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DIGITAL SYSTEM PERFORMANCE SOFTWARE UTILIZING NOISE MEASUREMENT DATA
A. D. Spau]ding*

This report summarizes techniques that use the measured
instantaneous envelope statistics of arbitrary noise or inter-
ference processes to calculate the degradation these processes
cause to digital communication systems. Computer implementation 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 (for "distribution meter-model number 4")
recently developed by NTIA/ITS. For illustration and for com-
parison with theoretical results, two noise examples are employed,
one for "narrowband" interference, and one for "broadband" inter-
ference. These examples are taken from the noise models recently
developed by Middleton.

Key Words: computer algorithms; digital system performance; non-
Gaussian noise; system performance software.

1. INTRODUCTION

Most currently used receiving systems are those which are optimum in
Gaussian noise. Unfortunately, the actual interference environment is almost
never Gaussian in character, but usually quite different, being impulsive in
nature. By "impulsive" we mean only that there are significant probabilities
of quite Targe instantaneous values of noise, which is a more general defini-
tion in that we can, and do, have both broadband (the usual definition, 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 this actual interference (e.g., Spaulding and
Middleton, 1977; Middleton, 1979). However, it is the purpose of this short
report to provide computer programs that will use noise measurements to cal-
culate the performance of "normal" digital systems in arbitrary 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" digital systems are "matched
filter" or "correlation" systems. The common digital systems covered here are:

*The author is with the Institute for Telecommunication Sciences, National
Telecommunications and Information Administration, U.S. Department of
Commerce, Boulder, Colorado 80303.



Binary non-coherent frequency shift keying (NCFSK); ]
Binary differentially coherent phase shift keying (DCPSk);
Binary coherent phase shift keying (antipodal or CPSK);

Binary coherent frequency shift keying (othogonal or CFSK); and

bW N -

Binary coherent ON-OFF keying.

In addition, the coherent signal detection system (Neyman-Person detection) is
included. The performance of other systems, such as M Tevel systems and mini-
mal shift keying systems, can usually be obtained by appropriate extensions of
the techniques summarized here. However, these extensions are not always
straightforward.

Recently, a general purpose noise measurement device, termed the DM-4
(for "distribution meter-model number 4") was developed by NTIA/ITS (Matheson,
1980, DM-4 operation and maintenance manual, NTIA-TM 80-50), and the software
presented here is designed to work specifically with the DM-4 measurements
although no actual DM-4 measurements are used. For any received noise process,
Z(t), we denote the probability density function (pdf) of the instantaneous
amplitude by pz(z). Denote the envelope of this received noise process by
R(t) and pdf of the envelope by pR(r). The DM-4 measures the amplitude prob-
ability distribution (APD) of the envelope or Prob[R > RO], which we will
denote by PR(r). Note that

PR(Y‘) = - -CT}:PR(Y‘)‘ (])

The DM-4 can also measure the average crossing rate characteristic of the
received noise envelope, but these measurements are not considered here. While
the DM-4 measures the APD in terms of the actual Tevels exceeded, referred to
the input of the receiving system via calibration (e.g., dBm), we normally
require the PR(r) or pz(z) in normalized form so that the mean noise power is
equal to 1. When we consider our desired signals, then the mean signal power
is also the signal-to-noise ratio. For example, for the signal v2S Cos (wot),
S is the signal power and also the signal-to-noise ratio. The DM-4 measures
the APD at 31 calibrated levels, i.e., measures Prob[R > RO] for 31 values of
RO’ It uses a maximum sampling rate of 20 MHz, which means it can measure the
output waveforms from systems of about 10 MHz bandwidth (IF) or less. The DM-4

is designed to work with the detected 1ogarithm1c output of modern spectrum



analyzers and EMI meters, so that the 31 DM-4 Tevels are equally spaced 1in
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 > ROJ for each of these
levels as the input data to the system performance algorithms.

For illustration and for comparison with theoretical results 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 results when possible, and discussion
of the algorithms. An Appendix then contains the actual computer software
listings in FORTRAN.

2. THE IMPULSIVE NOISE MODEL, TEST EXAMPLES

Recent work by Middleton has led to the development of a physical-statis-
tical model for radio noise and interference. This model has been used to
develop optimum detection algorithms for a wide range of communications pro-
blems (Spaulding and Middleton, 1977). It is this model which we will use here
to simulate DM-4 "measurements." The Middleton model is the only one proposed
to date in which the parameters of the model are determined explicitly by the
underlying physical mechanisms (e.g., source density, beam-patterns, propaga-
tion conditions, and emission waveforms). It is also the first model which
treats narrowband interference processes (termed Class A), as well as the
traditional broadband processes (Class B). The model is also 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 details of the derivation of the model, see Middleton (1974, 1976,
1977, 1978a, 1978b) and Spaulding (1977). We only summarize the results of the
model which we need here.

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

signal, Z(t), is



[ore]

m 2,60 2
Pz(z) = oA Z A 7/ , (2)

leZHOé
m=0
where
2 _m/A+T"
m TTFTT (3)
and for the envelope, R(t),
A m p2, 2
PIR>R1=e E‘ A eRoloy (a)
m=0

The Class A model has two parameters, A and I'“. A is termed the impulsive
index, and as A becomes larger (v 10), the noise approaches Gaussian (still
narrowband) and I'” is the ratio of the energy in the Gaussian portion of the
noise to the energy in the non-Gaussian component. In the above, the rms value
of Z is equal to 1, i.e., the process is already normalized.

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 r°=0.5 X 107°.
generates our "measurement" data. We compute PR(r) at 31 levels, starting
with -59 dB (see Table 1) with the levels 3 dB apart. We further assume that
the measurements after PR(P) = 10_6 are zero. This gives us some zero "mea-

surements” that are likely from actual DM-4 measurements. The dynamic range

The first program, APDA, given in the Appendix, simply

covered, therefore, is 90 dB, from -59 to 31 dB. If we were actually measuring
the APD of Figure 1, we would probably adjust the levels, so that the signifi-
cant portion of the distribution (-50 to 20 dB, say) was more accurately
covered. The above procedure (3 dB spacing), however, will be a better test of
the system performance algorithms, but we want to keep in mind that accurracy
Can be improved by proper adjustment of the measurement Tevels. Once we have
determined our 31 values of PR(r), we then assign these values to arbitrary
(unnormalized) levels (3 dB apart) to check the normalization portion of the

algorithms,
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Figure 1. Example of Class A noise.
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For the Class B model the pdf of the received instantaneous amplitude is:

foel

2
-Z7/Q m 2
_e (-1) m . fmo + 1 -mo, , 1,z .
pZ(Z)- g mo AOLI‘<“ 2'> ]F]<2——,?>§T> > (5)

m=0 o <7< w
where, ]F] is a confluent hypergeometric function (Abramowitz and Stegun, 1964).
The model has three parameters, o, Au, and @. [A more detailed and complete
model involving additional parameters has been developed, but (5) above is
quite sufficient for our purposes.] The parameters o and Aa are intimately
involved in the physical processes causing the interference. Again, defini-
tions and details are contained in the references. The parameter @ is a
normalizing parameter. In the references, the normalization is 9=1, which
normalizes the process to the energy contained in the Gaussian positon of the
noise. Here, we use a value of @ which normalizes the process (z values) to
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 exist
(i.e., is infinite). This is a typical problem with most such models for
broadband impulsive noise. While the more complete model removes this problem,
use of (5) will not 1imit us here. The result corresponding to (5) for the
APD is:

[es]

2 2
R m R
- o"Rg/ 0 2: (-] m ma. me . 0\l (6
m=1

0<R0<°°

On Figure 2, the parameter @ was calculated with the assumption that PR(r) is
zero for values of R0 > 40 dB. The program APDB, listed in the Appendix, is
used to generate "measurement" from the APD of Figure 2. As before, a 90 dB
dynamic range (here, -40 dB to 50 dB) is covered in 3-dB steps. Also, once the
31 values of PR(r) are obtained, we assign arbitrary 3-dB step values for the
corresponding RO values to simulate actual measurements. The Class A example
of Figure 1 is from Spaulding and Middleton (1977) and the Class B example of
Figure 2 is from Evans and Griffiths (1974). Table 1 shows the outputs of APDA
and APDB, and these then become our example "measurements."
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Table T.

Class A and Class B Noise Data from Figures 1 and 2

Class A

Class B

RO(dB)

Prob [R > RO]

Ry(dB)

Prob [R > Ro]

~5.90090E+01
~5.60000E+D1
~5.30000E+0D1
~5.00000E+01
~4.,70000E+04
-~4.40000E401
~4.,10000£+01
-3.80000E4+01
~3.50000E+012
~3.20000E+01
-2.90000E+01
~2.6C0000E+01
-2.30000E+01
~2.0C000E+01
~1.70000E+01
-1.40000E+01
-1.10000E4+01
~-8.00000E+0D
~5.00000E+00
-2.00000E+00
1. 00000E+00
4,00000E+00
7.00000E+00
1.00000E+01
1.30000E404
1.60000E+01
1.30000E+01
2.20000E+01
2.50000E+01
2.80000E+D1
3.10000€+01

9.98227E~-01
9.96467£~01
9.92968E-01
9.86038E~01
9.72418E~01
9.46038E-0.
8.96434E-01
8o 0B473E~01
b«B59554E~-01
4.34632E-01
3.51942E~01
2+99700E-01
2+34870E-01
29436 8E-01
2.93432E-01
2.91573€-01
2.87901E~-01
2.8071¢<E~-01
2+66942E-01
2.41529E-01
1.98120€-01
1.34301E-01
6637192€-02
1.67017E~02
2.11605€-03
1.04690E~04
1.07174E-06
0.

De

0.

Be

-4.00000E+01
-3.70000E+01
-3.40000E+404
-3.10000E+01
-2.80000E+01
=2+50000E+01
~2.20000€E+01
-1.90000E+01
~1.60000E+01
-1.30000E+04
-1.00000E+01
=7.00000E+00
~4.00000€E+00
~1.06000E+00
2.00000E+00
5.00000E+00
8.00000E+00
1.10000E+01
1.40000E+01
1.70000E+01
2+00000E+01
2.30000E+01
260000E+01
2.30000E+04
3.20000E+01
3.50000E+01
3.80000E+01
4.10000E+01
4.4D000E+01
4.70000E+01
5.00000E+0DL

9,43528E~01
Be91L427E-01
7.98434E-04
6. 49084E-01
4,516L4LE-01
2.63070E-01
1e44504LE-04
B.,57506E~02
5«38743E-02
3.46832E-02
2.25913€-02
1.48055E-02
9,7355CE-03
ba414D3E-03
4,23040E-03
2.79201E~-03
1.84343E-03
1.21743E-03
8.04130E-04
Se31191E-04
3.50315E~04
2.31830E-04
15316 4E-04
1.01190E- 04
6.58539E~05
4e41694E~-05
2.91824€E-05
1.92803E-05
1.27383c-05
0.

O




Finally, white Gaussian noise is a special case, and the performance of
digital systems in white Gaussian noise has been treated in great detail.
Here, we will occasionally refer to the well-known results of system perfor-
mance in white Gaussian noise for comparison. The pdf for the instantaneous
amplitude for Gaussian noise (mean noise power = 1) is:

2
-z7/2
P,(z) = 1o / : (7)
V2n
and for the corresponding envelope
2
Pa(r) = re™" /2 | and (8)
2,
PR(r) =e " /e (9)

3. SYSTEM PERFORMANCE CALCULATIONS

In this Section we want to present the results 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 start with the simplest. For arbitrary additive interference which is
independent from an integration period (bit length) to the next and which has
uniformly distributed phase, Montgomery (1954) has shown that the probability
of binary bit error, Pe, for NCFSK (non-coherent frequency shift keying) is
gjven by: ‘

Pe = %—Prob [hoise envelope > rms signal Tevel]. (10)
While Montgomery's result for NCFSK is in terms of the noise and signal envelopes
at the input to an ideal discriminator, it has been shown (White, 1966) that the
result is also applicable to most common FSK receivers (bandpass-filter discri-
minator receivers and matched-filter envelope detection receivers). Using (10),
then, the performance for NCFSK can be obtained instantly from the APD measure-
ments, once the APD has been normalized to its rms level. For example, if the two

NCFSK waveforms are given by



31(t) V25  cos (w]t + ¢), and

(11)

n

S,(t) = V25 cos (w,t + ¢),

where ¢ is the unknown (uniformly distributed) phase (i.e., incoherent signaling),
o and w, are the two frequencies, and S is the signal power, using (9) and (10),
performance in Gaussian noise is, therefore,

_1 -S/2
Pe—ﬁe (12)
For Class A noise, using (4) and (10),
oo‘_m 22
1 -AE:A -S/20 13
Pe—'z‘e ﬁﬂ'e m . ( )
m=0

The above, of course, is for the binary symmetric channel. That is, S](t) and
Sz(t) are equally probable. In short, the performance can be obtained by inspec-
tion from the normalized APD. 1If, for example, the probability that RO=1 (0 dB)
is exceeded is Py, then, for the signaling set given by (11), p, for a SNR of
2(3 db) is Py/2, and so on, for any SNR, HNote the 3 dB "shift" for NCFSK. No
algorithm is given in the Appendix for NCFSK, since all that is required is a
normalized APD, and the normalization procedure is 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 this report in order to maintain as much generality as
possible.

In the bi-phase, DCPSK (differentially coherent phase shift keying) system,
the receiver compares the phase ¢ of a noisy signal with a reference phase ¢, to
decide whether the corresponding pure signal relative phase v was 0 or = (v = O,
corresponding to the signal v2S cos wot, s selected if lo-0|<n/2, and y=m,
corresponding to -/2S cos (wot), otherwise.) The reference phase is obtained from
the previously received signals; usually it is just the phase of the previous
signal, Thus the analysis of this system is complicated by the fact that both

10



¢ 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 easily, even with independent noise. Halton and Spaulding (1966) have
given results for this system, including the occurrence of various error groupings.
However, it can be shown that for binary DCPSK, the elemental probability of
error, Pe’ is the same as for NCFSK, with 3 dB less signal energy required. That
is, for a given Pe’ DCPSK requires 3 dB less SNR than does NCFSK for arbitrary
additive interference that is independent from one bit time to the next. [For a
geometrical derivation of this result see Arthurs and Dym (1962).] For example,
therefore, for Gaussian noise for binary DCPSK;

_ 1
P = 'Z—E . (]4)

The performance of DCPSK can be obtained directly from the APD of the additive
interference. If, for example, the probability that RO = 1 (0 dB) is exceeded is
Py> then for the above signaling set, Pe for a SNR of 1 (0 dB), is PO/Z, 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 SHR for the Class B noise of
Figure 2 for these two systems. Performance for Gaussian noise is 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
result:

[oe]

Pe = Jr— [pR(_r)_ Cos™! (é) dr (15)

K

For the derivation of this result see Spaulding (1964), and for various other ap-
proaches which led to (15), see Arthurs and Dym (1962). For antipotal signaling
(CPSK, coherent phase shift keying), the binary signal set is,

1

s,(t) = /25 cos (ugt), and

(16)

11

SZ(t) -/2S cos (wot)a

11
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and in (15), K = /S,
For coherent, orthogonal signaling, the signal set is,

S{(t) = /2S5 cos (wgt)s and
(17)
S,(t) = V2S sin (wgt) >

and in (15), K =/S/2.
For ON-OFF coherent signaling,

w
—
—
ct
~—
It

/2S cos (wot), and
(18)

Sz(t) =0 ,

and in (15), K = ¥S/4, where we use the convention that the SNR is based on the
average signal power of the two signals, 31(t) and Sz(t). This average is, of
course, S/2, for a symmetric channel.

The performance of a coherent Neyman-Pearson signal detection system can
also be obtained via the integral in (15). We have two hypotheses:

>
—
<_f.
~—
I

Z(t) + S(t), and
(19)
X(t) = Z(t).

The received waveform, X(t), is composed of noise plus the completely known
signal to be detected (HO), or it is composed of noise alone (H]). The Neyman-
Pearson detector, which is optimum if Z(t) is Gaussian, decides between H0 and
H1 by presetting a probability of false alarm (deciding HO’ when H] is true) a.
Performance is then given by the probability of detection (deciding H0 when H0
is true), PD’ and the probability of a miss (deciding H] when HO is true), PM’

and PD=1—P Performance for additive interference is given by (15), where

W
K=VS - /7 erfc_](Za), (20)

for a desired signal of power S. The complimentary error function is given by

14



2 [ -t |
= —= dt.
erfc(x) ﬂ/e (21)
X

Use of the K given in (20) in (15) gives the probability of a miss, Py- This
is

oo}

Py = %f p(r) Cos™ (-Y‘f—) dr, | (22)

K

and Py = 1-PM, K given by (20).
Table 2 below gives erfc'](Za) for various probabilities of false alarm,

Table 2. Erfc'](Za) for Various o

o Erfc™ ' (24)
1072 1.645
1073 2.185
1074 2.630
107° 3.015

For the above coherent systems in Gaussian noise,

P =

. T erfe(K), (23)

where K = VS for antipodal signaling, K = v/S/2 orthogonal signaling, and
K = V/S/4 for ON-OFF signaling. For the signal detection system in Gaussian

noise,

p. =

. %~erfc(K), (24)

where K = VS - V2 erfc'](Za) .



Likewise, for Class A noise, we can obtain,

[eed

~A m
_e
Pe = =5 %T-erfc(K/om)

m=0

Equation (25) gives the P, when the K given by (20) 1is used.

It now remains to develop efficient computer algorithms based on (15).
The result (15) uses the pdf of the interference envelope, and the measurements
are of the APD. Actually, the measurements at 31 levels of the APD also give
an equally valid estimate of the pdf as well. Also if we attempt to modify
(15) to a form that uses the APD directly, i.e., uses PR(r) rather than pR(r),
we obtain computational complexities. For example, (15) can be transformed to:

s

1oy — S ar, (26)
Pe “f R(r) e
or K

_ 1 K 1 5
pe = FfPR (F) - dr. (27)
0

Both (26) and (27) are improper integrals, and while this creates no problem
analytically, very sophisticated numerical integration routines are required in
order to obtain any accuracy for Pe, especially when PR(r) is given only in
sampled data form. It turns out that it is much better to use (15) "directly"
along with pR(r) estimated from the measured PR(r).

The main algorithm presented in the Appendix is called SYSAPD. This
program takes the 31 measured APD data points, normalizes the APD to its 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 is

e ) n
fe X£(x)dx E Hit(z) s (28)
0 i=1 |

16



the points at which the integrand must be evaluated, yj, and the corresponding
weight, Hj, are obtained via the Laguerre polynominals. The program SYSAPD used
a fifteenth order quadrature [(n=15 in (28)]. The above means that the integral
(15) is put in the form

P [ pg (y+K) & Cos™! (ﬁ)] eVy (29)

=1
e m

0\8

for evaluation.

Consider first the Class A "measurement" data of Table 1. Table 3 gives
Pe versus SNR for CPSK obtained from the program SYSAPD which uses (29). Note
that in using the data (see program listing in the Appendix) arbitrary 3 dB
levels are used. For Class A noise, (25) gives the "correct" theoretical
performance. The program SYSCOR computes (25) and Table 3 also gives these
results so that the approximation from the "measurements" can be compared with
the "true" answer. Another program that is given in the Appendix is SYSGL.
This program uses (29), but pR(r) is obtained from the Class A model mathe-
matical expression (4) rather than from the corresponding "measurement" data.
The Pe versus SNR for CPSK from this program is also given on Table 3. This
shows the accuracy of the integration routine when these results are compared
with the "true" results. It also indicates the accuracy of the normalization,
pdf determination, and interpolation techniques used in SYSAPD. Finally,
Figure 5 shows the results of Table 3 along with the standard performance in
Gaussian noise (23) for further comparison.

The above results are for the Class A example. For the Class B case, the
simple Gauss-Laguerre quadrature used above does not give sufficient accuracy
when the Class B "measurements" are used in the program SYSAPD or when the
corresponding mathematical model for Class B noise is used with program SYSGL.
[The result of using the Class B example in SYSAPD (or in SYSGL) is shown
by the dashed curve on Figure 6.] Because of this, a different integration
routine must be used. This is given by program SYSWR, which used Weddle's
Rule (Kopal, 1961) to perform the integrations. This integration routine uses
(15) directly and, of course, is somewhat more sophisticated than the Gauss-
Laguerre quadrature used previously, but it is still appropriate for small
scale computers. For the Class B case, we have no "theoretical" results to
use to check the accuracy of the integrations performed by SYSWP.
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Table 3. CPSK System Performance for Class A Noise
SNR (dB) Pa> SYSCOR Pa> SYSGL Pes SYSAPD
«3.00050E+01 1.60710E-01 1,447 1CE-51 1.39511E-01
=~24755C0E+ 0L lekb402E~-01 1.4372€65~101 1.38669€E-01

=2.5{000E+GL
-242500CE+C2
~2.30000E+ 01
-~1.7500CE+CY
-1.5{00CE+C
-1.25C000E+01
-1.06000E8+01
~7.5C000E+CL
-5.0(000E+C0
-2.,5C0000E+CC
2.5000CE+CT
5.0000C0E+00
7.5C0008CE+0¢C
1.0C00CE+CL
1.253006E+¢C1
1.58000E+C1
1.75800E£+01
2+00GC0E+DL
2,25000E+41

1.42528E-01
1.40644E-01
1.38309E-01
1.35202E-01
1.310732-01
1.25602E-01
1,1838¢6E-01
1.08950E~01
Qeb73I94LE~-D2
B8.15€82E~02
6«33827E-02
4.33408E-02
2.42702E-02
9.99877E-03
2.H69063E-03
LeWBBT7OE~O4
4e05121E-05
1.39231E-06
1.32516E-08

1.42416E-C1
1.406€95=-(1
1.38342E~01
1.35244E-01
1.31128E~C2
1,256e4E-01
1.134585-171
1.090 34c-01
9.68926E-02
8.,16BR7E=-D2
be3UB4HLBE-T2
4 36341E8~32
2etIL{4E-(2
1.003€7E~-92
2.70273E-33
L,48876E5-04
4, L7 02E-15
1.39308E-06
1,321 43E-133
2.09713z~11

1.3755¢E~-01
1.36052E~-01
1.34258E-01
1.30381€E-01
1.26556E£-01
1.20784E-01
1.13917E-01
1.04748E-01
9.24013E-02
7.h3463E-02
5.82R815£-02
4.15365E-02
2.2176AE-02
V.4268PE~-03
2+58102E-03
Le70352E-04
Lhoe63872E-05
2.07974E-06
5.27832E-09
0.

Table 4

CSPK System Performance for Class B Noise

SNR

(dB)

Pes SYSHR Model

Pe> SYSWR Data

-3’).0
-25,0
=20+
-15.0

-5.0
D40
5.0

10.0

19.0

2040

25.0

30.0

35.0

4940

1.69496E-01
7.04404E-02
2.90375E-02
1.36975E-02
6.72071E-03
3.34C09E~-03
1.66805E~03
8.36675E-04
4.18022E~04
2.09434E-04
1.04948E-04
5.25944E-05
2.63586E-05
1.32103E-05
he62078E-06

1.73082E-01
7.50442E~-02
3.07851E-02
1.43575E-02
7.02565E-03
3.48668E-03
1.73837E-03
8,67205E£-04
4433207E~04
2.15463FE-04
1.06017E-04
5.07207E~-05
2.44030E~-05
1.06807t-05
3./52328E-06
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The accuracy was checked by using another integration routine, appropriate only
for large computers, in which the desired accuracy can be specified in conjunc-
tion with the Class B mathematical model. Program SYSWP was found to give very
good accuracy for all signal-to-noise ratios. Table 4 and Figure 6 show the
results of the use of SYSWR with the "measurements" of Table 1. Two subroutines,
both termed FUNT, are given. One for the "measurement" data and program SYSWR
and one for the mathematical Class B model for use with SYSWR.

In order to evaluate the integral (15) the pdf of the noise envelope is
very easily obtained from the APD for Class A noise given in (4). However, ob-
taining the pdf for the envelope of Class B noise corresponding to the APD
given by (6) is somewhat more involved. By differentiating (6) we eventually
obtain the following, which has been put in a form suitable for numerical
computation:

<o

(_”nAn 2
_2r -r?/Q o no. ho 5. T
Prir) = 55 e z:‘n: F(“z [ﬁ]z’z’g

n=0

The Appendix 1ists the appropriate programs and all the required sub-
routines used in the above example calculations.

4. CONCLUSIONS

This report has developed simple computer algorithms which use measure-
ments of the APD of an interfering waveform (or a corresponding mathematical
model) to determine performance of various "normal" digital data systems. As
can be seen from the examples above, we obtain very good estimates of system
performance using SYSAPD and DM-4 Class A simulated noise measurements and by
using SYSWR and DM-4 Class B simulated noise measurements. Of course, the
Class A measurements can also be used with SYSWR. The algorithms developed are
for binary digital systems (and the coherent Neyman-Person signal detection
system), however, the performance of other systems (e.g., M level systems, and
minimal shift keying systems) can usually be obtained by appropriate extensions
of the techniques developed here.
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APPENDIX
Program Listings

In this Appendix we simply list the computer programs (in Fortran 4) used
for the sample calculations given in the report and required for similar calcu-
Tations. The programs are essentially self-explanatory via the comment state-
ments, but some further explanation may be helpful.

The first two programs, APDA and APDB, compute the APD "measurement data"
from the Middleton Class A and Class B models. The output is given in Table 1.
The program APDB requires Subroutine CONHYP and FUNCTION GAMMA which are also
given.

The next set of programs are for the Class A example. The program SYSCOR
computes the theoretical performance and requires FUNCTION CERF. The program
SYSGL computes performance via Gauss-Laguerre integration but obtains the
required pdf of the envelope values directly from the Class A model and requires
SUBROUTINE FUN. Finally, one of the main results is program SYSAPD which
computes performance from measured APD values. Sections of this program normalize
the APD and estimate the pdf from the measured APD. These routines are useful
in their own right for various purposes. The outputs of these programs are
contained in Table 3.

The final set of programs are for the Class B example, but 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 is to suppress an
exponent underflow error message for the particular computer used (CYBER 170/750)
and is not, in general, required.
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20

10
15
40

PROGRAM APDA(INPUT,BUTPUT)

PROGRAM USED TO OBTAIN APD VALUES FROM CLASS A MODEL.

FQUATION 4 OF TEXT,
DIMENSION IRAY(6)

DATA IRAY/=13=~1s-150s-1»-1/
CALL SYSTEMC{115,IRAY)
PRINT 6

FORMAT(1H1)

A=0,35

GAM=0,5E-3

00 40 I=1,31

RDB==59 ,+3,%(I-1.)
Rel10.**%(RDB/20,)

SM=0, $ FJ=1.

DD 20 JJ=1,26

J=JJ-1

IF(J.NE,O) FJ=asFJ*xJ
SIGSQA=(J/A+GAM)/(1.+GAM)
T=((A**JIFJI*REXP(-R*R/SIGSQ)
SMaSM+T

CONTINUE

P=SM*EXP(~-A)
IF(PLT.1.0E=6) GO TO 10
GO 7O 15

P=0.

PRINT 7,4RDByP

CONTINUE
FORMAT(10X,2{1PF12.553X))
END
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20

10
15
40

PROGRAM APDB(INPUT,0UTPUT)

PROGRAM USED TO OBTAIN APD VALUES FROM CLASS B MODEL.

EQUATION 6 OF TEXT.
DIMENSION IRAY(6)

DATA IRAY/‘ly'i,’l,UQ'l"l/

CALL SYSTEMC{(115,IRAY)
PRINT &

FORMAT (1H1)

ALPHA=1.2
OMEGA=0,00079433

DO 40 I=1,31
ROA==40e+3.*(I~1.)
IF(ROB.GT.5.) GO TO 10
R=10,**{RD8/20.)
IN=R*R/0OMEGA

SM=0. ¥ FN=1i. % SMi=0.
DO 20 N=1,25

FN=FN*N

CALL CONHYP{1 +=N*ALPHA/249249ZN+sSyI0OVFLHW)
T=({{(=AA)**N) /FN)*GAMMA (1. +N*ALPHA/2,) *S

IF{IOVFLW.NE.1) GO TO 14
SM1=SM1+T

60 TO 29

SM=SM+T

CONTINLE

FP=0.

IF(ZNeLTeB75.) FP=EXP{-ZN)
P=FP-=ZN*(FP*3SM+SM1)

GO TO 145

P=0.

PRINY 7, ROB,P

CONTINUE

FORMAT (10X 2{ 1PE12.543X))
END
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SUBROUTINE CONHYP(A 4By XsSyIOVFLHW)
Ceeeaa IF X GREATER THAN 741+ AN OVERFLOW WILL OCCUR. SEE
Ceoeeea COMMENTS BELOW.
S=1. §$ VY=1.
IOVFLW=0
KUNDEF =0
IF{A.GT40.1G60 TO 101
K==A
ENA=-K=-1
VA=A-ENA
IF{VA.EQeleeIReVALEQLDLIGC TO 1190
101 IF(B.GT40.)G0 TO 130
J=-8
ENB==J-1
VB=B-ENB
IF(VBeEQelealdReVBaEQa04)120,130
110 KUNDEF=1
GO TO 101
120 IF(KUNDEF.EQ«1)PRINT1000,A,8
IF (KUNDEF«NE.1)PRINT1001,8
RETURN
130 IF(KUNDEF.EQe1)GO TO 10
5 IF{X.GE.100.) GO 7O 60
6 IF{X.GE.10.) GO TO 10
NN=100
GO TO 15
10 NN=300
15 IF(KUNDEF.EQe1l) NN=-A+1
DO 20 N=1,NN
D=N* ((B+N~1.0) **2,)
Y=(AN=1,0)%¥(Y/D)
Y=Y* (B+N-1.0)
Y=Y*X
IF(S.EQ. (S+Y))GO TO 59
S=S+Y
20 CONTINUE
50 RETURN
Coewes APPROXIMATES 1F1(A,84X) FORE REAL A,48B4,X BY USING THE
Ceeeee ASYMPTOTIC EXPANSION. SEE PAGE 1073, INTRODUCTION
CeeeeaTO STATISTICAL COMMUNICATIONS THEORY, MIDDLETON.
CeeeeelF XeGEsH675. AN OVERFLOW WILL OCCUR FROM EXP,
CeeeseTO AVOID THISy THE VARIABLE ICVFLW IS SET TO 1 AND
Ceseee THE FUNCTION VALUE IS CALCULATEC WITHOUT THE EXP(X) FACTOR.
CeewssSO THAT THE VALUE RETURNED IS S/EXP(X)
50 NN=20
DO 100 N=1,4NN
Y=Y*(B=A+N=-1,) *(N-A)
Y=Y/ (N¥X)
IF(S.EQ.{S+Y))GO TO 1590
S=S+Y
100 CONTINUE
150 S=S* (G AMMA(B) /GAMMA(A) ) ¥ (X**(A-8))
IF(X.LT.675.)6G0 TO 190
IOVFLW=1
GO T0O 200
190 S=S*EXP(X)
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200 RETURN
1000 FORMAT{//41X.+%* CANNOT EVALUATE EXPRESSICN SINCE BOTH*,
1¥ A AND B ARE NEGATIVE INTEGERS OR ZEROs Ax=¥4F10.2¢% 4 Bz¥,
2F10424/7)
1001 FORMAT(//41X,* BAD VALUE FOR B GIVES INFINITE RESULT FCR S¥,
1 %y B=¥,Fi10.2477) ) :
END

FUNCTION GAMMALX)

RETURNS TI'E GAMMA FUNCTION FOR REAL ARGUMENT,
NOTE. THE GAMMA FUNCTION IS NOT DEFINED FOR A NEGATIVE INTEGER OR ZER
INPUT
X = THE REAL ARGUMENT,
puUTPUT,

GAMMA(X) = THF GAMMA FUNCTION 3F ARGUMENT X,
75 FORMAT(66H GAMMA FUNCTION DF A NEGATIVE INTEGER, OR OF ZEROs IS NO
1T DEFINED,)
5 IF(X) 10,80,15
10 N==X
EN==N=-1
VaX-EN
TF(VeEQel41)80,20
15 N=X
EN=N
VeX-EN
20 GAMMA=1,+V*(,4227843374V*(,4118402518+4V*(.08157821878+V*
1(.074237907614V%(=,0002109074673+V*(,01097369584+V*(-,002466747981
24V%(,001539768105-V*(,0003442342046-V*,00006771057117)1))1)))))
IF(EN-2.) 37525,30
25 RETURN
30 N=N-1
D0 35 I=2,N
FI=1
35 GAMMA=GAMMAX(FI+V)
RETURN
37 N=2,—-EN
DO 40 I=1sN
FI1=2-1
40 GAMMA=GAMMA/{FI+V)
RETURN
80 PRINT 75
CAaLL EXIT
END

28



sNesNeoNeNaoNeNe Ne

OO

PROGRAM SYSCORU(INPUT,QUTPUT)

THIS PROGRAM COMPUTES THE PROBABILITY 0OF ERROR FOR BINARY
CPSKy CFSKy AND COHERENT ON-DOFF IN CLASS A NOISE, THAT IS,
MIDDLETON®™S CLASS A MODEL.

HERE, THE ERFC FUNCTION IS TERMED CERFs TD BYPASS THE
SYSTEMS INTERNAL ERFC ROUTINE.

FOR CPSKy AK=SQRT(S)

FOR CFSKs AK=SQRT(S/2,)

FOR ON=DOFF, AK=SQRT(S/4.)

A=0,35

GAM=0,5E=-3

PRINT 6

FORMAT(1HY)

DO 40 J=1,29

SOR=2=~30.,+2,.5%(J-1)

S=10.*%(SDB/10.)

AK=SQRTI(S)

SUM=0, ¢ FK=1, .
DO 20 KK=1,25

K=KK=1

IF(KJNELO) FK=FKX%K

SIGSQs(K/A+GAM) /(1 .+GAM)

SIG=SQRT(SIGSQ)

T=((A%¥XK)/FK)*CERF(AK/SIG)

SUM=SUM+T

CONTINUE

PE=EXP(-A)XSUM/2,

IF(PE.LTW1.E~9) CALL EXIT

PRINT Bs SDBsPE

CONTINUE

FORMAT{10Xs2(1PE12.593X))

END

FUNCTION CERF(X)

SEE APPROXIMATIONS FOR DIGITAL COMPUTERS
BY Co HASTINGS, PRINCETON U, PRESS, 1955,
PAGE 169, ALSO IN ABRAMOWITZ AND STEGUN.
E=1.0/{(1.0+0.,3275911%X)
S=({({(0.940646070%E)~1.287822453)%E+1.259695130)*E~0,252128668)*E
140.225836846)%E

XSQ=X*%2

EXPFX=0,0

IF(XSQeLTo709.0)EXPFX=EXP (=XSQ)
CERF=S*EXPFX*1.128379167

RETURN

END
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PROCPAM SYSGL{TNPUT,NITPUT)
THYIS PRMAGRAM USES GAUSS-L ANHERRE DOUANRATURES AL ONG WTITH
CLASS A NOTSE MODPEY T CNMDUTE SYSTEM DEPFENRMANCE,

SFF PRNGRAM SYSAPD FOR FURTHIR DETATLS,

NIMENSTNEN TPAYL{A)»7{15),H{1%)

NATA TRAY/=1y3=19~150s~1s=-1/

NATA 770,0833078190,4G626917451.71559564192.26GG495293.66762272>»
1944257236639 7.56591A22,10,12022857512,12028248,5,16.65440771,
220,774 7890425 ,623729422,31 ,4C75191793R,53068331,48.02608557/

DATA B/ .21823468G,,34221018,.263027585.,126472582,.40206865F~1,
1.8563R778FE-29,12126361F-2,.11167439FE~3y ,6459G268E-5 .22263169E~6,
242274304 F~89.39218973FE~10y .14565153E-179,148320271E~-15,

3. 160CE949FE-1G/

CALL SYSTEMC({115,TRAY)

POINT 4

FOPMAT(IHIY

nn sn N:l,?q

CPRx=30,4+2,5%(N=-1)

S=10,*¥%k{(SNnr/J1N,)

Ak=SkEn 5

SUM=CQ

nr 20 K=1,15
CALL FUN{T7{K)AKWF)

SUM=zSUMEFEXHI{K)

FONTINIE

PE=SUM/2.141502654

PRINTYR, S[R,PF

TF(PELLT.1.E=9) CALL EXTT
CONTINIE

FROMAT{ 10Xy 2{1PF12.52Y))

ENP

SUBRAOUTINE FUN(X,P,Y)

THIS FUNCTION ROUTINE IS FOR CLASS A NODISE FOR USE
WITH PROGRAM SYSGL.

A=0,35 -

GAM=0,5E~-3

V=X+P

SM=0., $ FJd=1.,

DO 20 Jd=1,26

J=J4J-1

IF(JJNELD) Fl=FJ*J
SIGSQA=(J/A+GAM)/(1.+GAM)
T=(2.,%¥V/SIGSQ)*{(A%xkJ)/FJ)XEXP(-VXV/SIGSQ)
SM=SM+T

CONTINUE

Y=SMXEXP(X)*ACOS(P/V)*EXP(-A)

RETURN

END
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PRNOGRAM SYSAPD(INPUT,OUTPUT)
THIS PROGRAM MAKES DIRECT USE OF THE MEASURED APD DATA,31 LEVELS,
AND ESTIMATES THE PDF OF THE ENVELOPE FOR USE IN THF GENERAL
COHERENT SYSTEM PERFORMANCE ALGORITHM, THE PROB DOF BIT ERRQR
FOR BINARY CPSKsCFSKyAND COHERENT ON-OFF IS ESTIMATED. THE
SIGNAL POWER IS GIVEN BY S, AND THE NOISE IS

NORMALIZED SO THAT THE MEAN NOISE POWER IS UNITY, THEN

THE SIGNAL-TO=-NOISE RATIO IS ALSO GIVEN BY S, SIGNAL-TD~-NDISE

RATINS FROM 4008 TO -30DB ARE COVERED IN 2,5D0B STEPS. THE

PROGRAM USES GAUSS-LAQUERRE QUADRATURES TO EVALATFE THE INTEGRALS,

FOR CPSKs AK=SQRTI(S)

FOR CFSKs AK=SQRT{(S/2.)

FOR OFF=0ONs AK=SQRT(S/4,)

NOTE, BEFORE THIS PROGRAM IS EFFECTIVEs THE ENTIRE APD MUST

BE COVERED BY THE 31 (DR LESS) LEVELS. THAT IS, P SHDOULD

RANGE FRQOM ABQUT 0.95 0OR HIGHER DOWN TO AROUT 1.0E~5 0OR SMALLER.

DIMENSION CL{31),SL{31)sP(31),CX(31)sSX(31),SP(31)

DIMENSION Z(15)sH(15)

DATA CL/103%4e57451040513091605194522¢9254928493149344337,4
1400943 ¢94609494395241554958¢961 364096703 T70e3734976457F 4
2820’85.9880)910/

DATA P/ 493825 499655499305 49850997245 .9450,5.89645 48085, .6696,
1049469435199 42997 9029499429445 429349429165.283795.28075.2669,
2¢24159419815413639.063725.016705.0021165.0001047,5.000001072»
300’00).0’00/

CL IS THE APD LEVELS IN DB AND P IS THE PROBABILITIES AT

THESE LEVELS.,

DATA Z/040933078150.492691749142155954192426994G952,3,66762272>
15.42533663,7.56591623,10.120228575,13.,13028248,16,65440771,
220.77647890525462389423,31.40751917,38.53068331,48.,02608557/

DATA H/.218234895.34221018,.26302758+412642582, ,40206865E-1,
1¢85638778E~25412124361F=25411167439E=3 (H4509268F=5,,22263169F~6,
2¢42274304E-89439218973FE~105.14565153FE~129.14830271E-15,
3.15005949€E~-19/

H AND Z ARE AS GIVEN IN FQ, 28 0OF TEXT,

CX(1)=1.5%CL(1)-0.5*%CL(2)

SX{1)=104%%(CX(1)/20.)

DO 20 I=2,31

CX{I)=(CL{I-1)+CL(I))/2,

SX{IV=210.%%x(CX(1)/20.)

CONTINUE

COMPUTE RMS

SUM=SX{1)*SX{1)*(1.-P(1})

DD 30 J=2,31

TaSX(J)I*SX(J)*(P(J=1)~P(J))

SUM=SUM+T

CONTINUE

RMS=(SUM+10.%¥%{(CL{(31)/20.)%P(31))**%0,5

NDORMALTIZE TO RMS LEVEL AND COMPUTE PDF

CL{1)=CL(1)=20.,%ALOG10(RMS)

SL{1)Y=10.%*%(CL(1)/20.)

SX{1)=SX{1)/RMS

CXT1)=20.%AL0OGIOISX(1))

SP{IY=(1.~-P(1))/SL(1)
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16

17
18

15
19

70

DA 40 K=2,31

CLIK)=CL(K)=20+.%ALOG10(RMS)
SLIK)=10.*%*%(CL(K)/20,.)

SX{K)=SX(K) /RMS

CX(K)=20,%¥AL0OGI0(SX(K))
SP{K)=(P(K=1)=P(K))/(SL(K)=SL(K=1}))
CONTINUE

PRINT 6

FORMAT(1H1)

DD 80 N=1,29

SDB=z=30,42,5%(N-1)

S=10.%*(SDB/10.)

AK=SORT(S)

SUM=0, § MM=2

DO 70 L=1,15

V=Z{L)+AK

IF{VeLToSX{1)eOReV.GT.SX(31)) 15,16

DO 17 M=MM,31
TF(VeLFoSX{M)4AND.V.GT.SX(M=-1)) GO TO 18
CONTINUE
IF(SPIM=1).EQ.0++s0RsSP(M)EQ D) GO TO 15
YDOB=(20*%ALOGLO(V)=CX(M=1))/(CX(M)=CX{M=-1))
YDB=YDB* (20 *ALOGLO(SP(M))=20.,*¥ALOG1O(SP(M=-1)))
YDB= YDB+20.*ALDG1IO(SP(M=1))
Y=10.%*%(YDB/20.)

MM=M

60 T0 19

Y=0,

TaYXEXP (Z(L))®*ACOS(AK/V)

SUM=SUM+TXH(L)

CONTINUE

PE=SUM/3,141592654

PRINT 8, SDB,PE

IF(PE.LTJ1.E-9) CALL EXIT

CONTINUE

FORMAT(10X,2{(1PE124553X))

END
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PROGRAM SYSWR(UINPUT,QUTPUT)

THIS PROGRAM USES WEDDLES RULE FOR THE
INTEGRATIONS REQUIRED IN THE DETERMINATION OF
SYSTEM PERFORMANCE,

DIFFERENT FUN1 SUBRQOUTINES ARE USED FOR
DIFFERENT NNISE MODELS AND/OR NNOISE MEASUREMENTS,
DIMENSION Z(7)
COMMON/QQQ/AA, ALPHAS OMEGA AK

PRINT 6

FORMAT(1IH1)

AA=1,0

ALPHA=1,.2

OMEGA=0,00079433

AK=1.,

CALL FUN1(1.522)

DO 60 J=1,15

SDB==30445.%(J-1)

S=10,%%(SD3/10.)

AK=S*%D45

SUM=0,

DO 5D 1I=1,15

AKDB=20,%ALTJG10 (AK)

ADB=AKDB+4,%{(I-1)

BDB=AKDB+4 ,%]

A=10.%%(ADRB/20,.)

B=10.%%(3DB/20.)

DX=(B-A)/6,

DO 40 K=1,7

XzA+{(K-1)*%DX

CALL FUN2(X,2(K))

CONTINUE

SS=0e3%¥DX*(Z (L) +5.%Z(2)+47Z(3)+b*Z(4)+Z2(5)+5.%2{(6)+Z2(7))
IF(SS.EQ.D.) GO TO 55

SUM=SUM+SS

CONTINUE

PE=SUM/3.141592654%

PRINT 8, SDB, PE

IF(PE«LT.1.E~7) CALL EXIT

CONTINUE

FORMAT(1D2XsF5.192Xs1PEL12.5)

END
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SUBROUTINE FUNL(X,Y)

THIS SUBROUTINE IS FOR USE WITH PROGRAM SYSWR.

IT MAKES USE 0OF MEASURED APD DATA. SEE PRDOGRAM

SYSAPD FQOR FURTHUR DETAILS.

DIMENSION CLI(31),SL(31)sP(31),CX(31),SX(31),SP(31)

COMMON/Q/AK

DATA CL/l.,Q.;7.p10.)l3.,16.,19.’22.;25.’28.931.,34.937.;
140.’430)46.949.)520)550,58-’bl(,bQo)b?o’7009730,76.)79')
282.’850’88.)91./

DATA P/e9435, .8G914,,7384464915445165.26315.1445,.08575,.05387,
1.034685,0225G,.014815,.009736,.006414,.004230,.002792,.,001843,
2.001217,.0008041,,0005312,.,0003509,.0002318,.0001532,.0001012,
3.000064685, ,00004417,.00002918,.00001928,.,0000127450450./

CL IS THE APD LEVELS IN DB AND P IS THE PROBABILITIES AT

THESE LEVELS.,

CX{1)=1a5%CL{1)~0.5%CL(2)

SX(1)=10.%%(CX{1)/20.)

D 20 1=2,31

CX(D)=(CL(I-1)+CLLTI)) /2,

SX(I)=10%%(CX(1)/20.)

CONTINUE

COMPUTE ?MS

SUM=SX(1)*SX(1)1*(1.-P(1))

00 30 J=2,31

T=SX{J)XSXOJ)R(P(J=-1)=P(J))

SUM=SUM+T

CONTINUE

RMS=(SUM+1D.%x{(CL{31)/204)%P(31))}%%0.5

NORMALTIZE TO RMS LEVEL AND COMPUTE PODF

CLIL)=CL(L)-20.,*%ALNGLO(RMS)

SLE1)=10%%(CLL1)/20,)

SX{1)=SX({1)/RMS

CX(1)=20.%AL0OG10(SX (1))

SP{1)=(1.-P(1)})/SL(1)

DO 40 K=2,31

CLIK)=CL(K)=20.*ALOGLO(RMS)

SL{K)=10.%%(CL(K)/20,.)

SX{K)=SX(K)/RHMS

CX(K)=20.%ALNGLO(SX(K))

SPUK)Y=(P(K=1)=P(K)}/(SL{K)=-SL(K=1))

CONTINUE

MM=M

ENTRY FUN2

V=X

IF(VWLTLSX(1) ORWVLGTLSX(31)) 15,516

DO 17 M=2,31

TF{V.LEZSXIM)WANDJVGTSX(M-1)) GO TO 18

CONTINUE

IF(SP(M=1)4EQe0+.0RSP(M),EQ.04) GO TO 15

YDR={20,%ALAGI0({V)=CX(M=-1)) /(CX{M)-CX(M=-1)})

YD3=YDB%{20.%AL0OGI0(SP(M))-20.%ALOGLO(SP{M=-1)))

YDB= YDRB420D.%ALOG10{(SP(M~11))

PDF=104*%%x{YDB/20.)

50 T2 19

pDF=O-

Y=PDF*ACOS(AK/V)

RETURN

END
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SUBROUTINE FUN1(X,Y)

THIS FUNCTION ROUTINE IS FOR CLASS 8 NBISE FORP USE
WITH PROGRAM SYSWR,
COMMON/QQO/AASALPHASOMEGA, AK

ENTRY FUN2

V=X

IN=VXxV/OMEGA

SM=D,., % FN=1, % SM1=0.

DO 20 NN=1,+26

N=NN-1

IF(N.NELO) FN=FN#*N

CALL CONHYP{L1l o ~N*¥ALPHA/2.924.35ZN»SsTOVFLW)
CALL CONHYP(1+e=N* ALPHA/249343ZNsSS»INVFLW)
SSS=(IN/2 )% (1 +N*ALPHA/2,)*%SS

T ((~AA)¥%EN) /FN)XGAMMA(L L +NXALPHA/2,)%(5-5S8S)
IFCINVELWNESL) GO TO 14

SM1=SM1+T

GO 70 20

SM=SM+T

CONTINUE

FP=00

IF(ZNJLTe675,) FP=EXP(=~ZIN)

PDF=(2 «¥V/OMEGA)®(FP*SM+SM1)
Y=PDF®ACOS(AK/V)

RETURN

END
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