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DIGITAL SYSTEM PERFORMANCE SOFTWARE UTILIZING NOISE MEASUREMENT DATA 

A .  D .  Spaulding* 

This report summarizes techniques that  use the measured 
instantaneous envelope s t a t i s t i c s  of arbi t rary noise or inter-  
ference processes t o  calculate the degradation these processes 
cause to digi ta l  communication sys terns. Computer imp1 ementation of 
the techniques are also given. The computer algorithms are  designed 
for  the data obtained from a general purpose noise measurement 
device, termed the DM-4 ( fo r  "distribution meter-model number 4") 
recently developed by NTIAIITS. For i l l  ustration and for  com- 
pari son w i t h  theoretical resul t s  , two noise examples are employed, 
one for  "narrowband" interference, and one for "broadband" inter-  
ference. These examples are taken from the noise models recently 
devel oped by Mi ddl eton. 

Key Words: computer algorithms; digi ta l  system performance; non- 
Gaussian noise; system performance software. 

1 . INTRODIJCTION 

Most currently used receiving systems are  those which are  optimum in 

Gaussian noise. Unfortunately, the actual interference environment i s  almost 

never Gaussian in character, b u t  usually quite different ,  being impulsive in 

nature. By "impulsive" we mean only that  there are s ignif icant  probabili t ies 

of quite large instantaneous values of noise, which i s  a more general defini-  

tion in that  we can, and do, have both broadband ( the usual def ini t ion,  e .g . ,  

automotive ignition noise) and narrowband (e .  g . , various combinations of 

interfering signals) "impulsive" processes. Recently there have been receiving 

systems designed to match th is  actual interference (e .g . ,  Spaulding and 

Middl eton, 1977; Middleton, 1979). However, i t  i s  the purpose of th i s  short 

report provide computer programs tha t  will use noise measurements to cal-  

culate the performance of "normal" digi ta l  systems in arbi t rary noise or inter-  

ference (including, of course, Gaussian noise).  By "normal" systems we mean 

those that  are optimum in Gaussian noise, and, therefore, suboptimum in any 

other kind of noise or interference. The "normal" digi ta l  systems are  "matched 

f i l t e r "  or "correlation" systems. The common digi ta l  systems covered here are:  

*The author i s  with the Ins t i tu te  for  Telecornmunication Sciences, National 
Telecommunications and Information Administration, U.S. Department of 
Commerce, Boulder, Colorado 80303. 



1.  Binary non-coherent frequency s h i f t  keying (NCFSK) ; 
7 

2. Binary d i f f e r en t i a l l y  coherent phase s h i f t  keying (DCPSK) ; 

3. Binary coherent phase s h i f t  keying (antipodal o r  CPSK) ; 

4. Binary coherent frequency s h i f t  keying (othogonal o r  CFSK) ; and 

5. Binary coherent ON-OFF keying. 

In addi t ion,  the coherent signal detection system (Neyman-Person detect ion)  i s  

included. The performance of other systems, such as M level systems and m i n i -  

mal s h i f t  keying systems, can usually be obtained by appropriate extensions of 

the techniques summarized here. However, these extensions a r e  not always 
straightforward.  

Recently, a general purpose noise measurement device, termed the DM-4 

( f o r  "d i s t r ibu t ion  meter-model number 4")  was developed by NTIAIITS (Matheson, 

1980, DM-4 operation and maintenance manual, NTIA-TM 80-50), and the software 

presented here i s  designed t o  work spec i f i c a l l y  with the DM-4 measurements 

although no actual DM-4 measurements a r e  used. For any received noise process, 

Z ( t ) ,  we denote the probabi l i ty  density function (pdf)  of the instantaneous 

amp1 i tude by pZ(z)  . Denote the envelope of t h i s  received noise process by 

R ( t )  and pdf of the envelope by p R ( r ) .  The DM-4 measures the amplitude prob- 

a b i l i t y  d i s t r ibu t ion  ( A P D )  of the envelope o r  Prob[R > RO],  which we wil l  

denote by p R ( r ) .  Note t h a t  

The DM-4 can a l so  measure the average crossing r a t e  cha r ac t e r i s t i c  of the 

received noise envelope, b u t  these measurements a r e  not considered here. While 

the DM-4 measures the APD in terms of the actual l eve l s  exceeded, referred t o  

the input of the receiving system via ca l ib ra t ion  (e .g . ,  dBm), we normally 

require the pR(r)  o r  pZ(z)  i n  normalized form so t h a t  the mean noise power is  

equal t o  1 .  When we consider our desired s igna l s ,  then the mean signal power 

i s  a l so  the signal-to-noise r a t i o .  For example, f o r  the signal v?'!? Cos (oat), 
S i s  the signal power and a l so  the signal-to-noise r a t i o .  The DM-4 measures 

the  APD a t  31 cal i brated 1 eve1 s ,  i .e .  , measures Prob[R > Ro] f o r  31 val ues of 

Ro.  I t  uses a maximum sampling r a t e  of 20 MHz, which means i t  can measure the 

output waveforms from systems of about 10 MHz bandwidth ( I F )  o r  l e s s .  The DM-4 

i s  designed t o  work with the detected logarithmic output of modern spectrum 



analyzers and EM1 meters, so that  the 31 DM-4 levels are equally spaced in 

voltage, corresponding to  31 levels equally spaced in dB when referred to  the 

receiving system input. For our purposes here we only need the calibrated 31 
levels (not necessarily equally spaced) and the Prob[R > Ro] for  each of these 

levels as the input data to  the system performance algorithms. 

For i l l u s t r a t ion  and for  comparison with theoretical resul ts  we make use 
of recently developed noise models. The models were developed for ITS by 
Middleton (1977, 1980) and Spaulding (1977). Two examples are selected, one for  
"narrowband" interference, termed Class A ,  and one for  "broadband" interference, 

termed Class B .  These examples of noise, from actual measurements (not DM-4 
however), are  presented in the next section (Section 2 )  and are used then to 
simulate DM-4 "measurements." 

Section 3 presents the system performance algorithms, sample performance 
calculations,  comparison with theoretical resul ts  when possible, and discussion 

of the algorithms. An Appendix then contains the actual computer software 

1 i st ings in FORTRAN. 

2 .  THE IMPULSIVE NOISE MODEL, TEST EXAMPLES 

Recent work by Middleton has led to the development of a physical-statis- 

t ica l  model for  radio noise and interference. This model has been used to 

develop optimum detection algorithms for  a wide range of communications pro- 

blems (Spaul ding and Middl eton, 1977). I t  i s  th i s  model which we wi 11 use here 

t o  simulate DM-4 "measurements." The Middleton model i s  the only one proposed 

to date in which the parameters of the model are  determined expl ici t ly  by the 

underlying physical mechanisms (e.g . , source density , beam-patterns , propaga- 

tion conditions, and emission waveforms). It i s  also the f i r s t  model which 

t r ea t s  narrowband interference processes (termed Class A ) ,  as well as the 

traditional broadband processes (Class B )  . The model i s  a1 so canonical in 

nature in that  the mathematical forms do not change with changing physical 

conditions. For a large number of comparisons of the model with measurements 

and for  the de ta i l s  of the derivation of the model, see Middleton (1974, 1976, 

1977, 1978a, 1978b) and Spaulding (1977). We only summarize the resul ts  of the 

model which we need here. 

For the class A model, the expression for  the pdf of the received noise 

signal,  Z ( t ) ,  i s  



where 

and for  the envelope, R ( t ) ,  

The Class A model has two parameters, A and r'. A i s  termed the impulsive 

index, and as A becomes larger (Q l o ) ,  the noise approaches Gaussian ( s t i l l  

narrowband) and r '  i s  the ra t io  of the energy in the Gaussian portion of the 

noise to  the energy in the non-Gaussian component. I n  the above, the rms value 

of Z i s  equal to  1 , i . e . ,  the process i s  a1 ready normal ized. 

For our sample DM-4 "measurement" of Class A noise, Figure 1 gives a 

measured Class A distribution and the appropriate model parameters are A=0.35 

and r0=0.5 X The f i r s t  program, APDA, given in the Appendix, simply 

generates our "measurement" data. We compute p R ( r )  a t  31 levels ,  s tar t ing 

with -59 dB (see Table 1 )  with the levels 3 dB apart .  We further assume that  

the measurements a f t e r  p R ( r )  = are zero. This gives us some zero "nea- 

surements" that  are l ikely from actual DM-4 measurements. The dynamic range 

covered, therefore, i s  90 dB, from -59 t o  31 dB. If we were actually measuring 

the APD of Figure 1 ,  we would probably adjust the levels ,  so that  the s igni f i -  

cant portion of the distribution (-50 to  20 dB, say) was more accurately 

covered. The above procedure (3  dB spacing), however, will be a bet ter  t e s t  of 

the system performance algorithms, b u t  we want to  keep in mind tha t  accurracy 
can be improved by proper adjustment of the measurement levels.  Once we have 

determined our 31 values of p R ( r ) ,  we then assign these values to  arbi t rary 

(unnormalized) levels (3  dB apart)  to check the normalization portion of the 

a1 gori thms, 
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For the Class B model the pdf of the received instantaneous amplitude i s :  

where, i s  a confluent hypergeometric function (Abramowitz and Stegun, 1964). 

The model has three parameters, a ,  Aa, and n .  [A more detailed and complete 

model involving additional parameters has been developed, b u t  (5)  above i s  

quite suff ic ient  for our purposes.] The parameters a and Aa a re  intimately 

involved in the physical processes causing the interference. Again, defini-  

tions and de ta i l s  are contained in the references. The parameter n i s  a 

normalizing parameter. In the references, the normalization i s  n=l ,  which 

normalizes the process to the energy contained in the Gaussian positon of the 
noise. Here, we use a value of n which normalizes the process (z  values) t o  
the measured energy in the process. We cannot normalize to  the energy computed 

from the model, since for  ( 5 ) ,  the second moment (or  any moment) does not ex is t  

( i  . e . ,  i s  i n f i n i t e ) .  This i s  a typical problem with most such models for  

broadband impulsive noise. While the more complete model removes th is  problem, 

use of ( 5 )  will not 1 imit us here. The resul t  corresponding to (5)  for the 
APD i s :  

On Figure 2 ,  the parameter n was calculated with the assumption that  p R ( r )  i s  

zero for  values of Ro > 40 dB. The program A P D B ,  l i s t ed  in the Appendix, i s  
used to  generate "measurement" from the APD of Figure 2 .  As before, a 90 dB 

dynamic range (here, -40 dB to  50 dB) i s  covered in 3-dB steps. A1 so, once the 

31 values of p R ( r )  are  obtained, we assign arbi t rary 3-dB step values for  the 

corresponding Ro values to  simulate actual measurements. The Class A example 

of Figure 1 i s  from Spaulding and Middleton (1977) and the Class B example of 

Figure 2 i s  from Evans and Griff i ths  (1974). Table 1 shows the outputs of APDA 

and A P D B ,  and these then become our example "measurements." 
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Figure 2.  Example of Class B noise. 



T a b l e  1 .  C l a s s  A and C l a s s  B Noise Data from F i g u r e s  1 and 2 

C l a s s  A C l a s s  B 

Prob [R > RO] 

- 

4 

Ro(dB) . 
-4.00000E+Oi 
- 3 ~ 7 0 0 0 O E + O l  
-3,400OOE+Oi 
-3.10000E+01 
-2.80000E+OI 
-2.5 000OE+Oi 
-2.20000E*01 
- 1 * 9 0 0 0 0 E + 0 1  
-1.6 00 OOE+Ol 
-1 *30000E+OI  
- 1 ~ 0 0 0 0 0 E + O l  
-7.00000E+00 
-40OOOOOE+00 
-l~OOOOOE+OO 

2*00000E+00  
5- 0000OE+00 
8 *00000E+00  
1 ~ 1 0 0 0 0 E * 0 1  
1 ~ 4 0 0 0 0 E + O i  
1 ~ 7 0 0 0 0 E + O l  
2 - 0 0 0 0 0 E + O i  
2 ~ 3 0 0 0 0 E + O P  
2*6DOOOE+OI 
2 ~ 9 0 0 0 0 E + O i  
30 2000OE+Oi 
3 ~ 5 0 0 0 0 E + O i  
3 = 8 0 0 0 0 E + O i  
4 * 1 0 0 0 0 E + 0 1  
4 ~ 4 0 0 O O E + O l  
4.70000E+Oi 
5 * 0 0 0 0 0 E + O i  

Prob [R > RO]  

9.43528E-01 
8 - 9 1 4 2 7 6 - 0 1  
7a98434E-01 
6m49084E-01 
4.51644E-01 
2 - 6 3 0 7 0 E - 0 1  
1a44504E-01  
9 - 5 7 5 0 5 6 - 0 2  
5,387636-02 
3-46832E-02 
2 * 2 5 9 1 3 E - 0 2  
1 * 4 8 0 5 5 E - 0 2  
9 -73559E-03  
6-414O3E-03 
4m23040E-03 
2a79201E-03 
1a84343E-03 
1.21743E-03 
8-  04130E-04 
5 * 3 1 1 9 1 E - 0 4  
3 *50915E-04  
2 -31830E-04  
1 * 5 3 i 6 1 € - 0 4  
1 * 0 1 1 9 0 E - 0 4  
6.68539E-05 
6a41694E-05 
2a91821E-05 
I a 9 2 8 0 3 E - 0 5  
l a 2 7 3 8 3 E - 0 5  
0, 
O w  



Finally, white Gaussian noise i s  a special case, and the performance of 

digi ta l  systems in white Gaussian noise has been treated in great de ta i l .  

Here, we will occasionally refer  to the well-known resul ts  of system perfor- 
mance in white Gaussian noise for  comparison. The pdf for  the instantaneous 
amplitude for  Gaussian noise (mean noise power = 1 ) i s :  

and for  the corresponding envelope 

3. SYSTEM PERFORMANCE CALCULATIONS 

In th i s  Section we want to  present the resul ts  which are most advantageous 

for  our use. We want to develop system performance algorithms which do not 

require particularly sophisticated numerical analysis techniques and which can 

be used on small scale computers. 

We s t a r t  with the simplest. For arbi t rary additive interference which i s  

independent from an integration period ( b i t  length) to the next and which has 

uniformly distributed phase, Montgomery (1  954) has shown that  the probabil i ty 

of binary b i t  e r ror ,  Pe ,  for  NCFSK (non-coherent frequency s h i f t  keying) i s  

given by: 

1 
Pe = 

Prob [noise envelope > rms signal 1 evel]. 

While Montgomery's resul t  for  NCFSK i s  in terms of the noise and signal envelopes 

a t  the input to an ideal discriminator, i t  has been shown (White, 1966) that  the 

resul t i s  a1 so appl icabl e to most common FSK receivers (bandpass-fi 1 t e r  di scr i  - 
minator receivers and matched-f i 1 t e r  envelope detection receivers) . Using ( l o ) ,  

then, the performance for NCFSK can be obtained instantly from the A P D  measure- 
ments, once the APD has been normalized to  i t s  rrns level.  For example, i f  the two 

NCFSK waveforms are given by 



Sl ( t )  = cos (w, t + g )  , and 

s 2 ( t )  = LT cos ( w 2 t  + g ) ,  

where 4 i s  the unknown (uniformly dis t r ibuted)  phase ( i . e . ,  incoherent s ignal ing) ,  

m1 and me  are  the two frequencies, and S i s  the signal power, using ( 9 )  and ( l o ) ,  

performance in Gaussian noise i s ,  therefore, 

For Class A noise, using (4)  and ( l o ) ,  

The above, of course, i s  for the binary symmetric channel. That i s ,  Sl ( t )  and 

S 2 ( t )  are equally probable. I n  short ,  the performance can be obtained by inspec- 

tion from the normalized APD. I f ,  for example, the probability that  RO=l (0 dB) 

i s  exceeded i s  Po, then, for the signaling se t  given by (11 ) ,  pe for  a SNR of 

2(3 d b )  i s  P0/2, and so on, for  aily SNR, Note the 3 dB "sh i f t "  for RCFSK. No 
algorithm i s  given in the Appendix for  NCFSK, since a l l  that  i s  required i s  a 

normalized A P D y  and the normalization procedure i s  included in other system 

performance algorithms. Also, in any case, the APD measurement device, DM-4, 

would normally present the measurements in normalized form, although we do not 

make that  assumption in th i s  report in order to maintain as much generality as 

possible. 

In the bi-phase, DCPSK (d i f fe rent ia l ly  coherent phase s h i f t  keying) system, 

the receiver compares the phase 4 of a noisy signal with a reference phase F ,  to  

decide whether the corresponding pure signal re lat ive phase $ was 0 or n ($  = 0, 

corresponding t o  the signal cos uot ,  i s  selected i f  I4 -F j<n /2 ,  and $ = T ,  

corresponding to .m cos ( m o t ) ,  other~vise. ) The reference phase i s  obtained from 

the previously received signals;  usually i t  i s  just  the phase of the previous 

signal.  Thus the analysis of th i s  system i s  coniplicated by the fac t  that  both 



@ and $ are affected by noise. This system also has adjacent symbol dependency, 

and, therefore, the occurrence of paired errors and other error  groupings cannot 

be obtained easi ly ,  even with independent noise. Halton and Spaulding (1966) have 

given resul ts  for  th i s  system, including the occurrence of various error  groupings 

However, i t  can be shown that  for  binary DCIPSK, the elemental probability of 

e r ror ,  Pe ,  i s  the same as for  NCFSK, with 3 dB less signal energy required. That 

i s ,  for  a given Pe, DCPSK requires 3 dB less  SNR than does NCFSK for arbi t rary 

additive interference that  i s  independent from one b i t  time to the next. [For a 

geometrical derivation of th i s  resu l t  see Arthurs and Dym (1962).] For example, 

therefore, for  Gaussian noise for  binary DCPSK; 

The performance of DCPSK can be obtained direct ly  from the APD of the additive 

interference. I f ,  for  example, the probability that  Ro = 1 (0 dB) i s  exceeded i s  

Po, then for  the above signaling s e t ,  Pe for  a SNR of 1 (0 dB), i s  P0/2, and so on 

for  any SNR. Figure 3 shows Pe versus SNR for the noise of figure 1 for  both 

NCFSK and DCPSK, while Figure 4 shows Pe versus SNR for the Class B noise of 

Figure 2 for  these two systems. Performance for  Gaussian noise i s  also shown for  

reference. 

We next consider coherent binary systems. The performance of these systems 

can be obtained from the pdf of the additive interference envelope by means of the 

resu l t  : 

For the derivation of th i s  resu l t  see Spaulding (1964), and for  various other ap- 

proaches which led to  (15), see Arthurs and Dym (1962). For antipotal signaling 

(CPSK, coherent phase s h i f t  keying), the binary signal s e t  i s ,  

s1 [t) = m cos ( w g t l ,  and 

S 2 ( t )  = -m cos (wet), 
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and i n  (15),  K = 6. 
For coherent,  orthogonal s i gna l i ng ,  t he  s igna l  s e t  i s ,  

Sl ( t )  = V% cos (wet). and 

s 2 ( t )  = V% s i n  (oat) , 

and i n  (15), K =m. 
For ON-OFF coherent s i gna l i ng ,  

S l ( t )  = cos (oat). and 

and i n  (15) ,  K = my where we use the  convent ion t h a t  t he  SNR i s  based on the  

average s igna l  power o f  t he  two s igna ls ,  S l ( t )  and S 2 ( t )  This  average i s ,  of 

course, S/2, f o r  a  symmetric channel. 

The performance o f  a  coherent Neyman-Pearson s igna l  de tec t i on  system can 

a l s o  be obta ined v i a  t he  i n t e g r a l  i n  (15) .  We have two hypotheses: 

Ho: X ( t )  = Z ( t )  + S ( t ) ,  and 

(19) 

H1: X ( t )  = Z ( t ) .  

The rece ived waveform, X ( t ) ,  i s  composed o f  no ise  p lus  the  completely known 

s igna l  t o  be detected (Ho) , o r  i t  i s  composed o f  no ise  alone (HI ) . The Neyman- 

Pearson de tec to r ,  which i s  optimum i f  Z ( t )  i s  Gaussian, decides between Ho and 

HI by p r e s e t t i n g  a  p r o b a b i l i t y  o f  f a l s e  alarm (dec id ing  Ho, when H1 i s  t r u e )  a. 

Performance i s  then g iven by the  p r o b a b i l i t y  o f  de tec t i on  (dec id ing  Ho when Ho 

i s  t r u e ) ,  P,,, and the  p r o b a b i l i t y  o f  a  miss (dec id ing  H1 when Ho i s  t r u e ) ,  PM, 

and PD=l-P Performance f o r  a d d i t i v e  i n t e r f e r e n c e  i s  g iven by (15) ,  where M ' 

K = 4 3  - JZ e r f c - ' ( ~ a ) ,  (20) 

f o r  a  des i red  s igna l  o f  power S.  The complimentary e r r o r  f u n c t i o n  i s  g iven by 



Use of the K given i n  (20) in (15) gives the probabil i ty of a miss, pH. This 

i s  

and PD = 1-PM, K given by (20) .  

Table 2 below gives e r fc - l (Za)  f o r  various p robab i l i t i e s  of f a l s e  alarm, 

a .  

Table 2 .  ~ r f c - '  (2a)  f o r  Various a 

For the above coherent systems in Gaussian noise, 

where K = 6 f o r  antipodal s ignal ing,  K = &;/2 orthogonal signal ing,  and 

K = f o r  ON-OFF s ignal ing.  For the signal detection system in Gaussian 

noise,  

where K = 6 - fi er fc - l (Za)  . 



Likewise, for  Class A noise, we can obtain, 
CO 

Equation (25) gives the Pm when the K given by (20) i s  used. 

I t  now remains to  develop ef f ic ien t  computer algorithms based on (15).  

The resul t  (15) uses the pdf of the interference envelope, and the measurements 

are  of the APD.  Actually, the measurements a t  31 levels of the APD also give 

an equally valid estimate of the pdf as well. Also i f  we attempt to  modify 

(15) to  a form that  uses the APD direct ly ,  i . e . ,  uses pR(r)  rather than p R ( r ) ,  

we obtain computational complexities. For example, (15) can be transformed t o :  

p e = 1bR(:) .rr 
-!- d r .  
m 

0 

Both (26) and ( 2 7 )  are improper integrals ,  and while th i s  creates no problem 

analytically,  very sophisticated numerical integration routines are required in 

order to  obtain any accuracy for  Pe,  especially when p R ( r )  i s  given only in 

sampled data form. I t  turns out that  i t  i s  much better to  use (15) "directly" 

along with pR( r )  estimated from the measured p R ( r ) .  

The main algorithm presented in the Appendix i s  called SYSAPD. This 

program takes the 31 measured APD data points, normalizes the APD to i t s  rms 

level ,  obtains the pdf, and then evaluates the integral (15) for  the appropriate 

K. The program SYSAPD uses Gauss-Laguerre quadratures to evaluate (15) (Kopal, 

1961 ) . The Gauss-Laguerre quadrature formula i s  



t h e  p o i n t s  a t  which t he  i n teg rand  must be evaluated,  y , and t h e  corresponding 
j 

weight ,  H a r e  ob ta ined  v i a  t h e  Laguerre polynominals.  The program SYSAPD used 
j ' 

a f i f t e e n t h  o r d e r  quadrature [(n=15 i n  (28) l .  The above means t h a t  t h e  i n t e g r a l  

(15)  i s  p u t  i n  t he  form 

f o r  eva lua t i on .  

Consider f i r s t  t h e  Class A "measurement" da ta  o f  Table 1.  Table 3 g i ves  

Pe versus SNR f o r  CPSK ob ta ined  f rom the  program SYSAPD which uses (29 ) .  Note 

t h a t  i n  us i ng  t he  da ta  (see program l i s t i n g  i n  t h e  Appendix) a r b i t r a r y  3 dB 

l e v e l s  a r e  used. For Class A no ise,  (25)  g ives  t h e  " c o r r e c t "  t h e o r e t i c a l  

performance. The program SYSCOR computes (25)  and Table 3 a l s o  g ives  these 

r e s u l t s  so t h a t  t h e  approx imat ion f rom t h e  "measurements" can be compared w i t h  

t h e  " t r u e "  answer. Another program t h a t  i s  g i ven  i n  t h e  Appendix i s  SYSGL. 

Th i s  program uses (29) ,  b u t  p R ( r )  i s  ob ta ined  f rom t h e  Class A model mathe- 

m a t i c a l  express ion  ( 4 )  r a t h e r  than  f rom the  corresponding "measurement" data.  

The Pe versus SNR f o r  CPSK f rom t h i s  program i s  a l s o  g i ven  on Table 3. Th is  

shows t h e  accuracy of t h e  i n t e g r a t i o n  r o u t i n e  when these r e s u l t s  a r e  compared 

w i t h  t h e  " t r u e "  r e s u l t s .  It a l s o  i n d i c a t e s  t h e  accuracy o f  t h e  no rma l i za t i on ,  

pdf de te rmina t ion ,  and i n t e r p o l a t i o n  techniques used i n  SYSAPD. F i n a l l y ,  

F i gu re  5 shows t h e  r e s u l t s  of  Table 3 a long  w i t h  t h e  s tandard performance i n  

Gaussian no i se  (23)  f o r  f u r t h e r  comparison. 

The above r e s u l t s  a r e  f o r  t h e  Class A example. For t h e  Class B case, t he  

s imp le  Gauss-Laguerre quadrature used above does n o t  g i v e  s u f f i c i e n t  accuracy 

when t h e  Class B "measurements" a r e  used i n  the  program SYSAPD o r  when t h e  

corresponding mathematical  model f o r  Class B no i se  i s  used w i t h  program SYSGL. 

[The r e s u l t  o f  us i ng  t h e  Class B example i n  SYSAPD ( o r  i n  SYSGL) i s  shown 

by t h e  clashed curve  on F igu re  6.1 Because o f  t h i s ,  a d i f f e r e n t  i n t e g r a t i o n  

r o u t i n e  must be used. Th i s  i s  g i ven  by program SYSWR, which used Weddle's 

Rule (Kopal, 1961) t o  per form t h e  i n t e g r a t i o n s .  Th i s  i n t e g r a t i o n  r o u t i n e  uses 

(15)  d i r e c t l y  and, o f  course, i s  somewhat more s o p h i s t i c a t e d  than t he  Gauss- 

Laguerre quadrature used p rev ious l y ,  b u t  i t  i s  s t i l l  app rop r i a te  f o r  smal l  

s ca le  computers. For t h e  Class B case, we have no " t h e o r e t i c a l "  r e s u l t s  t o  

use t o  check t h e  accuracy o f  t h e  i n t e g r a t i o n s  performed by SYSWP. 



Table 3. CPSK System Performance for  Class A Noise 

Table 4.  CSPK System Performance f ~ r  Class B Noise 

1 t 

pe,  SYSCOR 

1 - 6 0 7 1 0 E - 0 1  
1 .46402E-01  
1 .4252RE-01 
1 . 4 0 5 4 4 E - 0 1  
1 ,38309E-01  
1.352'0?€-02 
1 . 3 1 0 7 3 E - 0 1  
1 ,25602E-01  
1 .1835EE-01 
1 - 0 8 9 5 0 E - 0 1  
9 .67394E-02 
8 - 1 5 E 8 2 E - 0 2  
6.33627E-02 
4 - 3 3 4 0 9 E - 0 2  
2 .42702E-02  
9 .99877E-03  
2 -  h9063E-03 
4.46870E-04 
4.05 12l.E-05 
1 .39231E-06 
1 .32516E-08 

1 

SNR (dB) 

-3eUCDDGE+G1 
- 2 r 7 5 C G t E + 3 1  
- 2 . 5  i 0 0 3 E + G 1  
- 2 e 2 5 0 8 C E + C l  
- 2 e 3 E D i O E + O i  
-1. 7 5 0  OCE+CI 
-1.5 E U O O E + C I  
-10 25GCOE+CI 
- 1 e O C 0 0 6 E + 6 1  
- 7 . 5 @ 0 0 0 E + C C  
-5.0 1 0 0 3 € + 6 5  
-2.5 C O O U E + @ C  

5 .  
2 .5000 fE+ t !O  
5 * 0 0 0 0 0 E + O D  
7.5 i !OGCE+OC 
I. O C O O C E + C l  
I. ZSi3EGE+CI 
1e520f3PE+C1 
l r 7 5 0 0 3 E + G i  
2. O G G  OCE+OI 
2 . 2 5 0 0 0 E + J 1  

p,, SYSGL 

1.447ICE-ji 
1r 4 3 7 2 6 5 0 9 1  
10 4 2 4 1  6 E - C i  
I , G S 6 € 9 f - C 1  
f. 3 8 3 4 2 E - C i  
1 . 3 5 2 4 4 1 - 0 1  
1. 3 1 L 2  5E-51 
1 . 2 5 h E 4 E - C i  
1. 1 9 + 5 8 5 - 2 1  
1.09; 1 4 E - q i  
9 * 6 5 9 2 6 E - $ 2  
8 . 1 5 6 f ? l E - E 2  
6 ,34648E-32  
40 3h341E-22 
2-43+UQE-02  
1.063E7E-92 
2.7P273E-93 
4 , 4 8 8 7 6 5 - 3 4  
4e C l i  C 2E-15 
1 .39309E-26  
1.331 4 3 E - 3 8  
2, C 971 3:-11 

p,, SYSAPD 

1- 3 9 5 l l E - 0 1  
1 . 3 8 6 6 9 E - 0 1  
1 . ? 7 5 5 c E - 0 1  
l m 3 6 0 5 ? E - 0 1  
1.3425RE-01 
1 .30951E-01  
1 ,26556E-01  
1 . 2 0 7 F 4 E - 0 1  
1 - 1 3 9 1 7 E - 0 1  
1 .04745E-01  
9 - 2 4 0 1 3 E - 0 2  
7 . 6 9 4 6 3 E - 0 2  
5.YZQ15E-02 
4.15365E-02 
2.21 76kE-02  
q - 4 2 5 R 7 E - 0 3  
2 - 5 6  L02E-03  
4 .70352E-04  
4,63972E-05 
2mn7974E-06  
5 - ? 7 8 3 2 E - 0 9  
0. 

I 



SNR, S ,  dB 

Figure 5. System performance for  CPSK for the Class A noise example of 
Figure 1 . 



Figure 6.  System performance for  the Class B noise example of 

Figure 2 .  



The accuracy was checked by us ing  another  i n t e g r a t i o n  r o u t i n e ,  a p p r o p r i a t e  o n l y  

f o r  l a r g e  computers, i n  which t h e  des i r ed  accuracy can be s p e c i f i e d  i n  conjunc- 

t i o n  w i t h  t h e  Class B  mathematical  model. Program SYSWP was found t o  g i v e  very  

good accuracy f o r  a l l  s i gna l - t o -no i se  r a t i o s .  Table 4 and F igure  6  show t h e  

r e s u l t s  o f  t h e  use o f  SYSWR w i t h  t h e  "measurements" o f  Table 1. Two subrou t ines ,  

bo th  termed FUN13 a r e  g iven.  One f o r  t h e  "measurement" da ta  and program SYSWR 

and one f o r  t h e  mathematical  Class B model f o r  use w i t h  SYSWR. 

I n  o r d e r  t o  eva lua te  t h e  i n t e g r a l  (15)  t h e  p d f  o f  t h e  no i se  envelope i s  

ve ry  e a s i l y  ob ta ined  f rom t h e  APD f o r  Class A  no ise  g i ven  i n  ( 4 ) .  However, ob- 

t a i n i n g  t h e  p d f  f o r  t he  envelope o f  Class B  no ise  corresponding t o  t h e  APD 

g i ven  by ( 6 )  i s  somewhat more i nvo l ved .  By d i f f e r e n t i a t i n g  ( 6 )  we e v e n t u a l l y  

o b t a i n  t h e  f o l l o w i n g ,  which has been p u t  i n  a  form s u i t a b l e  f o r  numerical  

computat ion: 

The Appendix l i s t s  t h e  a p p r o p r i a t e  programs and a l l  t h e  r e q u i r e d  sub- 

r o u t i n e s  used i n  t h e  above example c a l c u l a t i o n s .  

4. CONCLUS IONS 

Th i s  r e p o r t  has developed s imp le  computer a l go r i t hms  which use measure- 

ments o f  t h e  APD o f  an i n t e r f e r i n g  waveform ( o r  a  corresponding mathematical  

model ) t o  determine performance o f  va r i ous  "normal " d i g i t a l  da ta  systems. As 

can be seen f rom the  examples above, we o b t a i n  ve ry  good es t imates  o f  system 

performance us ing  SYSAPD and DM-4 Class A  s imu la ted  no i se  measurements and by 

us ing  SYSWR and DM-4 Class B  s imu la ted  no i se  measurements. O f  course, t h e  

Class A  measurements can a l s o  be used w i t h  SYSWR. The a lgo r i t hms  developed a r e  

f o r  b i n a r y  d i g i t a l  systems (and t h e  coherent  Neyman-Person s i g n a l  d e t e c t i o n  

system), however, t h e  performance o f  o t h e r  systems (e.  g. , M l e v e l  systems, and 

minimal s h i f t  key ing  systems) can usual l y  be ob ta ined  by app rop r i a te  ex tens ions  

o f  t h e  techniques developed here. 
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APPENDIX 

Program Listings 

In t h i s  Appendix we simply l i s t  the computer programs ( in  Fortran 4 )  used 

for  the sample calculations given in the report and required for  similar calcu- 

la t ions.  The programs are essentially self-explanatory via the comment s ta te -  

ments, b u t  some further explanation may be helpful. 

The f i r s t  two programs, APDA and A P D B ,  compute the APD "measurement data" 

from the Middleton Class A and Class B models. The output i s  given in Table 1.  

The program APDB requires Subroutine CONHYP and FUNCTION GAMMA which are  also 
gi ven . 

The next s e t  of programs are for  the Class A example. The program SYSCOR 

computes the theoretical performance and requires FUNCTION C E R F .  The program 

SYSGL computes performance via Gauss-Laguerre integration b u t  obtains the 

required pdf of the envelope values direct ly  from the Class A model and requires 

SUBROUTINE FUN. Finally, one of the main resul ts  i s  program SYSAPD which 

computes performance from measured APD val ues. Sections of th i s  program normal ize 

the APD and estimate the pdf from the measured APD. These routines are useful 

in the i r  own r i g h t  for  various purposes. The outputs of these programs are  

contained in Table 3. 

The final s e t  of programs are for  the Class B example, b u t  can also be used 

for  any noise example. The program SYSWR computes performance via Weddle's 

Rule integration. Two FUN1 subroutines are given for  use with SYSWR. One cal-  

culates the envelope pdf from the mathematical model given by (30) and the 

other one calculates the envelope pdf from the measured APD.  The outputs of 

SYSWR are given in Table 4. 
In some of the programs IRAY and SYSTEMC are used. This i s  to  suppress an 

exponent underflow error  message for  the particular computer used (CYBER 170/750) 

and i s  not, in general, required. 



PROGRAM A P D A (  I N P U T , C l U T P U T )  
PR'OGRAM U S E D  T O  O B T A I N  A P D  V A L l l E S  F R O M  C L A S S  A  W O D E C *  
E Q U A T I O N  4 OF T E X T *  
D T V E N S I O N  I Q A Y ( 6 )  
D A T A  I R A Y / - 1 , - 1 ~ - 1 ~ 0 , - 1 , - 1 /  
CALL S Y S T E Y C ( 1 1 5 , I R A Y )  
P R I N T  6 
F O Q M A T (  1 H 1 )  
A ~ 0 . 3 5  
C A Y = 0 . 5 E - 3  
D O  4 0  1 = 1 9 3 1  
R D B s - 5 9 * + 3 * * (  1 - 1 0  
P = l O . * * ( R D B / 2 0 *  
SM.0. $ F J n 1 .  
D O  20  J J = 1 , 2 h  
J = J J - 1  
I F ( J * N E . Q )  F J = F J * J  
S I G S Q = ( J / A + G A M ) / ( l . t G A M I  
T = ( ( h * * J ) F J ) * F X P ( - R * R / S I G S Q )  
S M = S Y t T  
C O N T I N U E  
P = S M * E X P ( - A )  
I F ( P a t T o 1 . O E - 6 )  G O  T O  1 0  
G O  Tg 1 5  
P.O. 
P R I N T  ~ J R D B P P  
C O N T I r J U E  
F O R Y A T (  l O X t 2 ( 1 P F l Z e 5 , 3 X )  
END 



PROGRAM APDB( INPUT,OUT PUT) 
PROGRAM USED T O  OBTAIN APD VALUES FROM CLASS B MODEL- 
EQUATION S 3 F  TEXT. 
DIMENSION I K A Y  ( 6 )  
DATA I R A Y / - 1 9 - 1  , - I , O , - I , - l t  
C A L L  SYSTEMC4 3.15 r I R A Y )  
PRINT 6 
FORHAT ( I H I )  
AA=1*  
4LPHA=l .  2 
OMEG4=0.00079433 
DO 4 0  I = 1 , 3 1  
RD8=-40m+3,+ I  1 - 1 - 1  
IF(ROB*GT.45. GO TO 1 0  
R = 1 0 e r * # R D 9 / 2 0 e )  
ZN=R*R/OHEGA 
SM=O* E F N = I *  $ SMI=O. 
00 20 N = 1 * 2 5  
FN=FM+N 
CALL CONHYP(Le -N+ALPHA/2 . , 2 - ,ZN ,S , IOVFLW)  
T= ( 4  ( - A A ) * + N )  /FN)*GAMY A (1-+N*RLPHA/2.)  "S 
I F (  IOVFLHmNE. I )  GO TO 1 4  
S M l = S M I t T  
GO TO 20 
SM=SM+T 
C O N T I N E  
FP=O* 
I F  IZNmLT*675, )  FP=EXP(-ZN)  
P=FP-ZN*(FP*SM+SMI l  
GO TO 15 
P=Om 
P R I N T  7 ,  RDB,P 
CONTINUE 
FORMAT ( lOX,  2(  I P E i Z e 5 , 3 X )  
EN3 



SUBROUTINE CONHYPtA  ,ST X,S? IOVFCW) 
CoooemCOYPUTES I F I ( A , 3 , X )  F O S  REAL A*B,X 
C o o o a a I F  X  GREATER T H A N  741. AN OVERFLOW W I L L  OCCUR* SEE 
Co.oo,COMMENTS BELOW0 

S = i e  $ Y = i .  
IOVFLW=O 
KUNDEF=O 
I F ( A o G T o O o I G 3  TO 1 0 1  
K=- A 
E N A = - K - I  
VA= A-ENA 
I F I V A o E Q o l o * 3 R * V A o E Q o O  0 )  GO TO 1 1 0  

1 0 1  I F ( B o G T o O o I G 3  TO 1 3 0  
J=- 8 
ENB=- J - I  
VB=B-ENR 
IF IVBoEQ.1moOR-VBaEQoOo 1 1 2 0 9  1 3 0  

1 1 0  KUNDEF= I  
GO TO I 0 1  

1 2 0  IF (KUNDEF*EQ.  I ) P R I N T I O O O T A ~ R  
IF(KUNDEFeNEoilPRINTiOOi,B 
RETURN 

1 3 0  I F ( K U N D E F o E Q *  1 ) G O  TO 1 0  
5 I F  I X o G E o l O O o )  GO TO 6 0  
6 I F ( X * G E o I O o )  GO TO 1 0  

NN=IOO 
GO 7 0  15 

1 0  N N = 3 0 0  
1 5  I F I K U N D E F e E Q o  1) N N = - A t  1 

DO 2 0  N=l,NY 
O=N'( (B+N-1s  0 )  * * 2 0  1  
Y = ( A + N - I o O O * ( Y / O )  
Y= Yr ( B + N - I  00)  
Y = Y * X  
I F ( S o E Q o  (S+Y 1 )  GO T  0 5 0  
S=S+Y 

2 0  CONTINUE 
5 0  RETURN 

Cam - a  APPROXIMATES I F 1  ( A , B T X )  FOR REAL A92 ,X B Y  USING THE 
Coo l e m  ASYMPTOTIC E % P A N S I O N o  SEE PAGE 1 0 7 3 ,  INTRODUCTION 
C-• l o m  TO S T A T I S T  I C d  L  COMMUNICATIONS THEORY I MIDOLETON- 
C * o *  - * I F  XoGE.675- AN OVERFLOH W I L L  OCCUR FROM EXPO 
C o o e a o T O  AVOID  THIS,  THE V A Q I A B L E  I O V F L H  I S  SET TO i AND 
C o o * - - T H E  FUNCTION VALUE I S  CRLCULATEC WITHOUT THE E X P ( X 1  FACTOR. 
Co*. * - S O  THAT THE VALUE RETUqNEO I S  S / E X P ( X )  

6 0  NN=20 
00 1 0 0  N = l r N N  
Y = Y *  ( 8 - A t N - l o  I * ( N - A )  
Y = Y J  ( N * X )  
I F ( S o E Q o 1 S + Y )  )GO TO 1 5 0  
S=S WY 

1 0 0  CONTINUE 
1 5 0  S = S * ( G P M M A ( 8 ) / G A M H A ( A ) ) * ( X * + ( P - 8 ) )  

I F ( X o L T o 6 7 5 o ) G O  TO 1 9 0  
IOVFLW=I 
GO TO 200  

1 9 0  S = S * E X P ( X )  



2 0 0  RETUSN 
1 0 0  0 FO?MAT I / / T i X T '  CANNOT EVALUATE EXPRESSION S I N C E  B O T H + r  

I +  A B N O  8 AiiE N E G A T I V E  INTEGERS OR Z E R O *  A=*,F10.2**  B = + T  
2F10129//) 

1 0 0 1  F O R M A T l / / r l X , +  BAD V A L U E  FOR e G I V E S  I N F I N I T E  RESULT F O R  S", 
P *, B = * ~ F 1 0 . 2 9 / / )  

E N D  

F U N C T I O N  G A M M A ( Y )  
C R E T U R Y S  T I ' E  GAMMA F U N C T I O Y  F'YR R E A L  ARGUMENT.  
C N O T E .  THE GAMMA F U N C T I O N  I S  NOT D E F I Y E D  F O R  A N E G A T I V E  I N T E G E R  O R  ZER 
C I N P U T  
C X = T H E  R E A L  A R G U Y E Y T *  
C O l i T P I J T  • 
C G A M Y A I X )  = THF G A Y Y A  F U N C T I 3 f l  7 F  ARGUMENT X O  

75 F Q R M A T ( 6 6 H  G A Y M A  FUVCTION O F  4 NEGATIVE  I N T E G E R *  OR OF Z E R O ,  I S  NO 
I T  D E F I N E D * )  

5 I F ( X )  1 0 9 8 0 9 1 5  
10 N=-X 

E N = - Y - 1  
V = X - E N  
I F ( V e E Q e 1 . ) 8 0 , 2 0  

1 5  N=X 
E N  =Y  
V r X - E N  

20 G A V ~ A ~ l . + V * ( ~ 4 2 2 7 8 4 3 3 7 + V * ( ~ 4 1 1 8 4 0 2 5 1 8 + V * ( e O 8 1 5 7 8 ? 1 8 7 8 + V *  
I.( e 0 7 4 2 3 7 9 0 7 6 1 + V * ( - ~ 0 0 0 2 1 0 9 0 7 4 6 7 3 + V * ( ~ 0 1 0 9 7 3 4 9 5 ~ 4 + V * ~ ~ ~ 0 0 2 4 ~ 6 7 4 7 9 0 1  
2 + V * ~ o 9 0 1 5 3 9 7 b 8 1 0 5 - V s ( . 0 0 0 3 4 4 2 7 ~ Z 0 4 ~ - V * . 0 0 0 0 6 ? 7 1 0 ~ 7 1 ~ 7 ~ ~ ~ ~ ~ ~ ~ ~ ~  

I F ( E Y - 2 . )  3 7 9 2 5 9 3 0  
2 5  2 F T U R N  
3 0  N = N - l  

D r l  3 5  I = 2 9 N  
F I S T  

35 G A M M 4 = G A M M A t ( F I + V )  
R E T U R Y  

37 N = ? * - E N  
D O  4 0  I = 1 9 N  
F I = ? - T :  

4 0  G A M Y A = G b M Y A  / ( F I + V )  
R E T U q W  

80 P R I U T  7 5  
C A L L  E X I T  
E N D  



P R O G R h M  S Y S C O R (  I N P U T J O U T P U T )  
T H I S  P R O G R A M  C O Y P I J T E S  T H E  P R O B A S I L I T Y  O F  E Q R O R  F O P  B I N A R Y  
C P S K t  C F S Y ,  4ND C O H E R E N T  O N - D F F  I N  C L A S S  A ~ N O I S E p  T H A T  1 s t  
M I D 0 L E T O N " S  C L A S S  A  M O D E L *  
H F R E ,  T H E  E 9 F C  F U N C T I O N  I S  T E S Y E D  C E R F ,  T O  r 3 Y P A S S  T H E  
S Y S T E Y S  I N T E R N A L  E S F C  R O U T I N E .  
F O R  C P S Y ,  A K = S Q R T (  S )  
F O R  C F S K t  A K = S Q R T ( S / 2 r )  
F O R  O N - O F F ,  A K = S Q R T ( S / 4 * )  
A x 9 . 3 5  
G A r J I s 0 . 5 E - 3  
P R I V T  6 
F f l R M A T ( l H 1 )  
nfl 4 0  J ~ l t 2 9  
S O Q * - 3 0 . + 2 * 5 * ( J - 1 )  
S = I O * * * ( S O B / l O ~ )  
A K = S Q Q T ( S )  
S U Y = O e  $ F K s l *  
D O  20 K K = l t Z S  
K = K Y - 1  
I F ( Y * q E * O )  F K = F Y * K  
S I G S Q * (  K / A + G A M )  / ( 1  e t C 4 M )  
S I G = S Q R T ( S I G S Q )  
T = ( ( A * * K ) / F K ) * C E R F ( A K / S I G )  
S U M = S U M + T  
C O Y T I N U E  
P E n E X P ( - A ) * S U M / Z *  
I F ( P E * L T * l * E - 9 )  C 4 L L  E X I T  
P R I N T  8 9  S D B I P E  
C O N T I N U E  
F O R Y A T l l O X y  2 ( 1 P E 1 2 * 5 , 3 X )  1 
E N D  

F U N C T I O N  C E R F  ( X I  
C  S E E  A P P R f l X I M A T I O N S  F O R  D I G I T A L  C O Y P U T E R S  
C R Y  C *  H A S T I N G S ,  P R I N C E T O N  U *  P R E S S ,  1 9 5 5 ,  
C  P A G E  169.  A L S O  I N  A R R A M 3 W I T Z  A N D  S T E G U N *  

E = 1 * 0 / (  1 * 3 + 0 . 3 2 7 5 9 1 1 s X )  
S ~ ( ( ( ( ( 0 ~ 9 4 0 6 4 6 0 7 0 * E ) - 1 ~ 2 R 7 8 2 2 4 5 3 3 * E + 1 ~ 2 5 9 6 9 5 1 3 0 ~ * € ~ 0 ~ 2 5 2 1 2 8 6 6 8 ~ * E  

1 + 0 * 2 2 5 8 3 6 8 4 6 ) * E  
X S Q = Y * * Z  
E x P F X = O * O  
I F ( X S Q * L T * 7 0 9 * 0 ) E X P F X ~ E X P ( - X S Q )  
C E R F = S * E X P F X * 1 . 1 ? 9 3 7 9 1 6 7  
R E  T U R N  
E N D  



S ( l B R ' 3 U T I Y E  F U q (  X,P,Y) 
T H I S  F U N C T I O N  R O U T I N E  I S  FDR C L A S S  4 N O I S E  F 3 9  USE 
W I T H  P R O G R A M  SYSGL.  
A=0,35 
GAYs0.5E-3 
v =  X + P  

S M = O *  8 FJ.1. 
D n  20 ~ ~ 1 1 ~ 2 6  
J = J J - 1  
I F ( J e V E . 0 )  F J = F J * J  
S I G S Q = ( J / A + G A M ) / ( l . + G A M )  
T = ( 2 , * V / S I G S Q ) * ( ( A * * J ) / F J ) * € X D ( - V * V / S I G S O )  
? M = $ Y + T  

70 C O N T I N U E  
Y = S M * F X P ( X ) * A C O S ( P / V ) * E X P ( - A )  
QFTUQN 
E NO 



P R O G R A M  S Y S A P D (  I N P U T 9 O U T P U T )  
C T H I S  P R O G R A M  M A K E S  D I R E C T  U S E  O F  T H E  Y E A S U R E D  A Q D  D A T A 9 3 1  L E V E L S ,  
C AND E S T I M A T E S  T H E  P D F  OF T H E  E N V E L O P E  F O R  U S E  I N  T H F  G F N E R A L  
C C O H C R E N T  S Y S T E M  P E R F O R I I A N C E  4 L G O R I T Y M a  T H E  P R O 0  O F  R I T  E Q R O R  
C F O R  B I W A R Y  C P S K t C F S K t A Y D  C O H E R E N T  O q - O F F  I S  E S T I M A T E D *  T H E  
C S I G N A L  P O W E R  I S  G I V E N  R Y  S t  A N D  T H E  N O I S E  I S  
C N O R M A L I Z E D  SO T H A T  T H E  M E A N  Y O I S E  P O W E R  I S  U N I T Y *  T H E N  
C THE S I G N A L - T O - N O I S E  R A T I O  I S  A C 5 O  G I V E N  B Y  S a  S I G N A L - T O - N O I S E  
C R A T I O S  F R n Y  4 0 0 R  T O  -3008 A S E  C O W E R E D  I N  2 e 5 D R  S T E P S *  T H E  
c P R O G R A Y  U S E S  G A U S S - L A Q U E S S E  Q U A D R A T U R E S  T O  E V A L A T F  T H F  I N T E G R A L S ,  
C F O R  C P S K ,  A K = S Q R T ( S )  
C F O R  C F S K ,  A K = S Q R T (  S / 2 *  1 
C F O R  O F F - O N ,  A K * S O R T (  S / 4 *  
C NOTE, B E F O R E  T H I S  P R O G Q A M  I S  E F F E C T I V E ,  T H E  E Q T I R E  4 P D  M U S T  
C B E  C O V E R E D  B Y  T H E  3 1  ( O R  L E S S )  L E V E L S *  T H A T  I S ,  p S Y q U L D  
C R A N G E  F R O M  A B O U T  0 . 9 5  OR H I G H E R  OQWY TO A B O U T  1 e O E - 5  OR Y M A L C E S a  

O I Y E N S I O N  C L ( 3 1 ) t S L ( 3 1 ) ~ P ( 3 1 ) ~ C X I 3 1 ) 9 S X ( 3 1 ) ~ S P ( 3 1 )  
D I M E N S I O N  Z ( 1 5 ) t H ( 1 5 )  
D A T A  C L / 1 a ~ 4 * , 7 a , 1 0 a ~ 1 3 a ~ 1 6 a ~ 1 9 a ~ 2 2 ~ ~ 2 5 a ~ 3 8 a ~ 3 1 a ~ 3 4 a v 3 7 ~ ~  

1 4 0 e ~ 4 3 a ~ 4 6 ~ ~ 4 9 r ~ 5 2 * ~ F i 5 ~ ~ 5 8 e t 6 1 a * b 4 a ~ 6 7 e t 7 0 a ~ 7 3 a t 7 h a ~ 7 9 a ~  
2 8 2 e , 9 5 * 9 8 8 * , 9 1 . /  

D A T A  P /  a99929 a 9 9 6 5 9  e9930, e 9 8 6 0 9  a 9 7 2 4 , . 9 4 6 0 * * 8 9 6 4 ,  . 8 @ 8 5 ~  a 6 6 9 6 9  
l a 4 9 4 6 9 a 3 5 1 9 t a 2 9 9 7 9  a29499  a 2 9 4 4 v ~ 2 9 3 4 9 a 2 9 1 6 9 . 2 8 7 9 , a 2 8 0 7 ~  a 2 6 6 9 9  
2 ~ 2 4 1 5 ~ a 1 9 8 1 ~ a 1 3 4 3 ~ ~ 0 h 3 7 2 ~ a 0 1 6 7 0 ~ a 0 0 2 1 1 6 ~ ~ 0 0 0 I 0 4 7 t ~ 0 0 0 0 P 1 0 7 2 ~  
3 a 0 ~ * 0 ~ a 0 9  a 0 /  

C CL I S  T H E  4 P D  L E V E L S  I Y  09 4ND p I S  T H E  P R O B 4 8 I L I T I E F  A T  
C T H E S E  L E V E L S .  

O A T A  Z/0a09330781~0a49269174~1a21559541~2a7_b994952~3e667622?2~ 
1 5 * 4 2 5 3 3 6 6 3 , 7 a 5 6 5 9 1 6 2 3 9  l O a 1 2 0 2 2 8 5 7 ~  1 3  a 1 3 0 2 8 2 4 8 9  l h e 6 5 4 4 0 7 7 1 9  
2 2 0 a 7 7 6 4 7 8 Q 0 ~ 2 5 a 6 2 3 8 9 4 2 3 ~ 3 1 a 4 0 7 5 1 W 1 7 , 3 8 a 5 3 0 6 8 3 3 1 ~ 4 8 e 0 2 6 0 8 5 5 7 /  

D A T A  H/e21823489,*342210189a263027589 a 1 2 6 4 2 5 8 2 9  a 4 0 2 0 6 8 6 5 E - 1 9  
1a85639778E-2~a12124361E-2~a11167439E-3,~64599268E-5~~2?2631b9F-6~ 
2 ~ 4 2 2 7 4 3 0 4 E - 8 ~ ~ 3 9 2 1 8 9 7 3 F ~ 1 3 ~ a 1 4 5 6 5 1 5 3 E - 1 Z ~ a 1 ~ 8 3 0 2 ~ 1 E ~ 1 5 ~  
3 a l 6 0 0 5 9 4 9 E - 1 9 /  

C M AND Z A R E  A S  G I V E N  I Y  E Q a  2 8  O F  T E X T *  
C X ( 1 ) = 1 * 5 * C L ~ l ) - 0 * 5 * C L ~ 2 )  
S X ( 1 ) ~ 1 0 , * * ( C X ( 1 ) / 2 0 ~ )  
D O  20 1 ~ 2 ~ 3 1  
C X ( I ) = ( C L ( I - 1 ) + C L ( I )  ) / 2 *  
S X ~ I ) ~ 1 0 * * * ~ C X ( I ) / 2 0 a )  

20 C O N T I N U E  
C C O M P U T E  ? M S  

SUM*SX(l)*SX(lI*(l.-P(1)) 
0 0  30 J a 2 9 3 1  
T = S X ( J ) * S X ( J ) * ( P (  J - l ) - p ( J ) )  
S U M = S U M + T  

3 0  C O N T I N U E  
RMS~(SUM+lO***(CL(31)/20*)sp(31))**0a5 

C N O R H A L T Z E  T O  R M S  L E V E L  A N D  C O M P U T E  P D F  
C L ( l ) ~ C L ( l ) - 2 0 ~ * A L O G l O ( Q M S )  
S L Y l ) = l O a * * ( C L ( l )  / 2 0 * )  
S X ( l ) = S X ( l ) / R M S  
C X ( 1 ) * 2 0 a * A C O G l O ( S X ( 1 ) )  
S P ( l ) = ( l * - P ( l ) ) / S L ( l )  



D O  40 K ~ 2 9 3 1  
C L ( K ) a C L ( K ) - Z O * * A L O G l O ( R M S )  
S L ( K ) = l O , * * ( C L ( K ) / 2 0 . )  
S X ( K ) = S X ( K )  / R M S  
C X ( K ) = 2 O . * A L O G l O ( S X ( K ) )  
SP(K)=(P(Y-1)-P(K))/(SL(K)-SL(K-1)) 
C O N T I N U E  
P R I N T  6 
F O R f l A T ( l H 1 )  
00 8 0  N ~ 1 9 2 9  
S O B = - 3 0 4 + 2 . 5 * t N - 1 )  
S = l O * * * ( S D S / 1 0 , )  
A K - S O R T c S )  
S U M z O *  $ M M = 2  
D O  70 L = 1 , 1 5  
V = Z ( L ) + A Y  
I F ( V e L T * S X ( l ) * O P e V e G T * S X ( 3 1 ) )  1 5 ~ 1 6  
D O  17 M a M H p 3 1  
I F ( V * L E o S X t Y ) * A Y D o V e G T e S X ( M - 1 ) )  G O  T O  1 8  
C O Y T I N U E  
IF(SP(M-l)*EQ.O*oOR.SP(M)*EQ*O*) G O  TO 1 5  
YDB~(20,*ALOGlO(V)-CX~M-l) ) / ( C X ( M ) - C X ( M - 1 ) )  
Y D R ~ Y D 8 * ( 2 0 ~ * A L O G 1 0 (  S P ( M )  ) - 2 O , * A L O G l O (  S P ( M - 1 )  1 )  
Y D B *  Y 0 8 + 2 0 ~ * A L ~ G 1 0 (  SP(M-1) 1 
Y a l O e * * ( Y O B / Z O *  1 
M M - M  
G O  T O  1 9  
Y = O o  
T = Y * E X P ( Z ( L  ) * A C O S ( A K / V )  
S U Y * S U M + T * H ( L  
C O N T I N U E  
P E ~ S U Y / 3 . 1 4 1 5 9 2 0 5 4  
P R I N T  8 9  S D B p P E  
I F ( P E e L T o 1 e E - 9 )  C A L L  E X I T  
C O N T I N U E  
F O R M A T (  l O X , Z ( l P E l Z e 5 , 3 X )  
E NO 



' JROGRAY SYSWR ( I N D U T , O U T P U T )  
T H I S  P R O G R A Y  U S E S  M E D D L E S  R U L E  FOR T H E  
I N T E G R A T I O N S  R E Q U I R E D  I q  T H E  D E T E R Y I V A T I O N  OF 
S Y S T E Y  P E 2 F O R M A N C E e  
D I F F E q E V T  F U N 1  S U S R O U T I N E S  AQE U S E D  F 3 R  
D T F F E R E N T  U O I S E  M 3 D E L 5  A N D / O R  N O I S E  M E A S U R E Y E N T S e  
Q I M E N S I O N  Z ( 7 )  
C O M M 7 N / Q Q Q / A A ,  A L P H A Y O M E G A Y  A K  
P R I N T  5 
F O R M A T ( l Y 1 )  
A A = 1 * 0  
A L P H 9 = 1 . ?  
O Y E G A = 3 * 0 0 3 7 9 4 3 3  
A K = l .  
C A L L  F U Y l ( l . , Z Z )  
D O  60 J = 1 , 1 5  
? D R = - 3 3 . + 5 e * ( J - l )  
S = l f i * * + (  S 9 3 / 1 9 *  1 
A K = S 3 * 3 * 5  
C U Y = C *  
07 5 3  I = 1 , 1 5  
A K D 9 = 2 3 * * 4 L ' l G 1 0 ( 4 X  1 
4 D S = A < 3 ' 3 + 4 * * ( 1 - 1 )  
B D R = A K 9 5 + 4 * * 1  
A = l O e * * ( A D 3 / 2 0 e )  
B p 1 0 * * * ( 9 D 5 / 2 0 e )  
! l X = ( B - A ) / 6 *  
D O  4 0  Y = 1 , 7  
X = A + ( Y - l ) * 3 X  
C A L L  F U Y ? ( X , I ( K ) )  
C O N T I Y U E  
SS=Oe3*DX*(Z(1)+5e*Z(2)+Z(3)+6**i!(4)+Z(5)+5.*Z(6)+Z(7)) 
I F ( S S s E Q o 9 , )  GO TO 5 5  
S U " I S U Y + S S  
C O N T I N U E  
P E = S U Y / 3 * 1 4 1 5 9 2 6 5 4  
P R I N T  f31 YDB, P E  
I F ( P F * L T . l * E - ? )  C A L L  E X I T  
C O N T I N ' J E  
F O R M A T ( ~ ~ X , F ~ * ~ , Z X J ~ P E ~ ~ ~ ~ )  
END 



S U B P O U T I Y E  F U N 1  ( X 9 Y  
C T H I S  SUBRCIUTIYE I S  F O R  USE W I T H  PR3GRAM SYSWK. 
C I T  ' 44<ES  USE CIF Y E A S U Q E D  APD DATA.  SEE PRnGQAP' 
C  SYSAPD F D 4  i U 9 T H U 9  D E T A I L S .  

QTMFNSIOY C L ( 7 1 ) , S L ( 3 1 ) , P ( 3 1 ) , C X ( 3 1 ) 9 S X ( 3 1 ) ~ S P ( 3 1 )  
C O P M ? Y / Q / A K  
2 A T A  CL/1.94.17.r10.,13.,16.919~922.925.9?3.~3I.93+.93?.~ 

1 4 0 . , 4 3 . 9 4 6 . , 4 4 . 9 5 ? . , 5 5 . , 5 8 . , 3 1 . 9 h 4 . 9 6 7 . ~ 7 0 . 9 7 3 * 9 7 5 . 9 7 9 . 9  
2 8 2 . ~ 9 5 . 9 8 8 . 9 9 1 . /  

OATA P/.9435,.?914,.7384,.6491~.4516~.263I~.1445~.O8~7j+*O~387~ 
1 . 0 3 4 4 A , ~ 0 2 ? 5 9 , . 0 1 4 R 1 ~ ~ 0 ' 3 ~ 7 3 4 ~ ~ 0 0 5 4 1 4 ~ ~ 0 0 4 2 3 0 ~ ~ 0 0 2 7 9 ? r ~ O Q 1 8 4 3 ~  
2 . 0 0 1 2 1 7 ~ . ~ 0 0 8 0 4 1 , . 0 0 0 5 3 1 2 ~ c i ~ 0 0 3 5 0 3 ~ . O O 0 2 3 l 8 ~ . 0 0 0 ~ 5 3 2 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
3 . 0 0 0 3 h ~ 8 5 , ~ 0 0 0 0 4 4 2 7 ~ . 0 C 0 0 2 9 1 R ~ ~ 0 0 0 0 1 9 2 8 ~ ~ 0 0 0 0 1 2 7 4 ~ 0 ~ ~ O o /  

C CL  I S  T H F  4 p 3  L E V E L S  I N  D B  AND P I S  T H E  P Q q B A R I L I T I E S  A T  
C  THESE L E V E L S .  

CX(l)=1.5*CL(1)-0.5*CL(?) 
S X ( 1 ) = 1 O . * * ( C X ( 1 ) / 2 o , )  
Dn 2 3  I = 2 , 3 1  
CX(I)=(CL(I-l)+CL(I))/2. 
S X ( I ) = 1 3 . * * ( C X ( I ) / 2 0 . )  

70  C ~ V T I Y U F  
C C P M 2 U T E  ? ' I S  

S U Y = S x ( l ) * S x ( l ) * ( l . - P ( 1 ) )  
D O  3 0  J = 2 , 3 1  
T = S X ( J ) * S X ( J ) * ( P ( J - l ) - P ( J ) )  
SUi. l=SIJYtT 

30  C C I Y T I U U i  
Y M S = ( S U Y + l 3 . * * ( C L ( 7 1 ) / 2 O ~ ) * P ( 3 1 ) ) * * O e 5  

C Y O R ~ 4 L I Z E  T O  YYS L E V E L  AN0 COMPUTE PDF 
C L ( l ) = C L ( 1 ) - 2 0 ~ * 4 L ~ G 1 0 ( Q ~ l S )  
S L ( 1 ) = 1 3 . * * ( C L 1 1 ) / 2 0 . )  
S X ( l ) = S X ( l I / R Y S  
C X ( 1 ) = 2 0 . * A L O G l O ( S Y ( l ) )  
S P ( 1 ) = ( 1 . - ? ( 1 ) 1 / S L ( l )  
on 4 0  ~ = 7 + 3 1  
CL(K)=CLtK)-20.*4LOGlO(RMS) 
S L ( K ) = l O . * : k ( C L ( K ) / 2 0 . )  
S X ( K ) = S Y ( < )  / Z Y S  
C Y ( K ) = 7 0 . * A L P G l O ( S X ( K )  
S P ( Y ) = ( P ( < - 1 ) - P ( K ) ) / ( S L ( K ) - S L ( K - 1 ) )  

4 0  C n N T I N U F  
M Y = M  

F V T ' I Y  F U V 2  
v = x  
I F ( V . L T . S Y ( 1 ) ~ O R . V ~ G T . S X ( 3 1 ) )  1 5 9 1 5  

15 Dn 1 7  Y = ~ A  
IF(V.LE.SX(M).AND.V.GT.SX(Y-1)) G3 TO 1 8  

17  C n n l T I V U E  
1 8  IF(SP(Y-l).EQ.O..OS.SP(M).EQ.O.) GO TO 1 5  

YD8=(?3.*4L7Gl9(V)-CX(M-l))/(CX(Y)-CX(F4-1) 1 
YD3=YD3*(??~*ALOGlO(SP(M))-2O.*ALflGlO(SP(M-I))) 
YDP= Y 3 E + 7 7 . * 4 L 9 G l O ( S P ( f l - l ) )  
P D F = 1 3 . * * ( Y D B / ? 0 a  
G f l  T'II l ?  

1 5  P D F = O .  
1 4  Y = P D F * A C q S ( A K / V )  

2 FTURN 
F Y D  



S I I B R C I U T I N F  F U N 1  ( X ,  Y  1 
T P I S  F ' J N C T I O Y  Q P U T I N F  I S  F'l3 C L A S S  9 N O I S E  F O P  USE 
W I T H  P ? O G Q A Y  S Y S d ? .  
C U M Y ~ ~ Y / Q Q O / A A , A L P k i A , O Y E G A , A Y  
E N T R Y  F U N 2  
v = x  
Z Y = V * V / G M € S A  
S Y = O .  B F U = l e  4 S Y 1  so. 
D O  70 Y q = 1 , 2 6  
N = N N - 1  
I F ( Y . U E . g )  F Y = F Y * V  
C A L L  C ? V H Y P ( l . - N * h L P H A / 2 . t 2 e p Z N , S , I O V F L W )  
C A L L  C ~ N H Y P ( l e - N * A L P H A / 2 . ~ 3 . ~ Z N ~ S S p I r ) V F L W )  
S S S = ( Z Y / ? . ) * ( l . + ~ * A L P H A / 2 . ) * S S  
T = ( ( ( - 4 A ) * * N ) / F N ) * G A Y M 4 ( 1 . + U * A L P Y A / 2 . ) * ( S - S S S )  
I F ( I ' 7 V F L d . U E . l )  G3 TO 1 4  
S M l = S M l + T  
GO TO 3 0  

1 4  S Y = S " . r + T  
7 0  C O N T I h l l J E  

F P = O .  
I F ( Z N e L T . 6 7 5 . )  F P = E X P ( - Z N )  
? D F = ( 2  e * V / I Y E G A ) * ( F P * S M + S Y l )  
Y = P D F * A C q S ( A K / V )  
Q F T L l K Y  
EYI )  
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