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ABS TRAC T 

There are more than one hundred troposcatter systems of various sizes 

I 
in existence all over the world. As the transmission of computer data becomes 

more and more in common and popular demand, such systems are certain to be 

involved in these services. 

Two methods are generally used for transmitting data over troposcatter 

channels: direct transmission and FDM/FM technique. In the latter, the indi- 

vidual data channels are combined into an FDM baseband to frequency or phase 

modulate a common radio carrier--the same technique used conventionally for 

the carrier transmission of multiplex telephone channels. 

In this study, only FDM/FM techniques are investigated as it is of imme- 

diate and primary interest. It was found that both theoretically and experimentally, 

troposcatter systems can support data transmission of various rates from 2.4 to 

40.8 kbps for path lengths of nominally from iO0 to 400 statute miles in smooth 

earth geometry with diversity reception, if proper path and equipment parameters 

were chosen. 
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i. INTRODUCTION 

Data transmission through troposcatter channels requires the consid- 

erations of their transmittance (amplitude or attenuation and phase) characteristics. 

These characteristics are not only time-variant, but also frequency-variant. They 

are, therefore, statistical functions. In addition, random noise must also be con- 

sidered as in conventional stable channels as well as in fading channels. 

Typical examples of transmittance characteristics varying with time at a 

fixed frequency are the expected average attenuation (called path loss in more 

familiar terms) and systematic seasonal variations form the average, together 

with the probability distributions of slow and fast fading or fluctuations from the 

mean. Other important characteristics are the distribution of duration and fading 

rate of fast fades. 

A typical example of transmittance characteristics varying with frequency 

as a fixed time is the fluctuation of amplitude and phase with frequency, usually 

called selective fading in more familiar terms. 

At sufficiently low rate of data transmission, the frequency-variant trans- 

mittance may be assumed as such that the attenuation characteristics is constant 

and the phase characteristics linear over the narrow band of the pulse spectra. 

In this particular case, only time-variant transmittance may be considered. 

On the other hand, at sufficiently high rate of data transmission, the 

reverse is true. This is because of the fact that the duration of the pulse is so 

short that the time variations in both amplitude and phase may be disregarded. 

t 9 4 9  t 
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I n s t e a d ,  i t  n o w  b e c o m e s  n e c e s s a r y  to  t a k e  i n t o  a c c o u n t  t h e  p u l s e  d i s t o r t i o n  a ~ d  

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

v a r i a t i o n s  w i t h  t h e  f r e q u e n c y  a t  a f i x e d  i n s t a n t  in  a m p l i t u d e  a n d  p h a s e .  

In g e n e r a l ,  w h e n  t h e  d a t a  t r a n s m i s s i o n  r a t e  i s  n e i t h e r  l o w  n o r  h i g h ,  b o t h  

t i m e  a n d  f r e q u e n c y - v a r i a n t  t r a n s m i t t a n c e s  m u s t  b e  c o n s i d e r e d .  

F r o m  t h e  a b o v e  d i s c u s s i o n ,  i t  c a n  be  s e e n  t h a t  t h e  p e r f o r m a n c e  of  t r o p o -  

s c a t t e r  d a t a  t r a n s m i s s i o n ,  in  t e r m s  of  p r o b a b i l i t y  of  e r r o r s ,  i s  d e r i v e d  f r o m  

t h r e e  b a s i c  s o u r c e s ,  n a m e l y :  

a .  E r r o r  r e s u l t i n g  f r o m  r a n d o m  n o i s e  in  t h e  p r e s e n c e  
of Rayleigh rmnselective fading. 

b. Errors resulting from frequency selective fading in 
the absence of noise (which puts an upper bound on the 
transmission rate for a specified error probability, but 
only in cases when pulses are transmitted in a continuous 
pulse train). 

c. Errors resulting from time variations in amplitude, phase, 
and frequency in the absence of noise {which is important 
a t  l o w  b i t  r a t e s ) .  

T h e  a b o v e  d i s c u s s i o n  a p p l i e s  to  d i r e c t  d a t a  t r a n s m i s s i o n  t h r o u g h  t h e  t r o p o -  

2 
s c a t t e r  c h a n n e l .  A s  d i s c u s s e d  b y  S u n d e ;  w h e n  t h e  i n d i v i d u a l  d a t a  c h a n n e l s  a r e  

c o m b i n e d  i n t o  a n  F D M  b a s e b a n d  to  f r e q u e n c y  o r  p h a s e  m o d u l a t e  a c o m m o n  r a d i o  

c a r r i e r ,  u s u a l l y  c a l l e d  F D M / F M  t r a n s m i s s i o n  a s  in  t h e  p r e s e n t  c a s e ,  i n t e r s y m b o l  

i n t e r f e r e n c e  d u e  t o  s e l e c t i v e  f a d i n g  i s  a v o i d e d .  I n s t e a d ,  m u t u a l  i n t e r f e r e n c e  

b e t w e e n  t h e  v a r i o u s  d a t a  c h a n n e l s  o w i n g  t o  i n t e r m o d u l a t i o n  d i s t o r t i o n  c a u s e d  b y  

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

s i d e r e d .  
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T h e r e f o r e ,  e r r o r s  due  to r a n d o m  n o i s e s  - -  the  t h e r m a l  n o i s e  o f  the  

r e c e i v e r  f r o n t - e n d  ( e s p e c i a l l y  b e l o w  the  F M  t h r e s h o l d  r e g i o n )  and  the  p a t h  

i n t e r m o d u l a t i o n  n o i s e  due  to  m u l t i p a t h  d e l a y  o r  f r e q u e n c y  s e l e c t i v e  f a d i n g - -  

n e e d  s p e c i a l  c o n s i d e r a t i o n .  

In  the  f o l l o w i n g  d i s c u s s i o n ,  a p p r o p r i a t e  s y s t e m s  p a r a m e t e r s  a r e  f i r s t  

e s t a b l i s h e d  to r e s t r i c t  the  t h e o r e t i c a l a n a l y s i s  to the  a r e a  of  i n t e r e s t .  F r o m  

t h e s e  p a r a m e t e r s ,  d a t a  c h a n n e l n o i s e  p e r f o r m a n c e s  a r e  o b t a i n e d .  U s i n g  the  

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

l a t e d  f r o m  the  d a t a  c h a n n e l  n o i s e  p e r f o r m a n c e s  and  e v a l u a t e d  on  the  b a s i s  of  

d i v e r s i t y  r e c e p t i o n .  T h e s e  c a l c u l a t e d  e r r o r  r a t e s  a r e  c o m p a r e d  wi th  e x -  

p e r i m e n t a l  r e  s u l t s .  

i 9 4 9  
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2. THEORETICAL ANALYSIS 

Z. I System Parameters 

2.1.1 Propagation Model 3 

The propagation model shown in Figure I and advocated by the Bell 

System is used here. This is a conventional simple smooth earth without 

obstruction with a symmetrical antenna beamwidth at both terminals. Since 

optimum troposcatter performance is generally achieved with the antenna axis 

a i m e d  a t  t he  h o r i z o n ,  t he  e f f e c t i v e  b e a m w i d t h  f o r m i n g  t he  c o m m o n  v o l u m e  a r e  

t a k e n  h e r e  to be  h a l f  of  the  B dB v a l u e s .  

2. t .  2 Path Parameters 

The detailed path parameters are shown in Table i. Three paths 

with lengths of 86.7, 168.4 and 381.5 statute miles were used. The two 

shorter paths are over land while the longer one is over water. The path 

geometry of all three paths are fairly representative of the propagation model 

chosen. 

2.1.3 Equipment Parameters and Configurations 

The detailed equipment parameters and configurations are shown in 

Table 2. The radio equipment is frequency modulated, and has i0 kW of 

transmitter power operating at 882 MHz. The multiplex equipment is 

SSB/FDM with Z4 and 120 equivalent voice channels. The modem equipment 

uses 4-phase differential phase shift keying (4¢ DPSK) with data transmission 

rates of 2.4 kbps (one equivalent voice channel) and 40.8 kbps (12 equivalent 

voice channels }. 

t 9 4 9  4 
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Z. t.. 4 Transmission and Modulation Technique 

The digital transmission technique to be used is FDM/FM. Each 

individual data channel first modulates a subcarrier. These modulated sub- 

carriers are then multiplexed into a baseband for radio transmission by fre- 

quency modulation; 4-phase differential phase shift keying (4~DPSK) is used for 

the individual data channel. 

2.1.5 Diversity and Combining 

Several orders of diversity (1, 2 and 4) and maximum ratio (also known 

as ratio-square) baseband combining were used. 

Z. g System Calculation 

Z. g. I Differential Time Delays 

Using the propagation model of Figure I, the worst differential time 

Z 
delay (between the maximum and minimum path lengths), may be expressed as: 

o gC 8'+ 

where A = worst differential time delay in seconds 
o 
d = path length in miles 

C = velocity of propagation in free space in miles per 

second 

G' = half of the scattering angle = d/ZR in radians 

R = effective earth radius in miles = K R 
o 

R = real earth radius in miles 
o 
K = effective earth radius factor usually taken as 4/3 

of' = half of 3 dB antenna beamwidth in radians 

(t) 
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-68- 

The differential time delays for the test paths are shown in Table 3. 

Due to the beam broadening effect, the time delay for long path with high gain 

antennas, such as path A, tends to be optimistic. 

Sunde Z suggested that in order to account for this broadening effect, 

a factor expressed as the ratio of broadened antenna beamwidth to free space 

antenna beamwidth may be used to adjust the calculated differential time delay. 

The broadened antenna beamwidth may be indirectly obtained from the 

path antenna gain, which is the free space antenna gain minus the aperture 

coupling loss. The adjusted differential time delay is also shown in Table 3. 

Z. 2. Z Noise Performance 

The total noise power present in a voice channel is equal to the sum 

of the noise power from the thermal and intermodulation noise components. 

The individual noise components which are treated in the analysis in this 

report are as follows: 

N - residual noise power due to random current variations 
r 

in the radio equipment 

N t - thermal noise power due to the receiver input circuits 

and effective antenna temperature 

N. - intermodulation noise power due to radio equipment 
le 

alone, as measured on a back-to-back basis 

Nil - intermodulation noise associated with feeder echoes 

N. intermodulation noise power associated with multipath 

ip effects in scatter propagation 

Since each component is associated with a separate and independent 

source, the total noise power in the channel, N, may be expressed as the sum 

of the individual noise components: 

N : N +Nt+N. + +N. (Z) r le Nil Ip 

t949 
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The r e s i d u a l  n o i s e  c o m p o n e n t ,  N , a n d  i n t e r m o d u l a t i o n  n o i s e  d u e  to  
r 

e q u i p m e n t ,  N. ( g e n e r a l l y  s p e c i f i e d  a s  t h e  n o i s e  p o w e r  r a t i o  N P R ) ,  a r e  
l e  

functions of the equipment, and for good quality systems are usually on the 

o r d e r  of  - 7 0  d B m 0 .  T h e  i n t e r m o d u l a t i o n  n o i s e  d u e  to  f e e d e r  e c h o ,  Ni l ,  i s  a 

f u n c t i o n  of  f e e d e r  l e n g t h ,  b a s e b a n d  w i d t h ,  i m p e d a n c e  m a t c h i n g ,  e t c . ,  a n d  i s  

e v e n  l e s s  w h e n  t h e  t e s t  s e t - u p  i s  c a r e f u l l y  c o n t r o l l e d .  T h e s e  t h r e e  c o m p o n e n t s  

c a n  t h e r e f o r e  b e  n e g l e c t e d .  

Z. Z . 2 .  i T h e r m a l  N o i s e  a t  R e c e i v e r  I n p u t  - (Nt)  - No D i v e r s i t y .  T h e  n o i s e  

p e r f o r m a n c e  ( t h e r m a l  n o i s e  a t  r e c e i v e r  i n p u t )  o f  a v o i c e  c h a n n e l  i n  a n  F D M / F M  

6 
s y s t e m  o n  a f a d i n g  c a r r i e r  h a s  b e e n  t r e a t e d  r a t h e r  e x t e n s i v e l y  b y  B a r r o w ,  

a n d  f o l l o w e d  b y  J o h a n s e n  7 a n d  S m i t h .  8 B a r r o w ' s  t r e a t m e n t  w i l l  b e  u s e d  h e r e .  

A b o v e  F M  t h r e s h o l d ,  t h e  s i g n a l - t o - t h e r m a l  n o i s e  r a t i o  of  t h e  

t o p  v o i c e  c h a n n e l  w i t h  p r e e m p h a s i s ,  b u t  w i t h o u t  d i v e r s i t y ,  i s  l i n e a r l y  r e l a t e d  

to  t h e  c a r r i e r - t o - t h e r m a l  n o i s e  r a t i o  a s  f o l l o w s :  [ E q u a t i o n  (67) of  B a r r o w  6] 

A b o v e  t h r e s h o l d :  

S 
w h e r e  ~i t 

s : _q_ i F c h l  
Nt + Z0 log t0 l o g - v +  P in dB 

t h e  r a t i o  of  t e s t  l o a d  to  t h e  f l a t  w e i g h t e d  
t h e r m a l  n o i s e  in t h e  h i g h e s t  ( top)  v o i c e  
c h a n n e l  i n  dB 

(3) 

C 

Bif 

= the carrier-to-thermal noise ratio in dB 

= the IF frequency bandwidth in Hz 

b = t h e  v o i c e  c h a n n e l  b a n d w i d t h  in  H z  

Fch 

f 
m 

P 

t he  r m s  t e s t  l o a d  d e v i a t i o n  p e r  c h a n n e l  in  H z  

the mid-frequency of the highest (top) channel in Hz 

the preemphasis improvement factor in dB 
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A c a r r i e r - t o - t h e r m a l  n o i s e  r a t i o  of  t 0  dB is  t a k e n  as  the  F M  t h r e s h o l d  

B e l o w  F M  t h r e s h o l d ,  two  m o d e l s  a r e  a s s u m e d  - t h e  " a b r u p t "  m o d e l  

a n d  t he  " s m o o t h "  m o d e l .  F o r  t h e  " a b r u p t "  m o d e l ,  t h e  s i g n a l - t o - t h e r m a l  n o i s e  

r a t i o  i s  a s s u m e d  to  b e  z e r o :  [ E q u a t i o n  (ga) of  B a r r o w  6] . 

S 
B e l o w  t h r e s h o l d  a b r u p t  m o d e l :  N t  0 (4) 

For the "smooth" model, the signal-to-thermal noise ratio is pro- 

p o r t i o n a l  to  t he  s q u a r e  of  t h e  c a r r i e r - t o - t h e r m a l  n o i s e  r a t i o :  [ E q u a t i o n  (70) 

of B a r r o w 6 ]  . 

B e l o w  t h r e s h o l d  s m o o t h  m o d e l :  

Nt  + i 0  log  i i . 5  + P 

o . . 0  o .  = Z N Fch + 5.4 + P in dB 

A l l  n o t a t i o n s  a r e  t h e  s a m e  a s  b e f o r e .  

(5) 

(6) 

I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  

S / N  t i s  i n d e p e n d e n t  of  t h e  c h a n n e l  m o d u l a t i n g  f r e q u e n c y .  In  B a r r o w ' s  e q u a t i o n  

(70),  p e a k  c h a n n e l  d e v i a t i o n  i s  u s e d ,  w h i l e  in  e q u a t i o n  (4), r m s  c h a n n e l  

deviation is used. A factor of Z is involved in this change. This is accom- 

plished by changing the constant from Z3 to II. 5. The "smooth" model will be 

u s e d  h e r e .  

2 . 2 . 2 . 2  I n t e r m o d u l a t i o n  N o i s e  D u e  to  M u l t i p a t h  - ( N i p )  - No D i v e r s i t y .  I n t e r -  

modulation due to multipath, N. , has been extensively treated by Beach et al, 
Ip 

5 9 
Sunde, and BeUo. The former uses two-path model and the latter two use 

4 
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5 
m u l t i p a t h  m o d e l .  A c c o r d i n g  to Sunde,  the  m e d i a n *  (50%) pa th  i n t e r m o d u l a -  

t ion no i s e  to a v e r a g e  s igna l  r a t i o  f o r  the  top vo i ce  channe l  wi th  p r e e m p h a s i s  

but  wi thout  d i v e r s i t y  m a y  be e x p r e s s e d  as :  [ Equa t i on  (t8)  of Sunde 5] . 

Nip/S = I0 lOgl0 [ [  ~'~'-'-r ] 0. 192 H 8~a2~Fr 2 in dB 

f 
where m = top baseband frequency in Hz 

AF = rms multiplex deviation in Hz 
r 

= adjusted differential time delay in seconds 
a 

H ( ) = analytical function of A ZAF 2 in ratios (Figure 10 
of Sunde 5) a r 

(7) 

Z. Z. 3 Channel Loading and Frequency Deviation 

Z. 2.3. I One Equivalent Voice Channel (for 2.4 kbps Data Operation). The 

loading per equivalent 4 kHz voice channel is -5 dBm0. 

loading L , assuming activity factor of 100% becomes: 
nr 

The r m s  m u l t i p l e x  

24 channels: L = -5 + i0 log 24 = 8.8 dBm0 (ratio of 7.6) (8) 
nr 

120 channels: L = -5 + I0 log 120 = 15.8 dBm0 (ratio of 38.0) (9) 
nr 

The p e a k - t o - r m s  m u l t i p l e x  loading,  ( s o m e t i m e s  c a l l e d  peak  f a c t o r )  

t 0 .  
a c c o r d i n g  to H o l b r o o k  and  Dixon, is t5 .  Z dB f o r  Z4 channe l s  and t 3 . 5  dB fo r  

120 channels. However, for the convenience of theoretical analysis, a peak 

factor of 12 dB (a ratio of 16) is proposed to be used here as Sunde 5 and others 

also use this value. The peak multiplex loading L is thus: 
np 

24 channels: L = L + iZ.0 = Z0.8 dBm0 (ratio of lZ0) 
np nr 

120 channels: L = L + 12.0 = 27.8 dBm0 (ratio of 600) 
np nr 

(t0) 

( t t)  

':-'Median to T i m e  Block 2. 

t949 9 
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On site, for a 24 channel test, a 0 dBm0 test tone was measured 

and seen to produce a peak frequency deviation of 75.4 kHz. The rms fre- 

quency deviation is 3 dB (ratio of 2) down and equal to 75.4/~ or 

53. Z kHz. For -5 dBm0 test channel loading, the rms frequency deviation 

is 53.2/3~.16 or 30.0 kHz. 

The rms multiplex frequency deviation /~F is thus: 
r 

24 channels: AF = 53.2 x ~ = i46 kHz 
r 

The peak multiplex frequency deviation AF is thus: 
P 

24 channels: AF = 146 x VI6 = 584 kHz 
P 

The deviation ratio m is thus: 
P 

24 c h a n n e l s :  m =  AF / f  = 5 8 4 / i 5 6  = 3 . 8  
p m 

(iz) 

( t 3 )  

(14) 

A n o t h e r  t e s t  f o r  Z4 c h a n n e l s  w a s  m a d e  b y  a m p l i f i c a t i o n  of  7 dB 

(a r a t i o  of  5 . 0 )  in  t h e  d r i v e  to  t h e  e x c i t e r .  In  t h i s  c a s e ,  t h e  f r e q u e n c y  d e v i a -  

t i o n  w a s  n o t  m e a s u r e d  b u t  t h e  d e v i a t i o n  r a t i o  m a y  b e  c a l c u l a t e d  a s  

3 . 8  x ~ f ~  o r  8 . 5 .  

F o r  t h e  t Z 0  c h a n n e l  t e s t ,  a p e a k  0 d B m 0  t e s t  t o n e  f r e q u e n c y  

d e v i a t i o n  a t  4Z a n d  t 3 7  k H z  w e r e  u s e d ,  g i v i n g  r a t i o s  of  t .  4 a n d  4 . 4 ,  

r e s p e c t i v e l y .  C h a n n e l  l o a d i n g  a n d  f r e q u e n c y  d e v i a t i o n  a r e  s h o w n  in  T a b l e  4. 

1949 i 0  
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Z. 2.3. Z Twelve Equivalent Voice Channels (for 40.8 kbps Data Operation). 

The loading for iZ equivalent voice channels is I0.8 dB (a ratio of 12) higher 

t h a n  o n e  e q u i v a l e n t  v o i c e  c h a n n e l .  

t i m e s  h i g h e r .  

2.2.4 

The frequency deviation is A~ or 3.5 

C a l c u l a t e d  R e s u l t s  

T h e  c a r r i e r - t o - t h e r m a l  n o i s e  r a t i o  ( C / N  t ) _  . a t  m e d i a n  of  T i m e  B l o c k  2 

can be expressed as: 

C/Nt = Pt - Lbsr + G - L - F - I0 K T - I0 p a l°gl0 o l°gl0 Dif (15} 

where P t  

L b s r  

G 
P 

L 
a 

F 

K 

T 
O 

KT 
O 

Bif  

= t r a n s m i t t e r  p o w e r  in  d B w  

= b a s i c  t r a n s m i s s i o n  l o s s  ( m e d i a n  T i m e  B l o c k  Z) in  dB 

= p a t h  a n t e n n a  g a i n  in  dB 

= l i n e  l o s s e s ,  e t c . ,  in  dB 

= r e c e i v e r  n o i s e  f i g u r e  in  dB 

= B o l t z m a n n ' s  c o n s t a n t  = t . 3 8  x t 0  - 2 3  j o u l e s / ° K  

= a m b i e n t  t e m p e r a t u r e  = 2 9 0 ° K  
- 2 t  

= 4 x t 0  ( - 2 0 4  dBw)  

= I F  b a n d w i d t h  in  Hz  

U s i n g  d a t a  in T a b l e s  t ,  2, and  4 and  e q u a t i o n s  (3),  {6) and  ( t 5 ) ,  the t h e r m a l  

n o i s e  p e r f o r m a n c e  a b o v e  a n d  b e l o w  F M  t h r e s h o l d  a r e  c a l c u l a t e d  a n d  s h o w n  in  

T a b l e s  5 and  6. T h e  p e r f o r m a n c e  f o r  one  o r  t w e l v e  e q u i v a l e n t  v o i c e  c h a n n e l s  

i s  the  s a m e .  T h e s e  c a l c u l a t e d  r e s u l t s  a r e  a l s o  p l o t t e d  in  F i g u r e s  2 a n d  3. 

In  the  a b o v e  F M  t h r e s h o l d  r e g i o n ,  the  s i g n a l - t o - t h e r m a l  n o i s e  r a t i o  S / N  t i s  

t 9 4 9  t t  
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l i n e a r l y  r e l a t e d  to  the  c a r r i e r - t o - t h e r m a l  n o i s e  r a t i o  C /Nt ,  dB f o r  dB; 

wh i l e  in the  b e l o w  F M  t h r e s h o l d  r eg i on ,  the  r e l a t i o n s h i p  is n o n - l i n e a r .  A 

one dB change in C/N t results in 2 dB change in S/N t. 

Using data in Tables I, Z, 3, and 4, and equation (7), the path 

intermodulation noise performances are calculated and shown in Table 7. The 

performance of one or twelve equivalent voice channels is the same. These 

calculated results are also plotted in Figures 4 and 5. In the above FM 

4 
threshold region, according to Beach et al, one dB change in path loss 

(which is equivalent to change in carrier-to-noise ratio C/Nt) results in 

0.7 dB change in signal-to-intermodulation noise ratio S/Nip. In the below 

FM threshold region, no relationship was mentioned. In the present case, same 

relationship for thermal noise below FM threshold will be used. 

2.3 Probability of Bit Error 

The relationship between probability of bit error versus data channel 

signal energy-to-noise power diversity ratio for non-diversity reception and 

il 
Rayleigh fading has been given by Voelcker [Equation (ZI) of Voelcker] : 

For two-phas e differential phase shift keying: 

t -- 

(Pe, I)~ N /E (16) 
0 

w h e r e  (Re, t )  

0 

0 

= probability of bit error 

= average data channel signal energy-to-noise 
power density in ratios 

= average signal energy per bit 

= average noise power density per Hz 

1949 

*Private communication from J. Elliott of Page indicates that for short 
paths the change of S/Nip is about 0.4 - 0.5 dB per dB change of path 
loss. 

Ig 
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F o r  f o u r - p h a s e  d i f f e r e n t i a l  p h a s e  sh i f t  key ing  ( F i g u r e  3 of Cahn~2): 

3 
0 

(i7} 

The da ta  channe l  s igna l  e n e r g y - t o - n o i s e  power  d e n s i t y  r a t i o s  a r e  

g e n e r a l l y  g iven  in m e d i a n  va lue s ,  wh ich  a r e  about  t .  6 dB (a r a t i o  of t .  44) 

above the  a v e r a g e  fo r  R a y l e i g h  d i s t r i b u t i o n .  If the m e d i a n  va lues  a r e  u sed ,  

equa t ion  (t7) b e c o m e s :  

non diversity: (Pe, i)~N / E  
O 

E/N 
0 

= m e d i a n  da ta  channe l  s igna l  e n e r g y -  
t o - n o i s e  power  d e n s i t y  r a t i o  

(~8) 

F o r  d i v e r s i t y  r e c e p t i o n  and m a x i m u m  ra t io  b a s e b a n d  combin ing ,  

B a r r o w  6 gave  the  fo l lowing  e x p r e s s i o n s  [ equa t ion  (32) of B a r r o w  6] : 

Dual diversity: (Pe, 2) = 2 (Pe, I) 2 

Quadruple diversity: (Pe, 4) = 8 (Pe, I) 4 = 2 (Pe, 2) 2 

(t9) 

(20) 

It m u s t  be c a u t i o n e d  tha t  equa t ions  (t6),  ( t7)  and (t8) a r e  app l i cab l e  

on ly  when  the  s igna l  e n e r g y - t o - n o i s e  power  d e n s i t y  r a t i o  is l a r g e  (in the o r d e r  

of t0  o r  h ighe r )  and tha t  equa t ions  (t9) and (20) a r e  app l i cab l e  on ly  when  the  

-1 
p r o b a b i l i t y  of bi t  e r r o r  is  s m a l l  (in the  o r d e r  of t0  o r  s m a l l e r )  and when  

the m e d i a n  da ta  channe l  s igna l  e n e r g y - t o - n o i s e  p o w e r  d e n s i t y  r a t i o s  f r o m  al l  

the d i v e r s i t y  b r a n c h e s  8re  equa l .  

1949 13 
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T h e  m e d i a n  d a t a  c h a n n e l  s i g n a l  e n e r g y - t o - n o i s e  p o w e r  d e n s i t y  r a t i o  

( E / N o )  i s  r e l a t e d  to t he  m e d i a n  v o i c e  c h a n n e l  s i g n a l - t o - n o i s e  r a t i o  (S /N)  a s  

f o l l o w s :  

F o r  Z . 4  k b p s  t r a n s m i s s i o n  (one  e q u i v a l e n t  v o i c e  c h a n n e l ) :  

S / N  = (E x 2400)  / (N x 4 0 0 0 )  = 0 . 6  E / N  in  r a t i o s  (Zt )  
O O 

= E / N  - Z . Z  in dB  
O 

F o r  4 0 . 8  k b p s  t r a n s m i s s i o n  ( t 2  e q u i v a l e n t  v o i c e  c h a n n e l s ) :  

S / N  = (E x 40800)  / (N x 48000)  = 0 . 8 5  E / N  in  r a t i o s  (ZZ) 
O O 

= E / N  - 0 . 7  in  d B  
O 

T h e  p r o b a b i l i t y  o f  e r r o r  f o r  v a r i o u s  o r d e r s  o f  d i . v e r s i t y  d u e  to t h e r m a l  

a n d  i n t e r m o d u l a t i o n  n o i s e s  c o m b i n e d  c a n  n o w  be  c a l c u l a t e d  u s i n g  the  e q u a t i o n s  

(18) to  (22) .  T h e  r e s u l t s  a r e  s h o w n  in  T a b l e  8. A f e w  t y p i c a l  c u r v e s  a r e  s h o w n  

in F i g u r e s  6 to  t 0 .  U s e  o f  t he  c a r r i e r - t o - t h e r m a l  n o i s e  r a t i o s  i n s t e a d  o f  d a t a  

c h a n n e l  s i g n a l  e n e r g y - t o - n o i s e  p o w e r  d e n s i t y  r a t i o  i s  f o r  t he  c o n v e n i e n c e  o f  

c o m p a r i n g  the  p r e d i c t e d  b i t  e r r o r  w i t h  m e a s u r e d  r e s u l t s .  

1949 14 
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3. M E A S U R E D  R E S U L T S  A N D  O B S E R V A T I O N S  

S o m e  of  t he  m e a s u r e d  r e s u l t s  a r e  s u p e r i m p o s e d  on  F i g u r e s  6 to 10. 

E a c h  m e a s u r e d  p o i n t  r e p r e s e n t s  a t e s t  s a m p l e  f r o m  5 to 20 m i n u t e s .  T h e  

f o l l o w i n g  o b s e r v a t i o n s  r h a y  be  m a d e :  

a .  F o r  n o n - d i v e r s i t y  o p e r a t i o n s ,  c a l c u l a t e d  v a l u e s  c h e c k  
c l o s e l y  w i t h  m e a s u r e d  r e s u l t s .  

b .  F o r  d i v e r s i t y  o p e r a t i o n s ,  t he  c a l c u l a t e d  r e s u l t s  a r e  
a l w a y s  o p t i m i s t i c ,  e s p e c i a l l y  t he  4 0 0 - m i l e  p a t h .  T h i s  
m a y  b e  e x p l a i n e d  a s  e i t h e r  t he  o r d e r  o f  d i v e r s i t y  i s  n o t  
f u l l y  r e a l i z e d  o r  t he  m e d i a n  d a t a  c h a n n e l  s i g n a l  e n e r g y -  
t o - n o i s e  p o w e r  d e n s i t y  r a t i o s  o f  the  d i v e r s i t y  b r a n c h e s  
a r e  n o t  e q u a l .  F o r  the  4 0 0 - m i l e  p a t h  a n o t h e r  r e a s o n  
m a y  be  the  i n s u f f i c i e n t  m a r g i n  a b o v e  t h r e s h o l d  a t  9 9 . 9 %  
of  T i m e  B l o c k  2.  

a .  F o r  t he  t 0 0 - m i l e  p a t h ,  w h e n  the  s y s t e m  i s  o p e r a t e d  
w i t h  b o t h  24 a n d  120 e q u i v a l e n t  v o i c e  c h a n n e l  c a p a c i t y ,  
a n d  f o r  200 m i l e  p a t h ,  w h e n  the  s y s t e m  i s  o p e r a t e d  w i t h  
24 e q u i v a l e n t  v o i c e  c h a n n e l  c a p a c i t y ,  i t  i s  p o s s i b l e  to 
t r a n s m i t  up  to 4 0 . 8  k b p s  d a t a  w i t h  b i t  e r r o r  p r o b a b i l i t y  
of  t 0  - 6  f o r  9 9 . 9 %  of  T i m e  B l o c k  Z. T h e s e  a r e  c o n s i d e r e d  
a c c e p t a b l e  s t a n d a r d  p e r f o r m a n c e s .  

d. F o r  the  4 0 0 - m i l e  p a t h ,  w h e n  the  s y s t e m  i s  o p e r a t e d  on  
24 e q u i v a l e n t  v o i c e  c h a n n e l  c a p a c i t i e s ,  i t  i s  p o s s i b l e  to 
t r a n s m i t  2 . 4  kbps" w i t h  b i t  e r r o r  p r o b a b i l i t y  o f  t 0  - 4  f o r  
9 9 . 9 %  a n d  t0  -5  f o r  m e d i a n  o f  T i m e  B l o c k  2. T h i s  p e r -  
f o r m a n c e  i s  b e l o w  the  s t a n d a r d .  I t  m a y  be  i m p r o v e d  b y  
the  u s e  of  a l a r g e  a n t e n n a  in  o r d e r  to p r o v i d e  m o r e  m a r -  
g in  a b o v e  t h r e s h o l d  a n d  to r e d u c e  the  p a t h  i n t e r m o d u l a -  
t i o n  ( t h r o u g h  the  e f f e c t  o f  s m a l l e r  d i f f e r e n t i a l  m u l t i p a t h  
t i m e  d e l a y  due  to s m a l l e r  a n t e n n a  b e a m w i d t h ) ,  w h i c h  
r e q u i r e s  f u r t h e r  e x p e r i m e n t a l  s t u d y .  

1949 15 
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4. CONCLUSIONS AND ACKNOWLEDGEMENTS 

As shown in Table 1, the channel total noise performance of the three test 

paths with parameters as indicated, are way below the DCS noise objectives 

(varying from 14 to 27 dB). 

Therefore, the test results suggest that troposcatter circuits designed 

to meet the DCS FDM/FM standards will provide an error rate of 10 -6 or better 

during a large part of the time, and an error rate of 10 -3 or better during 99.9~0 

of the time block 2 period. 

Permission by U.S. Air Force Rome Air Development Center to use the 

experimental data is gratefully acknowledged. Acknowledgment is also extended 

to Mr. J.S. McLeod, Senior Director of Engineering and to Mr. J. Elliott, 

Project Manager, Page Communications Engineers, Inc., for the release of 

this paper for presentation. 
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Path 

Path length ( s t a t u t e  m i l e s )  

B a s i c  t r a n s ,  l o s s ,  L b s  r (dB)-'~ 

N u s e d  ( u n i t s )  
S 

F r e q u e n c y  u s e d  (MHz)  

A n t e n n a  s i z e  ( f t . )  

T r a n s m i t t e r  p o w e r  (kW) 

A n t e n n a  g a i n  G,  e a c h  e n d  (dB) 

A n t e n n a  c o u p l i n g  l o s s  G L (dB) 

P a t h  a n t e n n a  g a i n  = 2G - G L = Gp  

No .  v o i c e  c h a n n e l s  

C a r r i e r - t o - n o i s e  r a t i o  (dB):  

M e d i a n  T i m e  B l o c k  2 

9 9 . 9 % ,  T i m e  B l o c k  2 

D e v i a t i o n  r a t i o ,  m 

V o i c e  c h a n n e l  t o t a l  n o i s e  ( d B m 0 ) :  

M e d i a n ,  T B 2 ,  m = t 

9 9 . 9 % ,  T B 2 ,  m = t 

M e d i a n  T B 2 ,  m = 4 ( d B m 0 )  

(dba)  

9 9 . 9 % ,  T B 2 ,  m = 4 ( d B m 0 )  

(dba)  

DCS ~ota l  n o i s e  o b j e c t i v e  ( d B a 0 )  

M e d i a n  T B 2 ,  m = 4 

% T B 2 ,  m = 4  

Table t .  

(dB) 

- 8 0 -  

Path P a r a m e t e r s  

A B 

3 8 i .  5 1 6 8 . 4  

231.9 206.5 

350 310 

882 882 

6O 28 

I0~ I0 

41.8 35. Z 

7.7 1.9 

75.9 68.5 

24 24 

21.7 39.7 

11.7 24.2 

3.8 3.8 8.5 

C 

86.7 

196.5 

310 

882 

28 

I0 

35.2 

1.1 

69.3 

120 

4 2 . 3  

1 7 . 8  

1 . 4  4.4 

-25.0 -40.6 -33.8 -44.3 -37.6 

-18.0 -29.7 -Z2.6 -33.5 -zl.o 

- 3 1 . 0  - 4 6 . 6  - 3 9 . 8  - 5 0 . 3  - 4 3 . 6  

(51.0) (35.4) (42.2) (31.7) (38.4) 

-24.0 -35.7 -28.6 -39.5 -Z7.0 

(58.0) (46.3) (53.4) (42.5) (55.0) 

24.2 21.4 21.4 18.0 18.0 

49.0 49.0 49.0 49.0 49.0 

99.995 99.997 99.997 99.999 99.999 

1949  17 
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Table Z. 

Radio Equipment: 

Transmitter power (kW') 

Modulation 

IF bandwidth (MHz) 

Noise figure (dB) 

Deviation ratio 

Multiplex Equipment: 

Modulation 

Equiv. voice channel 

Baseband (kHz) 

P r,e ~ n a p h a s i  s~ (~t se  e) 

C h a n n e l  l o a d i n g  (dBmO)  

D a t a  M o d e m :  

M o d u l a t i o n  

D a t a  r a t e  ( k b p s )  

Dive r s ity: 

Combine r 

Order 

Equipment Parameters and Configurations 

10 

FM 

1.5 

2.5 

3.8; 8.5 

8SB/FDM 

Z4 

60 - 156 

1.56 

-5 

4DPSK 

2.4/w. ch 

max. ratio 

1,2,4 

FM 

I0.0 

Z. 5 

1.4; 4.4 

SSB/FDM 

120 

60 - 552 

0.86 

-5 

4DPSK 

40.8/12v. ch 

max. ratio 

1,2,4 

1949 t 8  
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Table 5. T h e r m a l  N o i s e  P e r f o r m a n c e  A b o v e  T h r e s h o l d  (No D i v e r s i t y )  
T o p  V o i c e  C h a n n e l  w i t h  P r e e m p h a s i s  - M e d i a n  T i m e  B l o c k  Z 

Pa th  A B 

T r a n s .  p o w e r ,  dBw 4 0 . 0  ( t0  kW) 4 0 . 0  ( t 0 ' k W )  

Basic t r a n s m i s s i o n  
loss  Lbs r ,  dB - 2 3 t . 9  - 2 0 6 . 5  

P a t h  an tenna  ga in  
O , dB 7 5 . 9  6 8 . 5  

P 

Line  l o s s e s ,  e tc .  - 2 . 0  2 . 0  

Rec .  c a r r i e r  p o w e r  
C, dBw - 1 1 8 . 0  - 1 0 0 . 0  

Rec .  no i se  f i g u r e  F, 
dB 2 . 5  2 .5  

t 0  l o g l 0  K T ,  dBw - 2 0 4 . 0  - 2 0 4 . 0  

I F b a n d ,  Bif, dB 6 1 . 8  ( t . 5  MHz) 6 t . 8  (1 .5  MHz) 

T h e r m .  n o i s e N  t, dBw - t 3 9 . 7  - t 3 9 . 7  

C a r r i e r  - to  -thermal 
noise  C / N  t, dB 21 .7  39 .7  

No. v o i c e  chan .  n 24 24 

Voice c h a n n e l  band= 
width kl|z 4 4 

Top baseband frequency 
f , kNz 156 156 
m 

Dev ia t i on  r a t i o ,  m 3 . 8  3 .8  8 . 5  
P 

RlVlS vo ice  c ha nne l  
dev i a t i on  Fch,  kHz 30 30 68 

C a r r i e r - t o - t h e r m a l  
noise C/N t, dB 2 t , 7  39.7 39.7 

20 log ( F c h / f m ) ,  dB - t 4 . 3  - 1 4 . 3  - 7.3 

t0 Log (Bi f /b ) ,  dB 25 .7  25 .7  2 5 . 7  

P r e e m p h a s i s  P ,  dB 4 . 0  4 . 0  4 . 0  

Chan.  s i g n a l - t o - t h e  r m .  
no ise  S /N t , _  dB 37. t 55. t 62. i 

7 0 . 0  ( t 0  MHz) 

-131.  5 

3 1 . 5  

120 

4 

552 

t . 4  4 . 4  

t7  55 

3 1 . 5  3 t .  5 

- 3 0 . 0  - 2 0 . 0  

3 4 . 0  3 4 . 0  

4 . 0  4 . 0  

39 .5  4 9 . 5  

C 

4 0 . 0  ( t 0  kW) 

-196.  5 

6 9 . 3  

2 .0  

- 8 9 . 2  

2 .5  

- 2 0 4 . 0  

6 t . 8  ( t . 5  MHz) 

- 1 3 9 . 7  

50. 5 

24 

4 

t56 

3 .8  8 . 5  

30 68 

50 .5  50 .5  

- t 4 . 3  - 7 . 3  

25 .7  2 5 . 7  

4 . 0  4 . 0  

6 5 . 9  72.9 

7 0 . 0  ( t 0  MHz) 

- 1 3 1 . 5  

4 2 . 3  

120 

4 

552 

1 .4  4 . 4  

17 55 

4 2 . 3  4 2 . 3  

- 3 0 . 0  - 3 0 . 0  

3 4 . 0  3 4 . 0  

4 . 0  4 . 0  

50 .3  6 0 . 3  

N O T E  

The  s i g n a l - t o - t h e r m a l  no i se  S /N  t fo r  t w e l v e  e q u i v a l e n t  c h a n n e l s  

is ,. ~ s a m e  as  tha t  for  one e q u i v a l e n t  v o i ce  c h a n n e l  c a l c u l a t e d  

h e r e .  
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Table  6. 

P a t h  

C a r r i e r  - t o - t h e r m a l  
noise C / N  t, dB 

No. voice channels n 

IF band, Bif, dB 

Voice channel band- 
w i d t h  b, kHz 

T o p  b a s e b a n d  f r e -  
q u e n c y  fro '  kHz 

D e v i a t i o n  r a t i o  m 
P 

RMS vo ice  c h a n n e l  
deviation Fch, kHz 

2 (C/Nt), dB 

20 log Fch, dB 

-10 log Bif  

- t 0  log  b 

C o n s t a n t ,  dB 

P r e e m p h a s i s  P ,  dB 

C h a n .  s i g n a l / n o i s e  
r a t i o  S / N  t, dB 

Thermal Noise Performance Below FM Threshold (No Diversity) 
Top Voice  Channe l  wi th  P r e e m p h a s i s  

A B 

6 6 

24 24 120 

6 t . 8  ( t . 5 M H z )  6 t . 8  ( t . 5  MHz) 7 0 . 0 ( 1 0 M H z )  

4 4 4 

15~ t 56 552 

3 . 8  3 . 8  8 . 5  t . 4  4 . 4  

30 30 68 t7  55 

t 2 . 0  t 2 . 0  t 2 . 0  t 2 . 0  t 2 . 0  

89.6 89, 6 96.6 84.6 94.8 

- 6 t . 8  - 6 i . 8  - 6 t . 8  - 7 0 . 0  - 7 0 . 0  

- 3 6 . 0  - 3 6 . 0  - 3 6 . 0  - 3 6 . 0  - 3 6 . 0  

5.4 5.4 5.4 5.4 5.4 

4.0 4.0 4.0 4.0 4.0 

t 3 . 2  t 3 . 2  2 0 . 2  0 . 0  t 0 . 0  

C 

6 
24 120 

6 t . 8  ( 1 . 5 M H z )  7 0 . 0 ( t 0 M H z )  

4 4 

t 5 6  552 

3 . 8  8 . 5  1 . 4  4 . 4  

30 68 t7  55 

t 2 . 0  t 2 . 0  t 2 . 0  t 2 . 0  

8 9 . 6  9 6 . 6  8 4 . 6  9 4 . 8  

-61.8 -61.8 -70.0 -70.0 

- 3 6 . 0  - 3 6 . 0  - 3 6 . 0  - 3 6 . 0  

5.4 5.4 5.4 5.4 

4 . 0  4 . 0  4 . 0  4 . 0  

i 3 . 2  2 0 . 2  0 . 0  t 0 . 0  

NOTE 

The signal-to-thermal noise S/N t for twelve equivalent channels 

is the same as that for one equivalent voice channel calculated here. 

t949 22 
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T a b l e  7. P a t h  I n t e r m o d u l a t i o n  N o i s e  P e r f o r m a n c e  (No D i v e r s i t y )  
T o p  V o i c e  C h a n n e l  w i t h  P r e e m p h a s i s  - M e d i a n  T i m e  B l o c k  Z 

Pa th  

P a t h  d i s t a n c e  
d St .  m i l e s  

A d j u s t e d  pa th  d e l a y  
Aa, 10 -6 s e c o n d s  

No.  vo ice  
channels, n 

C a r r i e r - t o -  
t h e r m a l  no i se  
r a t i o ,  dB 

Voice  c h a n n e l  b a n d -  
wid th  kHz 

Top  b a s e b a n d  f r e -  
q u e n c y  fro'  kHz 

Dev ia t ion  r a t i o ,  
m 

P 

RMS m u l t i p l e x  
dev i a t i on  ~F  r ,  kHz 146 

f m / A F r  in r a t i o s  

AF in r a t i o s  
a r 

11o711 
(Aa~Fr }Z in r a t i o s  

H(8AZa~Fr 2) in 

r a t i o s  

0. 192 [ f m / ~ F r  ]2 

H(8 A a 2 A F r  2 ) 

Pa th  i n t e r m o d .  / 
s i g n a l  N. /S  i n d B  lp 

S i g n a l / i n t e r m o d .  
S /N.  in  dB lp 

A B C 

• 3 8 1 . 5  1 8 8 . 4  8 6 . 7  

0 . 7 8  0 . 3 3  0. t t  

24 24 120 24 120 

21.7 39.7 31.5 50. 5 42. 3 

4 4 4 4 4 

156 t56  552 t56  552 

3 . 8  3 .8  8 . 5  t . 4  4 . 4  5 , 8  8 . 5  t . 4  4 . 4  

146 330 186 600 146 330 186 600 
O 

I. 07 1.07 1.07 2.97 0.92 i. 07 0.47 2.97 0. 92 

t . 1 3  0 . 4 8  t . 0 9  0 . 6 t  1 .98  0 . 1 6  0 . 3 6  . 2 0  . 66  

t . 2 8 x t 0  -2  0 . 2 3 x 1 0  -2  t . 1 8 x 1 0  "2 0 . 3 7 x 1 0  -2 3 . 9 4 x t 0  -2  0 . 0 2 6 x 1 0  =2 0. t t x l 0  -Z . 0 4 1 x 1 0  "2 . 4 6 x 1 0  =2 

t 2 4 x t 0  -4 4 x 10 -4 tOOxlO -4 8 .8x10  "4 lO00xtO -4 0 . 0 5 5 x t 0  "4 t . 4 x t 0 " 4  . 10x iO '4  t t .  t x t O ' 4  

2 6 x i 0  "4 8 . 5  x 1 0 - 5 4 . 2  x l O ' 4  1. 6 x 1 0 " 3  1-6 x i 0 - 2  I ' 2  x 1 0 " 6  5"8 x l O - 6  1"8 x l O - 5  1 " 8 x i 0 - 4  

- 25.8 * 4 0 . 7  -33.7 -28.0 °18.0 -59.3 -52.3 -48.0 -38.0 

25.8 40.7 33.7 28.0 18.0 59.3 5Z.3 47.5 37.5 

NOTE 

S i g n a l - t o - i n t e r m o d u l a t i o n  no i se  S /N.  f o r  twe lve  lp  
e q u i v a l e n t  c h a n n e l s  the s a m e  a s  t ha t  fo r  one e q u i v a l e n t  

vo ice  c h a n n e l  c a l c u l a t e d  h e r e .  

1949 Z3 



-87- 

Table 8. Signal-to-Total Noise Ratio and Probability of Bit 

E r r o r  (No D i v e r s i t y )  - T o p  V o i c e  C h a n n e l  

P a t h  A B C 

P a t h  d i s t .  d, m i l e s  3 8 ' t . 5  t 6 8 . 4  8 6 . 7  

V o i c e  c h a n n e l s  n 24 24 t 2 0  24 

Voice  ch.  bw b, kbps  4 4 4 4 

Dev .  r a t i o  m 3 . 8  3 . 8  8 . 5  t . 4  4 . 4  3 . 8  8 . 5  t . 4  
P 

C a r . / t h .  n o i s e  C / N  t, dB 0 0 0 

T h .  n o l s e / s l g .  N t /S ,  dB t . 0  - t . 0  - 8 . 0  + t 2 . 0  + 2 . 0  - t , 0  - 8 . 0  + t 2 . 0  

P a t h  I M . / s i g .  N. /S,  dB 3 . 2  - 5 . 8  + t . 2  + 0 . 8  $ t 0 . 8  - t 7 . 0  - 1 0 . 0  - t t . 2  
tp 

T o t .  n o i s e / s i g .  N / S ,  dB 0 . 9  + 0 . 2  + t . 7  + t 2 . 0  + 2 . 5  - t . 0  - 6 . 0  + t 2 . 0  

E r r o r  in t0  - t ' ,  m = t  i 2 . 3  t 0 . 5  t 4 . 8  t58  t 7 . 8  7 . 9  2 . 5  | 5 8  

C a r . / t h .  no i se  C / N  t, dB 6 6 6 

T h .  n o i s e / s i g .  N~/S, dB - t3 .  Z - t 3 . 2  - 2 0 . 2  - 0 . 0  - t 0 . 0  - t 3 . 2  - 2 0 . 2  - 0 . 0  

P a t h  I M / s i g .  N. /S,  dB - t 2 . 0  - t 4 . 2  - 7 . 2  - 7 . 6  + 2 . 4  - 2 5 . 4  - | 8 . 4  - t 9 . 6  *p 

To t .  n o i s e / s i s .  N / S ,  dB 9 . 7  - i t . 0  - 7 . 0  + 0 . 7  + 3 . |  - t 3 . 0  - t 6 . 3  0 . 0  

E r r o r  in t 0 " 2 ;  m = i i 058  7 . 9  2 0 . 0  i t 8  204 5 . 0  2 . 3  t 0 0  

C a r . / t h .  n o i s e  C / N  t, dB t 2  t2  t 2  

T h .  n o i s e / s i g .  N t / S ,  dB - 2 5 . 0  - 2 5 . 0  - 3 2 . 0  - t 5 . 0  -25~0  - 2 5 . 0  - 3 2 . 0  - i 5 . 0  

P a t h  I M . / s i g .  N. /S,  dB - i 9 .  i - 2 1 . 2  - t 4 . 2  - i 4 . 6  - 4 . 6  - 3 2 . 4  - 2 5 . 4  - 2 6 . 6  
tp 

T o t ; . n o i s e / s i g .  N / S ,  dB - t 8~2  - t 9 . 0  - t 4 . 2  - i t . 9  - 4 . 6  - 2 4 . 3  - 2 4 . 6  - t 4 . 8  

E r r o r  in t 0 " 3 ;  m = t i 5 . 0  t 2 . 6  38 65 350 3 . 7  3 . 4  33 

C a r . / t h .  n o i s e  C/N t, fib 22 22 22 

Th~ n o i s e / s i g .  N[ /S ,  dB - 3 7 . 0  - 3 7 . 0  - 4 4 . 0  -30 ' .0  - 4 0 . 0  - 3 7 . 0  - 4 4 . 0  - 3 0 . 0  

P a t h  I M . / s i g .  N. /S,  dB - 26. t - 2 8 . 2  - 2 t . 2  - 2 i . 6  - t i . 6  - 3 9 . 4  - 3 2 . 4  - 3 3 . 6  tp 

To t .  n o i s e / s i g .  N / S ,  dB - 25. Z - 2 7 . 7  - 2 t .  2 - 2 t .  0 - i t .  6 - 3 5 . 0  - 3 2 . 2  - 2 8 . 5  

E r r o r i n  i 0 " 3 ; m =  1 3 . 0  t . 7  7 . 6  7 . 9  69 , 3 2  . 6 0  1 . 4  

C a r . / t h .  n o i s e  C / N  t, dB 32 32 32 

T h .  n o i s e / s i g .  N t /S ,  dB - 4 7 . 0  - 4 7 . 7  - 5 4 . 0  - 4 0 . 0  - 5 0 . 0  - 4 7 . 0  - 5 4 . 0  - 4 0 . 0  

P a t h  I M . / s i g .  N. /S,  dB - 3 3 . 0  - 3 5 . 2  - 2 8 . 2  - 2 8 . 6  - t 8 . 6  - 4 6 . 4  - 3 9 . 4  - 4 0 . 6  lp 

T o t .  n o l s e / s i g .  N / S ,  dB - 3 2 . 9  - 3 5 . 0  - 2 8 . 2  - 2 8 . 3  - t 8 . 6  - 4 3 . 7  - 3 9 . 4  - 3 7 . 3  

E r r o r i n  t 0 " 4 ; m =  t 5. t 3 . 2  i5  t5  t 4 0  . 4 2  t . t  t . 8  

NOTE 

t .  S i g n a l - t o - t o t a l  n o i s e  S / N  fo r  t w e l v e  e q u i v a l e n t  c h a n n e l s  
the  s a m e  as  t ha t  f o r  one  e q u i v a l e n t  v o i c e  c h a n n e l  
c a l c u l a t e d  h e r e .  

2. F o r  2 . 4  kbps  d a t a  c h a n n e l  (one  e q u i v a l e n t  v o i c e  c h a n n e l )  
m u l t i p l e  p r o b a b i l i t y  of e r r o r  by  0 . 6 ,  

3. For 40.8 kbps data channel (12 equivalent voice channels), 
m u l t i p l e  p r o b a b i l i t y  of e r r o r  by O. 85. 

t 2 0  

4 

4.4 

+2.0 

- 1.2 

+3.7 

23.4 

- t 0 . 0  

- 9 . 6  

- 7 . 0  

20 

-25.0 

-16.6 

- t 6 .  t 

24 

-40.0 

-23.6 

-23.6 

4.4 

- 5 0 . 0  

-30 ,  6 

- 3 0 , 6  

8 , 7  
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Figure I0. 100 Mile Path 120 Channels, M = 4.4, 40.8 kbps data 
Versus Signal Level 
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