + 19 7 1  

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 10 
c h  20 

Nch 

= 10 l og  R R + 19.93 
ch 20 

Thus, a l though t h e r e  i s  a 30-dB fade  o n  one l i n k ,  t h e  o u t p u t  s i g n a l -  

t o - n o i s e  r a t io  changes by only  s l i g h t l y  more than  17 dB ( i . e . ,  37 dB 

v e r s u s  19.93 dB). 

The example a l s o  i l l u s t r a t e s  a n o t h e r  g e n e r a l  p o i n t .  When o n l y  

one o f  a series of  n normally i d e n t i c a l  l i n k s  f a d e s  by F dB, t h e  n e t  

f ade  o f  t h e  o u t p u t  can  be shown t o  b e  about  ( F  - 10 l o g  n)dB. More- 

o v e r ,  i f  F i s  s i g n i f i c a n t l y  g r e a t e r  than  10 l o g  n ,  t h e  wanted-to- 

unwanted s i g n a l  r a t i o  a t  t h e  te rmina l  r e c e i v e r  i n p u t  w i l l  b e  very 

n e a r l y  equal  t o  t h a t  a t  t h e  i n p u t  t o  t h e  r e p e a t e r  on t h e  faded l i n k .  

From t h e  viewpoint  o f  where t h e  n o i s e  arises,  t h e  s i t u a t i o n  can 

be descr ibed  by say ing  t h a t  i n  t h e  absence o f  f a d i n g ,  each l i n k  con- 

t r i b u t e s  t h e  same amount o f  noise--namely, l / n - t h  of t h e  t o t a l .  

a s  may be  seen from E q s .  (19) and (20), when one l i n k  f a d e s  by F dB, 

t h e  n o i s e  c o n t r i b u t i o n  o f  t h a t  l i n k  i n c r e a s e s  by t h e  same amount and, 

depending on t h e  magnitude o f  F,  i t  c a n  e a s i l y  dominate t h e  c o n t r i b u -  

t i o n s  from t h e  o t h e r  l i n k s .  

But, 

When s e v e r a l  l i n k s  can  f ade  s imul taneous ly ,  i t  i s  b e t t e r  t o  regard 

t h e  o u t p u t  s i g n a l  q u a l i t y  and t h e  i n p u t  wanted-to-unwanted s i g n a l  r a t i o s  

as random v a r i a b l e s  whose f u n c t i o n a l  r e l a t i o n s h i p  i s  given by Eq. (8) 

o r  (15) .  I f  i t  can  be assumed t h a t  t h e  fad ing  d i s t r i b u t i o n  i s  t h e  same 

f o r  each l i n k  and t h a t  t h e r e  i s  no c o r r e l a t i o n  between t h e  f a d i n g  on 

d i f f e r e n t  l i n k s ,  t h e  fad ing  d i s t r i b u t i o n  a t  t h e  i n p u t  o f  t h e  te rmina l  

r e c e i v e r  can  be computed f o r  a n  n - l i n k  r e l a y  c h a i n  as t h e  n- fo ld  con- 

v o l u t i o n  of  t h e  s i n g l e - l i n k  d i s t r i b u t i o n .  An example i s  shown i n  

F ig .  2 ,  where t h e  exper imenta l ly  determined f a d i n g  o f  t h e  c a r r i e r - t o -  

n o i s e  r a t i o  f o r  a s i n g l e  t e r r e s t r i a l  r e l a y  l i n k  i s  used t o  p r e d i c t  t h e  
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f ad ing  t o  be expected a f t e r  2 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ,  8 ,  16 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 2 ,  and 68 l i n k s ,  assuming 

no c o r r e l a t i o n  o f  f ad ing  among t h e  l i n k s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) 

I n  a r e l a y  system s u b j e c t  t o  f ad ing ,  t h e  d e s i r e d  ou tpu t  s i g n a l  

q u a l i t y  i s  normally s p e c i f i e d  s t a t i s t i c a l l y  ( e . g . ,  by g iv ing  the  frac- 

t i o n  o f  t i m e  t h a t  t he  ou tpu t  n o i s e  can be  permi t ted  t o  exceed c e r t a i n  

l e v e l s ) .  C a r r i e r - t o - n o i s e  d i s t r i b u t i o n s  such as those  i n  Fig.  2 are 

then  e s s e n t i a l  t o o l s  f o r  de te rmining  t h e  s i n g l e - l i n k  c a r r i e r - t o - n o i s e  

r a t i o s  requi red  t o  meet ou tpu t  q u a l i t y  s p e c i f i c a t i o n s .  The r a t i o  i n  

dB between t h e  median va lue  of t h e  s i n g l e - l i n k  c a r r i e r -  to -noise  r a t i o  

and t h a t  v a l u e  f o r  which the  o u t p u t  s i g n a l  q u a l i t y  reaches i t s  lowest 

accep tab le  va lue  is sometimes c a l l e d  t h e  f ad ing  margin. S igna l  f ad ing  

w i l l  b e  d i scussed  i n  f u r t h e r  d e t a i l  i n  Sec t ion  I V .  

DEMODULATOR T W S F E R  CHARACTERISTICS 
AND OUTPUT NOISE SPECTRA 

The demodulator t r a n s f e r  c h a r a c t e r i s t i c  (DTC), def ined  i n  Eqs. (2)  

and (lo), is  simply the  f a c t o r  by which t h e  baseband s igna l - to-noise  

r a t i o  a t  t h e  demodulator ou tpu t  exceeds t h e  e f f e c t i v e  wanted-to-unwanted 

s i g n a l  r a t i o  a t  t h e  r e c e i v e r  i npu t .  A l t e r n a t i v e l y ,  i t  may be  regarded 

as t h e  f a c t o r  by which t h e  ou tpu t  no ise- to-s igna l  o b j e c t i v e  must be  mul- 

t i p l i e d  t o  determine t h e  maximum pe rmis s ib l e  unwanted-to-wanted s i g n a l  

r a t i o .  A s  prev ious ly  no ted ,  t h e  numerical  v a l u e  of t he  DTC depends no t  

on ly  on the  n a t u r e  of t h e  demodulator,  b u t  a l s o  on t h e  c h a r a c t e r i s t i c s  

of t h e  wanted and unwanted s i g n a l s .  This  dependence w i l l  b e  desc r ibed  

by choosing r e p r e s e n t a t i v e  types  of unwanted s i g n a l  and by g iv ing  f o r  

each of them t h e  DTC f o r  p a r t i c u l a r  combinations of wanted s i g n a l  and 

demodulator. With t h e s e  d a t a  i t  w i l l  then  be  p o s s i b l e  t o  s y n t h e s i z e ,  

f o r  each of t h e  l a t te r  combinations,  t h e  DTC corresponding t o  complex 

unwanted s i g n a l s  which are sums of  t h e  r e p r e s e n t a t i v e  types .  

The power spectrum of  t h e  ou tpu t  n o i s e  due t o  each type  of unwanted 

r f  s i g n a l  w i l l  a l s o  b e  g iven ,  s i n c e  i t  is needed t o  determine t h e  chan- 

n e l i z i n g  t r a n s f e r  c h a r a c t e r i s t i c  de f ined  i n  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3)  and d i scussed  i n  . 

d e t a i l  i n  t h e  next  subsec t ion .  
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Noise-Like Unwanted S i g n a l s  

Undoubtedly t h e  most widely analyzed type  of unwanted s i g n a l  i s  

one t h a t  can be r ep resen ted  mathemat ica l ly  by a d d i t i v e  w h i t e  gauss i an  

no i se .  The most f a m i l i a r  p r a c t i c a l  example i s  t h e  thermal  n o i s e  

a r i s i n g  i n  the  " f r o n t  end" of  a r e c e i v e r ,  and indeed ,  a n  unwanted 

s i g n a l  o f  t h i s  t ype  i s  always p r e s e n t .  But t h e  a n a l y s i s  can be a p p l i e d  

e q u a l l y  w e l l  t o  t h e  case where t h e  unwanted s i g n a l  i s  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsum of  s i g -  

n a l s  rece ived  from a number o f  transmitters o t h e r  than  t h e  one t o  which 

t h e  r e c e i v e r  i s  It i s  only necessa ry  t h a t  t h e  composite un- 

wanted s i g n a l  have a gauss i an  ampl i tude  d i s t r i b u t i o n  and a more o r  less 

f l a t  power spectrum a c r o s s  t h e  passband o f  t h e  r e c e i v e r .  

Express ions  showing t h e  way i n  which t h e  DTC depends on  t h e  par -  

ameters of  t h e  wanted s i g n a l  when t h e  unwanted s i g n a l  i s  whi te  n o i s e  

w i t h  a power d e n s i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ 2  are given  i n  column 1 of Table  1. 

pendix B ,  t h e  parameter A d e s c r i b e s  t h e  peak-to-average power r a t i o  

of  t h e  baseband t h a t  modulates t h e  wanted s i g n a l .  M y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP ,  and D are 

t h e  (peak) modulation i n d i c e s  f o r  AM, PM, and FM r e s p e c t i v e l y ,  and 

W/B i s  t h e  bandwidth expansion r a t i o - - i . e . ,  t he  r a t i o  o f  t h e  bandwidth 

of t h e  wanted rf s i g n a l  t o  t h e  bandwidth of t h e  baseband. Express ions  

f o r  t h e  bandwidth expansion r a t i o s  developed i n  Appendix B are given  

i n  column 2 of t h e  t a b l e .  

* 
As  i n  Ap- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

For some types  of modulation, t h e  t a b u l a t e d  expres s ions  f o r  t h e  DTC 

are v a l i d  only  if  t h e  e f f e c t i v e  wanted-to-unwanted signal r a t i o  ex- 

ceeds  t h e  c h a r a c t e r i s t i c  t h re sho ld  v a l u e  (C' /X')  shown i n  column 3 

of  Table 1. For v a l u e s  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC ' I X '  less t han  t h r e s h o l d ,  t h e  a c t u a l  ou t -  

p u t  s i g n a l - t o - n o i s e  r a t i o  w i l l  be s i g n i f i c a n t l y  worse than  t h a t  implied 

by t h e  DTC. The th re sho ld  v a l u e s  shown are t h o s e  f o r  which t h e  a c t u a l  

S/N i s  only  0.5 dB smaller than  they would be  us ing  t h e  DTC. 

min 

The expres s ions  i n  column zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 of t h e  t a b l e  g i v e  t h e  o u t p u t  n o i s e  

power s p e c t r a l  d e n s i t y  W ( f )  f o r  above- threshold  o p e r a t i o n .  The de- 

modulators are assumed t o  have u n i t  s e n s i t i v i t y  and t o  be  o p e r a t i n g  

i n t o  a u n i t  load--e.g. ,  an FM d i s c r i m i n a t o r  w i t h  a s e n s i t i v i t y  o f  1 V/Hz 

n 

6 

T h i s  i s  t h e  d e n s i t y  o f  t h e  "two-sided" n o i s e  spectrum. The t o t a l  
n o i s e  power i n  an r f  bandwidth W i s  N W. 

0 
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and a l - ~ d  load. For comparison, column 5 g i v e s  t h e  o u t p u t  signal 

power f o r  t h e  same demodulator s e n s i t i v i t i e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A quick i n s p e c t i o n  o f  t h e  e n t r i e s  i n  Table 1 w i l l  confirm t h a t  

t h e  r e su l t s  f o r  t h e  ampli tude modulation methods (AM, DSB, SSB) are 

much s impler  than  those  f o r  t h e  a n g l e  modulat ion methods (PM, FM). 

Indeed,  f o r  t h e  former,  a l l  e n t r i e s  are c o n s t a n t  except  i n  t h e  case 

o f  t h e  DTC f o r  AM, where t h e  term A / M  

of  t h e  s p e c t r a l  l i n e  a t  carr ier  frequency t o  t h e  t o t a l  average power 

o f  t h e  modulated carrier. 

2 
r e p r e s e n t s  t h e  c o n t r i b u t i o n  

The e n t r i e s  f o r  t h e  a n g l e  modulat ion methods are somewhat more 

i n t e r e s t i n g .  To begin w i t h ,  observe  t h a t  t h e  t h r e s h o l d  levels shown 

i n  c o l m n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 are f u n c t i o n s  o f  modulation index.  I n  p a r t i c u l a r ,  t h e  

e x p r e s s i o n  f o r  PM a p p l i e s  t o  a phase- lock loop r e c e i v e r ,  whi le  t h a t  

f o r  FM may b e  a p p l i e d  e i t h e r  t o  a feedback FM r e c e i v e r  w i t h  feedback 

f a c t o r  F o r  t o  a convent iona l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM receiver (F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1). With a feedback 

FM r e c e i v e r ,  however, t h e r e  are t h e o r e t i c a l  and p r a c t i c a l  upper l i m i t s  

t o  t h e  amount of feedback t h a t  can be  used. But s i n c e  t h e  maximum v a l u e  

of  F i t s e l f  depends on t h e  FM modulation index  D, t h e  u l t i m a t e  t h r e s h o l d  

f o r  FM can b e  given as f u n c t i o n  of D a lone .  The r e s u l t  shown i n  t h e  

f o o t n o t e  t o  Table  1 w a s  obta ined(3)  u s i n g  Enloe 's  two-threshold theory  

w i t h  both  t h r e s h o l d s  dependent on modulation index.  Another r e s u l t ,  

based on Enloe 's  theory  b u t  w i t h  t h e  s i m p l i f y i n g  assumption of c o n s t a n t  

10-dB t h r e s h o l d s ,  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  

(5)  

+ 1 FM t h r e s h o l d  w i t h  
D +  1 maximum feedback 

min 

The v a r i a b l e - t h r e s h o l d  e x p r e s s i o n  y i e l d s  feedback FM t h r e s h o l d s  which 

range from about -1 dB f o r  D = 1 0  t o  -3.5 dB f o r  D = 100. For t h e  same 

v a l u e s  of  D ,  t h e  e x p r e s s i o n  i n  Eq. (21) g i v e s  t h r e s h o l d s  of  about  +6.5 

dB and -1.5 dB r e s p e c t i v e l y .  

Provid ing  t h a t  t h e  threshold  c o n d i t i o n  i s  m e t ,  t h e  DTC f o r  PM 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFN i s  seen from columns 1 and 2 i n  Table  1 t o  be  g iven  by a c u b i c  

i n  t h e  modulation index. I n  t h e  case of  FM, f o r  example, t h e  DTC i s  
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R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 D ~ ( D  + 1) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM 

This  r e l a t i o n  i s  p l o t t e d  i n  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3,  where i t  should be  noted t h a t  t h e  

maximum usab le  v a l u e  o f  t h e  DTC depends on t h e  d e s i r e d  v a l u e  of ou t -  

pu t  s i g n a l - t o - n o i s e  r a t i o  and on t h e  amount of  feedback used ,  a s  i n -  

d i c a t e d  by t h e  scales on t h e  curve .  I n  l a b e l i n g  t h e  s c a l e  f o r  t h e  

DTC, a baseband peak-to-average power r a t i o  A of 10 w a s  assumed. For 

l a r g e r  v a l u e s  of  A ,  t h e  q u a n t i t y  10 log  A - 10 dB should be s u b t r a c t e d  

from t h e  DTC i n d i c a t e d  by t h e  curve.  

To i l l u s t r a t e  t h e  way i n  which F ig ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 i s  used ,  cons ide r  conven- 

t i o n a l  FM w i t h  D = 8.5. 

t h re sho ld  of 9 .5  dB, S/N w i l l  exceed C' /Xr  by 26.5 dB f o r  a l l  v a l u e s  

A s  long as C ' I X '  exceeds t h e  convent iona l  

of S/N h ighe r  than  36 dB, t h e  o u t p u t  s i g n a l - t o - n o i s e  r a t i o  correspond- 

i n 7  t o  th re sho ld  o p e r a t i o n  a t  t h i s  modulation index .  With maximum 

feedback, a DTC of 26.5 dB can be achieved f o r  an  S / N  as l o w  as 3 3  d B ,  

corresponding  t o  a 6.5 dB th re sho ld .  

For a given  v a l u e  o f  S/N, i t  i s  clear t h a t  t h e  minimum pe rmis s ib l e  

wanted-to-unwanted s i g n a l  r a t i o  C' IX '  can  be decreased (DTC increased)  

t o  a p o i n t  determined by t h e  t h r e s h o l d  by merely i n c r e a s i n g  the  modu- 

l a t i o n  index and hence t h e  bandwidth expansion r a t i o .  The n a t u r e  of  

t h i s  t r a d e o f f  between r f  bandwidth and the  wanted-to-unwanted s i g n a l  

r a t i o  r equ i r ed  t o  ach ieve  a given  SIN i s  d i sp layed  i n  a d i f f e r e n t  

f a s h i o n  by Figs .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and 5. These f i g u r e s  d i f f e r  from each o t h e r  only 

i n  t h a t  Fig.  4 shows C'/X'  v e r s u s  nns modulation index f o r  c o n s t a n t  

v a l u e s  o f  average  baseband s i g n a l - t o - n o i s e  r a t i o  S/N, whereas F ig .  5 

g i v e s  C ' I X '  v e r s u s  peak  modulation index f o r  c o n s t a n t  v a l u e s  o f  t h e  

p e a k  baseband s i g n a l - t o - n o i s e  r a t i o  ASIN. 

b e t t e r  s u i t e d  t o  p lanning  FM s y s t e m s  f o r  TV t r ansmiss ion ,  s i n c e  TV 

s i g n a l  q u a l i t y  o b j e c t i v e s  are u s u a l l y  s p e c i f i e d  i n  terms of  peak base- 

- 

The l a t t e r  curves  are 

band power. I n  both f i g u r e s ,  t h e  a u x i l i a r y  bandwidth s c a l e  w a s  con- 

s t r u c t e d  us ing  Carson ' s  r u l e ;  f o r  F ig .  5, a v a l u e  A = 10 w a s  a g a i n  

assumed. 

The dashed curves i n  Figs .  4 and 5 show the'  performance p o s s i b l e  

through t h e  use  o f  t h re sho ld -ex tend ing  feedback FM r e c e i v e r s .  The 
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amount o f  feedback i s  i n d i c a t e d  by t h e  feedback f a c t o r  F,  where F = 1 

corresponds t o  zero  feedback o r  convent iona l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM o p e r a t i o n  and F = F 

t o  t h e  u s e  of t he  maximum p r a c t i c a l  amount of feedback. Two c u r v e s  

are given i n  Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 f o r  each o f  t h e s e  l i m i t i n g  cases: 

m 

one corresponds 

t o  t h e  th re sho ld  va lues  shown i n  Table  1, t h e  o t h e r  t o  t h e  assumption 

of a cons tan t  10-dB th re sho ld  f o r  zero  feedback and t o  t h e  th re sho ld  

g iven  by Eq. (21) f o r  maximum feedback. 

For l a t e r  r e f e r e n c e ,  i t  w i l l  be noted from column 4 of  Table 1 

t h a t  t h e  ou tpu t  n o i s e  power spectrum W ( f )  i s  f l a t  ( independent  of  f )  

f o r  PM b u t  i s  p a r a b o l i c  (p ropor t iona l  t o  f ) f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM. 
2 

n 

Unmodulated Unwanted Signal  

Probably t h e  s i m p l e s t  t y p e  of  i n t e r f e r e n c e  t o  ana lyze  is  t h a t  

o r i g i n a t i n g  from a s i n g l e  unmodulated s i n u s o i d a l  c a r r i e r .  L e t  t he  

wanted and unwanted s i g n a l s ,  each normalized t o  the  ampli tude of  the  

unmodulated wanted s i g n a l ,  be r e s p e c t i v e l y  

x ( t )  = r c o s  W x t  = r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcos(U C + u D ) t  ( 2 4 )  

where r << 1 i s  t h e  relative ampli tude of t h e  unwanted carrier, w = 

w - w i s  t h e  d i f f e r e n c e  between t h e  unwanted and wanted carrier f r e -  

quencies ,  and t h e  dependence of  a ( t )  and cp(t) on t h e  baseband b ( t )  i s  

determined by t h e  modulat ion method used wi th  t h e  wanted s i g n a l  as shown 

i n  Table  B-1. 

where Xo and Co are r e s p e c t i v e l y  the  powers o f  t h e  unnormalized unwanted 

and wanted carriers i n  t h e  absence of modulation. 

For a l l  of  t h e  ampli tude modulat ion methods, t he  waveform a t  the  

D 

X C 

Note t h a t  , due t o  the  no rma l i za t ion  of x( t )  , r = ( X x ,  

demodulator ou tpu t  i s  e a s i l y  shown t o  be 

y ( t )  = Mb(t) + n ( t )  

where M i s  t he  modulat ion index ,  and 
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n ( t )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= r cos w t AM, DSB, SSB (26) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD 

i s  a n  i n t e r f e r e n c e  n o i s e  term due t o  t h e  presence  o f  t h e  unmodulated 

r f  carr ier  a t  t h e  receiver i n p u t .  The power spectrum o f  t h e  o u t p u t  

i n t e r f e r e n c e  n o i s e  i s  t h u s  simply a l i n e  a t  t h e  carrier d i f f e r e n c e  

frequency f = uD/m 
D 

I f  f i s  less than  t h e  baseband bandwidth B, a l l  o f  t h e  i n t e r -  
D 

f e r e n c e  w i l l  f a l l  i n  t h e  baseband and,  f o r  mul t ichannel  basebands,  

D' 
w i l l  be concent ra ted  i n  t h e  channel  which i n c l u d e s  t h e  frequency f 

The e f f e c t  on t h i s  channel  w i l l  depend on t h e  magnitude of  r and on 

t h e  f r a c t i o n  o f  wanted s i g n a l  power t h a t  f a l l s  i n  t h e  a f f e c t e d  chan- 

n e l ,  b u t  u n l e s s  r i s  very  s m a l l  t h e  e f f e c t  i s  l i k e l y  t o  be  seve re .  

I f  f changes i n  t i m e  due t o  carr ier  frequency d r i f t ,  o t h e r  channels  

can be  a f f e c t e d  one a t  a t i m e .  
D 

I f  t h e  wanted s i g n a l  u s e s  PM w i t h  modulat ion index zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ,  t h e  wave- 

form a t  t h e  demodulator o u t p u t  i s  

y ( t )  = Q b ( t )  + n ( t )  PM (28) 

where now t h e  i n t e r f e r e n c e  n o i s e  waveform i s  given  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(29) n ( t )  = r sin[@ t - cp(t)] PM 

D 

Comparison of  Eq. (23) with  Eq. (29) a f t e r  s t r a i g h t f o r w a r d  F o u r i e r  

expansion o f  t h e  phase modulat ion q( t )  = Q b ( t )  p e r m i t s  t h e  power 

spectrum of  t h e  i n t e r f e r e n c e  t o  b e  expressed  i n  terms of t h e  normalized * 
low-pass v e r s i o n  of t h e  one-sided pawer spectrum 

carrier 

wc( f )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  wanted 

(6,7) 

* 
This  concept  is d e f i n e d  i n  Appendix B. 
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Thus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 
o f  a small 

wn(f) = ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 -  r2 /Wc(fD 4- f )  + wC(fD - f ) ]  PM 

i n  c o n t r a s t  t o  t h e  ampli tude modulat ion methods, t h e  e f f e c t  

unmodulated unwanted carr ier  on a phase modulated s i g n a l  

i s  t o  create an o u t p u t  i n t e r f e r e n c e  spectrum whose shape and magnitude 

are determined n o t  on ly  by t h e  unwanted-to-wanted s i g n a l  r a t i o  X/C = X / C  

= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr2 and t h e  carrier frequency d i f f e r e n c e  f D ,  b u t  a l s o  by t h e  n a t u r e  

of t h e  wanted carrier spectrum w i t h i n  t h e  r f  frequency band f * B as 

expressed by i t s  low-pass v e r s i o n  w ( f )  i n  t h e  range f D  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 B. 

wanted c a r r i e r  spectrum i s  cont inuous ,  t h e  i n t e r f e r e n c e  spectrum w i l l  

be a l s o .  I f  t h e r e  i s  a n  a p p r e c i a b l e  carrier component i n  t h e  wanted 

carr ier  spectrum, as t h e r e  w i l l  be f o r  low index PM, and i f  f < B ,  

t h e r e  w i l l  be  a corresponding l i n e  i n  t h e  i n t e r f e r e n c e  spectrum a t  

baseband frequency f For  a given  wanted- to-unwanted s i g n a l  r a t i o  

C / X  = r , i t  i s  apparent  from Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30) t h a t  t h e  o u t p u t  i n t e r f e r e n c e  

W ( f )  w i l l  i n  g e n e r a l  b e  reduced by i n c r e a s i n g  t h e  modulation index 

and hence t h e  r f  bandwidth o f  t h e  wanted s i g n a l ,  s i n c e  t h i s  of  neces- 

s i t y  reduces w ( f ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 0  

X 

I f  t h e  
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

D 

D' 
-2  

n 

C 

This conclus ion  may be  s t a t e d  q u a n t i t a t i v e l y  by w r i t i n g  an ex- 

p r e s s i o n  f o r  t h e  demodulator t r a n s f e r  c h a r a c t e r i s t i c .  Noting from 

Eq. (28) t h a t  t h e  o u t p u t  baseband s i g n a l  power i s  given  by 

- 
2 2  2 2 

r 
S = @  b (t) = @  / A S @  

and from Eq. (30) t h a t  

B B 

W n ( f )  = -!j r2 
0 0 

N = 2 [w C ( f D  + f) + w C ( f D  - f)]df 

t h e  d e s i r e d  e x p r e s s i o n  i s  

R = r2 S/N = PM 

J' [ W c ( f D  + f )  + wc(fD - f ) ]df  

0 
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Refe r r ing  t o  t h e  expres s ions  f o r  W ( f )  i n  Table  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB - 3 ,  i t  i s  obvious 

t h a t  i n c r e a s i n g  t h e  PM modulation index i n c r e a s e s  t h e  DTC both  by in-  

c r e a s i n g  t h e  numerator and by reducing t h e  denominator i n  Eq. (31) .  

C 

When the  wanted s i g n a l  i s  frequency modulated,  the  i n t e r f e r e n c e  

spectrum o r i g i n a t i n g  from an unmodulated r f  carr ier  can  b e  obta ined  

from E q .  (30) f o r  PM by m u l t i p l y i n g  the  r i g h t  s i d e  by f . 2 

With t h i s  mod i f i ca t ion ,  a l l  o t h e r  remarks about  the  n a t u r e  of  t h e  

i n t e r f e r e n c e  spectrum and t h e  e f f e c t  on i n t e r f e r e n c e  and t h e  DTC 

o f  i n c r e a s i n g  t h e  modulation index  apply wi th  equa l  f o r c e  t o  F'M. 

A r b i t r a r y  Unwanted S i g n a l  

Express ions  f o r  t h e  ou tpu t  i n t e r f e r e n c e  power spectrum and t h e  

demodulator t r a n s f e r  c h a r a c t e r i s t i c  f o r  t h e  case i n  which the  unwanted 

s i g n a l  i s  modulated may be de r ived  from the  r e s u l t s  j u s t  p resented  

f o r  i n t e r f e r e n c e  by an unmodulated carr ier .  The wanted and unwanted 

s i g n a l s  are assumed t o  b e  uncor re l a t ed  and t h e  l a t t e r  is  regarded as a 

d i s c r e t e  spectrum of  unmodulated carriers whose ampli tudes depend on 

frequency i n  such a way as t o  approximate t h e  power spectrum o f  t h e  un- 

wanted s i g n a l .  For example, t h e  p o r t i o n  of t h e  unwanted s i g n a l  whose 

power l i e s  i n  t h e  i n f i n i t e s i m a l  frequency range f t o  f + df is  repre-  

s en ted  by a s i n u s o i d  of f requency f and ampli tude A such t h a t  

A2/2 = Wx(f)df (33) 

where W ( f )  i s  t h e  power spectrum of t he  unwanted s i g n a l .  The t o t a l  

ou tpu t  i n t e r f e r e n c e  is  t hen  ob ta ined  by i n t e g r a t i n g  t h e  c o n t r i b u t i o n s  

from each of t h e  s i n u s o i d a l  components. 

X 

. When the  wanted s i g n a l  is  ampli tude modulated,  t h e  demodulator 

merely t r a n s l a t e s  bo th  wanted and unwanted frequency components 

towards zero  frequency by an amount equa l  t o  t h e  wanted carrier 

f requency f c .  A s  a r e s u l t ,  t h e  i n t e r f e r e n c e  spectrum is simply 
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where w ( f )  is  t h e  normalized low-pass v e r s i o n  of t h e  one-sided power 

spectrum of t h e  unwanted s i g n a l  ( t r u n c a t e d  t o  inc lude  only those  compo- 
X 

2 
n e n t s  which l i e  w i t h i n  t h e  wanted s i g n a l  passband) and r 

r a t i o  of unwanted t o  wanted s i g n a l  power i n  t h e  absence of modulation. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Xo/Co i s  t he  

It i s  apparent  t h a t  f o r  a given  wanted-to-unwanted s i g n a l  r a t i o ,  

t h e  DTC w i l l  depend on t h e  d i f f e r e n c e  f D  between t h e  carrier f r equenc ie s  

of t he  wanted and unwanted s i g n a l s  and on t h e  relative e x t e n t  of t h e i r  

s p e c t r a .  I n  p a r t i c u l a r ,  i f  t he  unwanted s i g n a l  is  ang le  modulated,  t h e  

o v e r a l l  i n t e r f e r e n c e  it  causes  w i l l  dec rease  as i ts  modulation index  i s  

i nc reased .  

When t h e  wanted s i g n a l  i s  phase modulated, each spectral  component 

of  t h e  unwanted s i g n a l  w i l l  g ive  rise t o  an output  spectrum of  t h e  form 

given by Eq. (30). 

unmodulated unwanted carrier relative t o  t h a t  of t h e  wanted carrier.  

Thus, i n  apply ing  i t  t o  compute t h e  i n t e r f e r e n c e  c o n t r i b u t i o n  of t h e  

modulated unwanted carrier components i n  an i n f i n i t e s i m a l  frequency in -  

terval dp a t  f requency f + p ,  r2 should be  rep laced  by t h e  r a t i o  of 

t h e  power r ep resen ted  by t h e  unwanted components i n  t h a t  i n t e r v a l  t o  

t h e  wanted carrier power--viz. , 

I n  t h a t  equa t ion ,  r2 r ep resen ted  t h e  power of  t he  

C 

2 x  
X 

r - W,(P - fD)dp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

Here aga in ,  w ( f )  is  t h e  normalized low-pass v e r s i o n  of t h e  t runca ted  

one-sided power spectrum of  t h e  unwanted s i g n a l  and r = Xo/Co is  t h e  

r a t i o  of  t h e  t o t a l  unwanted s i g n a l  power t o  t h a t  o f  t h e  wanted s i g n a l .  

With t h i s  replacement ,  t h e  ou tpu t  i n t e r f e r e n c e  n o i s e  a t  baseband f r e -  

quency f due t o  t h e  components of t h e  unwanted s i g n a l  i n  t h e  band of 

wid th  dp a t  f requency f + p i s  

2 
X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C 
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The t o t a l  i n t e r f e r e n c e  power s p e c t r u m  a t  frequency f i s  then 

obta ined  by i n t e g r a t i n g  over  a l l  f r equenc ie s  w i t h i n  t h e  r f  passband 

f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf W/2 o f  the  wanted s i g n a l .  Th i s  i s  e q u i v a l e n t  t o  i n t e g r a t i n g  

the  expres s ion  f o r  dW ( f )  o v e r  t h e  range -W/2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr; p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 W/2 
C 

n 

From t h i s ,  i t  i s  clear t h a t  an  a l t e r n a t i v e  expres s ion  f o r  t h e  o u t p u t  

i n t e r f e r e n c e  n o i s e  spectrum i s  

1 PM 
Wn(f) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1 X [ W ( f  - fD) + W(f + fD) 

co 

* 
where W(f) i s  t h e  convo lu t ion  of  t h e  normalized low-pass v e r s i o n s  of 

t h e  one-sided power spectra of t h e  unwanted and wanted s i g n a l s ,  t h e  

l a t t e r  r e f l e c t e d  about zero  frequency and t h e  former t r u n c a t e d  t o  in-  

c lude  only  components w i t h i n  

S ince  no assumption was 

unwanted s i g n a l ,  Eq. (35) o r  

t h e  wanted s i g n a l  passband 

= wx(f) * wc(-f) (37) 

made about t h e  modulation used w i t h  t h e  

(36) a p p l i e s  e q u a l l y  w e l l  t o  bo th  ampli- 

tude and ang le  modulated unwanted s i g n a l s .  I n  p a r t i c u l a r ,  when a p p l i e d  

t o  an unwanted s i g n a l  whose power spectrum is cons tan t  over  t h e  wanted 

s i g n a l  passband, t h e  formulas y i e l d  t h e  r e s u l t s  f o r  w h i t e  gauss ian  

n o i s e  d i sp l ayed  f o r  PM i n  Table  1. 

I f  n e i t h e r  t h e  wanted nor  t h e  unwanted s i g n a l  has  an  a p p r e c i a b l e  

carrier frequency component, t h e  i n t e r f e r e n c e  n o i s e  spectrum W ( f )  w i l l  

b e  cont inuous .  I f  e i t h e r  o r  b o t h  do have s i g n i f i c a n t  c a r r i e r  components, 

t h e  e f f e c t  may be seen  by s u b s t i t u t i n g  

n 

* 
The convo lu t ion  of two f u n c t i o n s  f ( x )  and g(x) is  def ined  as t h e  

i n t e g r a l  
m 

f ( x )  * g(x)  = [ f ( u ) g ( x  - u)du 
-m 
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* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

i n t o  Eq. (35) .  The r e s u l t  is  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 r- 

+ kJL-w2(f - fD) + w2(f + fD) ( f  - fD)  + wl(f + fD) 

where t h e  c o n s t a n t s  k and k2 i n d i c a t e  t h e  f r a c t i o n s  o f  wanted and 

unwanted s i g n a l  power r e s i d i n g  i n  t h e  c a r r i e r s ,  r e s p e c t i v e l y .  Of the  

t h r e e  terms fo l lowing  t h e  i n t e g r a l ,  t h e  las t  two e x i s t  on ly  i f  t h e  

car r ie r  frequency d i f f e r e n c e  f 

of t he  wanted r f  s i g n a l .  A l l  t e r m s  b u t  t h e  las t  r e p r e s e n t  cont inuous  

s p e c t r a ;  t h e  l a s t  r e p r e s e n t s  a l i n e  a t  frequency f and w i l l  a f f e c t  

t h e  baseband only  i f  f < B ,  t h e  baseband bandwidth. 

1 

i s  less than  W/2, t h e  h a l f  bandwidth 
D 

D 

D 
Equat ions  ( 3 5 ) ,  ( 3 6 ) ,  and (39) d e s c r i b e  t h e  i n t e r f e r e n c e  n o i s e  

spectrum a t  t h e  o u t p u t  of  a phase demodulator caused by an  a r b i t r a r y  

unwanted s i g n a l  a t  i t s  i n p u t .  Corresponding expres s ions  f o r  a f r e -  

quency demodulator may be obta ined  by simply mul t ip ly ing  t h e  r i g h t  

s i d e s  of  t h e s e  equa t ions  by f . 2 

Values of t h e  convolu t ion  expressed  by Eq. (37 )  have been computed 

and p l o t t e d  f o r  c a r r i e r s  which have been frequency modulated by FDM 

e q u i v a l e n t  n o i s e  basebands us ing  modulation i n d i c e s  c h a r a c t e r i s t i c  of 

p r e s e n t  terrestrial  and sa t e l l i t e  r e l a y  system p r a c t i c e .  (' 'lo) 

of  i n t e r f e r e n c e  n o i s e  power s p e c t r a  ob ta ined  by d i r e c t  numerical  i n t e g r a -  

t i o n  of Eq. (35) are shown i n  Fig.  6 f o r  wideband F'M systems.  However, 

Examples 

* 
This d i f f e r s  from Medhurst 's  "genera l  formula"(8) by a f a c t o r  of 

2 since Medhurst cons ide r s  a one-sided o r  t r i gonomet r i c  spectrum i n  

p l a c e  of t h e  two-sided e x p o n e n t i a l  spectrum cons idered  he re .  
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Relative baseband zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m 0 0.2 0.4 0.6 0.8 1.0 
z - 0  - 
h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cc 
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- -10 

v 

3 -20 
+ 
h 

n 
cc -30 
I 

cc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 -40 - 

E 

. -50 

2 

cc 

E 

c 
V 
a, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b 
3 
0 
Q 

-10 
2 

a, -20 

z 
% -30 

.- 
0 
c 

V 
21 

a, 

c 
c .- 

-40 .- 
c 
U 
a, 
- 
e -50 

- 0.25 

X 
D I w c  B 

D,=3, - - D x = 3  t B C  

I I I I I I 

frequency f / f  

0 0.2 0.4 0.6 0.8 1.0 

B, I B, = baseband bandwidths of wanted and unwanted signal 

D, I D, = FM modulation indices of wanted and unwanted signal 

f m = highest baseband frequency of wanted signal 

W c = r f  bandwidth of wanted signal 

W ( f ) = w x  ( f )  * w, ( - f )  

Fig .6--Examples of output noise power spectra for interference 
between wideband FM signals 
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s i n c e  t h e  shapes of  t h e s e  s p e c t r a  are dependent on t h e  shapes of t h e  

wanted and unwanted r f  s i g n a l  s p e c t r a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas w e l l  as to  the  carrier f r e -  

quency d i f f e r e n c e ,  no a t t empt  w i l l  be  made t o  compute demodulator 

t r a n s f e r  c h a r a c t e r i s t i c s  as such. I n s t e a d ,  t h e  o u t p u t  i n t e r f e r e n c e  

s p e c t r a  w i l l  be  used d i r e c t l y  t o  compute v a l u e s  f o r  t h e  o v e r a l l  re- 

c e i v e r  t r a n s f e r  c h a r a c t e r i s t i c  t o  be d i scussed  next .  

CHANNELIZING AND OVERALL RECEIVER TRANSFER CHARACTERISTICS 

The CTC w a s  def ined  i n  Eq. (3) as t h e  f a c t o r  by which t h e  s i g n a l -  

t o -no i se  r a t i o  a t  t h e  ou tpu t  o f  a s e l e c t e d  message channel  exceeds 

t h e  e f f e c t i v e  baseband s i g n a l - t o - n o i s e  r a t i o  a t  t h e  demodulator ou t -  

pu t .  For t h a t  channel ,  i t  t a k e s  i n t o  account  n o t  only t h e  demult i -  

p l ex ing  o r  channe l i z ing  o p e r a t i o n ,  b u t  a l s o  t h e  e f f e c t  o f  any s i g n a l  

p rocess ing  t o  which e i t h e r  t h e  baseband o r  t h e  s ing le-channel  message 

may have been sub jec t ed  fo l lowing  demodulation. I n  a d d i t i o n ,  t he  CTC 

must a l low f o r  t he  f a c t  t h a t  i n  t h e  channel  ou tpu t  s igna l - to -no i se  

r a t i o  which appears  i n  i t s  d e f i n i t i o n ,  t h e  s i g n a l  power may r e f e r  t o  

a s p e c i a l  test s i g n a l  whose power level and s t a t i s t i c a l  c h a r a c t e r i s t i c s  

are q u i t e  d i f f e r e n t  from t h e  message s i g n a l s  t h a t  comprise t h e  base- 

band, and t h a t  t h e  n o i s e  power i s  u s u a l l y  weighted t o  account  f o r  t h e  

s u b j e c t i v e  d i f f e r e n c e  i n  t h e  annoying e f f e c t  o f  n o i s e  a t  d i f f e r e n t  

f r equenc ie s  w i t h i n  t h e  channel .  

For t h e s e  r easons ,  t h e  CTC u s u a l l y  d i f f e r s  from u n i t y  even i n  

those  c a s e s  i n  which t h e  baseband c o n s i s t s  o f  only a s i n g l e  channel ,  

as i t  o f t e n  does wi th  t e l e v i s i o n .  I n  t h e  more common s i t u a t i o n  of a 

mult ichannel  baseband, t h e  CTC i s  normally d i f f e r e n t  from one channel  

t o  ano the r - - i . e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, i t s  v a l u e  i s  dependent on t h e  baseband frequency 

a t  which t h e  channel  i s  l o c a t e d ,  

I f  t h e  baseband s i g n a l  recovered by t h e  terminal receiver has  n o t  

been co r rup ted  by n o i s e  due t o  p rev ious  demodulation i n  baseband- type 

r e p e a t e r s ,  t h e  o v e r a l l  s i g n a l - t o - n o i s e  performance o f  t h e  r e c e i v i n g  

t e rmina l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis given  by t h e  product  of  t h e  DTC and t h e  CTC. 

i s  t h e  f a c t o r  by which t h e  s i g n a l - t o - n o i s e  r a t i o  a t  t h e  o u t p u t  o f  a 

s e l e c t e d  channel  exceeds t h e  wanted-to-unwanted s i g n a l  r a t i o  a t  t h e  

Th i s  product  
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r e c e i v e r  i n p u t .  It i s  u s u a l l y  c a l l e d  t h e  r e c e i v e r  t r a n s f e r  c h a r a c t e r -  

i s t i c  (RTC), o r  i n t e r f e r e n c e  r educ t ion  f a c t o r .  Like t h e  CTC, i t s  

v a l u e  w i l l  normally be d i f f e r e n t  f o r  d i f f e r e n t  channels.  I n  t h i s  

connec t ion ,  i t  should be  noted t h a t  some a u t h o r s  choose t o  d e f i n e  

f r t h e "  RTC as t h e  o v e r a l l  t r a n s f e r  c h a r a c t e r i s t i c  f o r  t h e  "worst" 

channel  of  t h e  baseband-- i .e . ,  t h e  channel  f o r  which t h e  RTC has  i t s  

smallest va lue .  I n  some cases, such as t hose  i n  which t h e  unwanted 

s i g n a l  i s  a s i n g l e  modulated carrier,  no s p e c i a l  purpose i s  served 

by computing t h e  DTC and t h e  CTC s e p a r a t e l y ;  i n  t h e s e  c a s e s  t h e  RTC 

w i l l  be computed d i r e c t l y  from t h e  ou tpu t  i n t e r f e r e n c e  n o i s e  spectrum, 

Telephone Basebands 

With the  background p resen ted  i n  Appendix C ,  i t  i s  easy t o  d e r i v e  

expres s ions  f o r  t h e  CTC and RTC corresponding t o  any channel  i n  an 

n-channel FDM te lephone baseband t r ansmi t t ed  by any g iven  analog modu- 

l a t i o n  method i n  t h e  f a c e  o f  a small b u t  a r b i t r a r y  unwanted s i g n a l .  

From t h e  d e f i n i t i o n  given i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEq.  ( 3 ) ,  t h e  CTC i n  dB can  be  w r i t t e n  

The t e s t - t o n e  power S and t h e  busy hour average baseband power 
ch 

S,  each expressed i n  mW a t  a p o i n t  o f  zero  r e l a t i v e  level, are given  

by Eqs. (C-8) and ( A - 2 ) ,  r e s p e c t i v e l y .  Combining t h e s e  equa t ions ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[ 1 - 4 l o g n  12  n < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA240 

The weighted channel  n o i s e  N i s  given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEq. ( C - l o ) ,  and t h e  
ch 

t o t a l  n o i s e  i n  t h e  baseband bandwidth a t  t h e  demodulator ou tpu t  by 

f 
N = 2 s," Wn(f)df = 2 GnB 

'R 
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where f and f are the frequency limits zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the baseband and w is the 

value of the output noise power spectrum W (f) averaged over the base- 

band bandwidth B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= f - f . Combining Eqs. (C-10) and (42)  gives for 
m Q  

a preemphasized baseband, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm n Q 
n 

Bch + 10 log - B 
'n( c h) 

'n 
10 log - Nch N = 10 log - 

+ 10 log cN + 10 log GDo(fch) ( 4 3 )  

Except for the deletion of the term involving G (f ) ,  the same ex- 

pression applies when preemphasis is not used. 

of the number of channels n, note from Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A-2)  that, since B ch = 

3 . 1  kHz, 

Do ch 
To express this in terms 

1.6 - 10 log n ( 4 4 )  10 log - 3 - Bch 
B 

With this substitution, Eq. ( 4 3 )  and Eq. (41) combine with E q .  

( 4 0 )  to yield general expressions for the channelizing transfer char- 

acteristic for a preemphasized n-channel FDM telephone baseband 

'n( c h) 
- 
'n 

16.6 - 10 log EN - 10 log 

+ lo log GDo(fch) n > 240 

CTC = 

2.6 - 10 log zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT; - 10 log Wn(fch) - + 6 log n 
N 

'n 

( 4 5 )  

+ 10 log GDo(f) 1 2  < n < 240 

subject only to the condition that Wn(f) varies slowly over the band- 

width Bch of the channel in question. 

the CTC is given by Eq. ( 4 5 )  with the term in GDo(fch) omitted. 

use in Eq.  ( 4 5 ) ,  10 log E 

When preemphasis is not used, 

For 

is given for various types of weighting N 
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by Table C-1, and 10 log G (f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) can be read from Fig. C-2. It remains 

only to calculate the value of the term involving W (f) for the modula- 
n 

tion method and type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof unwanted signal of interest. 

Do ch 

White Noise Unwanted Signal. When the unwanted rf signal has the 

characteristics of white noise, W (f) is given by column zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 of Table 1, 

and hence 
n 

where, in writing the expression for FM, terms in f /f were neglected. 

Substituting Eq. ( 4 6 )  into Eq. ( 4 5 )  yields the CTC for the channel at 

frequency f in an n-channel FDM telephone baseband when the unwanted 

signal is white noise. With psophometric weighting, the result for PM 

P m  

ch 

and for the amplitude modulation methods is the same for all channels: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

19.1 n > 240  FDM t e le phony 
white noise un- 

AM, DSB, 
CTC = wanted signal , 

( 4 7  1 
5 . 1  + 6 log n 12 < n < 2 4 0  SSB, PM 

It is instructive to note the way in which the nominal 19-dB dif- 

ference between the channel signal-to-noise ratio and the baseband sig- 

nal-to-noise ratio arises when n is large. To begin with, the weighted 

channel noise is about 3 .5  dB less than would be the case if the total 

baseband noise were simply divided by the number of channels. Of this, 

2 .5  dB represents the effect of noise weighting and 1 dB the difference 

between the channel bandwidth and the average channel spacing. On the 

other hand, the channel test-tone power is about 16 dB higher than it 

would be if the total busy hour baseband signal power were divided 

equally among the channels. Of this, about 10 dB represents the ratio 

of test-tone power to the average talker power and the remaining 6 dB 
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accounts for the fact that on the average only a quarter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the chan- 

nels are active--i.e., carrying speech power. 

For FM, the result of combining Eqs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(45) and (46) depends on the 

location of the channel within the baseband and on whether or not pre- 

emphasis is used. The case of greatest interest is the worst or top 

channel f 

and Eq. (C-6) gives 10 log GDo(fch) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - 4.0. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ fm, for which Eq. (46) gives 10 log rWn(fch)/cn] = 4.8, 
ch 

Hence, in this case, 

FM with 
no preemphasis 12 < n < 240 

(48) 
i 14.3 n > 240 

0.3 + 6 log n I 4.3 + 6 log n 
FM with 

12 r f  n e 240 preemphasis 
18.3 n > 240 

CTC = 

The foregoing expressions for the CTC with white noise are plotted in 

Fig. 7. The discontinuity in slope at n = 240 is a consequence of a 

similar discontinuity in the baseband average power curve shown in 

Fig. A-2. 

Expressed in dB, the overall receiver transfer characteristic is 

given by 

RTC = DTC + CTC (49) 

where DTC is the demodulator transfer characteristic. For a white noise 

unwanted signal, the DTC is given in column 1 of Table 1. These ex- 

pressions may be combined with those of Eqs. (47) and (48) to obtain 

the RTC. For example, in the case of FM with preemphasis, the RTC for 

the top channel, psophometricafly weighted, is 

23.1 + 10 log 5 + 20 log Dr n > 240 FDM telephony , 
white noise un- 
wanted signal, 
FM with 
preemphasis 

W 

W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9.1  + 6 log n + 10 log 

RTC = 

-I- 20 log Dr 12 < n < 240 
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An zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAalternative general equation for this case, utilizing different 

parameters, may be obtained by first expressing the ratio S 

of rms frequency deviations: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ S  in terms 
ch 

10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1% Sch/S = 20 log(frch/fr) 

When this is substituted with Eq. (43)  into Eq. ( 4 0 )  and the resultant 

expression for the CTC is added to the DTC for FM given in Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1, the 

end product for a psophometrically weighted voice channel at baseband 

frequency f is 
ch 

FDM telephony , whit e 

signal , 
FM with 

frch 
RTC = 2.5 - 10 log G (f ) -I- 20 l o g  - 

fch noise unwanted 

W 

Do ch 

+ LO log - 
Bch pr eemphas i s ( 5 2 )  

The CCIR recommended values of f the rms frequency deviation due to 

a channel test tone, are given in Table A-1 for terrestrial radio relay 

systems. 

rch’ 

For most purposes, however, the RTC for white noise interference 

can be obtained with sufficient accuracy simply by adding the values 

of DTC and CTC read from the curves of Figs. 3 and 7 respectively. 

Arbitrary Unwanted Signal. When the unwanted signal is not white 

noise, the CTC is still given by Eq. ( 4 5 )  except that W (f) is now 

given in terms of the wanted and unwanted signal spectra by expressions 

such as Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 4 )  for the amplitude modulation methods and Eq. (36) or 

Eq. (39) for phase modulation. Having computed the CTC, the RTC may 

then be found by adding to it the DTC in accordance with Eq. ( 4 9 ) .  

But the DTC now also depends on the shape of the output noise spectrum 

Wn(f), and it is just as simple to compute the RTC directly. 

n 

In the case of the amplitude modulation methods, it is easy to 

show that the RTC with psophometric weighting is given for SSB modula- 

tion by 
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FDM telephony zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 
a r b i t r a r y  

RTc = { (53) 
i n t e r f e r e n c e ,  
SSB 

I 5 . 1 + 6 1 0 g n  

where W ( f )  i s  t h e  output  n o i s e  spectrum given  i n  Eq. (34) and i s  

i t s  average va lue  over t h e  baseband as def ined  i n  Eq. (42 ) .  The RTC 

f o r  DSB modulation may be obta ined  by adding 3 dB t o  t h e  r i g h t  s i d e  of 

t he  equat ion .  Comparing t h i s  r e s u l t  w i th  t h e  va lues  of RTC implied by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Eq.  (47) and Table  1 f o r  whi te  i n t e r f e r e n c e ,  i t  i s  seen t h a t  w i th  non- 

whi te  i n t e r f e r e n c e  conta ined  e n t i r e l y  w i t h i n  t h e  wanted s i g n a l  pass-  

band, t h e  RTC i s  reduced by 10 log  W,(f 

n o i s e  va lue .  

n n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
)/E compared wi th  i t s  whi te  

ch n 

Some of t h e  p e r t i n e n t  s p e c t r a l  r e l a t i o n s  are ske tched  i n  F ig .  8 t o  

i l l u s t r a t e  t h e  e f f e c t s  of wh i t e  and co lored  i n t e r f e r e n c e  on DSB and SSB 

systems. Note i n  p a r t i c u l a r  t h a t  when t h e  unwanted signal spectrum ex- 

t ends  beyond t h e  passband of t h e  wanted s i g n a l ,  DSB and SSB can y i e l d  

s i g n i f i c a n t l y  d i f f e r e n t  ou tpu t  n o i s e  s p e c t r a  and hence d i f f e r e n t  RTCs 

f o r  t h e  same unwanted s i g n a l .  A n a l y t i c a l l y  t h i s  r e s u l t  s t e m s  from t h e  

f a c t  t h a t  t h e  e f f e c t i v e  power spectrum of t h e  unwanted s i g n a l  (namely, 

t h a t  p o r t i o n  of t h e  unwanted signal spectrum inc luded  i n  t h e  wanted s i g -  

n a l  passband) can b e  q u i t e  d i f f e r e n t  f o r  t h e  two types  of  modulation. 

gene ra l ,  however, t h e  g r e a t e s t  i n t e r f e r e n c e ,  and hence t h e  lowest  va lues  

of RTC, correspond t o  t h e  case of s t r i c t l y  cochannel o p e r a t i o n ,  f D  = 0. 

I n  

When the  wanted s i g n a l  i s  modulated i n  a n g l e  r a t h e r  t han  ampli tude,  

t h e  RTC may be found from Eq.  (49) by s u b s t i t u t i n g  N from e i t h e r  

Eq. (C-9) o r  Eq. (C-10)  and s e t t i n g  

c h  
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1-1 Wanted signal power spectrum 

Unwanted signal power spectrum 

DSB SS B 

( a )  White noise unwanted signal 

DSB SSB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( b )  Atbitrary unwanted signal 

Fig .8-Spectral relations for interference to DSB and SSB systems 
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The r e s u l t  f o r  PM is 

RTC = 20 l o g  yrch - 10 l o g  [$ 2Wn(fch)Bch] - 10 l o g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEN (55) 

and f o r  FM wi th  preemphasis,  

r c h  

f c h  
RTC = 20 l o g  - - lo l o g  GDo(fch> 

log rc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALX 2Wn(fch)Bchl - log (56) 

where i n  both equa t ions ,  W ( f )  is  t h e  PM n o i s e  spectrum as given e i t h e r  

i n  Eq. (36) o r  Eq. (39) .  
n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A comparison of Eq. (56) wi th  Eq. (52) shows t h a t  f o r  t h e  channel  

a t  frequency f t h e  RTC wi th  a r b i t r a r y  i n t e r f e r e n c e  d i f f e r s  from t h a t  

w i t h  wh i t e  n o i s e  i n t e r f e r e n c e  by an amount 
ch’ 

where W is  t h e  r f  bandwidth of  t h e  wanted s i g n a l .  When t h e  expres s ion  

f o r  W ( f )  given i n  Eq. (36) is  s u b s t i t u t e d  i n  Eq. (57) and i t  is  noted 

t h a t  C = C f o r  FM, t h e  r e s u l t  is  an expres s ion  f o r  ARTC d i r e c t l y  i n  
n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

t e r m s  of t h e  normalized low-pass v e r s i o n s  of t h e  one-sided 

t h e  t o t a l  wanted and unwanted s i g n a l s  

s p e c t r a  of 

ARTC = -10 l o g  [W(fch - fD) + W(fch + fD)] 

where W(f) is  given by Eq. (37) 

W(f) = wx(f)  * wc(-f) (59) 
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P l o t s  of A R K  ver sus  c a r r i e r  frequency d i f f e r e n c e  f f o r  t h e  worst  

D 
channel  i n  t h e  c a s e  of i n t e r f e r e n c e  between wideband FM systems a r e  

shown i n  Fig.  9.  The ou tpu t  i n t e r f e r e n c e  n o i s e  s p e c t r a  on which t h e s e  

r e s u l t s  depend w e r e  d i sp l ayed  earlier i n  F ig .  6. 

Refe r r ing  t o  F ig .  9 ,  i t  should be noted t h a t  when t h e  wanted and 

unwanted s i g n a l s  are s t r i c t l y  cochannel ( f  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO), ARTC i s  nega t ive .  

That i s ,  t h e  RTC f o r  an a r b i t r a r y  unwanted s i g n a l  i s  always smaller 

(worse i n t e r f e r e n c e )  than  f o r  t h e  r e f e r e n c e  whi te  n o i s e  case .  However, 

as f i s  i nc reased  beyond about one-quar te r  of t h e  r f  bandwidth, ARTC 

becomes p o s i t i v e  i n  most c a s e s  and con t inues  t o  i n c r e a s e  r a p i d l y  wi th  

i n c r e a s i n g  frequency s e p a r a t i o n .  For example, w i th  f D  = W/2, t h e  RTC 

i s  from 6 t o  7 dB l a r g e r  than wi th  wh i t e  n o i s e .  

D 

D 

The excep t ions  t o  t h i s  r u l e  occur  when t h e  bandwidth of t h e  un- 

wanted s i g n a l  i s  much wider  than  t h a t  of t h e  wanted s i g n a l .  I n  t h i s  

case, w e l l  i l l u s t r a t e d  by t h e  curve f o r  D = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ,  B D / B  = 30, t h e  un- 

wanted s i g n a l  spectrum i s  n e a r l y  cons t an t  over  t h e  wanted s i g n a l  pass-  

band and, as should  b e  expected,  t h e  RTC i s  n e a r l y  equa l  t o  t h a t  f o r  

wh i t e  n o i s e  f o r  a l l  v a l u e s  of f 

C x x  c 

D' 

Telev i s ion  Basebands 

The CTC and RTC f o r  t e l e v i s i o n  s i g n a l s  may be  computed i n  much t h e  

same manner as t hose  f o r  te lephone messages. The p r i n c i p a l  d i f f e r e n c e  

is ,  t h a t  as a r e s u l t  of t h e  l a r g e  bandwidth of t h e  v ideo  s i g n a l ,  t h e  

baseband u s u a l l y  inc ludes  on ly  one TV channel.  Thus, i n  c o n t r a s t  t o  

a t e lephone  channel ,  n e i t h e r  t h e  preemphasis f u n c t i o n  no r  t h e  ou tpu t  

n o i s e  spectrum i s  cons tan t  ove r  t h e  channel  bandwidth. 

The ou tpu t  channel  n o i s e  i s  
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20 

15 

10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 
v 

\ 
U 
f -  
D: 

5 

0 

-5 

2 /  / 3,30 
r 1 
f 

J 
-5.4 0.6 0.8 1 s o  

Relative carrier frequency difference, fD/wc 

Bc = baseband bandwidth for wanted signal 

B, 
Dc = modulation index of wanted signal 

Dx = modulation index of unwanted signal 

fD = difference between carrier frequencies 
of wanted and unwanted signals 

Wc = rf bandwidth of wanted signal 

baseband bandwidth for unwanted signal 

F i g .  9 --Receiver transfer characteristic for interference between wideband 
FM signals relative to that for white noise interference 
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and t h e  t o t a l  n o i s e  a t  t h e  demodulator ou tpu t  i s  

B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I- 

N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2 J 
0 

Wn(f) df 

S u b s t i t u t i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q s .  (C-17), (60) ,  and (61) i n t o  E q .  (40)  y i e l d s  t h e  g e n e r a l  

expres s ions  f o r  t h e  CTC f o r  TV 

B 

0 
J- G N ( f )  w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(f) df n 

(6 + 10 l o g  A - 10 l o g  TV: no preemphasis 

B s G N ( f )  G D o ( f )  Wn(f )  df 

TV : w i t h  
6 -I- 10 l og  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA - 10 l og  0 I B 

CTC = 

Here, G ( f )  and G ( f )  are g iven  by E q s .  (C-12) and (C-15)  r e s p e c t i v e l y ,  

and as befo re ,  t h e  ou tpu t  n o i s e  spectrum W ( f )  depends on t h e  spectrum 
n 

of t h e  unwanted s i g n a l  and on t h e  t ype  of modulation. 

Do N 

White Noise Unwanted S i g n a l .  With w h i t e  n o i s e  i n t e r f e r e n c e  and 

e i t h e r  PM o r  one of t h e  ampl i tude  modulation methods, W ( f )  is  c o n s t a n t ,  

no preemphasis i s  used ,  and t h e  t h i r d  t e r m  i n  E q .  (62) reduces  t o  
n 

B 

10 l o g  '1 GN(f) df = -6.2 dB 
B 

0 

With FM and preemphasis, t h e  n o i s e  spectrum i s  p a r a b o l i c ,  and t h e  v a l u e  

of t h e  t h i r d  t e r m  is  -12.8 dB. Thus t h e  CTC f o r  w h i t e  n o i s e  i n t e r f e r e n c e  

t o  TV t r ansmiss ion  i s  given  by 

sis 
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12.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 10 l og  A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATV: w h i t e  n o i s e ;  

AM, DSB, SSB 

18.8 + 10 l o g  A TV: w h i t e  n o i s e ;  
FM w i t h  preemphasis 

CTC = 

T o  o b t a i n  t h e  RTC f o r  w h i t e  n o i s e ,  i t  is  o n l y  necessary  t o  add t h e  

DTC given  by Table  1 o r  F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 f o r  t h e  modulation method and modulation 

index i n  q u e s t i o n .  I n  t h e  case of FM, i t  i s  u s e f u l  t o  n o t e  from Table  1 

t h a t  

( 6 4 )  
2 

DTC = 7.8 + 10 log D (D+1) - 10 l o g  A 

s o  t h a t ,  upon adding t h e  DTC t o  t h e  CTC given i n  E q .  ( 6 3 ) ,  t h e  terms 

i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA c a n c e l  one a n o t h e r ,  l e a d i n g  t o  t h e  r e s u l t  

TV: w h i t e  n o i s e ;  
2 

RTC = 26.6 10 l o g  D ( D t l )  

FM w i t h  preemphasis ( 6 5 )  

Also n o t e  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEq.  (63) t h a t  curves  such as those  i n  F ig .  5 which 

t e l l  d i r e c t l y  t h e  i n p u t  wanted-to-unwanted s i g n a l  r a t i o  needed t o  y i e l d  

a s p e c i f i e d  va lue  of peak baseband s i g n a l - t o - n o i s e  r a t i o  can  be  r e l a b e l e d  

i n  terms of t h e  corresponding channel  output  s i g n a l - t o - n o i s e  r a t i o  by 

merely adding 18.8 dB t o  t h e  l a b e l e d  va lues .  I n  u s i n g  t h e s e  c u r v e s ,  n o t e  

t h a t  t h e  FM modulation index D and Carson’s  r u l e  bandwidth W may be ex- 

pressed d i r e c t l y  i n  terms of t h e  d e v i a t i o n  f corresponding t o  t h e  peak 

v ideo  s i g n a l  v o l t a g e  s and t h e  maximum baseband frequency f . 
P m 

P 

D = f / f  , w = 2(f + fm)  
P m  P 

A r b i t r a r y  Unwanted S i g n a l .  When t h e  unwanted s i g n a l  i s  no t  w h i t e  

n o i s e ,  t h e  a p p r o p r i a t e  e x p r e s s i o n  f o r  W ( f )  can  be used i n  Eq.  ( 6 2 )  t o  

g i v e  t h e  CTC but it i s  no more t r o u b l e  i n  t h i s  case t o  compute t h e  RTC 

d i r e c t l y .  For t h e  ampli tude modulation methods, however, t h e  DTC i s  

n 
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u n a f f e c t e d  by t h e  change i n  t h e  unwanted s i g n a l  spectrum, and t h e  re- 

s u l t a n t  RTC i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ CTC AM, DSB 

CTC SSB zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI RTC = 

where t h e  CTC is given  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEq. (62) i n  which W ( f )  is s p e c i f i e d  i n  terms 

of t h e  unwanted s i g n a l  spectrum by Eq.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 4 ) .  
n 

For preemphasized FM, t h e  r e s u l t  i s  

RTC = 6 f 20 log  f - 10 l o g  2 f fi: Wn(f)GN(f)GDo(f)df ( 6 8 )  
P a'" 2 c  

where 2f i s  t h e  peak-to-peak frequency d e v i a t i o n  and W ( f )  i s  t h e  

phase n o i s e  spectrum given  by Eq.  (36) o r  (39 ) .  The r e s u l t  f o r  PM 

i s  t h e  same except  f o r  t h e  replacement  of f by t h e  corresponding 

peak phase d e v i a t i o n  and t h e  omission of t h e  f 2  f a c t o r  i n  t h e  i n t e -  

grand .  

P n 

P 

Values of t h e  RTC corresponding t o  t h e  types  of rf i n t e r f e r e n c e  

l i k e l y  t o  be encountered i n  TV t r a n s m i s s i o n  by space  and terrestr ia l  

r e l a y  systems may now be c a l c u l a t e d  i n  much t h e  same f a s h i o n  as f o r  

te lephone  t r a n s m i s s i o n .  To make such computat ions,  however, i t  i s  

necessary  t o  know something about  t h e  ampli tude d i s t r i b u t i o n  f o r  t h e  

t e l e v i s i o n  baseband. Both t h e  peak-to-average power r a t i o  needed f o r  

t he  ampli tude modulation methods and t h e  power spectrum of t h e  modu- 

l a t e d  carr ier  needed f o r  FM are determined by t h i s  ampli tude d i s t r i -  

b u t i o n .  The u b i q u i t o u s  gauss ian  d i s t r i b u t i o n  i s  sometimes assumed f o r  

t h i s  purpose,  b u t  l i t t l e  d a t a  on t h e  a c t u a l  d i s t r i b u t i o n  appear t o  be  

avai l a b  l e .  

A s  a r e s u l t ,  o r  perhaps because t h e o r e t i c a l  p r e d i c t i o n s  u s i n g  t h e  

d a t a  t h a t  were a v a i l a b l e  proved u n r e l i a b l e ,  t h e  e f f e c t  of nonwhite r f  

i n t e r f e r e n c e  on t e l e v i s i o n  p i c t u r e  q u a l i t y  seems t o  have been determined 

i n  p r a c t i c e  d i r e c t l y  from s p e c i a l  experiments  w i t h  viewer p a n e l s .  
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111. DIGITAL MODULATED SYSTEMS 

Radio r e l a y  systems employing d i g i t a l  modulation methods such  as 

ampl i tude - sh i f t  keying (ASK), phase-sh i f t  keying (PSK), and frequency- 

s h i f t  keying (FSK)--the d i g i t a l  e q u i v a l e n t s  of AM, PM, and FM--are de-  

s igned  t o  c a r r y  not  on ly  messages which are i n h e r e n t l y  d i g i t a l  (computer 

d a t a ,  t e l e t y p e ,  and c e r t a i n  types  of f a c s i m i l e )  bu t  a l s o  ana log  messages 

(voice  and t e l e v i s i o n )  which have been conver ted  t o  d i g i t a l  form us ing  

encoding techniques  such as p u l s e  code modulation (PCM) and d e l t a  modu- 

l a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(AM). 

GENERAL RELATION BETWEEN SIGNAL ENVIRONMENT AND OUTPUT 
MESSAGE QUALITY 

The problem of r e l a t i n g  ou tpu t  message q u a l i t y  t o  t h e  wanted and 

unwanted s i g n a l  environment may be  t r e a t e d  i n  much t h e  same f a s h i o n  as 

f o r  ana log  modulated systems. 

ward from t h e  ou tpu t  of a s e l e c t e d  channel ,  one f i r s t  relates t h e  

a p p r o p r i a t e  measure of ou tpu t  message q u a l i t y  t o  t h e  q u a l i t y  of t h e  

d i g i t a l  baseband as it  i s  recovered by t h e  demodulator i n  t h e  t e r m i n a l  

r e c e i v e r .  

R e f e r r i n g  t o  F i g .  1 and working back- 

For ana log  messages, t h i s  means expres s ing  t h e  ou tpu t  s i g n a l - t o -  

n o i s e  r a t i o  S ch/Nch i n  terms of t h e  baseband e r r o r  p r o b a b i l i t y  p 

t h e  t e rmina l  r e c e i v e r  ou tpu t .  I n  f u n c t i o n a l  n o t a t i o n ,  t h i s  expres s ion  

w i l l  be w r i t t e n  

a t  
n 

Nch/Sch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= y(Pn) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 6 9 )  

For d i g i t a l  messages, t h e  ou tpu t  message q u a l i t y  i s  measured by t h e  

channel  e r r o r  p r o b a b i l i t y  p which i n  a l l  cases of i n t e r e s t  i s  simply 

equa l  t o  p . I n  e i t h e r  case, t h i s  f i r s t  s t e p  i n  approaching t h e  d i g i -  

t a l  t r ansmiss ion  problem i s  e q u i v a l e n t  t o  de te rmining  t h e  c h a n n e l i z i n g  

t r a n s f e r  c h a r a c t e r i s t i c  i n  a n  ana log  modulated system. Accordingly,  

t h e  f u n c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy ( p )  w i l l  be c a l l e d  t h e  channe l i z ing  f u n c t i o n .  

ch’  

n 

The next s t e p  is  e q u i v a l e n t  t o  f i n d i n g  t h e  demodulator t r a n s f e r  

c h a r a c t e r i s t i c  i n  an ana log  system. And i n  doing  s o ,  it i s  necessa ry ,  

j u s t  as i n  an ana log  system, t o  d i s t i n g u i s h  between two types  of 
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r e p e a t e r s :  t h o s e  i n  which t h e  d i g i t a l  baseband is  recovered and used 

t o  remodulate a f r e s h  carrier (baseband r e p e a t e r ) ,  and t h o s e  i n  which 

t h e  modulated carrier is  merely s h i f t e d  i n  f requency ,  a m p l i f i e d ,  and 

r e t r a n s m i t t e d  ( r f  o r  i - f  r e p e a t e r s ) .  

When t h e  system employs r f  o r  i - f  r e p e a t e r s ,  t h e  modulated carrier 

i s  cor rup ted  by n o i s e  and i n t e r f e r e n c e  at  each r e p e a t e r ,  bu t  t h e  e r r o r s  

which t h e s e  unwanted s i g n a l s  cause  i n  t h e  baseband d i g i t s  are not  per -  

ce ived  u n t i l  t h e  t e r m i n a l  receiver where t h e  baseband i s  recovered f o r  

t h e  f i r s t  t i m e .  The r e s u l t a n t  e r r o r  p r o b a b i l i t y  p a t  t h e  ou tpu t  of 

t h e  t e r m i n a l  demodulator is determined by t h e  e f f e c t i v e  unwanted-to- 

wanted s i g n a l  r a t i o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX ' I C '  a t  t h e  t e rmina l  r e c e i v e r  i n p u t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s ponding func t i o n a l  r e l a t i o n s h i p  

n 

The c o r r e -  
n n  

= 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( X W )  (70) Pn n n n  

depends no t  on ly  on which d i g i t a l  modulation method is used bu t  a l s o  

on t h e  t y p e  of demodulator (coherent  o r  i ncohe ren t )  used by t h e  t e r m i n a l  

r e c e i v e r  and on t h e  stat is t ical  p r o p e r t i e s  of t h e  unwanted s i g n a l .  The 

f u n c t i o n  S (r) w i l l  be  c a l l e d  t h e  demodulator f u n c t i o n  f o r  t h e  t e r m i n a l  

r e c e i v e r .  
n 

The e f f e c t i v e  unwanted-to-wanted s i g n a l  r a t i o  a t  t h e  t e r m i n a l  re- 

c e i v e r  i npu t  i s  i n  t u r n  determined by t h e  appa ren t  unwanted-to-wanted 

s i g n a l  r a t i o s  a t  t h e  r e p e a t e r  i n p u t s  i n  e x a c t l y  t h e  same f a s h i o n  as f o r  

a n  ana log  modulated system employing i - f  o r  r f  r e p e a t e r s - - v i z . ,  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Eq. (7) ,  which may be  w r i t t e n  

n 

i=l 
x'/c/ = c (X./C.> 

n n  1 1  
r f  o r  i - f  r e p e a t e r s  

By combining Eqs .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(69 ) ,  ( 7 0 ) ,  and (71), t h e  q u a l i t y  of an  ana log  

message a t  t h e  ou tpu t  of  a s i n g l e  channel  i n  a d i g i t a l l y  modulated 

r a d i o  r e l a y  system employing r f  o r  i - f  r e p e a t e r s  can  be  expressed  d i -  

r e c t l y  i n  terms of t h e  s i g n a l  and n o i s e  environment a t  t h e  r e p e a t e r  i n -  

p u t s  : 
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T h i s  i s  t o  be compared w i t h  t h e  corresponding r e l a t i o n s h i p  f o r  a n  analog 

modulated system given  i n  Eq. (8).  

When t h e  system employs baseband r e p e a t e r s ,  as most d i g i t a l  systems 

do because of  t h e  o p p o r t u n i t y  such r e p e a t e r s  a f f o r d  f o r  reshaping  and 

r e t i m i n g  p u l s e s ,  t h e  baseband i s  recovered w i t h  e r r o r s  a t  each r e p e a t e r .  

But i t  modulates a f r e s h  carrier a t  each r e p e a t e r  so  t h a t  t h e  a d d i t i o n a l  

baseband e r r o r s  observed a t  t h e  demodulator o u t p u t  i n  t h e  next  r e p e a t e r  

r e s u l t  on ly  from t h e  n o i s e  a t  t h a t  r e p e a t e r  i n p u t ,  and t h e r e  is  no d i s -  

t i n c t i o n  between apparent  and e f f e c t i v e  unwanted and wanted s i g n a l s  a t  

t h e  r e p e a t e r  i n p u t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  a r e s u l t ,  t h e  p r o b a b i l i t y  pi of new e r r o r s  

c o n t r i b u t e d  by t h e  i - t h  r e p e a t e r  i s  r e l a t e d  t o  t h e  i n p u t  unwanted-to- 

wanted s i g n a l  r a t i o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX./C by a n  e q u a t i o n  similar t o  Eq. (70))  
i i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

= L ( X i / C i )  Baseband r e p e a t e r s  
P i  (73) 

where 6 . ( r )  i s  t h e  demodulator f u n c t i o n  f o r  t h e  i - t h  r e p e a t e r .  
1 

When t h e  e r r o r  p r o b a b i l i t y  p i s  v e r y  s m a l l ,  as w i l l  be  assumed 
i 

throughout  t h i s  s t u d y ,  t h e  t o t a l  baseband e r r o r  p r o b a b i l i t y  a t  t h e  ter-  

minal  r e c e i v e r  i s  simply t h e  sum of  t h e  incrementa l  e r r o r  p r o b a b i l i t i e s  

P i  
(11) 

n 

P;; = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc P i  B a s  eband re p e a t  er s 

i=l 
(74) 

Combining Eqs. (69 ) )  (73),  and (74) g i v e s  t h e  o u t p u t  analog s i g n a l  

q u a l i t y  i n  a s i n g l e  channel  of a d i g i t a l  modulated r a d i o  r e l a y  system 

employing baseband r e p e a t e r s :  
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This  r e l a t i o n  should of cour se  be compared wi th  i t s  c o u n t e r p a r t  

i n  an ana log  modulated system, which i s  given  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  (15) .  More i m -  

p o r t a n t ,  it should be compared w i t h  E q .  (72) f o r  a d i g i t a l  s y s t e m  us ing  

r f  o r  i - f  r e p e a t e r s .  The l a t t e r  comparison becomes more v i v i d  when t h e  

a c t u a l  f u n c t i o n  6 ( X . / C . )  f o r  a p a r t i c u l a r  d i g i t a l  modulation method i s  

s u b s t i t u t e d .  For example, i n  t h e  c a s e  of an  i d e a l i z e d  PSK modulated 

carr ier  noncoherent ly  d e t e c t e d  i n  t h e  presence  of a w h i t e - n o i s e - l i k e  

unwanted s i g n a l ,  t h e  demodulator f u n c t i o n  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1  

(11) 

I n  t h i s  case, t h e  baseband e r r o r  rate p‘ which forms 

t h e  f u n c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY i n  E q s .  (72)  and (75)  i s  given  by 
n 

(76) 

t h e  argument of 

n -1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ $ exp {- [ c (Xi/ci)]  } r f  o r  i - f  r e p e a t e r s  
i=l 

Pn = { Noncoherent PSK ( 7 7 )  

Baseband r e p e a t e r s  

I n  t h e  s p e c i a l  case where t h e  wanted-to-unwanted s i g n a l  r a t i o  is  t h e  

same a t  a l l  r e p e a t e r s ,  e .g . ,  Ci/Xi = C / X ,  t h e s e  expres s ions  s i m p l i f y  t o  

1 c  
n X  

exp (- - - >  
PA = { 

C 

X 
‘2: n exp (- -> 

r f  o r  i - f  r e p e a t e r s  

Noncoherent PSK (78) 

Baseband r e p e a t e r s  
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The marked advantage of t h e  baseband r e p e a t e r  i n  systems involv ing  

more than  two o r  t h r e e  l i n k s  is  appa ren t .  For  example, w i t h  n = 10, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-4 

a baseband e r r o r  rate p = 5 x 10 would r e q u i r e  wanted-to-unwanted 

s i g n a l  r a t i o s  of 18 dB a t  t h e  i n p u t s  t o  r f  o r  i - f  r e p e a t e r s ,  bu t  only 

9.5  dB f o r  baseband r e p e a t e r s .  

n 

DEMODULATOR FUNCTIONS 

A s  de f ined  i n  Eqs.  (70) and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 7 3 ) ,  a demodulator f u n c t i o n  expresses  

t h e  e r r o r  r a t e  a t  t h e  ou tpu t  of a d i g i t a l  demodulator i n  terms of t h e  

e f f e c t i v e  wanted-to-unwanted s i g n a l  r a t i o  a t  t h e  r e c e i v e r  i n p u t ,  t hus  

performing a f u n c t i o n  e q u i v a l e n t  t o  t h e  DTC f o r  an  ana log  demodulator.  

Like t h e  DTC,  t he  demodulator f u n c t i o n  depends on t h e  n a t u r e  of both 

t h e  wanted and unwanted s i g n a l .  B u t  where f o r  g iven  s i g n a l  charac-  

t e r i s t i c s  t h e  DTC w a s  a s imple  p r o p o r t i o n a l i t y  f a c t o r ,  t h e  demodulator 

f u n c t i o n s  are  h i g h l y  n o n l i n e a r .  I n  a d d i t i o n ,  t h e  demodulator f u n c t i o n  

depends s i g n i f i c a n t l y  on whether t h e  demodulator i s  coherent  o r  n o t ,  

and on t h e  number m of d i s c r e t e  va lues  t h a t  t h e  modulation parameter 

(ampl i tude ,  phase ,  o r  f requency)  can  assume .  

White Noise Unwanted S i g n a l  

Formulas f o r  t h e  demodulator func t ions  when t h e  unwanted s i g n a l  i s  

w h i t e  gauss i an  n o i s e  are presen ted  i n  Table  2 f o r  t h e  b i n a r y  (m=2) forms 

of  ASK, FSK, and PSK modulat ion and ,  excep t  f o r  ASK, f o r  bo th  coherent  

and noncoherent  demodulation. (11’12) 

types  of demodulator i s  i n d i c a t e d  by p r e f i x i n g , t h e  a b b r e v i a t i o n  f o r  t h e  

modulation method by t h e  l e t t e r s  C o r  N C ,  r e s p e c t i v e l y .  The parameter 

A which appears  i n  t h e s e  expres s ions  is  a measure of t h e  c a r r i e r - t o -  

n o i s e  r a t i o  C / X .  

per  b i t ,  and ,  as b e f o r e ,  N i s  t h e  (one-sided)  r f  no i se  power d e n s i t y  

a t  t h e  r e c e i v e r  i n p u t .  The r e l a t i o n  between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA and C/X depends on t h e  

The d i s t i n c t i o n  between these 

S p e c i f i c a l l y ,  A = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq, where E i s  t h e  average energy  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

i - f  bandwidth 

of t h e  pu l ses  

k ,  which w i l l  

W of t h e  demodulator ,  which i n  t u r n  depends on t h e  shape  

used t o  r e p r e s e n t  t h e  b i t s .  I n  terms of t h e  parameter 

be used s h o r t l y  t o  re late  b i t  rate t o  i - f  bandwidth, 

A2 = E/No = kC/X ( 7 9 )  
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T a b l e  2 

DEMODULATOR FUNCTIONS FOR BINARY DIGITAL SYSTEMS 
(A2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= E/N = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkC'/X') zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

Modulation 

Amplitude 

Frequency 

Phase 

Coherent 

W 

W 

2 - exp (-x /2)  dx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f i A  

m 

2 - exp (-x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/2)  dx 

J21; 
A &  

Noncoherent 

2 f exp ( -A  /2) 
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The demodulator f u n c t i o n s  f o r  b i n a r y  d i g i t a l  modulation (m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 2) are 

p l o t t e d  i n  Fig.  10a a long  w i t h  t h o s e  f o r  m u l t i l e v e l  o r  m-ary modulation 

w i t h  m = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 , 8 ,  ... . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(I3) 

t o  b i t  e r r o r s ;  i n  t h e  case of  t h e  m-ary methods i t  i s  assumed t h a t  a Gray 

code has  been used t o  i n s u r e  than  a n  e r r o r  of  one level  l e a d s  t o  o n l y  

one b i t  e r r o r .  It a l s o  should b e  noted  t h a t  i n  t h e  case of  t h e  m-ary 

methods, t h e  energy E i n  t h e  r a t i o  E/N r e p r e s e n t s  t h e  average energy 

p e r  baud--i.e., p e r  t r a n s m i t t e d  l e v e l - - r a t h e r  than  p e r  b i t .  Note t h a t  

i n  g e n e r a l ,  coherent  d e t e c t i o n  p e r m i t s  a given e r r o r  p r o b a b i l i t y  t o  b e  

achieved w i t h  a few-dB smaller v a l u e  of C / X ,  and t h a t  i n  a l l  cases, a 

few-dB change i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC/X can l e a d  t o  order-of-magnitude changes i n  e r r o r  

rate.  

i n c r e a s e s  as t h e  number of levels m i s  i n c r e a s e d ,  b u t ,  as w i l l  be seen  

i n  a moment, t h e r e  is o f t e n  a compensatory s a v i n g s  i n  bandwidth. 

In a l l  cases, t h e  e r r o r  p r o b a b i l i t y  shown refers 

0 

The v a l u e  of C / X  r e q u i r e d  f o r  a s p e c i f i e d  e r r o r  p r o b a b i l i t y  a l s o  

A r b i t r a r y  Unwanted S i g n a l  

When t h e  unwanted s i g n a l  does no t  have t h e  c h a r a c t e r i s t i c s  of w h i t e  

n o i s e ,  t h e r e  are two important  d i s t i n g u i s h a b l e  cases t o  c o n s i d e r .  F i r s t ,  

t h e  unwanted s i g n a l  may ar ise  from a sum of o t h e r  s i g n a l s  t o o  few i n  num- 

ber  t o  c o n s t i t u t e  a s i g n a l  having gauss ian  c h a r a c t e r i s t i c s .  I n  t h i s  case,  

which r e p r e s e n t s  a few i n t e r f e r i n g  carriers f o r  example,, t h e  ampli tude 

d i s t r i b u t i o n  f u n c t i o n  a l lows  no p r o b a b i l i t y  f o r  l a r g e  peaks as does t h e  

g a u s s i a n .  But t h e  number of lesser peaks i s  g r e a t e r .  Hence f o r  t h e  same 

t o t a l  average unwanted s i g n a l  power, a few s i n u s o i d s  behave--so f a r  

peaks are concerned--much b e t t e r  than  gauss ian  n o i s e .  Hence, i f  t h e  same 

wanted-to-unwanted s i g n a l  power r a t i o  i s  u s e d ,  t h e  observed e r r o r  prob- 

a b i l i t y  w i l l  be smaller.  But t h e  s e n s i t i v i t y  t o  peaks i s  more pronounced 

f o r  a few s i n u s o i d s ,  s o  t h a t  once a few peaks appear ,  only t h e  s l i g h t e s t  

change i n  average  power b r i n g s  about  a major change i n  e r r o r  p r o b a b i l i t y .  

T h e r e f o r e ,  w i t h  t h i s  type  of i n t e r f e r e n c e ,  t h e  demodulator f u n c t i o n s  f o r  

whi te  n o i s e  w i l l  be used.  

The second case of i n t e r e s t  i s  when t h e  i n t e r f e r e n c e  is  due t o  a 

le  s i g n a l  wi th  extremely h igh  peaks ( r a d a r ,  i g n i t i o n  n o i s e ,  d i a l  

pu lses  i n  te lephone c i r c u i t s ,  e t c . ) .  I n  t h i s  s i t u a t i o n ,  t h e  e r r o r  prob- 

a b i l i t y  i s  determined by t h e  peak r a t h e r  than  t h e  average l e v e l .  Peaks 
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x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.- - .- 
I] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

-ct 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k 

c .- 
a 
-U 
c 
0 
I] 

H 

E = wanted signal energy per baud zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk = pulse shape factor 

No = one-sided noise spectral density 
m = number of modulation levels unwanted -signa I rat io  

C y X ' z  effective wanted-to- 

Demodulator functions for m-ary digital modulation methods 

Baseband error probability, p: 

(b  ) Channelizing functions for PCM-encoded telephone channels 

Fig. 10-Demodulator and channelizing functions for 
white noise unwanted signal 
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above a c e r t a i n  level w i l l  c a u s e ' e r r o r s  every  t i m e  t h e y  occur  and n o t  

merely when t h e y  happen t o  randomly add i n  phase.  It w i l l  be assumed 

t h a t  f o r  t h e  systems of i n t e r e s t  i n  t h i s  Memorandum, unwanted s i g n a l s  

of t h i s  t y p e  can be reduced t o  n e g l i g i b l e  levels.  

CHANNELIZING FUNCTIONS 

The form of t h e  c h a n n e l i z i n g  f u n c t i o n ,  which, as d e f i n e d  i n  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(69 ) )  

relates output  channel  message q u a l i t y  t o  t h e  baseband e r r o r  p r o b a b i l i t y ,  

depends on t h e  t y p e  of message c a r r i e d  by t h e  channel .  For t i m e - d i v i s i o n  

mul t ip lexed  (TDM) d i g i t a l  messages, ou tput  channe€ q u a l i t y  i s  measured 

by t h e  e r r o r  p r o b a b i l i t y  i n  t h e  channel .  S i n c e  t h i s  i s  g e n e r a l l y  e q u a l  

t o  t h e  baseband e r r o r  r a t e ,  t h e  c h a n n e l i z i n g  f u n c t i o n  is  u n i t y .  

For d i g i t a l l y  encoded analog messages, t h e  c h a n n e l i z i n g  f u n c t i o n  

depends on t h e  method used t o  conver t  t h e  analog message t o  d i g i t a l  form. 

The two most commonly used methods are p u l s e  code modulation (PCM) and 

d e l t a  modulation (AM).  

P u l s e  Code Modulation 

When PCM i s  used, a n  ana log  message of bandwidth Bch i s  f i r s t  s a m -  

pled  a t  t h e  rate of 2B samples per  second, t h e  minimum ra te  t h a t  w i l l  

permit p e r f e c t  message recovery  from t h e  samples.  The sample v a l u e s  

are t h e n  "quant ized,"  i . e . ,  r e p r e s e n t e d  by t h e  c l o s e s t  approximation 

among a set of 2L d i s c r e t e  levels, each  of which is  i n  t u r n  r e p r e s e n t e d  

by a n  L - b i t  code word. 

then  comprises t h e  PCM r e p r e s e n t a t i o n  of t h e  sequence of v a l u e s  obta ined  

i n  t h e  sampling process .  

ch 

The sequence of b i t s  r e p r e s e n t i n g  t h e s e  words 

S ince  each sample r e q u i r e s  t h e  t ransmiss ion  of L b i t s  and t h e r e  are 

samples per  second, t h e  b i t  rate per  channel  i s  2LBch. Hence t h e  
2Bch 
b i t  rate f o r  a TISM baseband of n such channels  is  

= 2nLBch = 2LB 
f b i t  

where B = nB is  t h e  t o t a l  in format ion  bandwidth of t h e  messages com- 

p r i s i n g  t h e  baseband. 

e h  



-57- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The accuracy  w i t h  which a PCM-encoded baseband i s  recovered a t  

t h e  t e r m i n a l  receiver i s  less t han  p e r f e c t  f o r  two r easons .  F i r s t ,  

t h e  l e v e l s  cor responding  t o  some message samples w i l l  be i n c o r r e c t l y  

i d e n t i f i e d  because of b i t  e r r o r s .  Second, t h e  sample v a l u e s ,  even i f  

r ece ived  wi thou t  e r r o r ,  are on ly  d i s c r e t e  approximations t o  t h e  actual 

analog  ampl i tudes .  Each of t h e s e  sou rces  of impairment t o  t h e  q u a l i t y  

of t h e  ou tpu t  message c a n  be c h a r a c t e r i z e d  by a s i g n a l - t o - n o i s e  r a t i o .  

Thus, when t h e  b i t  e r r o r  p r o b a b i l i t y  p i s  low, t h e  r a t i o  of mean s i g -  

n a l  t o  mean e r r o r  n o i s e  power is t o  good approximation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(12) 

PCM 
1 

e 

And when L ,  t h e  number of b i t s  per word, exceeds t h r e e ,  t h e  r a t i o  of 

mean s i g n a l  t o  mean q u a n t i z i n g  n o i s e  power is  given  by 

provided only  t h a t ,  b e f o r e  sampl ing ,  t h e  ampl i tude  d i s t r i b u t i o n  of t h e  

message i s  modified (by means of i n s t an taneous  companding) t o  make a l l  

l e v e l s  e q u a l l y  l i k e l y .  The average  n o i s e - t o - s i g n a l  r a t i o  f o r  t h e  com- 

panded s i g n a l  at  t h e  channel  ou tpu t  is t h e  sum of t h e  r e c i p r o c a l s  of 

t h e s e  two component s i g n a l - t o - n o i s e  r a t i o s .  

To conve r t  t h i s  r a t i o  i n t o  a measure of q u a l i t y  comparable wi th  

t h e  t e s t - tone - to -we igh ted -no i se  r a t i o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( S  c h / N c h )  used f o r  FDM te lephone  

channe l s ,  i t  i s  necessa ry  t o  a l low f o r  t h e  fo l lowing  f a c t o r s :  

o The peak-to-average r a t i o  of an  i d e a l  s i g n a l  w i t h  a 

uniform ampl i tude  d i s t r i b u t i o n  (5 dB) 

o The average-to-peak r a t i o  of t h e  companded v o i c e  s i g n a l  

(-10.5 dB) 

o The r a t i o  of t h e  peak companded v o i c e  s i g n a l  t o  t h e  peak 

of an i d e a l  s i g n a l  (0  dB assumed) 

o The r a t i o  of t e s t - t o n e  power t o  average  speech power (11 dB) 

o The r a t i o  of unweighted-to-weighted n o i s e  power (2 .5  dB) 
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Assuming t h e  values i n d i c a t e d  i n  p a r e n t h e s e s )  t h e  n e t  conversion f a c t o r  

i s  8 dB; hence,  t h e  c h a n n e l i z i n g  f u n c t i o n  f o r  a PCM-encoded te lephone  

channel  i s  given  by 

Nch/Sch = (4p + 4-L)/6.3 PCM 

These channel iz ing  f u n c t i o n s  are p l o t t e d  i n  F i g .  10b f o r  v a l u e s  

of L ranging  from 5 t o  10. Note t h a t  t h e  o u t p u t  n o i s e - t o - s i g n a l  r a t i o  

i s  dominated by t h e  e r r o r  n o i s e  c o n t r i b u t i o n  f o r  h igh  e r r o r  p r o b a b i l i t i e s  

and by t h e  c o n s t a n t  q u a n t i z i n g  n o i s e  c o n t r i b u t i o n  f o r  low e r r o r  prob- 

a b i l i t i e s .  Thus, as t h e  input  wanted-to-unwanted s i g n a l  r a t io  i s  i n -  

c r e a s e d  t o  reduce  t h e  baseband e r r o r  p r o b a b i l i t y  i n  accordance w i t h  t h e  

a p p l i c a b l e  demodulator f u n c t i o n )  a t h r e s h o l d  v a l u e  i s  reached such t h a t  

a f u r t h e r  d e c r e a s e  i n  C/X has  no e f f e c t  on t h e  channel  o u t p u t  q u a l i t y .  

For any g iven  v a l u e  of L ,  t h i s  t h r e s h o l d  corresponds t o  t h e  "knee" 

of t h e  curve where t h e  q u a n t i z i n g  and e r r o r  n o i s e  c o n t r i b u t i o n s  are 

approximately e q u a l .  For example, w i t h  L = 7 ,  F i g .  10b shows t h a t  t h e  

t h r e s h o l d  occurs  a t  a n  e r r o r  p r o b a b i l i t y  of  about  2 x 10 . The t h r e s h -  

o l d  wanted-to-unwanted s i g n a l  r a t i o  f o r  a p a r t i c u l a r  d i g i t a l  modulation 

method may t h e n  be obta ined  from F i g .  10a as t h e  v a l u e  of C/X c o r r e -  

sponding t o  t h i s  e r r o r  ra te .  Thus w i t h  b i n a r y  CPSK and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk = 1 .5 ,  t h e  

t h r e s h o l d  i s  about 8 dB. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-5 

Delta Modulation 

Delta modulation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(AM) is an ana log- to-d ig i ta l  encoding method where- 

i n  t h e  r e s u l t a n t  d i g i t a l  s i g n a l  can b e  converted back t o  ana log  form 

merely by p a s s i n g  it through a f i l t e r .  (12) 

l i m i t e d  use  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso f a r ,  but  it holds  c o n s i d e r a b l e  promise f o r  f u t u r e  a p p l i -  

c a t i o n s .  I n  AM, t h e  d i g i t a l  s i g n a l  i s  genera ted  by means of a con- 

t r o l l e d  p u l s e  g e n e r a t o r )  a f i l t e r ,  and a comparator.  The comparator 

c o n t r o l s  t h e  g e n e r a t i o n  of d i g i t s  i n  such a way t h a t  t h e  f i l t e r e d  o u t -  

put a t  t h e  r e c e i v e r  is  t h e  b e s t  approximation t o  t h e  input  ana log  s i g n a l .  

I f  simple l i n e a r  f i l t e r i n g  is  used a t  t h e  receiver) t h e  e f f e c t  of e r r o r s  

This  technique  h a s  s e e n  only  
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may b e  judged r e a d i l y  once t h e  f i l t e r  c h a r a c t e r i s t i c  i s  known. The 

b e s t  AM schemes, however, employ both  nonl inear  and t ime-varying f i l -  

ters ,  and a n  a n a l y s i s  of  t h e  e f f e c t  of  t ransmiss ion  e r r o r s  is no t  easy 

i n  such a case. 

For  t h e  s i m p l e s t  d e l t a  encoder u s i n g  a n  RC i n t e g r a t o r  t o  conver t  

a n  800-Hz s i n u s o i d  t o  a 50-kbi t  b i n a r y  s i g n a l ,  t h e  dependence of t h e  

r a t i o  of o u t p u t  s i g n a l  power t o  e r ror - induced  n o i s e  power on b i t  e r r o r  

p r o b a b i l i t y  i s  given  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(12) 

AM 
1185 

With o t h e r  l i n e a r  f i l t e r i n g  systems a similar  dependence can be ex-  

pected t o  hold ,  bu t  w i t h  d i f f e r e n t  c o n s t a n t s  of p r o p o r t i o n a l i t y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l -  

though g e n e r a l  e x p r e s s i o n s  f o r  n o n l i n e a r  t ime-varying f i l t e r s  and f o r  

a c t u a l  message i n p u t s  are n o t  a v a i l a b l e ,  it  appears  s a f e  t o  conclude 

t h a t ,  as implied by a comparison of Eq. (84 )  w i t h  Eq. (81 ) ,  AM i s  con- 

s i d e r a b l y  less s u s c e p t i b l e  t h a n  PCM t o  e r ror - induced  n o i s e .  

E r r o r  resistance is  n o t  the only  c o n s i d e r a t i o n ,  however. J u s t  as 

w i t h  PCM, when t h e  e r r o r  p r o b a b i l i t y  is low, the output  s igna l - to-noise  

r a t i o  w i t h  AM i s  determined by q u a n t i z i n g  n o i s e  r a t h e r  t h a n  by e r r o r  

n o i s e .  Here a g a i n ,  a g e n e r a l l y  s a t i s f a c t o r y  a n a l y s i s  i s  n o t  a v a i l a b l e ,  

b u t  exper imenta l  d a t a  sugges t  t h a t  f o r  t h e  same b i t  rate,  AM is  s u p e r i o r  

t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPCM, a t  least f o r  v o i c e  t ransmiss ion .  Unfor tuna te ly ,  t h e  d a t a  needed 

t o  d e s c r i b e  c h a n n e l i z i n g  f u n c t i o n s  f o r  AM do n o t  appear  t o  b e  a v a i l a b l e .  

BANDWIDTH CONSIDERATIONS 

A s  mentioned e a r l i e r ,  d i g i t a l  modulation methods d i f f e r  no t  only 

i n  t h e  c a r r i e r - t o - n o i s e  r a t i o s  r e q u i r e d  t o  achieve  a s p e c i f i e d  e r r o r  

p r o b a b i l i t y ,  as d e s c r i b e d  by t h e  demodulator f u n c t i o n ,  bu t  a l s o  i n  t h e  

amount of r f  bandwidth W r e q u i r e d  f o r  t ransmiss ion  a t  a given informa- 

t i o n  ra te .  

For d i g i t a l  messages, t h e  informat ion  ra te  i s  measured by t he  b i t  

The r a t i o  W/fbit depends on t h e  type  of modulation (ASK, 
b i t  

ra te  f 

PSK, FSK), t h e  number of d i g i t a l  l e v e l s  m y  t h e  type  of demodulator 
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(coherent  o r  i n c o h e r e n t ) ,  and on t h e  p u l s e  shape t h a t  d e s c r i b e s  t h e  

t r a n s i t i o n s  from one d i g i t a l  level  t o  ano the r .  Descr ib ing  t h e  e f f e c t  

of p u l s e  shape by a f a c t o r  k ,  i t  can be shown t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(13) 

(k/log2m ASK, CASK, P S K ,  CPSK 

W 

b i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= { (m - 1 + k)/log2m NCFSK 

(% (m - 1 + 2k)/log2m CFSK 

where k = 1 r e p r e s e n t s  a t h e o r e t i c a l  minimum, and 1.5 < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk < 2 r e p r e s e n t s  

c u r r e n t  eng inee r ing  p r a c t i c e .  

- -  

For analog messages, t h e  a p p r o p r i a t e  measure of in format ion  rate 

is  t he  informat ion  bandwidth B. 

each wi th  bandwidth B t h e  t o t a l  in format ion  bandwidth is  

For a baseband compris ing n channels ,  

ch’ 

ch 
B = n B  

The b i t  rate r equ i r ed  f o r  t r ansmiss ion  of such a baseband i n  d i g i t a l  

form depends on t h e  technique used f o r  ana log  t o  d i g i t a l  conversion.  

For PCM, t he  b i t  rate is  given  by Eq. (80), and s u b s t i t u t i o n  i n t o  Eq. 

(85) l e a d s  t o  t h e  fo l lowing  expres s ions  f o r  t h e  r a t i o  of r f  bandwidth 

t o  informat ion  bandwidth 

2kL/log2m 

2(m - 1 + k)L/log2m 
W 

B 
_ -  

((m - 1 + 2k)L/log2m 

OVERALL RECEIVER FUNCTIONS 

ASK, P S K  

NCFSK 1 PCM 

CFSK 

(87) 

J u s t  as i t  i s  p o s s i b l e  t o  combine t..e demoLdator  t r a n s , a -  charac- 

t e r i s t ic  and channe l i z ing  t r a n s f e r  c h a r a c t e r i s t i c  of an ana log  r e c e i v e r  

t o  o b t a i n  an o v e r a l l  receiver t r a n s f e r  c h a r a c t e r i s t i c ,  s o  a l s o  may t h e  

demodulator and channe l i z ing  f u n c t i o n s  of a d i g i t a l  receiver b e  com- 

bined t o  y i e l d  a f u n c t i o n  which d e s c r i b e s  t h e  o v e r a l l  r e l a t i o n  between 
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i n p u t  wanted-to-unwanted s i g n a l  r a t i o  and o u t p u t  message q u a l i t y .  For 

example, i n  a d i g i t a l  system t r a n s m i t t i n g  PCM-encoded te lephone  messages, 

t h e  d i f f e r e n c e  i n  d B  between t h e  o u t p u t  channel  s i g n a l - t o - n o i s e  r a t i o  

and t h e  t h r e s h o l d  input  wanted-to-unwanted s i g n a l  r a t i o  may be compared 

d i r e c t l y  w i t h  t h e  RTC f o r  a n  ana log  system c a r r y i n g  FDM te lephone  t r a f -  

f i c .  

Such a comparison is given  i n  F i g .  11 f o r  b i n a r y  and f o u r - l e v e l  

CPSK systems w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.5 and a n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM system u s i n g  preemphasis.  I n  t h e  

case of t h e  d i g i t a l  sys tems,  t h e  bandwidth r e l a t i o n s  given i n  Eq. (87)  

were used t o  show t h e i r  c o s t  i n  r f  bandwidth. It w i l l  be noted t h a t  

f o r  PCM w i t h  7 o r  more b i t s  per  sample,  CPSK appears  t o  o f f e r  both 

power and r f  bandwidth sav ings  compared w i t h  an FM system d e l i v e r i n g  

the same o u t p u t  message q u a l i t y .  

In making t h e s e  comparisons,  however, it should be  remembered t h a t  

CPSK i s  t h e  most e f f i c i e n t  of t h e  d i g i t a l  t echniques  i n  t h e  use both  o f  

power and bandwidth. 

less e f f ic ien t  t h a n  EM. Moreover, i f  an FM and a PCM system which of- 

f e r  t h e  same output  q u a l i t y  when o p e r a t e d  a t  t h e i r  r e s p e c t i v e  t h r e s h o l d s  

are compared, any al lowance f o r  f a d i n g  margin w i l l  y i e l d  h i g h e r  o u t p u t  

message q u a l i t y  i n  t h e  FM system b u t  n o t  i n  t h e  PCM system. 

Most o t h e r  d i g i t a l  t echniques  are l i k e l y  t o  be 
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Fig. 1 1-comparison of interference reduction capability of FM 

for multichannel telephony 
with preemphasis to PCM-CPSK at threshold when used 
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I V .  MESSAGE OBJECTIVES AND PROTECTION RATIOS 

The preceding  s e c t i o n s  have desc r ibed  t h e  gene ra l  r e l a t i o n s h i p  

between message q u a l i t y  a t  t h e  ou tpu t  of a s e l e c t e d  channel  i n  a mult i -  

channel  r a d i o  r e l a y  system and t h e  wanted and unwanted s i g n a l  environ-  

ment a t  t h e  r e p e a t e r  i n p u t  t e rmina l s .  When w r i t t e n  f o r  t h e  wors t  

channel i n  t h e  system, such a r e l a t i o n s h i p  can b e  app l i ed  t o  determine 

how t h e  wanted-to-unwanted s i g n a l  r a t i o s  must be  cons t r a ined  i n  o r d e r  

t o  achieve  s p e c i f i e d  message-qual i ty  o b j e c t i v e s .  Such c o n s t r a i n t s  are 

expressed  i n  terms of " p r o t e c t i o n  rat ios"-- the v a l u e s  of t h e  apparent  

wanted-to-unwanted s i g n a l  r a t i o s  t h a t  must be  exceeded a t  t h e  r e p e a t e r  

i n p u t s  i n  o r d e r  t o  main ta in  t h e  s p e c i f i e d  o b j e c t i v e s .  

MESSAGE OBJECTIVES 

The s p e c i f i c a t i o n  of minimum a c c e p t a b l e  message q u a l i t y  o r  t r ans -  

To begin  miss ion  f i d e l i t y  must t a k e  i n t o  account  a number of f a c t o r s .  

w i t h ,  t h e  e v a l u a t i o n  of message q u a l i t y  i s  i n h e r e n t l y  a s u b j e c t i v e  pro- 

cess. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA TV p i c t u r e  whose q u a l i t y  is  accep tab le  t o  one viewer might be  

o b j e c t i o n a b l e  t o  ano the r .  Thus, experiments  w i th  a l a r g e  number of  

r e p r e s e n t a t i v e  u s e r s  are normally conducted t o  determine t h a t  q u a l i t y  

which a s p e c i f i e d  l a r g e  f r a c t i o n  of t h e  u s e r s  w i l l  f i n d  s a t i s f a c t o r y .  

Next,  t h e  q u a l i t y  s p e c i f i c a t i o n  must recognize  t h a t  impairments t o  

q u a l i t y  can arise from a v a r i e t y  of  d i f f e r e n t  k inds  of  unwanted s i g n a l  

such as thermal  n o i s e ,  undes i red  r f  t r ansmiss ions ,  c i r c u i t  mismatches, 

and c i r c u i t  n o n l i n e a r i t i e s .  Moreover, t h e  annoying e f f e c t s  of  equa l  

amounts of t h e  d i f f e r e n t  t ypes  of unwanted s i g n a l  may b e  q u i t e  d i f f e r -  

e n t ,  s o  t h a t  a d d i t i o n a l  s u b j e c t i v e  u s e r  experiments  are r e q u i r e d  t o  de- 

te rmine  the  a p p r o p r i a t e  weight ing  f u n c t i o n s .  

F i n a l l y ,  a t  each r e p e a t e r  t h e  wanted s i g n a l  and t h e  d i f f e r e n t  com- 

ponents  of t he  unwanted s i g n a l  can va ry  wi th  t i m e ,  caus ing  t h e  ou tpu t  

message q u a l i t y  t o  f l u c t u a t e  i n  a complex way. Thus t h e  message objec-  

t i v e  should a l s o  i n d i c a t e  t h e  f r a c t i o n  of  t h e  t i m e  t h a t  v a r i o u s  degrees  

of q u a l i t y  deg rada t ion  can be t o l e r a t e d .  
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So f a r  as t h e  u s e r  i s  concerned, i f  t h e  channel  n o i s e  from each 

source  i s  prope r ly  weighted t o  r e f l e c t  i t s  relative annoyance poten- 

t i a l ,  only  t h e  weighted t o t a l  n o i s e  a t  t h e  channel  ou tput  (relative t o  

t h e  s i g n a l  t h e r e )  need b e  s p e c i f i e d .  

t e m  des igne r ,  however, such a t o t a l  n o i s e  o b j e c t i v e  i s  a very  l o o s e  

c o n s t r a i n t ,  s i n c e  i t  leaves open a wide v a r i e t y  of t r a d e o f f s  among 

equipment parameters ,  t echnique  cho ices ,  and r e p e a t e r  l o c a t i o n s .  To 

restrict  t h e s e  t r a d e a f f s  somewhat, it  is common p r a c t i c e  t o  d i v i d e  t h e  

t o t a l  n o i s e  o b j e c t i v e  between i ts  major components. For example, bo th  

t h e  B e l l  System and t h e  C C I R  recommend t h a t  ou tpu t  n o i s e  due t o  unwanted 

r f  s i g n a l s  b e  only  about  one t e n t h  of t h e  t o t a l  n o i s e  from a l l  causes .  

From t h e  s t andpo in t  o f  t h e  sys- 

But even a d e t a i l e d  r e s o l u t i o n  of  t o t a l  ou tpu t  no ise- to-s igna l  ra- 

t i o  i n t o  components by sources  is  not  s u f f i c i e n t l y  res t r ic t ive  t o  de- 

termine t h e  p r o t e c t i o n  r a t i o s .  For t h i s  purpose,  i t  i s  necessa ry  t o  

p a r t i t i o n  t h e  output  n o i s e  from each type  of source  among t h e  d i f f e r e n t  

r e p e a t e r s .  When a l l  l i n k s  are e s s e n t i a l l y  the  same, i t  is common prac- 

t i c e  t o  d i v i d e  the  n o i s e  o r  i n t e r f e r e n c e  o b j e c t i v e  e q u a l l y  between them. 

When t h e  l i n k s  are d i f f e r e n t ,  e . g . ,  t h e  up l i n k  and down l i n k  of a com- 

municat ion s a t e l l i t e  system, cons ide rab le  eng inee r ing  judgment may b e  

r equ i r ed  t o  f i n d  the  optimum p a r t i t i o n  of t h e  o u t p u t  n o i s e  o b j e c t i v e .  

Analog Messages 

Many of t h e  foregoing  remarks are i l l u s t r a t e d  by t h e  o b j e c t i v e s  

f o r  te lephone and TV messages shown i n  Fig.  12.  These are based p r i -  

mar i ly  on recommendations of t h e  I n t e r n a t i o n a l  Radio Consu l t a t ive  Com- 

mittee (CCIR) f o r  so -ca l l ed  h y p o t h e t i c a l  r e f e r e n c e  c i r c u i t s .  ( I 4 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAlso 

shown f o r  comparison a t  50-percent p r o b a b i l i t y  are t h e  o ld  and new B e l l  

System telephone o b j e c t i v e s  f o r  t o t a l  n o i s e  i n  t h e  absence of  fad ing .  
(15,16) 

Note t h a t  i n  t h e  case of FDM t e lephone  channels  t h e  CCIR has  spec i -  

f i e d  only  t h e  t o t a l  n o i s e  and t h e  components of n o i s e  o r i g i n a t i n g  from 

mul t ip l ex ing  equipment and from i n t e r f e r e n c e  due t o  sou rces  o u t s i d e  t h e  

system, as i n d i c a t e d  by t h e  circles a t  0.01 p e r c e n t ,  0.1 percen t ,  and 

20 pe rcen t  i n  F i g .  12a  f o r  terrestrial r e l a y  systems and a t  0.03 per-  

c e n t ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 . 3  p e r c e n t ,  and 20 p e r c e n t  i n  Fig.  12b f o r  sa te l l i t e  r e l a y  sys- 

t e m s .  A l l  of t h e s e  o b j e c t i v e s  r e p r e s e n t  one-minute averages .  m u s ,  t h e  
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Fig, 12 -Noise and interference objectives 
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percentages  on t h e  a b s c i s s a  s c a l e  may be  thought of  i n  terms of t h e  

number of minutes  p e r  month t o  which they correspond. For example, 0.01 

percen t  i s  4.3 min, 0.1 percen t  is  43 min, etc. 

The te lephone o b j e c t i v e s  shown i n  F igs .  12a  and 12b f o r  o t h e r  n o i s e  

components and f o r  o t h e r  percentages  of t i m e  r e p r e s e n t  reasonable  subdi-  

v i s i o n s  and e x t r a p o l a t i o n s  of t h e  recommended va lues .  For t h i s  purpose 

i t  has  been assumed t h a t  i n  t h e  absence of f a d i n g ,  t h e  thermal  n o i s e  and 

f u l l - l o a d  in te rmodulc t ion  n o i s e  are equa l  t o  each o t h e r ,  and a l s o  t h a t  

t h e  i n t e r f e r e n c e  from terrestrial  systems is  t h e  same as t he  i n t e r f e r -  

ence from s a t e l l i t e  systems.  F i n a l l y ,  t h e  d i s t r i b u t i o n  of f ad ing  f o r  

bo th  components of i n t e r f e r e n c e  has  been assumed t o  b e  t h e  same as t h a t  

f o r  thermal n o i s e .  

I n  s p e c i f y i n g  te lephone  o b j e c t i v e s ,  i t  is  customary t o  i n d i c a t e  t h e  

d e s i r e d  s igna l - to-noise  r a t i o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS /N 

Nch a t  a so -ca l l ed  p o i n t  of 0 relative level where, by d e f i n i t i o n ,  

Sch = 1 mW. 

i n  u n i t s  of pWOp (p icowat t s  - a t  a p o i n t  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 r e l a t i v e  level,  psophometri- 

tally weighted) ,  whereas t h e  B e l l  System uses  dBrncO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(dB above Leference  

- n o i s e  of 1 p icowa t t ,  c message weighted a t  a p o i n t  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 relative level), 

o r  dBaO (dB above r e f e r e n c e  n o i s e  a d j u s t e d  a t  a p o i n t  of - 0 relative 

l e v e l ) .  I n  F igs .  12a and 12b,  a l l  of t h e s e  u n i t s  have been converted 

t o  dBmOp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(dB above a I q i l l i w a t t  a t  a po in t  of - 0 relative level ,  p o p h o -  

m e t r i c a l l y  weighted)  u s ing  t h e  i d e n t i t i e s  

by g iv ing  t h e  a l lowable  va lue  of 
ch ch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A s  expla ined  i n  Appendix C y  t h e  CCIR normally g ives  Nch 

= 10 l o g  N - 90 = NdBaO - 84.5 = NdBrncO - 90.5 (88) 
PWOP NdBmOp 

is  numer ica l ly  equa l  t o  t h e  It  is  a l s o  u s e f u l  t o  n o t e  t h a t  N 

weighted-noise- to- tes t - tone r a t i o  (N /Sch)dB s i n c e  S = 0 dBmO. 

dBmOp 

ch ch 

The C C I R  o b j e c t i v e s  f o r  t e l e v i s i o n  channels  shown by t h e  c i r c l e s  

i n  Fig.  12c apply t o  the  r a t i o  of peak-to-peak v ideo  s i g n a l  (exc luding  

synchroniz ing  p u l s e s )  t o  t h e  1-sec average power o f  cont inuous random 

n o i s e ,  us ing  t h e  CCIR-recommended weight ing  network. I f  a f ad ing  d i s -  

t r i b u t i o n  similar  t o  t h a t  assumed f o r  te lephone  systems is adopted ,  t h e  

t e l e v i s i o n  o b j e c t i v e s  f o r  sa te l l i t e  and terrestrial  systems are seen  t o  

l i e  on t h e  same curve.  



-67- 

Low-Speed Data 
Transmission zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(2400 b i t s / s e c )  

D i g i t a l  Messages 

Formal s t anda rds  of system performance f o r  d i g i t a l  systems have 

n o t  y e t  been agreed upon. D i g i t a l  communication is  expanding r a p i d l y ,  

w i th  new a p p l i c a t i o n s  a r i s i n g  almost  d a i l y ,  and i t  would b e  premature 

t o  set r i g i d  s t anda rds .  However, it i s  i n s t r u c t i v e  t o  i n t e r p r e t  d i f -  

f e r e n t  p o s s i b l e  e r r o r  p r o b a b i l i t y  o b j e c t i v e s  i n  t e r m s  of t h e  average 

t i m e  between e r r o r s  impl ied  f o r  v a r i o u s  d i g i t a l  message d a t a  rates as 

shown i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  Frolr t h i s  i t  can be i n f e r r e d  t h a t  f o r  most app l i ca -  

t i o n s ,  e r r o r  p r o b a b i l i t y  o b j e c t i v e s  w i l l  l i e  i n  t h e  range from 10 t o  

e r r o r  p r o b a b i l i t y  of lo-''. 
i l y  achieved wi th  e r r o r - c o r r e c t i o n  equipment app l i ed  t o  a poorer  channel.  

-4 

wi th  some spec ia l -purpose  systems l i k e l y  t o  r e q u i r e  a c o r r e c t e d  

Values i n  t h e  l a t te r  ca tegory  a r e  most eas- 

High-speed Data 

Transmission 
(50,000 b i t s / s e c )  

Table 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MEAN TIME BETWEEN ERRORS AS A FUNCTION OF ERROR 

PROBABILITY AND DATA RATE 

Channel Output 
E r r o r  P r o b a b i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

10-l0 

Tele type  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(100 wpm) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

166 see 

4% hr  

1 9  days zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.3 y r  

a 
Equiva len t  t o  60 b i t s / s e c .  

PROTECTION RATIOS 

4.2 sec 

7 min 

0.2 sec 

20 sec 

11.5 h r  33 min 

The p r i n c i p l e s  involved i n  us ing  t h e  message o b j e c t i v e  of Fig.  1 2  

t o  d e r i v e  p r o t e c t i o n  r a t i o s  are t h e  same f o r  sa t e l l i t e  systems and ter- 

restrial r a d i o  r e l a y  systems,  b u t  b a s i c  d i f f e r e n c e s  i n  t h e  two types  

of  systems a f f e c t  t h e  r e l a t i v e  importance of t h e  f a c t o r s  which must be 
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t aken  i n t o  account .  Thus a t y p i c a l  long-h 

has  a l a r g e  number of l i n k s  

tem), each having q u i t e  s i m i  

s u b j e c t  t o  severe s i g n a l  f ad ing  du r ing  cer 

t y p i c a l  sa te l l i t e  l i n k ,  however, has  only two l i n k s  (n = 2) , which are 

l i k e l y  t o  have very  d i f f e r e n t  equipment parameters  b u t  e x h i b i t  p r a c t i -  

c a l l y  no d i u r n a l  fad ing .  

Terrestrial FM Systems 

Consider an n- l ink  microwave r e l a y  system c a r r y i n g  a t  least zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA240 

FDM t e lephone  channels  u s i n g  i - f - type r e p e a t e r s  and low-index FM with- 

o u t  feedback. Such a system is t y p i c a l  of t h e  TD-2 and TH systems 

opera ted  by t h e  B e l l  System f o r  t r a n s c o n t i n e n t a l  t e lephone  and TV t r ans -  

mission.  P r o t e c t i o n  r a t i o s  a t  t h e  r e p e a t e r  i n p u t s  are needed f o r  both 

the  thermal  n o i s e  and t h e  r f  i n t e r f e r e n c e  (RFI) components of t h e  un- 

(17,181 

wanted s i g n a l .  For t h i s  purpose,  i t  w i l l  b e  assumed t h a t  i n  t h e  absence 

of f ad ing ,  a l l  r e p e a t e r s  have t h e  same apparent  c a r r i e r  power i n p u t  and 

t h a t  t h e  f ad ing  on i n d i v i d u a l  l i n k s ,  wh i l e  uncor re l a t ed  between l i n k s ,  

is  governed by t h e  same d i s t r i b u t i o n  r e l a t i v e  t o  t h e  free-space o r  un- 

faded carrier level. 

Thermal Noise. The p r o t e c t i o n  r a t i o  f o r  thermal  n o i s e  may b e  found 

by us ing  expe r imen ta l ly  determined f ad ing  d i s t r i b u t i o n s  (such as t hose  

shown i n  Fig.  2 )  i n  con junc t ion  wi th  Eq. (8) and t h e  t r a n s f e r  cha rac t e r -  

ist ics f o r  wh i t e  gauss ian  n o i s e  t o  p r e d i c t  t h e  f ad ing  d i s t r i b u t i o n  of 

1-min mean n o i s e  power a t  t h e  ou tpu t  of t he  wors t  channel .  The prorec-  

t i o n  r a t i o  is  then t h a t  unfaded v a l u e  of t he  s i n g l e - l i n k  c a r r i e r - t o -  

n o i s e  r a t i o  which makes t h e  p r e d i c t e d  output  d i s t r i b u t i o n  l i e  as c l o s e  

as p o s s i b l e  t o  the  o b j e c t i v e  thermal  n o i s e  d i s t r i b u t i o n  wi thout  exceed- 

i n g  i t  a t  any p o i n t .  

I f  t h e  p r e d i c t e d  d i s t r i b u t i o n  matches t h e  o b j e c t i v e  a t  a l l  p o i n t s ,  

t h e  thermal  n o i s e  p r o t e c t i o n  r a t i o  may b e  determined e n t i r e l y  from t h e  

sence  of a fade.  Thus, u s i n g  

and s e t t i n g  Ci/Xi = (C/X)o, 

f Xi and Nch 
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where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(Ci/XL)o is t h e  e f f e c t i v e  carrier- 

receiver and R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= R R i s  t h e  RTC f o r  
ch n 

determined from Figs .  3 and 7 ,  o r  from Eq. (52) .  

For example, w i th  a modulation index D = 1 .5 ,  R = 23.5 dB. Hence, 

s e t t i n g  n = 140 and us ng t h e  20-percent t o t a l  thermal  n o i s e  o b j e c t i v e  

of 3000 pWOp, o r  10  l o  (Sch/Nch)o = 55 dB, from Fig.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12a,  Eq. (89) 

g i v e s ,  f o r  t h e  thermal  n o i s e  p r o t e c t i o n  r a t i o ,  

10 lOg(C/X) = 21.5 - 23.5 + 55 53 dB (90) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

This  i s  t o  b e  compared w i t h  t h e  unfaded s i n g l e - l i n k  ca r r i e r - to -no i se  

r a t i o  of  50 t o  53 dB ob ta ined  i n  p r a c t i c e  wi th  t h e  TD-2 system, whose 

modulation index  wi th  a 600-channel baseband is  about  1 .5 .  

The e f f e c t  of changing t h e  FM modulat ion index o r  bandwidth expan- 

s i o n  r a t i o  from t h a t  assumed i n  t h e  example is e a s i l y  seen  w i t h  t h e  a i d  

of F igs .  3 and 7. Thus, i f  t h e  index  i s  reduced from 1.5 t o  0 .5 ,  t h e  

RTC w i l l  dec rease  from 23.5 t o  1 2  dB, and t h e  p r o t e c t i o n  r a t i o  must b e  

inc reased  from 53 t o  64.5 dB. This  i s  c l o s e  t o  t h e  63-dB c a r r i e r - t o -  

n o i s e  r a t i o s  t y p i c a l  of  t h e  TH system, whose modulation index wi th  1860 

channels  is about  0.5. Conversely,  doubl ing t h e  modulation index  w i l l  

i n c r e a s e  t h e  RTC by about  8 dB and pe rmi t  t h e  p r o t e c t i o n  r a t i o  t o  be  

r e l axed  t o  45 dB. 

I n  t h i s  connect ion,  however, i t  i s  important  t o  n o t e  from E q .  (8) 

t h a t  when t h e  ca r r i e r - to -no i se  r a t i o  on a s i n g l e  l i n k  f ades  by a f a c t o r  

p ,  t h e  e f f e c t i v e  ca r r i e r - to -no i se  r a t i o  a t  t h e  t e rmina l  r e c e i v e r  i n p u t  

is  reduced t o  

1 (2) = p + n - 
‘n F 

l a  an  n - 1, and it  fo l lows  

t h a t  (C’/X’) w i l l  b e  approximately equa l  t o  t h e  apparent  c a r r i e r - t o -  
n n F  
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n o i s e  r a t i o  (C/X)o/p on t h e  faded l i n k .  

modulation index ,  t h e  p r o t e c t i o n  r a t i o  must n o t  b e  reduced below t h e  

sum of  t h e  FM t h r e s h o l d  and t h e  maximum a l lowab le  s i n g l e - l i n k  f ade  mea- 

su red  i n  dB; o the rwise  t h e  t e r m i n a l  i n p u t  c a r r i e r - t o - n o i s e  r a t i o  would 

The re fo re ,  i n  choosing t h e  

drop below t h r e s h o l d  du r ing  t h e  f ade .  For example, i f  t h e  maximum fade  

is  F = 10 l o g  p = 35 dB, t h e  modulation index  should  n o t  exceed t h e  

v a l u e  f o r  which t h e  p r o t e c t i o n  r a t i o  is e q u a l  t o  F + 10 = 45 dB. 

The preceding  c a l c u l a t i o n s  of thermal n o i s e  p r o t e c t i o n  r a t i o s  us- 

i n g  t h e  unfaded n o i s e  o b j e c t i v e  assumed t h a t  t h e  p r e d i c t e d  d i s t r i b u t i o n  

of l-min ou tpu t  n o i s e  power matched t h e  thermal  n o i s e  o b j e c t i v e s  a t  a l l  

p o i n t s .  This  method of c a l c u l a t i o n  i s  s t i l l  v a l i d  when t h e  p r e d i c t e d  

f a d i n g  is  less s e v e r e  than  t h a t  impl ied  by t h e  o b j e c t i v e ,  b u t  when i t  

i s  more s e v e r e ,  t h e  n o i s e  o b j e c t i v e  cor responding  t o  s m a l l  percen tages  

of t h e  month is  t h e  dominating c o n s i d e r a t i o n  and l e a d s  t o  somewhat 

h i g h e r  va lues  of p r o t e c t i o n  r a t i o .  For example, i f  a c t u a l  f a d i n g  is  

comparable t o  t h a t  dep ic t ed  i n  Fig.  2 f o r  a p a r t  of t h e  TD-2 system, 

i t  can be  shown t h a t  t h e  p r o t e c t i o n  r a t i o s  must be inc reased  by about 

8 dB over  those  c a l c u l a t e d  from t h e  unfaded o b j e c t i v e s .  

I n t e r f e r e n c e .  I n  computing p r o t e c t i o n  r a t i o s  f o r  RFI i n  terres- 

t r i a l  s y s t e m s ,  i t  should  be  recognized t h a t  t h e  c a r r i e r - t o - i n t e r f e r e n c e  

r a t i o  a t  t he  repeater i n p u t s  w i l l  u s u a l l y  e x h i b i t  f a d i n g  wi th  a d i s t r i -  

b u t i o n  q u i t e  similar  t o  t h a t  f o r  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcarrier-to-thermal-noise r a t i o .  

Thus, t h e  c a l c u l a t i o n  procedure w i l l  be  t h e  same as t h a t  used f o r  t h e r -  

m a l  n o i s e  excep t  t h a t  (1) t h e  RTCs w i l l  d i f f e r  from whi t e  n o i s e  va lues  

t o  the  e x t e n t  t h a t  t h e  power spectrum of t h e  i n t e r f e r i n g  s i g n a l s  d e p a r t s  

from t h a t  of wh i t e  n o i s e ,  and ( 2 )  t h e  unfaded c a r r i e r - t o - i n t e r f e r e n c e  

r a t i o s  may not  be  t h e  same a t  a l l  r e p e a t e r s .  

To t a k e  t h e s e  d i f f e r e n c e s  i n t o  account , t h e  r e l a t i o n s h i p  between 

t h e  unwanted s i g n a l  on a p a r t i c u l a r  l i n k  and t h e  cor responding  ou tpu t  

channel n o i s e  component g iven  i n  Eq. (20) i s  extended t o  the  components 

of t h i s  unwanted s i g n a l .  Thus f o r  a component w i t h  power X i k  ’ 

’ch ‘i 

N i k  R i k  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXik - =  
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where N is  t h e  component of t he  t o t a l  ou tpu t  channel  n o i s e  N caused i k  ch 

by the  unwanted s i g n a l  of type k e n t e r i n g  t h e  system a t  r e p e a t e r  i, and 

R i k  
In o r d e r  t o  use t h i s  equa t ion  t o  c a l c u l a t e  i n t e r f e r e n c e  p r o t e c t i o n  

r a t i o s ,  i t  is of cour se  necessary  t o  subdiv ide  t h e  t o t a l  i n t e r f e r e n c e  

o b j e c t i v e s  among t h e  r e p e a t e r s  and t h e  d i f f e r e n t  i n t e r f e r e n c e  sources .  

Such a s u b d i v i s i o n ,  c o n s i s t e n t  bo th  w i t h  t h e  20-percent CCIR o b j e c t i v e s  

shown i n  Fig. 12a and w i t h  commercial p r a c t i c e  f o r  i n t r a s y s t e m  i n t e r -  

f e rence  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, (20) is  shown 5.1 Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .  

t e c t i o n  r a t i o s ,  c a l c u l a t e d  from t h e s e  o b j e c t i v e s  on t h e  assumption t h a t  

f ad ing  is  no worse than t h a t  impl ied  by the  o b j e c t i v e s  f o r  t h e  smaller 

percentages  of t h e  month, are a l s o  p re sen ted  i n  Table  4 f o r  t h e  same 

FM modulation i n d i c e s  f o r  which thermal  n o i s e  p r o t e c t i o n  r a t i o s  were 

ca lcu la t ed - - i . e . ,  D = 0.5,  1.5 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.  It w i l l  be  noted t h a t  t h e  TV objec-  

tives l e a d  t o  p r o t e c t i o n  r a t i o s  t h a t  are about  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 dB less s t r i n g e n t  t han  

those  imposed by t h e  te lephone  o b j e c t i v e s .  

is t he  RTC f o r  unwanted s i g n a l s  of t h i s  type.  

The corresponding i n t e r f e r e n c e  pro- 

For s i m p l i c i t y ,  wh i t e  n o i s e  r e fe rence  case va lues  of t h e  RTCs w e r e  

used i n  computing a l l  of t h e  p r o t e c t i o n  r a t i o s .  This  i s  a f a i r l y  good 

approximation f o r  i n t e r f e r e n c e  from terrestrial  s t a t i o n s ,  and i t  a l s o  

ho lds  q u i t e  w e l l  f o r  i n t e r f e r e n c e  from s a t e l l i t e  systems i f  t h e i r  car-  

rier f r equenc ie s  are sepa ra t ed  by no less than one-quarter  t he  r f  band- 

width.  The p r o t e c t i o n  r a t i o s  f o r  i n t e r f e r e n c e  from s a t e l l i t e s  are q u i t e  

dependent on how the  t o t a l  1000 pWOp o b j e c t i v e  f o r  t h i s  kind of i n t e r -  

f e rence  is p a r t i t i o n e d - - i . e . ,  on how t h e  1000 pWOp is  d iv ided  between 

e a r t h  s t a t i o n s  and s a t e l l i t e  repeater sources  and how many e n t r i e s  of 

each k ind  are assumed. The r e s u l t  i n  t h e  t a b l e  i l l u s t r a t e s  t h e  s i m p l e  

case where t h i s  o b j e c t i v e  is d iv ided  e q u a l l y  among all 140 r e p e a t e r s .  

E f f e c t  of Changing t h e  Message Ob jec t ives ,  I t  is i n t e r e s t i n g  t o  

s p e c u l a t e  on some of  t h e  des ign  changes t h a t  would be  p o s s i b l e  i f  t h e  

message o b j e c t i v e s  were modif ied.  For example, i f  i n  Table 4 ,  t h e  to-  

t a l  o b j e c t i v e s  f o r  thermal  n o i s e  and f o r  i n t e r f e r e n c e  from s a t e l l i t e  

systems were t o  be in t e rchanged ,  t h e  p r o t e c t i o n  r a t i o s  f o r  thermal  n o i s e  

would a l l  be inc reased  by 5 dB whi l e  t hose  f o r  i n t e r f e r e n c e  could be re- 

duced by t h e  same amount. The new p r o t e c t i o n  r a t i o  f o r  thermal  n o i s e  
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could then  b e  achieved ,  f o r  example, by i n c r e a s i n g  t h e  t r a n s m i t t e r  power 

a t  a l l  of t h e  r e p e a t e r s  by 5 dB. This  change i n  r e p e a t e r  power would 

no t  a f f e c t  t h e  observed c a r r i e r - t o - i n t e r f e r e n c e  r a t i o s  f o r  i n t r a sys t em 

i n t e r f e r e n c e ,  and s o  t h e  p r o t e c t i o n  r a t i o  f o r  t h i s  type  of i n t e r f e r e n c e  

would cont inue  t o  b e  m e t .  But t h e  c a r r i e r - t o - i n t e r f e r e n c e  r a t i o s  ob- 

se rved  f o r  i n t e r f e r e n c e  from satell i tes would b e  enhanced by 5 dB. 

S ince  t h e  p r o t e c t i o n  r a t i o  f o r  t h i s  type  of i n t e r f e r e n c e  is  now 5 dB 

lower than  b e f o r e ,  sa te l l i t e  EIRP could b e  r a i s e d  by n e a r l y  10 dB. 

S a t e l l i t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM Systems 

A s  prev ious ly  no ted ,  a satel l i te  r e l a y  system has  only  two l i n k s  

t o  cons ide r ,  and f a d i n g  on t h e s e  l i n k s  is normally less severe than  t h a t  

i n d i c a t e d  i n  t h e  C C I R  n o i s e  o b j e c t i v e s .  On t h e  o t h e r  hand, t h e  output  

n o i s e  o b j e c t i v e s  are no t  normally p a r t i t i o n e d  e q u a l l y  between t h e  up 

l i n k  and t h e  down l i n k .  

For any s p e c i f i e d  p a r t i t i o n  of t h e  output  n o i s e ,  however, t h e  cor- 

responding p r o t e c t i o n  r a t i o s  may b e  c a l c u l a t e d  from Eq. (92) .  Thus, 

des igna t ing  t h e  up l i n k  by t h e  s u b s c r i p t  i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1 and t h e  down l i n k  by 

i = 2 ,  t h e  p r o t e c t i o n  r a t i o s  f o r  t h e  thermal  n o i s e  component of t h e  un- 

wanted s i g n a l s  are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(&)o = i = 1 , 2  

where RiN and (Sch/NiN) are r e s p e c t i v e l y  t h e  RTC and t h e  unfaded mes-  

sage o b j e c t i v e  f o r  thermal  n o i s e  e n t e r i n g  t h e  system a t  t h e  r e c e i v e r  

f o r  l i n k  i. S i m i l a r l y ,  t h e  p r o t e c t i o n  r a t i o s  f o r  i n t e r f e r e n c e  are 

given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

(c)o = &($)o 

i = 1 , 2  
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are r e s p e c t i v e l y  t h e  RTC and message objec- 

i I  and ( Sch'NiI) 0 

where R 

t ives f o r  i n t e r f e r e n c e  e n t e r i n g  t h e  system by l i n k  i. 

Appl i ca t ion  of t h e s e  equa t ions  w i l l  b e  i l l u s t r a t e d  f o r  te lephone  

and t e l e v i s i o n  channels  u s i n g  t h e  FM modulation parameters  proposed f o r  

t h e  INTELSAT 111 system and f o r  t h e  domest ic  p i l o t  program of  t h e  Com- 

municat ions S a t e l l i t e  Corporat ion.  (21y22) 

t ives assumed f o r  t h e s e  systems are d i sp layed  i n  Table  5A f o r  te lephone  

channels  and i n  Tablc  5B f o r  t e l e v i s i o n .  The te lephone  o b j e c t i v e s  are 

c o n s i s t e n t  w i th  a n o i s e  budget used i n  p lanning  t h e  INTELSAT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA111 sys-  

t e m .  (21) 

random n o i s e  is t h e  same as t h a t  assumed i n  Table  4B f o r  terrestrial 

systems. I n  p a r t i t i o n i n g  the  thermal  n o i s e  o b j e c t i v e s  between up l i n k  

and down l i n k ,  a 3 : l  r a t i o  h a s  been assumed, whereas t h e  RFI o b j e c t i v e  

has  been d iv ided  equa l ly .  

The unfaded message objec- 

I n  accordance w i t h  Fig.  12c ,  t he  t e l e v i s i o n  o b j e c t i v e  f o r  

A s  wi th  the  examples used t o  i l l u s t r a t e  t h e  c a l c u l a t i o n  of pro tec-  

t i o n  r a t i o s  f o r  terrestrial  systems,  wh i t e  n o i s e  RTCs are used. This  

i s  be l i eved  t o  be  a conse rva t ive  assumption f o r  a model environment i n  

which carrier frequency i n t e r l e a v i n g  makes t h e  t o t a l  i n t e r f e r e n c e  spec- 

tra approximately uniform a c r o s s  t h e  passband of any given receiver. 

I n  INTELSAT 111, t h r e e  c a p a c i t i e s  of r f  channels  are t o  b e  pro- 

vided f o r  te lephone messages. These w i l l  employ wideband zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM t o  c a r r y  

FDM basebands of 2 4 ,  60, and 132 channels  i n  nominal r f  bandwidths of 

5 ,  10, and 20 MHz, r e s p e c t i v e l y .  The proposed FM modulation i n d i c e s  

are such t h a t  t h e  wh i t e  n o i s e  RTC is  about  44.5 dB f o r  a l l  t h r e e  ca- 

p a c i t i e s .  The r e s u l t a n t  up l i n k  and down l i n k  p r o t e c t i o n  r a t i o s  are 

shown i n  Table 5A. It should b e  noted  t h a t  t h e s e  p r o t e c t i o n  r a t i o s  

apply t o  t h e  t o t a l  unwanted n o i s e  and t h e  t o t a l  unwanted i n t e r f e r e n c e .  

This  means , f o r  example, t h a t  i f  two i n t e r f e r i n g  sources  c o n t r i b u t e  

equa l ly ,  the  p r o t e c t i o n  r a t i o  a g a i n s t  each would b e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 dB h i g h e r  than  

t h e  va lue  shown i n  t h e  t a b l e .  

The t runk  message channels  of  t h e  domest ic  sa te l l i t e  system w i l l  

c a r r y  1800-channel te lephone basebands u s i n g  narrowband FM w i t h  a mod- 

u l a t i o n  index of about 1.25. The RTC f o r  such a c i r c u i t  and wh i t e  n o i s e  

i n t e r f e r e n c e  is about  2 1  dB, l e a d i n g  t o  t h e  p r o t e c t i o n  r a t i o s  c i t e d  i n  

Table 5A. 
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For TV t r ansmiss ion  wi th  INTELSAT 111, t h r e e  q u a l i t y  levels are 

contemplated.  The h i g h e s t  q u a l i t y  level uses  an  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM modulat ion index  

of 3.75 and r e q u i r e s  a nominal 40-MHz rf channel .  The wh i t e  n o i s e  

va lue  of t h e  RTC f o r  such a channel  i s  45 dB, which when combined w i t h  

t h e  message o b j e c t i v e s  used f o r  terrestrial  TV t r ansmiss ion  y i e l d  t h e  

p r o t e c t i o n  r a t i o s  shown i n  Table  5B. F i n a l l y ,  t h i s  t a b l e  shows t h e  

p r o t e c t i o n  r a t i o s  f o r  TV t r ansmiss ion  us ing  t h e  p i l o t  system, w i t h  an  

FM modulation index of 3 ,  cor responding  t o  a whi te  n o i s e  RTC of about  

43 dB. 

D i g i t a l  Systems 

Frequency modulation is used almost e x c l u s i v e l y  i n  e x i s t i n g  ter- 

rest r ia l  and s a t e l l i t e  r a d i o  r e l a y  systems,  b u t  bo th  types  of systems 

can be  expected t o  make i n c r e a s i n g  use of  d i g i t a l  modulation methods 

i n  t h e  f u t u r e .  A s  prev ious ly  no ted ,  no i n t e r n a t i o n a l  s t a n d a r d s  f o r  

message q u a l i t y  have been adopted f o r  d i g i t a l  systems,  b u t  i t  is  easy  

t o  g ive  numerical  i l l u s t r a t i o n s  of  t h e  p r o t e c t i o n  r a t i o s  r equ i r ed  f o r  

service e q u i v a l e n t  t o  t h a t  provided by t h e  FM systems. 

For example, cons ide r  a 140- l ink  terrestrial  system us ing  4-phase 

NCPSK t o  t r ansmi t  8 -b i t  PCM-encoded TDM t e lephone  channels  via  baseband 

r e p e a t e r s .  A s  i n d i c a t e d  i n  Fig.  l o b ,  t h e  q u a n t i z i n g  n o i s e  w i l l  b e  about  

2500 pWOp, which i s  roughly equa l  t o  the  unfaded thermal  n o i s e  a l lowance 

shown i n  Fig.  12a f o r  an FDM te lephone  channel.  I n  such a system, t h e  

t o t a l  e r r o r  p r o b a b i l i t y  p' a t  t h e  t e rmina l  receiver is simply t h e  sum 

of  t h e  l i n k  e r r o r  p r o b a b i l i t i e s  as shown by Eq. (74) .  From Fig.  l o b ,  

i t  is seen  t h a t  a t  t h e  PCM t h r e s h o l d  p i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 10 . Hence, i f  t h e r e  

were no f ad ing  and a l l  l i n k s  were i d e n t i c a l ,  t h e  r equ i r ed  l i n k  e r r o r  

p r o b a b i l i t y  would b e  

n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-6 

-8 
= pA/n = 2.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 

p i  

From Fig.  loa,  it  is seen  h a t  f o r  4-phase NCPSK and a p u l s e  shape fac-  

1.5, t h i s  err0 res an i n p u t  wanted-to-unwanted s i g -  

n a l  r a t i o  of  19.3 dB. 
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I n  p r a c t i c e ,  of  cour se ,  t h e r e  w i l l  be  f ad ing ,  and even a 1-dB fade  

w i l l  l ead  t o  more than  an order-of-magnitude i n c r e a s e  i n  e r r o r  rate. 

This  means t h a t  a s m a l l  f a d e  on only a s i n g l e  l i n k  w i l l  cause t h e  e r r o r  

p r o b a b i l i t y  f o r  t h a t  l i n k  t o  dominate t h e  c o n t r i b u t i o n s  t o  p'.  Hence, 

no l i n k  can be  permi t ted  t o  drop s i g n i f i c a n t l y  below t h e  unfaded wanted- 

to-unwanted s i g n a l  r a t i o  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 9 . 3  dB i f  ou tpu t  message q u a l i t y  is  t o  b e  

maintained a t  t h e  th re sho ld  level determined by t h e  q u a n t i z i n g  n o i s e .  

Even i f  t h e  output  channel  s igna l - to-noise  r a t i o  were allowed t o  drop 

15 dB dur ing  severe s i n g l e  l i n k  f a d e s ,  as i n  t h e  case of t h e  FDM objec- 

t ives of Fig.  12a, t h e  minimum p e r m i s s i b l e  wanted-to-unwanted s i g n a l  

would be  reduced by only  1 dB. 

n 

The conclus ion  is  t h a t  f o r  t h e  system i n  ques t ion  t h e  p r o t e c t i o n  

r a t i o  f o r  t o t a l  n o i s e  and i n t e r f e r e n c e  i s  about 

19 + F dB 

where F is  t h e  maximum s i n g l e  l i n k  f a d e  through which t h e  system i s  ex- 

pec ted  t o  ope ra t e .  

A s  a second i l l u s t r a t i o n ,  cons ide r  a satel l i te  r e l a y  system which 

uses  t h e  same type  of s i g n a l  p rocess ing  and modulation t o  c a r r y  tele- 

phone channels  through an r f - type  r e p e a t e r .  I n  t h i s  case, t h e  t o t a l  

e r r o r  p r o b a b i l i t y  a t  t h e  e a r t h  s t a t i o n  t e rmina l  receiver depends on t h e  

apparent  up l i n k  and down l i n k  wanted-to-unwanted s i g n a l  r a t i o s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/X 

and C2/X2, r e s p e c t i v e l y ,  i n  t h e  manner i n d i c a t e d  by Eqs. (70) and (71)  

wi th  n = 2. 

r e f e r r i n g  t o  Fig.  loa, t h e  corresponding e f f e c t i v e  wanted-to-unwanted 

1 1  

-6 
The th re sho ld  e r r o r  p r o b a b i l i t y  is  aga in  p' = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 10 and, 

n 

s i g n a l  r a t i o  f o r  k 

I f  t h e r e  were 

t he  cond i t ion  

i n  accordance wi th  

= 1 .5  is  C;/Xi = 56 (17.5 dB). 

no f ad ing ,  C /X and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC /X would thus  have t o  m e e t  
1 1  2 2  

x /c + x2/c2 = x;/c; 1/56 
1 1  

Eq. (71). Within t h i s  c o n s t r a i n t ,  t h e  va lues  o f  t h e  

i n d i v i d u a l  r a t i o s  w i l l  depend on t h e  d e s i r e d  d i v i s i o n  of n o i s e  and in -  

t e r f e r e n c e  between t h e  up l i n k  and t h e  down l i n k .  With an equa l  d i v i s i o n ,  
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f o r  example, t he  minimum wanted-to-unwanted s i g n a l  r a t i o s  would be  

17.5 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 = 20.5 dB, and t h e  p r o t e c t i o n  r a t i o s  f o r  t o t a l  n o i s e  and in-  

t e r f e r e n c e  would be  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20.5 + F dB 

where F i s  t h e  f ad ing  margin a p p r o p r i a t e  t o  t h e  up l i n k  and down l i n k .  
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Appendix A 

ANALOG MESSAGE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND BASEBAND SIGNAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACHARACTERISTICS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As  background f o r  d e r i v i n g  t h e  t r a n s f e r  c h a r a c t e r i s t i c s  of v a r i o u s  

types  of analog  demodulators and t e r m i n a l  equipment, i t  w i l l  be u s e f u l  

t o  d e s c r i b e  b r i e f l y  t h e  p r o p e r t i e s  of t h e  s i n g l e  channel  messages and 

basebands which t h e s e  c i r c u i t s  are designed t o  handle .  For most 

s i g n a l s ,  t h e  d e s c r i p t i o n  w i l l  n e c e s s a r i l y  be s t a t i s t i ca l  i n  n a t u r e  

and w i l l  u s e  t h e  ampli tude d i s t r i b u t i o n  and power spectrum t o  

c h a r a c t e r i z e  t h e  s i g n a l  i n  t i m e  and frequency r e s p e c t i v e l y .  I n  t h e  

case of te lephone messages,  numerical  v a l u e s  of s i g n a l  and n o i s e  

power w i l l  u s u a l l y  be given a t  a "point  of z e r o  r e l a t i v e  l e v e l "  o r  

"0-dB t ransmiss ion  level p o i n t . "  This  i s  simply a n  agreed r e f e r e n c e  

p o i n t  i n  t h e  message c i r c u i t  such as t h e  t o l l - t r a n s m i t t i n g  switch-  

board i n  a t e lephone  system. Power levels a t  o t h e r  p o i n t s  can then  

be c a l c u l a t e d ,  provided t h e  t r a n s m i s s i o n  g a i n  o r  loss  re la t ive  t o  

t h e  p o i n t  of z e r o  r e l a t i v e  l e v e l  i s  known. 

SINGLE CHANNEL SPEECH 

One of t h e  most i r r e g u l a r  message waveforms, and c e r t a i n l y  t h e  

most commonly t r a n s m i t t e d ,  i s  t h a t  of human speech. An important  prop- 

e r t y  of speech, observed i n  one of t h e  two one-way te lephone channels  

t h a t  comprise a v o i c e  c i r c u i t ,  i s  i t s  d iscont inuous  n a t u r e .  A t y p i c a l  

te lephone channel  i s  "ac t ive"  ( a c t u a l l y  c a r r y i n g  speech power) only a 

f r a c t i o n  of t h e  t i m e  t h a t  i t  i s  "busy" (be ing  used by a customer t o  

complete a c a l l  o r  c a r r y  on a c o n v e r s a t i o n ) .  This  i s  due n o t  only t o  

t h e  f a c t  t h a t  each p a r t y  l i s t e n s  t o  t h e  o t h e r  about  h a l f  t h e  t i m e ,  but  

t h a t  o r d i n a r y  speech c o n t a i n s  many s i l e n t  pauses .  When nonbusy p e r i -  

ods are a l s o  counted ,  a t y p i c a l  one-way te lephone  channel  i n  a mult i -  

channel  t r u n k  i s  a c t i v e  only about  one-quar te r  of  t h e  t i m e  even dur ing  

t h e  b u s i e s t  t r a f f i c  hour of t h e  day. 

When a channel  i s  a c t i v e ,  t h e  i n s t a n t a n e o u s  ampli tude of t h e  speech 

s i g n a l  v a r i e s  over  a w i d e  dynamic range .  Although t h e  ampli tude re- 

mains below i t s  r m s  v a l u e  n e a r l y  90 percent  of t h e  t i m e ,  i t  rises t o  

peaks 10 dB above t h e  r m s  l e v e l  a t  least  2 percent  of  t h e  t i m e  and t o  
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20 dB above r m s  almost 0 .1  percent  of t h e  t i m e .  I n  a d d i t i o n ,  s i n c e  

some people t a l k  louder  than  o t h e r s ,  t h e  r m s  l e v e l  i n  a n  a c t i v e  channel  

a l s o  v a r i e s  over a c o n s i d e r a b l e  range from one ta lker  t o  a n o t h e r .  

The loudness of speech i s  measured i n  terms of a q u a n t i t y  c a l l e d  

"volume" wi th  t h e  a i d  of a s p e c i a l  instrument  c a l l e d  a vu-meter o r  v o l -  

ume i n d i c a t o r .  S ince ,  t o  a good approximation, volume i s  p r o p o r t i o n a l  

t o  t h e  logar i thm of average speech power, t h e  f a c t  t h a t  speech volume 

i s  normally d i s t r i b u t e d  i m p l i e s  t h a t  t h e  d i s t r i b u t i o n  of average  speech 

power i s  log-normal. The mean of  t h e  speech power d i s t r i b u t i o n  d e f i n e s  

an "average t a l k e r , "  and t h e  volume of t h e  average t a l k e r  i s  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 dB 

higher  than t h e  mean of t h e  volume d i s t r i b u t i o n ,  t h e  s tandard  d e v i a t i o n  

of which i s  about 6 dB. A t  a poin t  of z e r o  r e l a t i v e  l e v e l ,  t h e  average 

speech power of t h e  average t a l k e r  i s  about 0 .1  mW o r  -10 dBm, al though 

t h e  exac t  va lue  depends somewhat on t h e  o v e r a l l  t ransmiss ion  q u a l i t y  of 

t h e  te lephone c i r c u i t s  being measured. 

The power spectrum of a speech s i g n a l  shows t h a t  more than  99 per-  

cen t  of speech energy l i e s  a t  f requencies  below 3000 Hz, w i t h  maximum 

energy loca ted  a t  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 Hz. The passband of a t y p i c a l  te lephone 

channel  extends from 300 Hz t o  3400 Hz. 

SINGLE CHANNEL TEST TONE 

Due t o  t h e  complexi ty  and v a r i a b i l i t y  of  t h e  speech waveform, 

voice  channels  are normally t e s t e d  and channel  q u a l i t y  i s  s p e c i f i e d  i n  

terms of a s i n u s o i d a l  "test  tone" a t  1000 Hz (800 Hz i n  Europe) w i t h  

ampli tude a d j u s t e d  t o  provide a n  average power of 1 mW (0 dBm) a t  a 

poin t  of z e r o  r e l a t i v e  l e v e l .  

FREQUENCY D I V I S I O N  MULTIPLEXED SPEECH BASEBANDS 

When more than  one speech channel  i s  t o  be t r a n s m i t t e d  over  t h e  

same r o u t e  by an analog modulated r e l a y  system, advantage can  be taken  

of t h e  sporadic  and dynamic n a t u r e  of t h e  i n d i v i d u a l  speech channels .  

This  may be done, f o r  example, by combining them i n t o  a s i n g l e  composite 

s i g n a l  o r  baseband by means of frequency d i v i s i o n  mul t ip lex ing  (FDM). 

I n  t h i s  technique ,  each te lephone channel  i s  connected t o  t h e  i n p u t  of 
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one of  a c o l l e c t i o n  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASSB modulators whose carrier f r e q u e n c i e s  are 

s e p a r a t e d  by e x a c t l y  4 kHz. 

added t o  o b t a i n  a baseband c o n s i s t i n g  of SSB v e r s i o n s  of  each speech 

i n p u t  s tacked  i n  f requency a t  4 kHz i n t e r v a l s .  The combination of 

channels  is u s u a l l y  c a r r i e d  o u t  i n  a series of s t e p s  u n t i l  t h e  d e s i r e d  

t o t a l  c i r c u i t  c a p a c i t y  i s  obta ined .  Twelve channels  are f i r s t  m u l t i -  

plexed t o  form a "group." F i v e  groups are then  mul t ip lexed  t o  form a 

Ten supergroups can t h e n  be mult iplexed 

The modulator o u t p u t s  are then  simply 

supergroup" of 60 channels .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 

t o  form a "mastergroup" of 600 channels .  If  basebands of s t i l l  l a r g e r  

numbers of v o i c e  channels  are d e s i r e d ,  mastergroups and supergroups can 

be f u r t h e r  mul t ip lexed .  
(23) 

None of t h e  s u c c e s s i v e l y  l a r g e r  b a s i c  basebands (group, supergroup,  

etc.) ex tends  down t o  z e r o  f requency ,  and when supergroups o r  master- 

groups are combined, they  are  s e p a r a t e d  by s p e c t r a l  guard bands.  

r e s u l t ,  t h e  h i g h e s t  f requency i n  a n  n channel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFDM baseband i s  no t  4n kHz, 

but  is given  approximately by 

A s  a 

f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 4.5n kHz (A- 1) m 

The a c t u a l  l i m i t s  of t h e  baseband spectrum and of  t h e  r a t i o  f /n 

are t a b u l a t e d  f o r  v a r i o u s  numbers of  v o i c e  channels  i n  Table  A - 1  . 
m * 

The s t a t i s t i c a l  c h a r a c t e r i s t i c s  of a n  FDM v o i c e  baseband a t  any 

p a r t i c u l a r  time depend n o t  so much on t h e  t o t a l  number of channels  it 

comprises as on how h e a v i l y  t h e  channels  are "loaded"-- i .e . ,  on how 

many channels  are s imul taneous ly  a c t i v e  and on t h e  speech volumes i n  

t h e s e  channels .  S ince  t h e  number of a c t i v e  channels  i n  a n  n-channel 

baseband can range from z e r o  t o  n ,  and t h e  channel  volumes are nor- 

mal ly  d i s t r i b u t e d ,  t h e  shor t - te rm ampli tude d i s t r i b u t i o n s  and power 

s p e c t r a  of t h e  baseband s i g n a l  w i l l  be d i f f e r e n t  from one i n t e r v a l  t o  

t h e  next .  

As t h e  number of s imul taneous ly  act ive channels  i n c r e a s e s ,  t h e  

ampli tude d i s t r i b u t i o n  of t h e  FDM baseband s i g n a l  changes g r a d u a l l y  

from t h a t  of  a s i n g l e  voice channel  t o  t h a t  c h a r a c t e r i s t i c  of a gauss ian  

random p r o c e s s ,  t h e  change be ing  v i r t u a l l y  complete by t h e  t i m e  t h e  

number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof active channels  reaches  64. The baseband power spectrum is 

* 
See Ref.4, Recommendations 380-1, 398-1, and 401-1. 
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Table  A - 1  

CCIR-RECOMMENDED FDM TELEPHONE BASEBAND CHARACTERISTICS 

Number of 
Telephone 

C hanne Is 
n 

12 

24 

60 

120 

3 00 

6 00 

960 

1260 

1800 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2700 

Lowest 

Modulating 
Frequency , 

f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

(kHz 1 

12 

12 

12 
60 

1 2  
60 

60 
64 

60 

64 

60 

316 

60 

60 
316 

312 
3 16 
3 1 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 12 
3 16 

3 12 

Maximum 

Modu la t  i ng  
Frequency, 

f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 

(kHz ) 

60 

108 

25 2 
3 00 

55 2 
552 

13 00 
1296 

2540 

2660 

4028 

4188 

5636 
5564 

5564 

8204 
8204 
8120 

12,388 

12,388 
12,336 

f m  

n 
- 

5 .O 

4.52  

4 . 2  
5 .O 

4 . 6  
4 . 6  

4 .33  

4.32 

4.23 

4.43 

4 .20  

4.36 

4.47 

4.42 
4.42 

4.56 
4.56 
4 .51  

4 .59  

4 .59  
4.57 

r m s  Frequency 

Due t o  S i n g l e  
Channel T e s t  Tone, 

r c h  

Devia t ion  

(kHz 1 

35 

35 

50, 100, 200 

50 ,  100, 200 

2 00 

200 

200 

140, 200 

14 0 

Not s p e c i f i e d  
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even s impler  t o  d e s c r i b e ,  s i n c e  t h e  SSB modulators  involved i n  t h e  mul t i -  

p lex ing  merely s h i f t  t h e  s i n g l e  channel  s p e c t r a  i n  frequency wi thout  

changing t h e i r  shapes o r  r e l a t i v e  magnitudes. Thus, t h e  baseband power 

spectrum i s  j u s t  t h e  s u p e r p o s i t i o n  of t h e  s p e c t r a  of  t h e  a c t i v e  channels  

each s h i f t e d  t o  i t s  own zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 kHz frequency s l o t .  S l o t s  i n  t h e  baseband 

spectrum corresponding t o  i n a c t i v e  channels  are of c o u r s e  empty. 

I n  o r d e r  t o  des ign  c i r c u i t s  t o  handle  such a v a r i a b l e  s i g n a l  wi th-  

ou t  o b j e c t i o n a b l e  d i s t o r t i o n ,  i t  i s  important  t o  know j u s t  how high i t s  

r m s  and peak v a l u e s  rise d u r i n g  per iods  of heavy te lephone usage. It 

i s  t h e  peak v a l u e  of t h e  baseband s i g n a l  dur ing  such per iods  of  maximum 

load t h a t  determines t h e  ampli tude range over which t h e  c i r c u i t s  of a n  

ampli tude modulated system'must be  l i n e a r .  S i m i l a r l y ,  i n  a phase o r  

frequency modulated system, t h e  peak baseband load determines t h e  band- 

wid th  occupied by t h e  modulated carrier and hence t h e  frequency range 

over which t h e  system must be s e n s i b l y  f r e e  of d i s t o r t i o n .  

The "peak" baseband load i s  by no means t h e  h i g h e s t  l e v e l  t h a t  t h e  

baseband s i g n a l  ever  r e a c h e s ,  but  i t  must be high enough s o  t h a t  t h e  

per iod  of d i s t o r t i o n  t h a t  occurs  when i t  - i s  surpassed i s  t o o  b r i e f  t o  

be o b j e c t i o n a b l e  t o  system u s e r s .  Q u a n t i t a t i v e l y ,  t h e  peak load i s  de- 

f i n e d  i n  terms of t h e  v a r i a t i o n s  of  t h e  i n s t a n t a n e o u s  baseband power 

d u r i n g  t h e  b u s i e s t  hour of t h e  day. The busy hour i s  f i r s t  d iv ided  

i n t o  s h o r t  i n t e r v a l s  such t h a t ,  i n  each i n t e r v a l ,  t h e  number of a c t i v e  

channels  and t h e  volume i n  each channel  remains c o n s t a n t .  Then, n o t i n g  

f o r  each i n t e r v a l  t h e  l e v e l  exceeded w i t h  0 . 1  percent  p r o b a b i l i t y ,  t h e  

peak load i s  def ined  as t h e  99th  p e r c e n t i l e  of t h e  set  of 0.1 percent  

l e v e l s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-1, 

For a n  n-channel FDM v o i c e  baseband, t h e  v a l u e  of t h e  peak load 

t h u s  def ined  w i l l  depend on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT ,  t h e  " a c t i v i t y  f a c t o r "  o r  p r o b a b i l i t y  of 

f i n d i n g  a g i v e n  channel  a c t i v e  dur ing  t h e  b u s i e s t  hour ,  and on t h e  

power r e p r e s e n t e d  by an average t a l k e r .  The upper curve  i n  F ig .  A-1 

shows how t h e  r a t i o  of peak baseband load t o  average t a l k e r  power v a r i e s  

wi th  n f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 = 1/4 .  The lower curve  shows t h e  corresponding average 

* 
For some c i r c u i t s ,  a p r o b a b i l i t y  of 0.01 p e r c e n t  i s  chosen. 



-84- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Y 1 10 100 1000 1( 

Total number of channels i n  baseband, n 
,000 

Fig.A-1-Peak and average power levels exceeded only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1% of busy hour 
by an n-channel FDM voice baseband with a 25% act iv i ty factor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig.A-2-White noise equivalent baseband signal 
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values of the baseband power. For any value of n, the difference in 

dB between the two curves is of course the peak-to-average power ratio 

for the peak busy hour baseband. Note that, for large values of n, 

the average baseband power becomes proportional to n, and the peak-to- 

average ratio approaches 11 dB, the value characteristic of the 0.1 

percent peak level of a gaussian distributed signal. 

Probably the most important thing to observe about the maximum 

busy hour load due to any n-voice channel FDM baseband is that it is 

much less than n times the maximum load for a single channel. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFor ex- 

ample, Fig. A-1 shows that the load for 100 channels is only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 2  dB (16 

times) greater than the single channel load. This is even more true of 

the peak load. The peak baseband load for 100 channels is only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 dB 

( 4  times) greater than that of a single channel. These advantageous 

properties of the baseband stem directly from the discontinuous and 

"peaky" nature of the speech waveforms in the component channels. 

NOISE-EQUIVALENT TELEPHONE BASEBAND 

The fact that the baseband amplitude distribution becomes gaussian 

for large n provides the basis for using a band of white gaussian noise 

as a test signal to represent the peak-load busy hour FDM baseband. 

For a given number of channels, the frequency limits of the noise- 

equivalent baseband are the same as the actual basebands shown in Ta- 

ble A-1, and by international recommendation, the average power in dBm 

at a point of zero relative level is taken to be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9c 

-15 + 10 log n, n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 240 

10 log s = 

-1 + 4 1% n, 12 < n < 240 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A-2) 

where S is in mW. 

This formula, which is only provisional for n < 60,  is plotted as 

the lower solid curve in Fig. A-2.  The upper solid curve is the 

* 
See, for example, Ref. 4 ,  Recommendation 353-1, Note 4. 
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corresponding 0.1-percent peak baseband load. For comparison, the more 

realistic curves of Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA-1 are shown with dashed lines. In order to 

make this comparison, it is necessary to assign a value in dBmO to the 

average talker power because the power levels in Fig. A-1 are expressed 

in d B  relative to average talker power whereas those in Fig. A-2 are 

expressed in dBmO. It should be noted that the value of average talker 

power required to achieve the agreement for large n shown in Fig. A-2 

is about -11 dBmO, and not -15 dBmO, as some authors erroneously infer 

from Eq. (A-2) .  Also,  note that the empirical fit which Eq. (A-2)  pre- 

sumably represents becomes increasingly bad for low values of n where 

the actual baseband signal has a much higher peak-to-average power ratio 

and in any case, is poorly represented by a gaussian distributed signal. 

Finally, it should be recognized that the uniform power spectrum of the 

noise-equivalent busy hour baseband is quite different from that of the 

signal it represents. Instead of log-normally distributed levels of 

speech power in roughly one quarter of the channels, it puts smaller 

but equal amounts of noise power in all of the channels. 

MONOCHROME TELEVISION 

Next to human speech, the most frequently transmitted analog mes- 

sage waveform is one carrying the information needed to display a tele- 

vision picture. There is no unique way of encoding such information in 

electrical form, and different countries have developed somewhat differ- 

ent signals €or the purpose. Fundamentally, however, they are all alike 

in that they may be regarded as composite basebands obtained by multi- 

plexing a set of independent waveforms representing the components of 

a moving, talking picture whose pictorial content has been sampled by 

a periodic line-scanning process. 

For a black-and-white (monochrome) television picture, there are 

three such component waveforms: 

o a "picture" signal which describes the brightness variations 

along the scan Lines 

o a "synch" signal which provides synchronizing information for 

reassembling the scans into a picture 

o a "sound" signal 



-87- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
For c o l o r  t e l e v i s i o n ,  two a d d i t i o n a l  waveforms are  requi red  i n  con- 

j u n c t i o n  wi th  t h e  b r i g h t n e s s  s i g n a l  t o  s p e c i f y  f o r  each p i c t u r e  element 

t h e  t h r e e  c h a r a c t e r i s t i c s  of i t s  c o l o r :  b r i g h t n e s s ,  hue, and s a t u r a -  

t i o n .  I n  t h i s  case, it i s  t h e  combination of  t h e s e  t h r e e  waveforms 

t h a t  i s  ca l led  t h e  “ p i c t u r e ”  s i g n a l .  

I n  d i s t r i b u t i n g  t e l e v i s i o n  s i g n a l s  from s t u d i o  t o  broadcast  sta- 

t i o n s ,  t h e  sound waveform i s  u s u a l l y  s e n t  s e p a r a t e l y  over a n  independent 

channel ,  but  t h e  p i c t u r e  and synchronizing s i g n a l s  are  always s e n t  t o -  

g e t h e r  as p a r t s  of a s i n g l e  baseband c a l l e d  t h e  “video” s i g n a l .  

d i f f e r e n c e s  i n  t h e  basebands of d i f f e r e n t  n a t i o n a l  systems l i e  i n  such 

d e t a i l s  as t h e  number of l i n e s  per  p i c t u r e  (and hence t h e  r e s o l u t i o n )  

and t h e  number of  p i c t u r e s  t r a n s m i t t e d  per  second (which, taken  t o g e t h e r  

w i t h  t h e  number of l i n e s ,  determine t h e  baseband bandwidth). A b r i e f  

d i s c u s s i o n  of t h e  baseband f o r  t h e  U.S. system w i l l  i l l u s t r a t e  t h e  gen- 

era1 c h a r a c t e r i s t i c s  common t o  most of t h e  n a t i o n a l  systems. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 2 4 )  

Consider f i r s t  t h e  baseband f o r  black-and-white (monochromatic) 

t e l e v i s i o n .  Here t h e  p i c t u r e  s i g n a l  d e s c r i b e s  only t h e  b r i g h t n e s s  

v a r i a t i o n s  i n  t h e  image being t r a n s m i t t e d .  It i s  obta ined  us ing  a 

scanner  t h a t  moves a s p o t  a c r o s s  t h e  p i c t u r e  i n  a series of v e r t i c a l l y  

s e p a r a t e d ,  h o r i z o n t a l  l i n e s  and y i e l d s  a n  i n s t a n t a n e o u s  v o l t a g e  propor- 

t i o n a l  t o  t h e  image b r i g h t n e s s  a t  t h e  s p o t  l o c a t i o n .  Scanning i s  from 

l e f t  t o  r i g h t  beginning a t  t h e  t o p ,  and s u c c e s s i v e  l i n e s  are s e p a r a t e d  

by about  t w i c e  t h e  s p o t  diameter  which, i n  t u r n ,  i s  about  1/500 t h e  

h e i g h t  of t h e  p i c t u r e .  A t  t h e  end of each l i n e ,  dur ing  t h e  t i m e  re- 

q u i r e d  t o  sweep t h e  scanning s p o t  back f o r  t h e  s tar t  of t h e  next  l i n e ,  

a blanking  p u l s e  i s  s e n t .  This  simply means t h a t  t h e  p i c t u r e  s i g n a l  

drops  t o  a s o - c a l l e d  “blanking l e v e l ”  which l i e s  j u s t  below t h e  l e v e l  

corresponding t o  b l a c k  ( z e r o  p i c t u r e  b r i g h t n e s s ) ,  and i n s u r e s  t h a t  t h e  

r e t u r n  trace on t h e  p i c t u r e  tube  w i l l  be  i n v i s i b l e .  When t h e  bottom 

of t h e  p i c t u r e  i s  reached,  a much longer  b lanking  p u l s e  i s  s e n t  and t h e  

spo t  i s  r e t u r n e d  t o  t h e  top  of t h e  p i c t u r e  f o r  t h e  next  series of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
>k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An i n t e r e s t i n g  v a r i a t i o n  on t h i s  p r a c t i c e  i s  found i n  t h e  Sovie t  

“Molniya” sa t e l l i t e  TV r e l a y  system i n  which t h e  sound s i g n a l  i s  t r a n s -  
m i t t e d  i n  sample form dur ing  t h e  b lanking  i n t e r v a l  of  t h e  p i c t u r e  s i g n a l .  



line scans. The lines of this series do not retrace those just scanned 

but rather lie halfway between them, a technique called "interlacing." 

Each top-to-bottom series of line scans is called a "field," and it is 

seen that a complete scan of the picture, a so-called "frame," consists 

of two successive interlaced fields. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A new frame is scanned every 1/30 of a second and the scanning rate 

is such that this is exactly 525 times the interval between successive 

line scans. For this reason the U.S. system is sometimes said to pro- 

duce a 525-line picture. In actuality, the blanking pulse at the end 

of each field has a duration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof from 13 to 21 times the line-scanning 

period, which leaves only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA483 to 499 lines to form a complete frame. 

Moreover, although the interval between successive lines is (30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv 525) 

sec = 63.5 psec, the line blanking pulse takes about 11 psec, leaving 

only 52.5 wsec to write each line of picture information. 

-1 

The synchronizing waveform consists of a short "horizontal synch 

pulse" at the end of each line for triggering the next horizontal line 

sweep at the receiver, and a series of six longer "vertical synch pulses" 

at the end of each field for triggering the next vertical sweep. The 

latter are placed between two sets of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 short pulses called equalizing 

pulses, and the whole 18-pulse sequence is then followed by from 4 to 

12 line synch pulses. The synchronizing pulses occur during the corre- 

sponding blanking pulses of the picture signal. As previously noted, 

the combination of the picture and synch waveforms is called the video 

signal and may be regarded as a time division multiplex of these two 

waveforms . 
The synchronizing signal is distinguished from the picture signal 

not only in time but also in amplitude. 

basebands, the video signal has well defined maximum and minimum values. 

In particular, when the video signal polarity is "positive" (signal level 

increases in a transition from black to white), the maximum or peak am- 

plitude is called the "peak white level" and represents the amplitude 

corresponding to maximum picture brightness. The minimum amplitude is 

the "synch-peak level" which corresponds to the tips of the synch 

pulses. The difference between these two levels is the "peak-to-peak 

amplitude" of the video signal. It is the amplitude normally used in 

Unlike voice signals and voice 
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d e s c r i b i n g  t h e  o v e r a l l  magnitude of t h e  v ideo  s i g n a l  o r  t h e  power it 

r e p r e s e n t s .  

The p r e v i o u s l y  mentioned b lanking  level is  cus tomar i ly  t aken  as 

t h e  r e f e r e n c e  level  f o r  s i g n a l  measurement. It is  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso pos i t i oned  i n  

t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU.S. system t h a t  t h e  nominal ampl i tude  of t h e  p i c t u r e  s i g n a l  (mea- 

sured  from t h e  b lanking  l e v e l  t o  t h e  peak wh i t e  level) i s  about 70 p e r -  

c e n t  of t h e  peak-to-peak v ideo  ampl i tude ,  wh i l e  t h e  synch s i g n a l  ampli- 

t ude  (measured from t h e  b lanking  level t o  t h e  synchroniz ing  level) is  

about 30 percen t  of t h e  peak-to-peak ampl i tude .  A f o u r t h  r e f e r e n c e  

level ,  t h e  "black l e v e l , "  cor responding  t o  ze ro  p i c t u r e  b r i g h t n e s s ,  

l i e s  j u s t  above t h e  b lanking  level and as c l o s e  t o  it  as t h e  state of 

t h e  a r t  p e r m i t s .  

When used wi th  v e s t i g i a l  sideband amplitude modulation (VSB) f o r  

TV b roadcas t  i n  t h e  United S t a t e s ,  t h e  v ideo  baseband i s  r eve r sed  i n  

p o l a r i t y  (nega t ive  modula t ion) .  The peak synch l e v e l  then  becomes t h e  

p o s i t i v e  peak of t h e  modulation envelope and a l l  levels  are measured 

w i t h  r e f e r e n c e  t o  t h e  z e r o  c a r r i e r  l e v e l .  S p e c i f i c a l l y ,  i f  t h e  peak- 

synch l e v e l  is  l abe led  100 p e r c e n t ,  t h e  b lanking  l e v e l  is  75 p e r c e n t ,  

and t h e  peak wh i t e  l e v e l  should l i e  between 0 and 15 p e r c e n t ,  w i t h  t h e  

l a t t e r  va lue  p r e f e r r e d .  

The t h i r d  component of  a complete monochromatic TV s i g n a l ,  t h e  

sound waveform, could  be mul t ip lexed  w i t h  t h e  v ideo  s i g n a l  a t  baseband, 

i . e . ,  p r i o r  t o  modulation of t h e  r f  c a r r i e r ,  bu t  u s u a l l y  i s  no t .  As  

a l r e a d y  noted ,  i n  d i s t r i b u t i n g  TV program material t o  broadcas t  sta- 

t i o n s  over terrestrial  r e l a y  f a c i l i t i e s ,  t h e  sound s i g n a l  is  normally 

s e n t  over  a n  independent channel .  Moreover, i n  b roadcas t ing  t o  home 

r e c e i v e r s  i n  t h e  U.S. system, t h e  v ideo  and sound s i g n a l s  are f ed  t o  

separate t r a n s m i t t e r s  which use  d i f f e r e n t  modulation methods: VSB f o r  

t h e  v ideo  s i g n a l  and M w i t h  a peak d e v i a t i o n  of 25 kHz f o r  t h e  sound 

s i g n a l .  
* 

On t h e  o t h e r  hand, a n  exact d i f f e r e n c e  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.5 MHz is  maintained 

between t h e  v ideo  and t h e  sound carrier f r e q u e n c i e s ,  t h e  r a t i o  of sound 

* 
AM i s  used f o r  t h e  sound s i g n a l  i n  c e r t a i n  o t h e r  systems. 
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ca r r i e r  power t o  t h e  peak power of t h e  modulated v ideo  car r ie r  i s  kept  

a t  a f i x e d  v a l u e - - u s u a l l y  50 percent--and t h e  two r f  s i g n a l s  are com- 

bined b e f o r e  reaching  t h e  t r a n s m i t t i n g  antenna.  Thus, so  f a r  as t h e  

r f  s i g n a l  which l e a v e s  t h e  t r a n s m i t t i n g  antenna i s  concerned, t h e  r e s u l t  

i s  much t h e  same as i f  a s i n g l e  r f  carr ier  had been VSB modulated by 

a n  FDM baseband c o n s i s t i n g  of t h e  sum of t h e  v ideo  s i g n a l  and a 4.5 MHz 

s u b c a r r i e r  frequency modulated by t h e  sound s i g n a l .  Indeed,  t h e  output  

of  t h e  f i r s t  d e t e c t o r  i n  a home r e c e i v e r  i s  j u s t  such a baseband. 

The spectrum of t h e  monochrome v ideo  baseband s i g n a l  i s  extremely 

complicated.  To begin w i t h ,  i t  should be noted t h a t  i t  i s  b a s i c a l l y  

a l i n e ,  r a t h e r  than  a cont inuous spectrum. T h i s  i s  t o  be  expected from 

t h e  p e r i o d i c a l l y  r e p e t i t i v e  n a t u r e  of t h e  v ideo  waveform. The r e p e t i -  

t i v e n e s s  i s  obvious i n  t h e  c a s e  of t h e  synchronizing s i g n a l ,  and es- 

p e c i a l l y  f o r  t h e  h o r i z o n t a l  o r  l i n e  synch p u l s e s  whose per iod  of 

63.5 psec  corresponds t o  a fundamental frequency of e x a c t l y  15.75 kHz. 

The b r i g h t n e s s  informat ion  i n  t h e  l i n e  scans  i s  a l s o  q u i t e  r e p e t i t i v e .  

Not only i s  one l i n e  s imi l a r  t o  i t s  i m m e d i a t e  neighbors ,  but  success ive  

frames a r e  a lmost  i d e n t i c a l  w i t h  each o t h e r  s i n c e  motion w i t h i n  t h e  

p i c t u r e  i s  u s u a l l y  slow compared w i t h  t h e  30-Hz frame rate. F i n a l l y ,  

t h e  v e r t i c a l  and h o r i z o n t a l  blanking p u l s e s  impose obvious p e r i o d i c i t i e s  

of 15.75 kHz and 60 Hz on t h e  p i c t u r e  s i g n a l  r e s p e c t i v e l y .  

Another s t r i k i n g  f e a t u r e  of t h e  v ideo  spectrum i s  t h a t  most of t h e  

space between t h e  dominant s p e c t r a l  l i n e s  i s  f r e e  of energy. T h i s  i s  

t r u e  no t  only of t h e  harmonics of 15.75 kHz, bu t  a l s o  f o r  t h e  l i n e s  

spaced a t  60-Hz i n t e r v a l s  about t h e s e  harmonics. 

Despi te  i t s  apparent  complexity,  t h e  b a s i c  s t r u c t u r e  of t h e  v ideo  

baseband spectrum may be understood w i t h  t h e  a i d  of elementary F o u r i e r  

a n a l y s i s .  The complete spectrum i s  simply a s u p e r p o s i t i o n  of t h e  

s p e c t r a  due t o  t h e  waveforms which comprise t h e  v ideo  s i g n a l  ( p i c t u r e  

and synch s i g n a l s )  wi th  proper  a t t e n t i o n  t o  t h e i r  r e l a t ive  phases.  

Thus t h e  spacing of  t h e  s p e c t r a l  l i n e s  f o r  each component waveform i s  

equal  t o  t h e  r e c i p r o c a l  of t h e  waveform’s p e r i o d ,  w h i l e  t h e  r e l a t i v e  

ampli tude of t h e  l i n e  i s  determined by such t h i n g s  as t h e  maximum rate 

of change of t h e  waveform--e.g., by p u l s e  r ise  and f a l l  times--and by 

i t s  “duty i . e . ,  t h e  r a t i o  of p u l s e  d u r a t i o n  t o  p u l s e  spacing.  
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For example, t h e  s p e c t r a l  l i n e s  corresponding t o  t h e  synchronizing 

waveform are spaced a t  15.75 kHz, and can  have ampli tudes exceeding 

l / l000 t h a t  of t h e  fundamental as far ou t  as t h e  320 harmonic which l i e s  

a t  about 5 MHz. The spectrum of t h e  p i c t u r e  s i g n a l  f o r  t h e  s imples t  

p o s s i b l e  p i c t u r e  (a uniform gray  f i e l d )  h a s  a similar 15.75-kHz l i n e  

s t r u c t u r e ,  a l b e i t  w i t h  d i f f e r e n t  l i n e  ampl i tudes ,  and occupies  a s i m i -  

l a r  bandwidth. However, t h e  v e r t i c a l  blanking p a r t  of t h e  p i c t u r e  s i g -  

n a l  imposes a 60-Hz square-wave modulation on t h e  b r i g h t n e s s  informat ion  

and hence on each of t h e  15.75-kHz harmonics which comprise t h e  spectrum. 

As a r e s u l t ,  each such harmonic i s  accompanied by symmetrical  sidebands 

c o n s i s t i n g  of l i n e s  spaced 60 Hz a p a r t .  The l o c a t i o n  of t h e  f i r s t  z e r o  

i n  t h e  envelope of t h e s e  s idebands i s  determined by t h e  duty c y c l e  of 

t h e  v e r t i c a l  b lanking  p u l s e s  and occurs  a t  t h e  14th  60-Hz harmonic, o r  

a t  about  840 Hz on e i t h e r  s i d e  o f  t h e  15.75-kHz l i n e .  This  accounts  f o r  

t h e  prev ious ly  noted f a c t  t h a t  t h e  bulk of t h e  space between t h e  15.75- 

kHz harmonics i s  empty. The s t r u c t u r e  of t h e  s idebands i s  f u r t h e r  com- 

p l i c a t e d  by l i n e s  of smaller ampli tude a t  30-Hz spacing due t o  f i e l d  

i n t e r l a c e .  

Except f o r  t h e  r e l a t i v e  ampli tude of t h e  l i n e s ,  t h e  p i c t u r e  s i g n a l  

spectrum f o r  more complicated p i c t u r e s  w i l l  be similar t o  t h a t  f o r  a 

f l a t  g rey  f i e l d  so  long as t h e r e  a r e  no d iagonal  p a t t e r n s  and no image 

motion. When t h e r e  are diagonal  l i n e s ,  however, such as those  i n  a TV 

t e s t  p a t t e r n ,  success ive  l i n e  scans  w i l l  n o t  be t h e  same, and t h e  s i d e -  

bands accompanying t h e  15.75-kHz l i n e - s c a n  harmonics w i l l  be more d i f f u s e .  

Moreover, t h e  width of  t h e s e  s idebands w i l l  i n c r e a s e  w i t h  t h e  order  of 

t h e  harmonic. Thus t h e  space between l i n e  harmonics becomes less and 

less empty as frequency w i t h i n  t h e  baseband i s  i n c r e a s e d .  Nonetheless,  

w i t h  no image motion t h e  s p e c t r a  are s t i l l  l i n e  s p e c t r a ;  t h e  s idebands 

are wider but  s t i l l  c o n s i s t  of l i n e s  a t  30-Hz spac ing  about each 15.75- 

kHz harmonic. 

When t h e r e  i s  image motion, n o t  even s u c c e s s i v e  frames are repea ted  

e x a c t l y .  The r e s u l t  i s  t h a t  each of t h e  30-Hz-spaced l i n e s  i n  t h e  s i d e -  

bands i s  broadened t o  a n  e x t e n t  which depends on t h e  n a t u r e  of t h e  m o -  

t i o n .  I f  t h e  motion i t s e l f  i s  r e p e t i t i v e  and commensurate wi th  t h e  

f i e l d  ra te ,  t h e  broadening of each 30-Hz l i n e  w i l l  c o n s i s t  of a 
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s u b s i d i a r y  l i n e  spectrum of "motion harmonics" a t  a spac ing  g iven  by t h e  

per iod  of t h e  motion. 

I n  summary, t hen ,  the spectrum of a monochrome v ideo  s i g n a l  con- 

s i s t s  of  major c o n c e n t r a t i o n s  o f  energy a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15.75-kHz i n t e r v a l s .  Each 

c o n c e n t r a t i o n  i n  t u r n  c o n s i s t s  of a c l u s t e r  of l i n e s  sepa ra t ed  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 Hz 

wi th  each l i n e  broadened t o  a degree  which depends on t h e  type  and 

amount of motion i n  t h e  image. The r e l a t i v e  ampl i tude  and s p e c t r a l  

width both  of t h e  c l u s t e r s  and of t h e  l i n e s  which comprise them are  de- 

termined by t h e  n a t u r e  of t h e  p i c t u r e  being scanned. With t h e  scanning 

and f rame rates of t h e  U.S.  system, baseband s p e c t r a l  components w i t h  

f r equenc ie s  h ighe r  t han  4.2 MHz can  be ignored wi thout  s e r i o u s l y  impair-  

ing  s u b j e c t i v e  p i c t u r e  q u a l i t y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-6- 

Although t h e  bandwidth o f  t h e  v ideo  baseband i s  4.2 MHz, t h e  r f  

bandwidth a l l o c a t e d  f o r  TV b roadcas t  i n  t h e  United S t a t e s  i s  6 MHz. 

This  amount i s  r equ i r ed  t o  accommodate a VSB modulated p i c t u r e  car r ie r  

whose frequency l i e s  1.25 MHz above t h e  bottom o f  t h e  r f  passband, and 

an  FM modulated sound c a r r i e r  l oca t ed  4.5 MHz above t h e  p i c t u r e  carr ier ,  

o r  0.25 MHz below t h e  top o f  t h e  r f  passband. 

COLOR TELEVISION 

The r ep roduc t ion  of t e l e v i s i o n  p i c t u r e s  i n  c o l o r  i s  based on t h e  

elementary f a c t  t h a t  l i g h t  of any c o l o r  can be s imula ted  by combining 

a p p r o p r i a t e  amounts of l i g h t  i n  t h e  t h r e e  primary c o l o r s .  A c o l o r  

p i c t u r e  can  thus  be reproduced po in t  by po in t  i f  t h r e e  sou rces  of p r i -  

mary l i g h t  which can  be independent ly  c o n t r o l l e d  are  provided f o r  each 

po in t  i n  t h e  p i c t u r e .  The p i c t u r e  tube of a conven t iona l  c o l o r  TV set  

provides  j u s t  such sources  i n  t h e  form of an  a r r a y  of c l o s e l y  spaced 

phosphor d o t s  a r ranged  i n  groups of t h r e e  on t h e  sc reen  of t h e  tube.  

Three d i f f e r e n t  phosphors are  used so t h a t ,  when e x c i t e d ,  each  do t  i n  

a group e m i t s  one of t h e  t h r e e  primary c o l o r s ,  r e d ,  g reen ,  and blue.  

The tube  a l s o  c o n t a i n s  t h r e e  independent e l e c t r o n  guns s o  ar ranged  t h a t  

t h e  beam from a g iven  gun can  e x c i t e  only t h e  d o t s  cor responding  t o  one 

of t h e  primary c o l o r s .  The t h r e e  e l e c t r o n  beams are  then  scanned i n  

unison  but  independent ly  modulated i n  i n t e n s i t y  so t h a t ,  f o r  each 
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p i c t u r e  e lement ,  t h e  proper  amount of  each primary c o l o r  i s  e x c i t e d  

from t h e  corresponding group of  phosphor d o t s .  

There are a v a r i e t y  o f  ways i n  which t h e  informat ion  on t h e  c o l o r  

c o n t e n t  of t h e  p i c t u r e  e lements  can be encoded f o r  t ransmiss ion .  The 

way a c t u a l l y  used i n  t h e  NTSC (Nat ional  T e l e v i s i o n  System Committee) 

system adopted by t h e  United S t a t e s  w a s  chosen t o  m e e t  several p r a c t i c a l  

o b j e c t i v e s ,  among which two o f  t h e  most s t r i n g e n t  were: 

1. The c o l o r  TV s i g n a l  w a s  t o  be compatible  w i t h  e x i s t i n g  

monochrome r e c e i v e r s - - i . e . ,  produce a n  a c c e p t a b l e  black-  

and-white p i c t u r e  on such sets .  

2 .  The c o l o r  s i g n a l  was t o  be t r a n s m i t t e d  i n  t h e  same r f  band- 

width used f o r  monochrome s i g n a l s .  

To h e l p  meet t h e  f i r s t  o b j e c t i v e ,  t h e  t h r e e  waveforms which t e l l  

how t h e  r e q u i r e d  amount of each primary c o l o r  v a r i e s  as t h e  p i c t u r e  i s  

scanned are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- no t  t r a n s m i t t e d  d i r e c t l y .  

der ived  from them i n  such a way t h a t  one, c a l l e d  t h e  luminance s i g n a l ,  

c o n t a i n s  informat ion  only  on b r i g h t n e s s  v a r i a t i o n s ,  whi le  t h e  o t h e r  two, 

c a l l e d  c o l o r  d i f f e r e n c e  o r  chrominance s i g n a l s ,  can  be combined t o  g i v e  

t h e  v a r i a t i o n s  i n  hue and s a t u r a t i o n .  When t h e  p i c t u r e  t o  be t r a n s m i t t e d  

c o n t a i n s  no c o l o r ,  t h e  chrominance s i g n a l s  vanish.  

I n s t e a d ,  t h r e e  new waveforms are  

The luminance s i g n a l  occupies  e x a c t l y  t h e  same p o s i t i o n  i n  t h e  

c o l o r  v ideo  baseband as does t h e  b r i g h t n e s s  s i g n a l  i n  t h e  monochromatic 

t e l e v i s i o n  baseband. The synch s i g n a l  component of t h e  c o l o r  TV base- 

band i s  a l s o  v i r t u a l l y  i d e n t i c a l  t o  i t s  monochromatic c o u n t e r p a r t .  Thus, 

i f  t h e  c o l o r  d a t a  were omit ted from t h e  v ideo  baseband, o r  i f  t h e  scene 

being scanned w e r e  e n t i r e l y  i n  shades of g r e y ,  a monochrome TV r e c e i v e r  

would d i s p l a y  t h e  same p i c t u r e  as i f  a black-and-white TV camera had 

genera ted  t h e  baseband. But t h e  second o b j e c t i v e  r e q u i r e s  t h a t  t h e  two 

chrominance s i g n a l s  be t r a n s m i t t e d  i n  t h e  s a m e  baseband as t h e  luminance 

s i g n a l .  I n  o r d e r  t o  do t h i s  wi thout  c r e a t i n g  " v i s u a l  c r o s s t a l k "  among 

t h e s e  t h r e e  components of t h e  p i c t u r e  s i g n a l ,  t h e  chrominance s i g n a l s  

are c o n s t r u c t e d  t o  t a k e  advantage of bo th  t h e  c h a r a c t e r i s t i c s  of c o l o r  

v i s i o n  and t h e  s p e c t r a l  p r o p e r t i e s  of t h e  p i c t u r e  s i g n a l  components. 
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The p e r t i n e n t  f e a t u r e  about  c o l o r  pe rcep t ion  i s  t h a t  t h e  human eye 

appears  t o  have t h r e e - c o l o r  v i s i o n  only  f o r  o b j e c t s  t h a t  subtend ang le s  

of a h a l f  degree  o r  more, two-color v i s i o n  f o r  o b j e c t s  down t o  about 

one - s ix th  of a degree ,  bu t  cannot  d i s t i n g u i s h  c o l o r s  f o r  o b j e c t s  smaller 

than t h i s .  Th i s  f a c t  i s  used t o  reduce s i g n i f i c a n t l y  t h e  bandwidth re- 

qui red  f o r  t he  chrominance s i g n a l s .  I n  p a r t i c u l a r ,  wh i l e  t h e  luminance 

s i g n a l  r e q u i r e s  a bandwidth o f  4.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMHz, i t  i s  found t h a t  a chrominance 

s i g n a l  d e s c r i b i n g  t h e  d e p a r t u r e  of a c o l o r  from whi t e  i n  t h e  d i r e c t i o n  

of  orange o r  i t s  complement cyan (b lue-green)  need occupy only  a 1.5-MHz 

bandwidth, and a bandwidth of 0.5  MHz i s  s u f f i c i e n t  f o r  a chrominance 

s i g n a l  d e s c r i b i n g  d e p a r t u r e s  from whi te  i n  t h e  green-magenta d i r e c t i o n .  

T o  avoid i n t e r f e r e n c e  between t h e  chrominance s i g n a l s  a f t e r  f r e -  

quency d i v i s i o n  mul t ip l ex ing  w i t h  the  luminance s i g n a l ,  t hey  are  modu- 

lated on to  s u b c a r r i e r s  which have t h e  same frequency bu t  d i f f e r  i n  

phase by 90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Amplitude modulat ion i s  used i n  o r d e r  t o  keep t h e  band- 

width of  t h e  modulated s u b c a r r i e r s  low, and t h e  s u b c a r r i e r s  are  sup- 

pressed  t o  i n s u r e  t h a t  t h e  chrominance components of t h e  baseband vanish  

when t h e r e  i s  no c o l o r .  S p e c i f i c a l l y ,  DSB i s  used f o r  t h e  0.5-MHz 

chrominance s i g n a l  and VSB f o r  t h e  1.4-MHz chrominance s i g n a l .  The two 

s i g n a l s  a r e  sepa ra t ed  a t  t h e  r e c e i v e r  wi th  synchronous d e t e c t o r s  whose 

l o c a l l y  genera ted  c a r r i e r s  are  kept  a t  t h e  proper  f requency and phase 

wi th  t h e  a i d  of a l f p i l o t "  or  r e f e r e n c e  s u b c a r r i e r  t r ansmi t t ed  as p a r t  

of t h e  v ideo  baseband i n  a "burs t"  of 8 t o  11 c y c l e s f  d u r a t i o n  du r ing  

each h o r i z o n t a l  b lanking  i n t e r v a l .  This  c o l o r  b u r s t  i s  l oca t ed  on t he  

"back porch" of  each h o r i z o n t a l  synchroniz ing  pu l se .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

Since  ampl i tude  modulation of quadra tu re  c a r r i e r s  i s  equ iva len t  t o  

s imultaneous phase and ampli tude modulation of a s i n g l e  c a r r i e r ,  t h e  

c o l o r  v ideo  baseband may a l s o  be viewed as a r e s u l t  of adding t o  t h e  

combined luminance-synch s i g n a l  a s u b c a r r i e r  whose phase d i f f e r e n c e  from 

t h e  r e f e r e n c e  c a r r i e r  i s  a measure of hue and whose ampl i tude  i s  a 

measure of s a t u r a t i o n .  

The spectrum of t h e  ampl i tude  modulated c o l o r  s u b c a r r i e r s  i s  qual -  

i t a t i v e l y  similar  t o  t h a t  o f  t h e  luminance s i g n a l  i n  t h a t  each of i t s  

s idebands  c o n s i s t s  of c l u s t e r s  of l i n e s  spaced a t  30 Hz about  f r equenc ie s  

whose d i f € e r e n c e s  from t h e  s u b c a r r i e r  f requency are harmonics of t h e  
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l i n e  s c a n  frequency. By choosing t h e  common s u b c a r r i e r  frequency t o  

be a n  odd m u l t i p l e  of one-half  t h e  l i n e  scan  frequency, t h e  c l u s t e r s  

of t h e  chrominance modulated carr ier  spectrum are made t o  f i t  n e a t l y  

i n t o  t h e  n e a r l y  empty spaces  between t h e  c l u s t e r s  of  t h e  luminance- 

synch s i g n a l .  Even where c l u s t e r s  o v e r l a p ,  t h e  i n d i v i d u a l  l i n e s  are 

s t i l l  s e p a r a t e d  by 15 Hz. 

Under t h e s e  c i rcumstances ,  i t  might be thought t h a t  a high-reso lu-  

t i o n  comb f i l t e r  would be r e q u i r e d  t o  s e p a r a t e  t h e  chrominance and 

Luminance s i g n a l s .  T h i s  i s  not  i n  f a c t  necessary  because t h e  d i s p l a y  

process  e f f e c t i v e l y  d i s c r i m i n a t e s  a g a i n s t  t h e  s p e c t r a l  components of  

t h e  chrominance modulated s u b c a r r i e r s .  These components do appear  on 

t h e  p i c t u r e  t u b e ,  bu t  t h e i r  f requencies  are  j u s t  t h o s e  which produce 

a l t e r n a t i n g  checkerboard p a t t e r n s  of extremely low v i s i b i l i t y .  More- 

o v e r ,  by choosing t h e  frequency of t h e  chrominance s u b c a r r i e r  near  t h e  

high end of  t h e  baseband, t h e  checkerboard p a t t e r n  is extremely f i n e -  

g r a i n e d .  

To i n s u r e  t h a t  i n t e r f e r e n c e  due t o  p o s s i b l e  b e a t s  between t h e  

rece ived  chrominance s u b c a r r i e r  and t h e  sound carrier w i l l  produce 

only  l o w - v i s i b i l i t y  p a t t e r n s  on t h e  p i c t u r e  t u b e ,  t h e  d i f f e r e n c e  be- 

tween t h e s e  t w o  car r ie r  f r e q u e n c i e s  i s  a l s o  made a n  odd m u l t i p l e  of 

one-half  t h e  l i n e  scan  frequency. However, i n  o r d e r  t o  s a t i s f y  both 

t h i s  and t h e  prev ious  c o n d i t i o n  on t h e  frequency of t h e  chrominance 

s u b c a r r i e r  s imul taneous ly ,  i t  i s  necessary  t o  change e i t h e r  t h e  l i n e  

scan  frequency o r  t h e  sound c a r r i e r  frequency from t h e  v a l u e s  used i n  

monochrome t e l e v i s i o n .  I n  p r a c t i c e  t h e  frequency of t h e  sound carr ier  

i s  l e f t  unchanged a t  e x a c t l y  4.5 MHz above t h e  v ideo  car r ie r ,  w i t h  t h e  

end r e s u l t  t h a t  t h e  l i n e  scan  frequency f o r  c o l o r  t e l e v i s i o n  is n o t  

15,750 Hz, b u t  15,734.264 Hz. 

by t h e  c o n d i t i o n s  on t h e  chrominance s u b c a r r i e r  f requency,  t h i s  frequency 

i s  t h e  one c l o s e s t  t o  t h e  monochrome v a l u e ,  and i t  makes t h e  frame r a t e  

f o r  c o l o r  TV n o t  30 Hz, but  15,734.2641525 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 29.97 Hz. The c o l o r  sub- 

carr ier  frequency i t s e l f  i s  then  chosen as  t h e  455th harmonic of h a l f  

t h e  l i n e  scan  frequency,  o r  3,579,545 Hz. A schematic  r e p r e s e n t a t i o n  

of t h e  components of t h e  c o l o r  v ideo  baseband and i t s  spectrum is shown 

i n  F i g .  A-3. (24) 

band c o n s i s t s  of only  t h a t  p o r t i o n  a s s o c i a t e d  wi th  t h e  luminance s i g n a l .  

Of t h e  l i n e  scan f r e q u e n c i e s  permi t ted  

The spectrum of t h e  corresponding monochrome v ideo  base- 
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Appendix B 

CHARACTERISTICS OF ANALOG MODULATED CARRIERS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A s  demonstrated i n  S e c t i o n  11, t h e  magnitude of t h e  t r a n s f e r  c h a r -  

a c t e r i s t i c s  f o r  a s p e c i f i e d  channel  i n  a r a d i o  r e l a y  system employing 

a n  ana log  modulation method depends i n  g e n e r a l  on t h e  s t a t i s t i c a l  c h a r -  

acter is t ics  of both t h e  wanted and t h e  unwanted s i g n a l s .  These i n  t u r n  

depend on t h e  type  and degree  of modulation used w i t h  t h e s e  s i g n a l s  as 

w e l l  as on t h e  type  of messages they  c a r r y .  

The va r ious  ana log  modulation methods of i n t e r e s t  t o  sa te l l i t e  and 

terrestrial  r a d i o  r e l a y  systems are def ined  i n  Table  B - 1 .  This  t a b l e  

shows how t h e  i n s t a n t a n e o u s  ampl i tude  a ( t )  and t h e  phase d e v i a t i o n  cp(t) 

of t h e  modulated carrier waveform 

c ( t >  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= a ( t )  cos[wct -+ cp(t)] 

depend on t h e  waveform b ( t )  of t h e  modulating s i g n a l  or baseband and 

on i t s  H i l b e r t  t r ans fo rm c ( t ) .  To suppres s  c o n s t a n t s  of p ropor t ion -  

a l i t y ,  c ( t )  has  been normalized t o  t h e  ampl i tude  of t h e  unmodulated 

c a r r i e r ,  and b ( t )  t o  t h e  peak baseband ampl i tude .  With t h i s  under- 

s t a n d i n g ,  t h e  parameters  M y  @ ,  and R i n  t h e  t a b l e  r e p r e s e n t  t h e  peak 

d e v i a t i o n s  from t h e i r  unmodulated v a l u e s  of ampl i tude  r a t i o ,  phase,  

and in s t an taneous  angu la r  f requency ,  r e s p e c t i v e l y .  

* 

A l s o  shown i n  Table  B - 1  i s  t h e  dependence on t h e  baseband b ( t )  of  

t h e  modulation f u n c t i o n  m ( t ) ,  a complex va lued  f u n c t i o n  of t i m e  def ined  

i n  terms of t h e  ampl i tude  modulation a ( t )  and t h e  phase modulation cp(t) 

by(25) 

* 
Mathemat ica l ly ,  t h e  H i l b e r t  t r ans fo rm of b ( t )  may be d e s c r i b e d  as 

t h e  convo lu t ion  of b ( t )  w i th  l / t .  
form ob ta ined  from b ( t )  by s h i f t i n g  t h e  phase of a l l  i t s  F o u r i e r  spec-  
trum components by 900. 

It may a l s o  be desc r ibed  as t h e  wave- 
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I n  terms of m ( t ) ,  t h e  normalized modulated car r ie r  may be w r i t t e n  

c ( t )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= R e  [ m ( t ) e  j%t] 

and i t  i s  obvious t h a t  t h e  t a b u l a t e d  r e l a t i o n s  between m( t )  and b ( t )  

p rovide  a compact a l t e r n a t i v e  d e f i n i t i o n  of t h e  modulation methods. 

Moreover, t h e  modulat ion f u n c t i o n  a l s o  f i n d s  g r e a t  u t i l i t y  i n  d e s c r i b i n g  

no t  o n l y  t h e  s p e c t r a  of modulated carr iers  bu t  a l s o  t h e  output  waveforms 

and s p e c t r a  ob ta ined  by demodulating t h e s e  carr iers  i n  va r ious  ways. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3)  

The p r i n c i p a l  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of t h e  modulated car r ie rs  

are desc r ibed  by t h e i r  ampl i tude  d i s t r i b u t i o n s  and power s p e c t r a  which 

de termine  the peak power and t h e  bandwidth of  t h e  r f  s i g n a l  r e s p e c t i v e l y .  

The r f  power s p e c t r a  are a l s o  v e r y  important  i n  de te rmining  t h e  output  

i n t e r f e r e n c e  t h a t  r e s u l t s  when two o r  more carr iers  have over lapping  

s p e c t r a .  I n  g e n e r a l ,  r f  s i g n a l  s t a t i s t i c s  w i l l  depend on the  s t a t i s t i c s  

of t h e  baseband and ,  p a r t i c u l a r l y  f o r  t h e  ang le  modulation methods, on 

t h e  modulat ion i n d i c e s  de f ined  i n  columns 5 and 6 of Tab le  B - 1 .  I n  t h i s  

connec t ion ,  n o t e  t h a t  bo th  peak and r m s  modulation i n d i c e s  are de f ined  

f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPM and FM. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AMPLITUDE DISTRIBUTIONS 

The ampl i tude  d i s t r i b u t i o n  f o r  t h e  modulated carr ier  i s  i n  most 

cases determined by t h 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  p (x)  of t h e  a m p l i -  

t ude  r a t i o  a ( t ) .  I n  p a r t i c u l a r ,  t h e  average and peak v a l u e s  of modulated 

car r ie r  power are, r e s p e c t i v e l y ,  

a 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACo i s  t h e  average power of t h e  unmodulated carrier. 

t i o n s  are a p p l i e d  i n  Tab le  B-2 where,  f o r  each ana log  modulation method, 

t h e  r a t i o s  C / C o  and C 

r a t i o  C 

band peak-to-average power r a t i o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA .  

These rela- 

/C , t o g e t h e r  w i t h  t h e  r f  peak-to-average power 
Pk 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I C ,  are expressed  i n  terms of t h e  modulation index and t h e  base-  
Pk 

It w i l l  be  noted  t h a t  C /C i s  
Pk 
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c o n s t a n t  f o r  t h e  a n g l e  modulation methods, bu t  p r o p o r t i o n a l  t o  t h e  

corresponding baseband q u a n t i t y  f o r  t h e  ampli tude modulation methods. 

Moreover) f o r  SSB modulation, t h e  c o n s t a n t  of p r o p o r t i o n a l i t y  depends 

on t h e  ampli tude d i s t r i b u t i o n  of t h e  H i l b e r t  transformed baseband as 

w e l l  as t h a t  of t h e  baseband i t s e l f .  I t  i s  noted i n  pass ing  t h a t  i f  

t h e  baseband i s  g a u s s i a n  d i s t r i b u t e d ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso a lso  w i l l  be  i t s  H i l b e r t  t r a n s -  

form, and t h e  combination d b 2 ( t )  + g 2 ( t )  w i l l  be Rayleigh d i s t r i b u t e d .  

POWER SPECTRA 

The power spectrum of a waveform i s  d e f i n e d  as t h e  (complex expo- 

n e n t i a l )  F o u r i e r  t ransform of i t s  a u t o c o r r e l a t i o n  f u n c t i o n .  For example, 

t h e  power spectrum of t h e  modulation f u n c t i o n  m ( t )  i s  

-m 

where t h e  a u t o c o r r e l a t i o n  i s  d e f i n e d  i n  terms of 

* 
I n  t h i s  d e f i n i t i o n  m ( t )  is  t h e  complex conjugate  of m ( t )  and t h e  b a r  

i n d i c a t e s  t h e  t i m e  average.  

Using t h e s e  d e f i n i t i o n s ,  it is  e a s y  t o  show t h a t  under q u i t e  g e n e r a l  

c o n d i t i o n s  which are m e t  by most basebands,  t h e  power spectrum of t h e  

normalized modulated carrier c ( t )  i s  given  i n  terms of t h e  spectrum of 

i t s  modulation f u n c t i o n  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

Wc(f) = + g f  - f c )  + Wm(-f - f,,] f C # 0 

From t h i s  e q u a t i o n )  it i s  obvious t h a t  t h e  power spectrum of c ( t )  is  an 

even f u n c t i o n  of f requency (symmetric about f = 0) as are t h e  power 

s p e c t r a  of a l l  r ea lwavefo rms .  A s  a r e s u l t ,  t h e  f r a c t i o n  of  t h e  t o t a l  

average power of  c ( t )  conta ined  i n  t h e  frequency i n t e r v a l  € < f < f 2  1 



- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA102- 

may be ob ta ined  no t  on ly  by i n t e g r a t i n g  W ( f )  over  bo th  p o s i t i v e  and 

nega t ive  f r equenc ie s ,  f l  < 1 f 1 < f 2 ,  bu t  a l s o  by i n t e g r a t i n g  over  

p o s i t i v e  f r equenc ie s  only  t h e  one-sided spectrum def ined  by 

C 

where u ( f )  i s  t h e  u n i t  s t e p  f u n c t i o n  

0 f < O  

r l  f > O  
u ( f )  = 

It fo l lows  d i r e c t l y  from E q s .  (B-1)  and (B-2)  t h a t  when c ( t )  is  

narrow band, as w i l l  be t h e  case f o r  a l l  r a d i o  f requency  carriers 

of p r a c t i c a l  i n t e r e s t ,  i t s  modulat ion f u n c t i o n  may be w r i t t e n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

Wm(f) = - wc( f>  
cO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( B - 3 )  

where w ( f )  i s  t h e  low-pass v e r s i o n  of t h e  normalized one-sided 

power spectrum of t h e  unnormalized c a r r i e r  A c ( t )  def ined  by 
C 

C 

w C ( f )  = 2C0WCl(f+f C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) I C  

I n  ana lyz ing  t h e  e f f e c t s  of r f  i n t e r f e r e n c e ,  t h e  power spectrum of 

t h e  n o i s e  a t  t he  demodulator ou tpu t  can be w r i t t e n  i n  terms of the  

power spectra of t h e  modulat ion f u n c t i o n s  of t he  wanted and unwanted 

car r ie rs .  Thus t h e  i n t e r p r e t a t i o n  of W ( f )  g iven  i n  Eq. ( B - 3 )  

p e r m i t s  t h e  ou tpu t  no i se  spectrum t o  be expressed  d i r e c t l y  i n  terms 

of t h e  s p e c t r a  of t h e  i n t e r f e r i n g  carr iers .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArn 

I n  connec t ion  wi th  i n t e r f e r e n c e  a n a l y s i s ,  i t  i s  a l s o  u s e f u l  

t o  n o t e  t h a t ,  p rov id ing  c ( t )  i s  a wide-sense s t a t i o n a r y  random 

p r o c e s s ,  E q .  ( B - 1 )  ho lds  even when t h e  c a r r i e r  f requency f is  

small compared wi th  t h e  bandwidth of t h e  modulat ion f u n c t i o n .  

C 
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When f 

(as it  i s  f o r  SSB, f o r  example) o r  i f  t h e  corresponding p o s i t i v e  and 

n e g a t i v e  frequency components i n  t h e  F o u r i e r  spectrum of m ( t )  are 

incoherent .  I n  t h e  s p e c i a l  case of DSB modulat ion,  m ( t )  is  real 

(see Table  B-1), W m ( f >  is  symmetr ical ,  and when f c  = 0,  t h e  sideband 

components add c o h e r e n t l y .  Thus, t h e  modulated carrier power spectrum 

f o r  DSB modulation and any v a l u e  of carr ier  f requency is given  by 

= 0 ,  however, Eq. (B-1 )  h o l d s  only  i f  Wm(f) is  one-sided 
C 

DS B 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 i m  C m C 

03-41 

where 

1 f # O  
F {  2 f = o  

C 

With t h e  a i d  of  Eqs.  (B-1) and (B-4),  t h e  power spectrum of  t h e  

modulated car r ie r  may be d e s c r i b e d  f o r  any modulation method simply by 

g i v i n g  t h e  dependence of t h e  modulation f u n c t i o n  spectrum on t h e  base-  

band spectrum and t h e  modulation index .  These r e l a t i o n s  are i n  t u r n  

determined by t h e  e x p r e s s i o n s  f o r  m(t)  i n  terms of t h e  baseband b ( t )  

g i v e n  i n  T a b l e  B - 1 .  I n  t h e  case of t h e  ampli tude modulation methods, 

t h e  d e f i n i n g  s p e c t r a l  r e l a t i o n s  are 

AM 

DS B 

SSB 

where 6 ( f )  i s  t h e  u n i t  impulse o r  Dirac d e l t a  f u n c t i o n ,  and u ( f )  i s  

a g a i n  t h e  u n i t  s t e p  f u n c t i o n .  
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The s i t u a t i o n  i s  no t  s o  simple i n  t h e  case of t h e  a n g l e  modula- 

t i o n  methods, PI4 and FM. Here t h e  shape of t h e  r f  power spectrum de-  

pends n o t  on ly  on t h e  baseband power spectrum b u t  a l s o  on t h e  modulation 

index ,  and g e n e r a l  r e s u l t s  c a n  be  g iven  i n  c l o s e d  form o n l y  f o r  t h e  

l i m i t i n g  cases of h igh  and low i n d i c e s .  FM i s  s a i d  t o  be  h igh  index o r  

wideband when t h e  r m s  modulation index D 

I n  t h i s  case, t h e  rf power spectrum depends n o t  on t h e  spectrum of t h e  

baseband but  on i t s  p r o b a b i l i t y  d e n s i t y ,  which i s  t h e  d e r i v a t i v e  of i t s  

ampli tude d i s t r i b u t i o n  f u n c t i o n .  

p r o b a b i l i t y  d e n s i t y  of t h e  ins tan taneous  frequency d e v i a t i o n  d e f i n e d  by 

is  much g r e a t e r  than  u n i t y .  
r 

More s p e c i f i c a l l y ,  i f  pf(x)  i s  t h e  

t h e n  t h e  power spectrum of t h e  modulation f u n c t i o n  i s  

03-71 

T h i s  r e s u l t  can  be  a p p l i e d  t o  high-index phase modulation, (P >> 1, 
r 

by i n t e r p r e t i n g  p ( x )  as t h e  p r o b a b i l i t y  d e n s i t y  of t h e  frequency de-  

v i a t i o n  

f 

t h a t  r e s u l t s  from t h e  imposed phase d e v i a t i o n ,  cp(t) = + b ( t ) .  

Phase modulation i s  cons idered  low index when t h e  r m s  phase de-  

v i a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 i s  much less t h a n  u n i t y .  I n  t h i s  case, t h e  rf power spec-  

trum i s  independent of t h e  baseband ampli tude d i s t r i b u t i o n  and c l o s e l y  

resembles t h e  power spectrum f o r  convent iona l  ampl i tude  modulation. 

Thus,  i f  W ( f )  i s  t h e  power spectrum of t h e  phase d e v i a t i o n  produced by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y 

t h e  baseband, t h e  power spectrum of t h e  modulation f u n c t i o n  is  

r 

Wm(f) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 (1 - $2) r 6 ( f )  + Wv(f) PM w i t h  Qr << 1 
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T h i s  r e s u l t  can  be a p p l i e d  t o  low index FM, Dr << 1 , merely by 

i n t e r p r e t i n g  W ( f )  as t h e  power spectrum of t h e  phase d e v i a t i o n  y ( t )  

t h a t  r e s u l t s  from t h e  imposed f requency  modulation. I n  t h i s  connec t ion ,  

n o t e  t h a t ,  i f  bo th  cp(t) and f ( t )  are s t a t i o n a r y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACp 

(B- 10) 

The fo rego ing  approximations are of p a r t i c u l a r  i n t e r e s t  i n  t h e  

commonly occur r ing  s p e c i a l  case where t h e  baseband has  a gauss i an  a m -  

p l i t u d e  d i s t r i b u t i o n  and a r e c t a n g u l a r  low-pass power spectrum. This  

is  j u s t  t h e  no i se -equ iva len t  FDM baseband desc r ibed  i n  Appendix A. 

Formulas f o r  t h e  power s p e c t r a  when t h i s  baseband is  used f o r  h igh  

and low index PM and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFPI are d i sp layed  i n  Table  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB - 3 .  

w i l l  be noted t h a t  when t h e  baseband spectrum does n o t  extend down t o  

z e r o  f requency ,  t h e s e  formulas depend t o  some e x t e n t  on t h e  magnitude 

of t h e  lowest modulating f requency  f . 

(26,27) It 

R 
A g e n e r a l  series expans ion  f o r  t h e  power spectrum of t h e  modula- 

t i o n  f u n c t i o n  f o r  a phase modulated carrier with  a r b i t r a r y  r m s  modula- 

t i o n  index @ i s  g iven  by 
r 

(28) 

2 
-@r 1 

w p  = e [Nf)  + w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcp ( f )  + F W c p ( f )  * Wcp(f) 

+ 1. w ( f )  * w ( f )  * Wcp(f) + ...I 
3: cp cp 

( B - 1 1 )  

Again, i f  lPr i s  f i n i t e ,  t h e  r e s u l t  f o r  FMmay be o b t a i n e d  by s u b s t i -  

t u t i n g  wf/f2 f o r  w 
cp* 

Given t h e  power spectrum W ( f )  of t h e  modulation f u n c t i o n ,  it  i s  
m 

a s imple  matter t o  de t e rmine  t h e  bandwidth of t h e  modulated carrier 

accord ing  t o  any one of a number of p o s s i b l e  bandwidth d e f i n i t i o n s .  

For many purposes ,  however, t h e  most u s e f u l  measure of bandwidth i s  t h e  

f requency  i n t e r v a l  W t h a t  i n c l u d e s  a l l  but  a s p e c i f i e d  small f r a c t i o n  

of t h e  r f  s i g n a l  power (exc luding  any carrier frequency component). 
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With t h e  ampli tude modulation methods, t h e  r f  bandwidth W is  a 

simple f u n c t i o n  of t h e  baseband bandwidth B ,  r e g a r d l e s s  of how band- 

wid th  is  d e f i n e d .  Thus, W = 2 B  f o r  AM and DSB,  and W = B f o r  S S B .  For 

t h e  a n g l e  modulation methods, however, t h e  r f  bandwidth depends n o t  on ly  

on B bu t  on t h e  modulation index as w e l l .  

given f o r  t h e  bandwidth W which c o n t a i n s  t h e  bulk  of t h e  power of a n  

a n g l e  modulated carr ier ,  but  c e r t a i n  r u l e s  of thumb are widely used. 

I n  p a r t i c u l a r  , "Carson's r u l e "  g i v e s ,  f o r  t h e  bandwidth of a f requency 

modulated carrier,  

No exact express ion  can be 

( B - 1 2 )  W = 2f + 2f  + 2 B ( l  -!- D )  FM 
m P 

where f and B are t h e  h i g h e s t  f requency component and t h e  bandwidth 

of t h e  baseband r e s p e c t i v e l y ,  f 

imposed by t h e  modulat ion,  and D = f / f  

o r  FM modulation index. I f  t h e  baseband ampli tude d i s t r i b u t i o n  i s  

g a u s s i a n ,  and i t s  power spectrum i s  f l a t ,  t h e  corresponding approxima- 

t i o n  f o r  PM is  

m 
= R / 2 n  i s  t h e  peak frequency d e v i a t i o n  

P 
i s  t h e  peak d e v i a t i o n  r a t i o  

P m  

W 2 B ( 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@/6) PM ( B - 1 3 )  

where @ is  t h e  peak phase d e v i a t i o n  o r  PM modulation index.  

Note from Eqs. ( B - 1 2 )  and ( B - 1 3 )  t h a t  when t h e  modulation index D 

o r  Q i s  small compared w i t h  u n i t y  (low index,  o r  narrowband, FM o r  PM) 

t h e  r f  bandwidth i s  j u s t  twice t h e  baseband bandwidth. On t h e  o t h e r  

hand, when D o r  @ i s  much l a r g e r  t h a n  one (high index ,  o r  wideband, 

FM o r  PM), t h e  rf bandwidth f o r  FM is j u s t  t w i c e  t h e  peak frequency de- 

v i a t i o n ,  independent of  baseband bandwidth B and f o r  PM, i t  i s  propor- 

t i o n a l  t o  t h e  product  of B and t h e  peak phase d e v i a t i o n .  
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Appendix C 

PREEMPHASIS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND NOISE WEIGHTING 

In order to derive expressions for CTCs and RTCs, it is necessary 

to understand the characteristics of the preemphasis and noise weight- 

ing networks used on message channels carrying the two most common ana- 

log basebands: telephone and television. 

FDM TELEPHONE BASEBANDS 

Preemphasis 

The characteristics of individual speech waveforms and of compos- 

ite basebands formed by frequency division multiplexing a number of 

speech channels were discussed in Appendix A. 

processing technique used at all extensively with such basebands is 

preemphasis. It is used on FM systems to compensate for the fact that 

the output noise power spectrum due to thermal noise or to noise-like 

unwanted signals is parabolic--i.e., proportional to f2 (see Table 1). 

As a result, the signal-to-noise ratios at the single channel outputs 

of an FM system without preemphasis decrease as the inverse square of 

the frequency at which the channel is located within the baseband. 

In a preemphasized FM system, however, the baseband is passed 

About the only signal 

through a filter network before entering the modulator at the trans- 

mitting terminal. 

roughly proportional to frequency, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that the message power in a chan- 

ne1 at baseband frequency f is increased by the factor f compared with 

its unprocessed value. If, upon demodulation at the receiving termi- 

nal, the preemphasized baseband were demultiplexed without further pro- 

cessing, the single channel signal-to-noise ratios would all be the 

same, since both the baseband and the noise power spectrum would then 

be parabolic. 

This preemphasis network has an amplitude response 

2 

But this parabolic dependence would also mean that 

speech in channels at the higher baseband frequencies would be corre- 

spondingly louder. 

To maintain uniform volume as well as equal signal-to-noise ratios, 

the combination of preemphasized baseband and noise is fed from the de- 
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* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

modulator to a deemphasis network with a power transfer function which 

is proportional to the reciprocal of the power transfer function zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the 

preemphasis net at the transmitting terminal. This restores the base- 

band power spectrum to its unprocessed state and converts the parabolic 

thermal noise spectrum to an approximately uniform one. 

essentially the same as transmitting the unprocessed baseband on a PM 

The result is 

sys tem. 

A more important consideration from a practical standpoint is that 

if the dominant unwanted signal is thermal-noise-like, the equalization 

of channel signal-to-noise ratios through preemphasis permits a savings 

in transmitter power and/or rf bandwidth when compared with an FM sys- 

tem without preemphasis delivering the same minimum signal-to-noise ra- 

tio. The nature and magnitude of the savings are controlled by the M 

modulation index used with the preemphasized system. For example, if, 

as recommended by the CCIR, the deviation sensitivity of the modulator 

is chosen to yield the same rms modulation index with preemphasis as 

without, the rf bandwidth will remain about the same, but as will be 

seen in a moment, the transmitter power can be reduced by about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 dB. 

When the interference noise spectrum at the demodulator output is 

not parabolic, as will probably be the case with FM whenever the power 

spectrum of unwanted signal is not uniform, the deemphasis net will not 

reduce it to a uniform spectrum, and the channel output signal-to-noise 

ratios will no longer be even approximately the same for all channels. 

In order to determine the output signal-to-noise ratio for a selected 

channel when preemphasis is used, it is in any case necessary to multi- 

ply the output noise spectrum W (f) by the power transfer function 

G D ( f )  the deemphasis network. 

works are used in practice, the one recommended by the CCIR and shown * 
in Fig. C-la is representative. Its power transfer function is 

n 
Although a variety of deemphasis net- 

G D ( f )  = 
1 + 1.52 g2(f) 

7.90 + 1.52 g2(f) 

* 
The square of the magnitude of the voltage transfer function. 

*Reference 14, Recommendations 275-1. 
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L1 c1 

qjp L2 ,. 
:: 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I c 2  

Preemphasis network Deemphasis network 

Normalized frequency, f / ’ f  ,-,, 

Fig. C- 1 -CClR-recommended preemphasis and deemphasis 
networks and transfer functions for FDM telephony 
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where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
f f R  

g ( f )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= - - - f 
f R  

and t h e  reactive components of t h e  network are chosen so t h a t  t h e  res- 

onant  frequency f 

of t h e  baseband t o  be  processed- - i . e . ,  

i s  25 percent  h i g h e r  t h a n  t h e  maximum frequency f, 
R 

f = 1.25 f, 
R (C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-3) 

The power t r a n s f e r  f u n c t i o n  of t h e  corresponding CCIR-recommended pre-  

emphasis network is  p r o p o r t i o n a l  t o  t h e  r e c i p r o c a l  of t h e  deemphasis 

f u n c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

G p ( f )  = 7.90 GD(f) (C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-4 1 

P l o t s  of GD(f) and G ( f )  are shown i n  F i g .  C-lb where it w i l l  be 
P 

noted t h a t  G ( f )  varies as f 2  ( 6  dB per  oc tave)  o n l y  f o r  channels  i n  

t h e  upper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 percent  of t h e  baseband, w h i l e  a t  t h e  bottom of t h e  base-  

band, all channels  are a t t e n u a t e d  about e q u a l l y .  T h i s  arrangement 

permits  t h e  lower f requency channels  t o  t o l e r a t e  t h e  somewhat h igher  

levels of nonthermal n o i s e  experienced a t  t h e  low-frequency end of t h e  

baseband, w h i l e  s t i l l  mainta in ing  n e a r l y  f u l l  carr ier  power savings 

compared w i t h  a nonpreemphasized system. 

P 

I n  p r a c t i c e ,  t h e  CCIR-recommended c o n d i t i o n  of keeping t h e  same 

r m s  f requency d e v i a t i o n  w i t h  preemphasis as without  i s  achieved no t  by 

us ing  a d i f f e r e n t  modulator ,  b u t  r a t h e r  by ampl i fy ing  t h e  preemphasis 

f i l t e r  ou tput  by a n  amount corresponding t o  t h e  change i n  d e v i a t i o n  

s e n s i t i v i t y  t h a t  o t h e r w i s e  would be r e q u i r e d .  Thus,  i n  d e s c r i b i n g  t h e  

recommended preemphasis c h a r a c t e r i s t i c  f o r  te lephony,  t h e  CCIR m u l t i p l i e s  

t h e  power t r a n s f e r  f u n c t i o n  G ( f )  by 3.16 (5  dB) and i d e n t i f i e s  t h e  re- 

s u l t ,  when expressed i n  dB, as t h e  r e l a t i v e  frequency d e v i a t i o n .  I n  

symbols, i f  (frch ) 

a t i o n s  produced by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa channel  t es t  tone a t  baseband frequency f ,  w i t h  

P 

and f are r e s p e c t i v e l y  t h e  r m s  f requency d e v i -  
r c h  
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and wi thout  preemphasis, t h e  o v e r a l l  preemphasis c h a r a c t e r i s t i c  i s  

( f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
10 log  G p o ( f )  = 20 log  

rch 

f r c h  
= 10 l og  c3.16 Gp(f)] 

= 5 + 10 l og  Gp(f) 

where G ( f )  can  be expressed  i n  terms of f and f 
P m 

Eqs. (C-1) through (C-4). 

w i t h  t h e  a i d  of 

The cor responding  o v e r a l l  deemphasis c h a r a c t e r i s t i c  i s  t h e  r e c i p -  

r o c a l  of Gpo(f) 

2 

2 
2.5 + 3.8  g 

G p 0 W  7 .9  + 1.5 g 
GDo(f) = = 2.5 GD(f) = 

where g i s  t h e  f u n c t i o n  of frequency g iven  i n  Eq. (C-2). I n  terms of 

G ( f ) ,  t h e  i n t e r f e r e n c e  n o i s e  power spectrum a t  t h e  inpu t  t o  t h e  de-  

m u l t i p l e x e r  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADo 

P l o t s  of G and of W ( f )  and W ( f )  f o r  a w h i t e  n o i s e  unwanted 
Do ’ n nD 

s i g n a l ,  are shown i n  F ig .  C-2, where t h e  power s p e c t r a  have been nor- 

malized t o  N f2/C f o r  s c a l i n g  purposes.  

t h a t ,  g iven  t h e  same v a l u e s  of N f and C y  a CCIR preemphasized 

system w i l l  have zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 dB less n o i s e  i n  i t s  t o p  channel  (f  = f ) t han  a 

system wi thout  preemphasis. Thus, t o  d e l i v e r  t h e  same ou tpu t  s i g n a l -  

t o - n o i s e  r a t i o  i n  t h e  t o p  channe l ,  t h e  wanted s i g n a l  power f o r  t h e  

preemphasized system can  be reduced 4 dB. When t h e  unwanted r f  s i g n a l  

i s  no t  w h i t e  n o i s e ,  t h e  e f f e c t  of deemphasis on t h e  channel  ou tpu t  

s i g n a l - t o - i n t e r f e r e n c e  n o i s e  r a t i o  may be numer i ca l ly  d i f f e r e n t ,  bu t  

t h e  n a t u r e  of t h e  c a l c u l a t i o n  us ing  Eq. (C-7)  i s  t h e  same. 

From t h i s  f i g u r e  i t  is  ev iden t  
o m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0’ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm y  

m 

A s  prev ious ly  mentioned, t h e  channel ou tpu t  s i g n a l - t o - n o i s e  r a t i o  

Sch/Nch used i n  d e f i n i n g  t h e  channe l i z ing  and r e c e i v e r  t r a n s f e r  
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0.02 0.04 0.1 0.2 0.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .o 2 .o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Normal ized  f requency ,  f / f  

F i g ,  C-2 - Deemphasis transfer charac te r i s t ic  for t e l ephone  
basebands a n d  corresponding ou tpu t  noise  power spec t ra  

when unwanted signal or noise  is w h i t e  a n d  gaussian 
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c h a r a c t e r i s t i c s  i s  a c t u a l l y  t h e  r a t i o  of a s t anda rd  r e f e r e n c e  o r  test 

s i g n a l  t o  t h e  channel n o i s e  a f t e r  frequency weight ing  t o  r e f l e c t  i t s  

s u b j e c t i v e  annoying e f f e c t .  The r e f e r e n c e  s i g n a l  i n  t h e  case of a 

speech channel is  a s i n u s o i d a l  tes t  tone  w i t h  a n  average  power of 1 mW 

a t  a p o i n t  of ze ro  r e l a t i v e  level. Appending a z e r o  t o  t h e  u n i t  t o  

i n d i c a t e  t h e  po in t  of measurement, t h i s  convention may be w r i t t e n  i n  a 

number of e q u i v a l e n t  ways zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

9 
= 1 mW0 = 10 pw0 

'ch 

10 log  Sch = 0 dBmO = 90 dBpO 

T h i s  i s  more than  t e n  t i m e s  t h e  power produced a t  t h e  same p o i n t  by t h e  

average  t a l k e r  de f ined  i n  Appendix A .  

No i s  e Weight i n 6  

The r e l a t i v e  annoyance caused by d i f f e r e n t  s p e c t r a l  components of 

t h e  n o i s e  a t  t h e  ou tpu t  of a v o i c e  channel  i s  desc r ibed  by a weight ing  

func t ion  GN(f ) .  

sponses both of t h e  te lephone  ins t rument  which conve r t s  t h e  output  

s i g n a l  from e l e c t r i c a l  t o  a c o u s t i c a l  form, and of t h e  human ear which 

responds t o  t h e  sound. I n  t e r m s  of t h e  weight ing  f u n c t i o n  and t h e  n o i s e  

power spectrum a t  t h e  demul t ip l exe r  o u t p u t ,  t h e  weighted channel  n o i s e  

is  

This  f u n c t i o n  t a k e s  i n t o  account t h e  frequency re- 

0 

(C-9) 
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where f i s  t h e  lower f requency l i m i t  of t h e  channel  i n  q u e s t i o n ,  and 

r e f l e c t s  t h e  annoying e f f e c t  
Bch 
of t h e  channel  n o i s e  t o  a n  average u s e r  and permits  d i r e c t  comparison 

o f  channel  q u a l i t y  i r r e s p e c t i v e  of t h e  shape of t h e  n o i s e  s p e c t r a  they  

c a r r y  o r  of  t h e  te lephone  ins t ruments  connected t o  them. 

ch 

Nch 
i s  i t s  bandwidth. Thus weighted, 

I n  p r a c t i c e  G ( f )  is  determined by averaging t h e  r e s u l t s  of two 
N 

types  of experiments ,  each r e p e a t e d  w i t h  a l a r g e  number of human sub- 

jects  u s i n g  t h e  te lephone  handse t  i n  ques t ion .  The f i r s t  experiment 

measures t h e  annoying e f f e c t  of n o i s e  components i n  t h e  absence of speech 

by a d j u s t i n g  t h e  l e v e l  of a tone  a t  audio  frequency f u n t i l  i t  is  j u s t  

as annoying as a r e f e r e n c e  test tone.  The o t h e r  experiment i s  similar  

except  t h a t  i t  i s  conducted i n  t h e  presence of  o r d i n a r y  speech a t  t h e  

average talker level  and measures t h e  e f f e c t  of t h e  i n t e r f e r i n g  audio  

t o n e  on speech i n t e l l i g i b i l i t y .  

handset  i n  c u r r e n t  use  by t h e  B e l l  System i s  shown i n  F i g .  C-3.(15) 

B e l l  System ins t ruments  are c h a r a c t e r i z e d  by curves  w i t h  s i m i l a r  but  

less f l a t  f requency responses .  For i n t e r n a t i o n a l  u s e ,  t h e  CCIR and 

C C I T T  recommend another  f requency weight ing  curve c a l l e d  "psophumetric," 

a l s o  shown i n  F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 - 3 .  

The n o i s e  weight ing curve  obta ined  i n  t h i s  way f o r  t h e  type  500 

Older zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 2 9 )  

From zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  (C-9) it is  a p p a r e n t  t h a t  i n  g e n e r a l ,  t h e  effect  of f re -  

quency weight ing w i l l  depend n o t  on ly  on t h e  shape of t h e  weight ing 

f u n c t i o n  G ( f )  but  a l s o  on t h e  shape of t h e  n o i s e  spectrum W ( f )  o r  
N n 

W ( f )  w i t h i n  t h e  channel .  A given amount of n o i s e  power concent ra ted  

near  t h e  c e n t e r  of t h e  channel  obviously l eads  t o  a higher  v a l u e  of 

Nch t h a n  t h e  same amount spread  uniformly a c r o s s  t h e  channel .  

case of FDM te lephone  basebands comprising a dozen o r  more channels ,  

however, t h e  i n t e r f e r e n c e  n o i s e  spectrum, even f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM without  p re -  

emphasis,  i s  v i r t u a l l y  c o n s t a n t  across any one channel ,  provided only  

t h a t  W ( f )  c o n t a i n s  no d i s c r e t e  components. With t h i s  c o n d i t i o n  

Eq. (C-9)  becomes 

nD 

I n  t h e  

n 

(C-10) 
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where i s  t h e  average  v a l u e  of 

N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 1 - - -  

GN Bch 

t h e  n o i s e  weight ing  f u n c t i o n  

;ch GN(f) df  

0 

( C - 1 1 )  

From zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEq.  ( C - 1 0 )  i t  i s  apparent  t h a t  G 
N 

weighted channel  n o i s e  power d i f f e r s  from t h e  unweighted n o i s e .  

ch  
eva lua ted  a c o u s t i c a l  consequences of t h e  channel  n o i s e  r a t h e r  than  t h e  

power of any a c t u a l  e l e c t r i c a l  waveform, i t  i s  u s e f u l  t o  have a t es t  

ins t rument  capab le  of d i r e c t l y  i n d i c a t i n g  t h e  v a l u e  of N 

t o  an a r b i t r a r y  n o i s e  i n p u t .  

t h e  weight ing  f u n c t i o n  G ( f )  as a n  e l e c t r i c a l  network and performs t h e  

o p e r a t i o n  i n d i c a t e d  by Eq.  (C-9), t hus  s imula t ing  bo th  t h e  te lephone  

handse t  and t h e  ear of t h e  average  s u b s c r i b e r .  

is  a l s o  t h e  f a c t o r  by which t h e  

Although t h e  weighted n o i s e  N c h a r a c t e r i z e s  t h e  s u b j e c t i v e l y  

cor responding  
ch 

Such a ' ' no ise  measuring set" i n c o r p o r a t e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N 

To expres s  t h e  r ead ing  of such a se t ,  o r  t o  i d e n t i f y  a n o i s e  s p e c i -  

f i c a t i o n  as "weighted," spec ia l  n o i s e  power "un i t s "  are def ined  f o r  each 

of  t h e  s t a n d a r d  weight ing  cu rves .  A l l  of t h e  n o i s e  measuring sets used  

by t h e  B e l l  System are c a l i b r a t e d  i n  dB r e l a t i v e  t o  t h e  r ead ing  produced 

by a 1000-Hz test t one  having a s p e c i f i e d  average  power. (I5) For t h e  no i se  

set corresponding  t o  t e l ephones  of t h e  1920's, t h e  r e f e r e n c e  test  tone  

power was 1 pW (-90 dBm) and r ead ings  were given  i n  dBrn ( d e c i b e l s  above 

- r e f e r e n c e  n o i s e ) .  Thus a s t anda rd  0-dBm t e s t  tone  would cause a r ead ing  

of 90 dBrn, whereas 0 dBm of wh i t e  n o i s e  power i n  a 3.1-kHz band would 

measure 82 dBrn. With t h e  2B n o i s e  measuring set developed f o r  t h e  t e le -  

phones used from t h e  1930's i n t o  t h e  1950 ' s ,  t h e  r e f e r e n c e  t e s t - t o n e  

power was about  3 pW (-85 dBm) and t h e  cor responding  "uni t s"  were c a l l e d  

dBa (decibels above r e f e r e n c e  n o i s e  a d j u s t e d ) .  

w a s  made so  t h a t  0 dBm of w h i t e  n o i s e  would produce a r ead ing  numer ica l ly  

t h e  same zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas t h a t  ob ta ined  wi th  t h e  o l d e r  noise-measuring s e t - - v i z . ,  

82 dBa. 

The type  3A n o i s e  set  c u r r e n t l y  used by t h e  B e l l  System employs s o - c a l l e d  

The change i n  r e f e r e n c e  

The a s s o c i a t e d  weight ing  network w a s  c a l l e d  "FIA weighting." 

C message weighting" which cor responds  t o  t h e  t y p e  500 t e lephone .  The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII 

0-dB r e f e r e n c e  test t one  power i s  1 pW, as w i t h  t h e  earliest s e t ,  and 
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Type Weighting 

E a r l y  B e l l  System 

FIA 

C 

Pso phone t r i c  

t h e  u n i t s  are aga in  c a l l e d  dBrn ( o r  sometimes dBrn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- C m ) ,  bu t  due t o  

t h e  f l a t n e s s  of t h e  weight ing ,  0 dBm of wh i t e  n o i s e  now g i v e s  a r ead ing  

of 88 dBrn. Thus f o r  any g iven  l e v e l  of w h i t e  n o i s e ,  a type  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3A se t  

g i v e s  a r ead ing  i n  dBrn about  6 dB h ighe r  than  t h e  reading  i n  dBa of 

a t ype  2B n o i s e  s e t .  

I n  t h e  case of t h e  CCIR-recommended psophometric we igh t ing ,  un- 

weighted n o i s e  powers are u s u a l l y  s p e c i f i e d  i n  term of pW and weighted 

n o i s e  powers i n  pWp ( E i c o y a t t s  psophometr ic) .  I f  t h e  unweighted n o i s e  

i s  w h i t e ,  t h e  weighted r ead ing  i s  smaller by a f a c t o r  of 111.8 o r  

-2.5 dB; t h u s  0 dBm of wh i t e  n o i s e  cor responds  t o  87.5 dBpWp. 

The preceding convent ions  r ega rd ing  u n i t s  are summarized i n  

Table  C - 1 ,  which g i v e s  t h e  v a l u e  of 10 log zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE 
weighted wh i t e  n o i s e  expressed  i n  dBpW i n t o  weighted n o i s e  expressed  

i n  u n i t s  a p p r o p r i a t e  t o  t h e  type  of weight ing .  

r e q u i r e d  t o  conve r t  un- 
N 

Weighted Noise Un i t  (dB) 

dBrn -8.0 

dBa -8.0 

dBrn -2 .o  

dB PWP -2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 5  

Table  C - 1  

AVERAGE NOISE WEIGHTING FUNCTION FOR TELEPHONY 

10 log  EN 

TELEVISION 

The t e l e v i s i o n  baseband w a s  desc r ibed  i n  cons ide rab le  d e t a i l  i n  

Appendix A .  A s  w i t h  an  FDM v o i c e  baseband, it  i s  normally t r a n s m i t t e d  

wi thou t  s i g n a l  process ing  f o r  a l l  analog  modulat ion methods except  FM, 

where i t  i s  passed through a preemphasis c i r c u i t  be fo re  modulation. 

By s u i t a b l y  a t t e n u a t i n g  t h e  l a r g e  low-frequency components of t h e  TV 

spec t rum,  preemphasis permi ts  t h e  same zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFM modulators  and demodulators 
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t o  be  used in te rchangeably  f o r  TV and l a r g e  c a p a c i t y  FDM telephony 

t ransmiss ion .  Also ,  as w i t h  te lephony)  a preemphasized TV-FM system 

a f f o r d s  power and/or  bandwidth s a v i n g s  compared t o  an E'M system wi th-  

o u t  preemphasis.  F i n a l l y ,  preemphasis can  reduce d i f f e r e n t i a l  g a i n  

and phase d i s t o r t i o n  when t h e r e  are several r e p e a t e r s .  

S i n c e  t h e  baseband s p e c t r a  are q u i t e  d i . f f e ren t ,  t h e  preemphasis 

c h a r a c t e r i s t i c  f o r  t e l e v i s i o n  i s  somewhat d i f f e r e n t  from t h a t  used f o r  

te lephony.  The preemphas i s  and deemphas i s  networks recommended f o r  

525- l ine  TV by t h e  C C I R  are shown i n  F i g .  C - 4  along w i t h  t h e  c o r r e -  

sponding o v e r a l l  t r a n s f e r  c h a r a c t e r i s t i c s )  G ( f )  and GDo(f). The 

la t ter  is  r e p r e s e n t e d  t o  a c l o s e  approximation byJc:" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J; 

Po 

2 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 1.1 f 

1 + 23.5 f 2  
GDo(f) = 9.26 (C - 12) 

where f is  measured i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMHz. Using t h i s  deemphasis f u n c t i o n ,  t h e  n o i s e  

power spectrum a t  t h e  i n p u t  t o  t h e  p i c t u r e  t u b e  is  given by a n  equat ion  

i d e n t i c a l  t o  Eq. (C-7) f o r  te lephony 

(C-13) 

where W ( f )  i s  t h e  n o i s e  power spectrum a t  t h e  v i d e o  demodulator ou tput .  
n 

To c a l c u l a t e  t h e  s u b j e c t i v e  e f f e c t  of t h i s  n o i s e  spectrum on t h e  

viewer,  an e x p e r i m e n t a l l y  determined n o i s e  weight ing  f u n c t i o n ,  a g a i n  

denoted GN(f) ,  i s  used t o  compute t h e  weighted o u t p u t  n o i s e  power 

Bch 

= 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj G N U )  W n D W  df  (C-14) 
Nch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

The n o i s e  weight ing  f u n c t i o n  f o r  t h e  U.S. 5 2 5 - l i n e  monochrome system 

i s  given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(30) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J- ,, 

Reference 1 4 ,  Recommendation 405. 

Jd:J. J. Bisaga,  "Effec t  of Adjacent  S a t e l l i t e  Downlink I n t e r f e r e n c e  

on Minimum Spacing, ' '  Communications Systems, I n c . ,  D r a f t  of  Technica l  

Memorandum f o r  Nat iona l  Aeronaut ics  and Space A d m i n i s t r a t i o n ,  18 October 
1968. 
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n 

4- - - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(C-15) 

where f is  measured i n  MHz. T h i s  f u n c t i o n  i s  p l o t t e d  i n  F i g .  C-5, which 

a l s o  inc ludes  t h e  weight ing  f u n c t i o n  f o r  t h e  Japanese  525- l ine  c o l o r  

system f o r  comparison. 

It  i s  apparent  from both  curves  t h a t  n o i s e  a t  low baseband f r e -  

quencies  is  g e n e r a l l y  much more annoying t o  t h e  viewer than  t h e  same 

amount of n o i s e  at  high  baseband f r e q u e n c i e s .  That  t h i s  i s  t r u e  f o r  

t h e  chrominance as w e l l  as t h e  luminance p o r t i o n  of t h e  p i c t u r e  is  i n -  

d i c a t e d  by t h e  peak i n  t h e  c o l o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATV weight ing  f u n c t i o n  a t  t h e  chromi- 

nance s u b c a r r i e r  f requency .  S ince  chrominance spectrum components i n  

t h i s  r e g i o n  are demodulated t o  low v ideo  f r e q u e n c i e s ,  t he  n o i s e  t h a t  

c o r r u p t s  them a l s o  appears  a t  low f r e q u e n c i e s .  

Although no special  test  s i g n a l  is  involved i n  d e s c r i b i n g  t h e  

channel  ou tpu t  s i g n a l  S 

power nor  is i t  t h e  power cor responding  t o  peak ampl i tude  as u s u a l l y  

d e f i n e d .  It  is i n s t e a d  t h e  s q u a r e  of t h e  peak-to-peak v o l t a g e  of t h e  

v ideo  s i g n a l .  The use  of t h e  peak-to-peak v o l t a g e  i s  j u s t i f i e d  by t h e  

f a c t  t h a t  i t  i s  w e l l  d e f i n e d  and e a s i l y  measured. However, t h e r e  is  

n o t  u n i v e r s a l  agreement on whether o r  no t  t o  i n c l u d e  t h e  synch pu l ses  

i n  s p e c i f y i n g  t h i s  q u a n t i t y .  The CCIR excludes  t h e  synch p u l s e s  and 

d e f i n e s  S as t h e  peak-to-peak v o l t a g e  of t h e  p i c t u r e  s i g n a l - - i . e . ,  

t h e  d i f f e r e n c e  s between t h e  b lanking  l e v e l  and t h e  peak wh i t e  l e v e l .  

On t h e  o t h e r  hand, t h e  B e l l  System inc ludes  t h e  synch s i g n a l  and de- 

f i n e s  S as t h e  peak-to-peak v o l t a g e  of t h e  v ideo  s i g n a l - - i . e . ,  t h e  

d i f f e r e n c e  s between t h e  synch l e v e l  and t h e  peak w h i t e  l e v e l .  

d i f f e r e n c e  i n  convent ion  should be remembered when comparing t h e  chan- 

n e l  s i g n a l - t o - n o i s e  o b j e c t i v e s  of t h e  two o r g a n i z a t i o n s .  S ince  t h e  two 

s i g n a l  v o l t a g e s  are r e l a t e d  by 

t h i s  q u a n t i t y  i s  n e i t h e r  t h e  average  s i g n a l  
ch ’  

(14) 
ch  

P 

c h  
(15) mis 

V 

s = o.7sv 
P 

(C-16) 
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t h e  B e l l  System s i g n a l - t o - n o i s e  r a t i o  o b j e c t i v e  f o r  a given p i c t u r e  

q u a l i t y  should b e  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 dB higher  t h a n  t h e  CCIR o b j e c t i v e .  

Whichever d e f i n i t i o n  of peak-to-peak v o l t a g e  i s  used i n  s p e c i f y i n g  

t h e  channel  ou tput  power, t h e  r a t i o  of S t o  t h e  average baseband power 

S may be w r i t t e n  
ch 

(C -17)  

where s i s  t h e  s t a n d a r d  d e v i a t i o n  of t h e  baseband s i g n a l  a t  t h e  de-  
r m s  

modulator o u t p u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 2  

= [ s ( t )  - SI 
2 

r m s  
S (C - 18) 

and 2s  i s  t h e  peak-to-peak v o l t a g e ,  s o r  s chosen t o  r e p r e s e n t  

t h e  baseband a t  t h e  channel  o u t p u t .  I n  t h i s  way, s 

peak v a l u e  of t h e  a-c component of  baseband power, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA i s  t h e  peak- 

to-average power r a t i o  f o r  t h e  a-c component. Note t h a t  i f  preemphasis 

i s  used,  s i s  measured on t h e  processed baseband whereas s a p p l i e s  

t o  t h e  unprocessed baseband-- i . e . ,  a f t e r  deemphasis. 

r e p r e s e n t s  t h e  
P v y  2 peak 

peak 

r m s  peak 
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