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EVALUATION

Evolution of the Defense Communications System from an enalog system through a
hybrid (analog/digital) configuration to an all digital posture is a transitional
process which will span the next two decades. In order to properly design future
computer controlled, adaptive, digital communications systems, with associated
system control capabilities, additional technique development is required in the
area of Electronic Counter Measures signal detection, diserimination, and
identification. The principal aim of this study was to assess the capability of the
B¢ .eband Eye Monitor (BEM), developed under another RADC contract, to
discriminate and identify various types of jamming signals. Extensive laboratory
tests were conducted and distribution curves were developed from the BEM
measurements. Test runs accomplished for the different signal types show that, in
general, diserimination from a graphical viewpoint is possible for the signal types
considered.

Based on detailed analysis of all the study results, it is concluded that the BEM can
indeed discriminate signals which have different probability distributions,
independent of associated power levels. However, although the BEM is quite
effective even when the signal distributions are quite close, signals whose distribu~
tions are essentially the same cannot be differentiated.

In conclusion, the work accomplished under this effort clearly estaviishes that the
BEM is capable of discriminating and identifying a variety of jamming type signals
and as such has potential utility in future ECM signal monitoring systems.
However, in view of observed BEM difficulties in handling interfering signals which
are (1) pulsing rapidly compared to the measurement time, {2' not stable and
repeatable over the measurement time, and (3) of essentially the sam. distribution
(except for repeatable noise), the BEM approach must be viewed as a compli-
mentary rather than an independent discrimination/identification capability.

The study results will be usad as inputs to on-going efforts in projects 2155 and
21517,

Covotd € Q/\

Le
ARNOLD E. ARGENZIA
Project [ngineer
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Section 1

BACKGROUND DISCUSSION AND SUMMARY

1.1 PRIOR WORK ON THE BASEBAND EYE MONITOR (BEM)

An extensive description of the BEM equipment, its design, lab-
oratory tests, and field test are summarized in RADC-TR-77-431,
Final Technical Report, January 1978, Reference 1. The report
was part of and summarized work done by Honeywell under the ATEC
Digital Adaptation Study, Development and Field Evaluation -
Digital Automated Technical Control.

1.1.1 Baseband Eye Pattern Monitor Functional Description

The Phase I ATEC Digital Adaptation Study recommended that a
device be developed for monitoring those properties of a digital
baseband which directly relate to signal quality. It was fur-
the. indicated that the eaisting ATEC Baseband Monitor was a
viable candidate for the adaptation for several reasons. First,
it provides selectable inputs as would be required in a digital
system. Second, the frequency range is correct, except for a
possible downward extension of the low frequency range. Lastly,
the output circuitry is suitable for providing a performance
related voltage for measurement by the existing Measurement
Acquisition Controller, of such parameters as eye pattern
dispersion, eye hits, and eye amplitude.

Typically, the output from the degradation monitor is either an
analog voltage proportional to the degree of eye pattern clo-
sure, oL a derived bit error rate which 1s a gross extension of
the basic error rate. 1n either case, the applique unit, of
which the degradation monitor is a part, will perform the nec-
essary signal measurement to &achieve compatibility with the MTS
option interface. The analog voltage cutput from the first men-
tioned type shouid be measured with a resolution on the order of
1 percent, which is possible even with very simple A/D conver-
sion techniques. The pseudo error output from the second type
must be counted to give events per unit time, and buffered.

The eye pattern monitors, in general, reflect a "smoothed" mea-
sure of system performance. The output of the device itself
contains a significant amount of iniormation. It can be easily
trended to i1dentify deteriorating system operation. In order to
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maximize the value of its use, however, the eye pattern data

must be correlated with other monitored parameters such as other
estimates of bit error rate and radio alarms.

In an all digital network, such as the KV system, the Bit Error
Rate (BER) is to the end user the ultimate measure of commu-
nication quality.

The most powerful indirect technique for BIR estimation is the
use of the eye pattern monitor. The output of the baseband
monitor is designed to be compatible with the ATEC MTS option
interface. An important feature of this form of BER measurement

is that it provides a good estimate even in extremely low
(<10~9) BER environments.

This section provides the study and design rationale and math-
ematical proofs involved in the conception, design, construction
and testing of the Basebana Eye Monitor (BEM).

1.1.2 Inadequacy of Output Error Counting for Degradation
Mecasuring

Digital communication links are intentionally designed to have
as large a tolerance to noise and other signal degradations as
practicable. A system can have such a large built-in tolerance
that it will still rua error free even with one or more elements
severely degraded. : primary objective of performance mon-
itoring is to detect such degradations so that they may be cor-
rected before the digital link beg¢ins to make errors. It is
obvious that the desired information for meeting this objective
cannot be obtained by examining the digital output because the
objective is to detect degradations while this output is still
error free. Presumptive tests which remove digital links from
service long enough to run test sequences through them for mea-
suring error rate, as well as error detecting and correcting
codes, have valid applications in performance monitoring; how-
ever, they are not adequate for measuring petiormance margin
under error free conditions because they give no indication of
degradations until they have become bad enough to cause errors
in the received data. An ideal degradation monitoring technique
should be capable of detecting degradations before they become
large enough to cause errors in the received data.

The ability to detect signal degradations before they become
large enough to cause errors in the received messages is vitally
important for both analog and digital channels; however, the
channel user's ability to detect gradually increasing degrada-
tions and anticipate loss of the channel is far better for
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analog voice channels than digital comaunication links. In ana-
log communication links, such as voice channels, the channel in-
duced noise and distortion are delivered to the user along with
the desired signal; hence, these degradations can be detected by
the user. These deqradations are detectable by the user at
power levels several decades lower than the level at which they
make tre channsl unusable by lowering the intelligibility index
of the voice signal below an acceptable level. Thus, in analog
communic.iion chanrels there .s typically a large margin between
the level at which noise and distortion is detectable and that
at which it becomes intolerable. Furchernore, the user of a
voice channel can readily estimate the degree of channel degra-
dation by a qualitative estimate ot signal intelligibility. The
user of a digital channel is presented with a very different sit-
uation because each digital receiver in the communication chain
reshapes the digital pulses so thac¢ the symptoms of channel
noise and distortion are removed before the signal is forwarded.

The primary effect of pulse rechaping between the links of the
digital communication chain is to reduce the message error rate
by stripping off no’se and distortion at each link interface so
that these individual link induced distortions are not allowed
to accumulate as they would in an analog system. Thus, even if
the sum of the noises and distortions for the total numoer of
links is so large as to produce an intolerable error rate for an
end-to-end digital system using no intermediate pulse reshaping,
it is often possible to reduce the end-to-end error rate to
approximately zero by stripping off the noise and distortion and
regenerating the digital signal at selected locations in the
chain. As long as the cumulative degradation in each individual
link is kept below the critical level for that link, each link
will run error free, and hence, the end-to-end channel will run
error free. On the other hand, if the degradation in one, sev-
eral, or all of these links is just slightly below the critical
level at which it begins to produce errors, there will be no 1in-
dication of this impending problem in the error-free data stream
delivered to the user. Thus, the pulse reshaping in digital sys-
tems is advantageous in that it can help reduce the error rate
of the system; however, 1t removes symptoms of channel degra-
dation trom the output data signal. Since the digital output
signal gives no indication of degradation until errors actually
occur 1n the output, the user whc has nothing but the receiver
digital signal to work with has no means of estimating how close
the channel degradations are to the critical levels until after
one or more oi those levels has been exceeded.




The inability of the user to detect gradual channel degradations
until they are large enough to produce errors in the received
digital data stream would be less objectionable if there were a
greater separation between the degradation level at which the
error rate becomes just barely measurable and that at which it
becomes intolerable. Assuming that the degrading factor is
additive uncorrelated Gaussian noise, then the amplitude of the
noise will be distributed in accordance with the cumulative
Normal probability function plotted in Figure 1-1. Observe that
the probability, P(z<t), of the normally distributed noise ampli-
tude, z, exceeding an arbitrary threshold, t, decreases so rap-
{ idly with increasing t that even when using a seven decade semi-
log scale, the probability function crosses the plot vertically
more than seven times (indicating more than 49 decades) as the
amplitude of t is changed less than 24 db (1.2 decades). As a
consequence of this extremely rapid change of P(z>t) with re-
spect to t, the bit error rate of a digital receiver can change
very rapidly with respect to small changes in the amplitude of
the additive Gaussian noise. Ffor an ordinary PAM (pulse ampli-
. tude modulated) signaling, it can be shown that the BER (Baud

} error rate; that is, prouvability of receiving one or more bits
incorrectly in one Baud) for additive uncorrelated Gaussian
noise can be computed from the following relations.

| Do T
BER = 2 (l - —) p z > \/M )
L L= 1) N2 (1-1)

where
! L = number of levels per Baud
z . normally distributed random variable with mean = 0 and
variance =1.
i ?Q s? : signal power at decision circuit.
3 ! N2 = noise power at decision circuit.
é o P(z>...) = the probability plotted in Figure 1-1,
i

ﬂ For the most common types of partial response signaling (Class I
o with n=2 and Class IV with n=3), the BER can be computed using
;'3 the similar relationship shown below:
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where

e

; 2 (1-3)

*The reason that the above equation for BER requires a
0.91210 db higher signal to noise ratio than that given on
page 89 of Reference 10 is that Lucky, Salz and Weldon's

L equation was derived for measuring SNR at the receiver input

3 : with half of the partial response shaping in the transmitter

and half in the receiver, whereas the above equation is for

SNR measured at the decision circuit regardless of how the

partial response filtering is partitioned.

) To clearly illustrate how the BER can change from a value essen-
tially equal to zero to a value so large as to be intolerable

1 for a relatively small change in signal to noise ratio, the BER

for a three-level 12.5 meg bit/sec partial response signal has

been computed and the results are presented in Table 1-1.

¢ TABLE 1-1. BER COMPUTATION

- ‘ Errors/Time BER Signal/(Noise) db
% 10,000 errors/second 8 x 10-4 13.31
; ; i 100 errors/second 8 x 1076 15.89
) ‘ ’ 1 error/second 8 x 1078 17.52
} | 1 error/minute 1.33 x 1079 18.60
: f ;fé 1 error/hour 2.22 x 10-11 19. 46
; 1 error/day 9.26 x 10-13 20.04
'.3 1 error/year 2.54 x 10715 20.94
é ' : 1l error/century 2.54 x 10717 21.53
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Table 1-1 shows that the difference in signal to noise ratio
(SNR) for 100 errors per second and for one error per century is
only 5.54 db. For a reasonably accurate performance measurement
it is necessary to observe a significatnt number of errors be-
cause the standard deviation of the number of errors measured
per sample is essentially equal to the square root of the ave-
rage number of errors measured per sample. For example, if the
average number of errors per sample is 100, then the standard
deviation is computed as /100 = 10, which means that the BER is
being measured with error cf about 10 percent, one sigma. For
measurement periods of one hour, the computed error rate will be
based on error observations which on the average are half an
hour old at the time the computation is made. Also, for one
hour long measurements, the percentage error in the measurement
will increase rapidly as the error rcte drops below 1 error per
minute. The signal to noise ratio produring one error per min-
ute is only 2.71 db lower than that producing 100 errors per
second which is not considered to be a very good margin for a
performance degradation detector that is intended to predict
rather than confirm system failure. If larger error sample is
taken to increase the margin (measured in db) of the monitor,
the measurement will take longer causing an even longer delay in
the monitoring process. The conclusion is that counting errors
in the output data stream as a means of predicting the failure
of a digital system suffering gradual degradation leaves a lot
to be desired. Fortunacely, more powerful degradation detection
techniques are available as will be described in the next
section.

1.1.3 Eye Pattern Measurements for Degradation Monitoring

The eye pattern shown in Fiqure 1-2 was obtained by taking a
time exposure of an oscilloscope presentation of the voltage at
the input to the decision circuit of a VICOM T1-4000 multi-
plexer. At the sampling times the voltage ideally would be at
one of three distinct levels; hence, this is called a three-
level eye. Ideally, the decision circuit will sample the eye
pattern voltage at each of the sampling times and decide whether
an upper, center, or lower level signal was intended to be
rec2ived at that sampling time. Add‘tive noise will cause the
vo.tages to deviate from their ideal values, thus widening the
lines on the oscilloscope picture in the vertical direction. As
the noise increases, the images corresponding to the upper,
middle, and lower levels widen. Wwhen the 1mages of the levels
become so wid¢ that there is no longer a clear separation be-
tween levels, the decision circuit will begin to misinterpret
the intended message which causes errors. The spaces separating



the images of the various levels at the sampling points are

called the "eyes". When signal degradations become so bad that
these spaces shrink to zero, the "eyes" are said to "close".
When the eyes are closed, the receiver will be making errors.

1275-499
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FIGURE 1-2. EYE PATTERN FOR THREE LEVEL
‘ii PARTIAL SIGNAL RESPONSE

The size of the eye openings relative to the distances between
i the centers of adjacent levels expressed as a "percentage of eye
opening" has long been used as a figure of merit for performance
5 measurement and it is a good one if its limitations are under-
BN stood. First, if the decision voltage levels of the decision
N circuit are not located in the center of the eye vertically and,
: second, if the sampling times are not centered in the eyes hori-
) zontally, then the receiver will begin to make errors before the
ty eye is totally closed. Third, since the noise typically has a
‘ Gaussian amplitude distribution, the width of the levels (and
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hence the percentage of eye opening) is not sharp.y defined be-
cause the level width image on the oscilloscope can be varied
from about tl1 sigma depending upon the intensity setting of the
oscilloscope and the length of the time exposure for averaging
time).

These three limitations may be overcome by proper system design
as will be discussed in the following paragraphs. The tech-
niques to be discussed apply to eye patterns with any number of
levels; however, the discussions will be concentrated primarily
on the three-level case because the two-level case is too simple
to display generality while examples involving more than three
levels would make the explanation more cumbersome without adding
any significant degree of insight.

Conceptually, what the eye pattern monitor should do is to mea-
sure the probability density function of the signal perturba-
tions from the ideal levels so that the desired error rates and
performance margins can be computed. Ipn actual practice, point
by point determination of the probability density function is
too expensive. A practical alternative is to assume that the
distribution of the perturbation amplitudes is Gaussian and make
some measurement from which the rms amplitude of the distri-
bution may be inferred. Since there are several common condi-
tions such as additive tones, highly correlated intersymbol
interference, and impulse noise for which the distribution of
the perturbations deviates significantly from Gaussian, it is
desirable to augment the first amplitude measurement with a sec-
ond measurement which can either indicate that the distribution
is Gaussian or indicate the nature of its deviation from
Gaussian.

To measure the signal perturbations from the nominal levels, it
is first necessary to determine the exact amplitude of the nom-
inal levels so that when we measure the distances from the
nominal reference levels to the observed signals we will be mea-
suring signal perturbations only -- not perturbations plus or
minus the error in measuring the ncminals. Automatic gain con-
trol systems based on measurement o:f signals biased by noise
(References 4,6, and 8) have been used for this purpose but the
nominal level of the signal which they control will necessarily
change as the amount of noise changes. Another example of how
the signal level may become dependent upon noise amplitude is
the BICOM T1-4000 multiplexer which uses a peak clipping circuit
for its amplitude sensing signal so that the larger the noise
the smaller the signal will be. The system conc2pt proposed
here for measuring the rceminal levels in the eye pattern degra-
dation moniter is to adjust the reference level of a comparator
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with a feedback loop such that 50 percent of the samples asso-
ciated with that level fall above that level and the other 50
percent fall below that level. The hardware needed to implement
this concept is reasonably simple.

Conceptually, it would be possible to subtract the nominal
levels from the observed levels to obtain the perturbation ampli-
tudes, compute the rms value of these amplitudes, and assume
that the perturbations are normally distributed with a mean of
zero and a standard deviation equal to the measured rms value.
In actual practice it would be difficult to mechanize the above
system for a 12.5 megabaud/sec receiver. Also, it would be
desirable to make some additional measurement (such as rectified
average versus rms) to test the distribution for deviation from
Gaussian. For building a device which will measure eye quality
at 12.5 megabaud/sec, a system which uses one or more additional
comparators offset from the nominal levels to sense the amount
of signal perturbation from nominal seems to be a practical com-
promise between complexity and performance.

The offset threshold monitors described in References 5 and 6
use comparators with offset thresholds as described above to
measure signal quality and, therefore, they have been carefully
analyzed to determine their capabilities and limitations. From
an operational viewpoint, one of the biggest disadvantages of
this mechanization is that its quality output signal has no abso-
lute scale such that a specific output voltage would have a spe-
cific meaning. The calibration of the device is accomplished
after it 1is attached to the specific multiplexer which it is to
monitor. In accordance with the calibration procedure, all
monitors on all multiplexers are adjusted to indicate a signal
quality of 0.10 volt at the end of calibration regardless of in-
dividual variations in the operating conditions of the various
multiplexers at time of calibration. To take an absurd example,
if a signal quality monitor indicated a problem with a multi-
plexer, the first troubleshooting step might be to check the
calibration of the degradation monitor by repeating the cali-
bration procedure; in which case the symptom of trouble would
automatically disappear regardless of the conditior. of the multi-
plexer. Assuming that a calibration technique could be devel-
oped for circumventing the above problem, the existing otfset
threshold monitor is still not recommended because it uses a
fixed (adjusted by a potentiometer during calibration) offset
from the nominal reference level as a reference voltage for the
comparator used to measure "pseudo error rate". Wi .n the aid of
Figure 1-3, the measured "pseudo error rate" may be d:fined as
equal to the number of samples observed between upper data deci-
sion threshold at +d volts and the .pper offset thresholu at

10
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+(2d-a) volts plus the number of samples observed between cor-
responding pair of lower thresholds -d, and -(2d-a) divided by
the number of sampling periods over which the count was made.
When a fixed threshold offset, a, is used, "pseudo error rate"
measurements suffer from the same rapid changes for small
changes in signal to noise ratio as previously described for
counting actual errors. If the offset, voltage, a, is made too
large, the pseudo error rate will be toc small to make accurate
measurements of low level degradations. If the offset voltage,
a, is made too small the error rate will change rapidly for
small degradations but tend to remain nearly constant at nearly
25 percent (assuming that the outer signaling levels are used 50
percent of the time) for large noise levels in the amplitude
range of greatest interest where the system just begins to make
actual errors. 1In '‘either case, the error rate variation versus
noise level is a highly nonlinear function which is not readily
interpreted.
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MONITORING OF THREE LEVEL EYE
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The recommended solution to the dilemma as to how large to make
the voltage offset, a, for measuring "pseudo error rate" is to
design a closed loop system which adjusts the voltage offset, a,
as required to keep the pseudo error rate constant. From Figure
1-3 it may be seen that the thresholds for the upper pair of
pseudo error comparators at 2d-a and 4 volts are a volts and d
volts, respectively, below the nominal upper signal level. If,
at a point where the signal is supposed to be at its upper
level, it suffers a perturbation in the negative direction
larger than a and less than 4, the level of the perturbed signal
will fall between the limits defined by the upper pair of pseudo
error comparators and, thus, be counted as a pseudo error. The
exact probability of counting a pseudo error is not determined
here, but for the present discussion an approximate analysis
will be meaningful. Assuming that perturbations larger than d
volts are so rare compared with those larger than a as to be
negligible, the probability of counting a pseudo error when the
signal is nominally at the upper level is equal to the prob-
ability that the amplitude perturbation, ¢,is more negative than
a. To maintain the same pseudo error rate when the rms ampli-
tude of € is doubled, the amplitude of a must be doubled. Thus,
within the limits of our approximation, it is obvious that when
a 1s adjusted to keep the pseudo error rate constant that a is
directly proportional to the rms amplitude of the perturb.* iohs
€.

1.1.4 Derivation of Voltage Offset Versus Noise for Constant
Pseudo Error Rates

We now derive the relationship shown in Figure 1-3 which in-
dicates how the voltage offset a (normalized by dividing it by
d) must be adjusted to keep the pseudo error rate constant as
the :ms noise level N (normalized by dividing it by a) changes.
This relationship is derived for the three level partial re-
sponse sigral. It is assumed that noise at the sample points is
normally distributed with a mean equal to zero and a standard
deviation equal to N.

It is further assumed that two pairs of comparators are used.
One pair measures the number of samples between d and (2d-a)
volts; the other measures the number of samples between -d and
-{2d-a) volts. In actual practice, the pseudoc error rate mea-
sured by the upper pair of comparators may differ from that
measured by the lower pair because the signal waveform may be
distorted by clipping or saturation in such a manner that only
one side is distorted. For this reason, it is considered
necessary io use two sets of comparators so as to test both the
top and bottcm levels of the signal.

12
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In the idealized case which we are considering here, the upper
and lower comparator sets would both obtain the same average
number of pseudo errors; hence, in this derivation, we shall
derive the average rate for the top pair alone and then multiply
by two to obtain the total pseudo error rate.

The magnitude of each received voltage sample is equal to its
nominal intended magnitude +2d, 0, -2d volts plus the magnitude
of the signal perturbation, €. 1In accordance with our previous
assumption, € must be a normally distributed random variable with
mean equal to zero and a standard deviation equal to N. The
probability of a particular sampled voltage amplitude falling
between d and 2d-a volts, assuming that the nominal intended
level was 2d, is equal to the probability that €¢is of the proper
size to cause the sampled voltage to fall within the specified
range.

P (upper pair detects pseudo error | intended level = 24)

P (d <2d+ ¢ < 2d-a)

P (-d ~ ¢ < -a)

P (-d/N < ¢/N < =-a/N | ¢/NaN(0,1))

=P [d/N < z <a/N | z~N(0,1)]

= Q(a/N) - Q (d/N) (1-4)
where

Q (t) A p fz >t |z ~N(0,1)]

P (z >~ t) given z is normally distributed witn
mean = 0 and variance =1.

The conditional probability of the upper pair of comparators
detecting a pseudo error given that the intended level was zero
may be computed simularly.

P (upper pair detects pseudo error ! intended level = 0)

P (d < 0+c¢ :_Zd-a)

P [d/N < o/N ~ (2d-a)/N !c/N~ N(0,1)]

Q (d/N) - Q (2d-a)/N (1-5)

13
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Likewise,

P (upper pair detects pseudo error | intended level = -2d)

= P (d < -2d+¢ 5.2d-a)

P (3d < ¢ < 4d-a)

P [3d/N < e/N < (4d-a)/N | /N~ N(0,1)]

1]

Q (3d/N) - Q (4d-a)/N (1-6)
For the three-level partial response signal considered here, the
probability of level +2d, 0, or -2d being intended is 1/4, 1/2,
or 1/4, respectively. Therefore, the probability of the upper
pair of comparators detecting a pseudo error is as follows.

P (upper pair detects pseudo error)

174 {Q(a/N) - Q(d/N);

+

172 {Q(d/N)

i

Q((2d-a)/N] |

+

174 { Q(3d/N - Q[(4d-a/N)}

1/4 { Q(a/N) + Q(d/N) - 2QIl(2d-a)/N] + Q(3d4/N)
- ¢l(4d-a)/N)} (1-7)
Given that both an upper pair (2d-a and d) and a lower pair
(=2d+a and -d) of pseudo error comparators ar to be used, and
assuming that both pairs detect the same average number of

errors, the total pseudo error rate will be twice that derived
above.

P (pseudo error)

= 1/2 (Q(a/N)
- (Q [(4d-a) N] ) (1-8)

1,1.5 BEM Analyses Assuming a Three-Level Partial Response Eye

Definitions

The classical partial response three-level eye pattern has been
shown in Figure 1-3. This figure represents the pattern which
would be obtained on the face of an oscilloscope if the analog

eye pattern voltage were connected to the vertical inputs and
the horizontal time base were synchronized with Baud timing so
that each sweep would start with the same Baud timing phase.

14
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If the sweep time were adjusted to cover several Baud periods,
then the proper sampling times would become apparent as they are
in the figure. At the proper sampling times, the analog voltage
is equal to one of three values: 24, 0 or -2d volts. These
three voltage levels, and five additional levels, making eight
voltage levels in all, are shown in Fiqure 1-3. By using eight
voltage comparators, with these eight voltage levels as refer-
ences, it is possible to determine whether the voltage was above
or below each of these eight levels at each sampling time. Two
of these levels, the upper and lower offset thresholds, are
adjustable by changing the value of the offset voltage, a. The
level Kd is determined by selecting the constant K. For the
purposes of the present discussions, the level Kd can be
ignored. The other five levels are constant.

Several detailed analyses for this eye pattern have been
reported in Appendix A of the ATEC Digital Adaptation Study,
RADC-TR-76-302, It was assumed that two zones would be used for
counting pseudo errors. The upper pseudo error zone extends
from d to (2d-a) volts, and the lower pseudo error zone extends
from -d to -(2d-a) volts. For the math models used in the mathe-
matical analyses, the pseudo error rates for the upper and lower
zones are equal; therefore, the total error rate for che two
zones is equal to twice the pseudo error rate for either of the
single zones. The VICOM eye pattern used during laboratory
testing was found to be so asymmetrical that it was necessary
either to use a single pseudo error zone on one side of the
signal, ignoring the other side, or to provide the hardware with
additional degrees of freedom and control loops so that both
sides of the sianal could be tracked separately. Because of
power, size, and scnedule constraints, it was decided to use
only a single pseudo error zone. Most of the mathematical
analyses and computer programs had been finished at the time
that the asymmetry was discovered; therefore, all pseudo error
rates in these documents are expressed as two ~one or "two
sided" pseudo error rates unless otherwise specified. Inter-
preting results stated in terms of the two-zone pseudo error
rate definition will cause no hardship as long as it is remem-
bered that the single-sided pseudo error rate is eqgual to half
of the two-sided pseudo error rate. In this report, the number
1 or 2 will follow the letters PER may appear without the number
1 or 2 following, in which case, it is the two-sided error rate
which 1s being referred to. These and some other useful defi-
nitions are listed below:

PERI1 the one-sided pseudo error rate.

PLr2 . the two-sided pseudo error rate = 2 x PERI.

15
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PER2 unless specifically stated to the contrary.

BER

the Baud error rate = the bit error rate for this one-
bit-per-Baud eye pattern,

P[A] = tie probability that A is true.
P[A | B] = conditional probaibility of A given that B is true.

P [A,B] joint probability that A and B are both true.

s = signal power in eye pattern,

N2 = noise power in eye pattern.

€ = a normally distributed random variable with mean = 0 and
variance = N2,

z = a normally distributed random variable with mean = 0 and

variance = 1.

Q(x) = Plz>x|2~N(0,1)] which is to be read as "the prob-
ability z is greater than x, given that z is a
normally distributed random variable with mean eqgual
to zero and variance equal to one."

0"l(p) = IxIg(x)=p) which is read as "Q inverse of p is
defined as equal to the value of x for which Q of
x equal to p."

Q'(x) = d OQ{(x) which is equal to minus the density function
X

of the N(0,1) distribution at point where the random
variable is equal to x.

1.1.6 Pseudo Error Rate Equation

The pseudo error rate for the three-level eye was derived in
Paragraph 1.1.4 with the results for the one-sided and two-sided
solutions. The one-sided solution is:

PFR]1 = (1/4) {Q(a/N)+Q(d/N)-2( [ (2d-a)/N)
+Q(3d/N)-Q ((4d-a)/N]} (1-9)
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1.1.7 Computation of Dispersion Amplitude

Using the equations just developed, it is possible to compute
the dispersion, a/d, for a fixed pseudo error rate, PERl, for a
given noise level, N/d, or a given bit error rate, BER. When
solving these equations it is convenient to express the equation
in terms of three variables: pseudo error rate, PERl; disper-
sion, a/d; and decision level to noise ratio, d/N.

PER1 = (1/4) {Qi(asd)(d/N)] + Q(d/N)-20([2(d/N)-(a/d) (d/N)]
+Q [3(d/N) - Q [4(d/N)-(a/d)(d/N)]} (1-10)

1.1.8 Pseudo Error Rate Loop Analysis

A block diagram of the control loop for holding the pseudo error
rate constant is shown in Fiqgure 1-4. The three parameters
which affect the lcop aive shown entering at the left hand side
of Figure 1-4, These three parameters are the Baud rate, B, the
rms noise level, N, and the signal level, d. For the system
presently under study, the Baud rate, B, is equal to 12,552,600
Baud/sec. The signal level, d, is held constant by an AGC
system. Thus, the only variable entering the pseudo error rate
control loop is the rms level of the noise, N.

0280-13
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8| LEvEL B/4 1 gy 2pag | 8/8192
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FIGURE 1-4. PSEUDO ERROR KATE CONTROL LOOP
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In order to keep the amplitude of the output, a, dependent upon
only one variable, N, the control loop in Figure 1-4 must keep
the pseudo error rate, PERl, constant. The summing device is an
up-down counter in which pulses into the lower input cause it to
count up, pulses into the upper input cause it to count down,
and simultaneous pulses into both inputs cause it to do nothing.
The lower input into the summing device is the output of the
pseudo error detector which transmits one pulse for each pseudo
error. The average number of pseudo error pulses transmitted
per second is equal to the Baud rate, B, times the pseudo error
probability per Baud, PERl1. The upper input to the summing
device is obtained by dividing the output of a lower level detec-
tor by 2048. The reason for using the lower level detector is
that the pseudo error detector in this system looks for pseudo
errors only around the lower level. When the probability of
receive bauds being at the lower level is 1/4, the lower level
detector can be replaced by a divide-by-4 counter. Normal data
patterns are sufficiently random that a lower level probability
will be 1/4; however, the lower level detector is used in pref-
erence to a divide-~by-4 counter in order to keep the ratio of
pseudo errors made per Baud tested constart even in the presence
of special test patterns. For normal data patterns, the average
rate out of the lower level detector is equal to 1/4 the Baud
rate, B/4, so that the average rate out of the divide by 2048
counter is B/8192. The average rate of the error signal, e, out
of the summing device is eqgual to the difference between the
rates of the lower and upper inputs.

e = B x PERl -B/8192 (1-11)
Assuming that the control loop drives the error signal, e, to
zero, and that the baud rate, B, is not equal to zero, the
pseudc error rate can be determined from Equation 1-11,

PERL = 1/8192 given e=0, B#0 (1-12)

The pseudo error rate can be readily adjusted by changing the
count down ratio in the 2048 counter.

For computation of the dynamics of the pseudo error rate control
loop, the equations will be simplified by defining two new vari-
ables, A and D, to replace the three variables, a, d, and N.

Define A - a/d {1-13)
and D d/N (i~14)
where d - a system constant (1~1%)

18
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PERl = (1/4) Q(AD)+Q(D)-2Q (2~A)D
+Q(3D)-Q (4-A)D (1-16)

1.2 MOTIVATION FOR THE PRESENT STUDY

Based on the results and analysis of Reference 1, quoted in part
in Supsection 1.1, it was concluded that if different countdown
ratios were used in the BEM measurement, then a unique disper-
sion would be observed for each countdown ratio. Accordingly,
in the basic error rate equation,

4(PER1)=Q(AD)+Q(D)-2Q((2-A)D)+Q(3D)~-Q((4~A)D), (1-17)

where the terms have all been defined in Subsection 1l.l1. It is
seen that if PER1(=1/(count down ratio))is changed and if the
corresponding value of A is measured, then the only unknown is D
for each measured pair (count down ration and A). If the noise
type were known, then the form of the Q function would be known
and Equation 1-17 would yield the same value of D for each mea-
sured pair (count down ratio and A), except for measurement and
modeling errors. In Reference 1, the measurements were assumed
to be taken in the presence of Gaussian noise, and it was found,
indeed; that the value of D was essentially the same for dif-
ferent testing conditions,

This suggested that BEM mea‘urements, using different count down
ratios with the corresponding measured dispersions, zould be
used to detect the type of signal being used to corrupt the mea-

surement, This hypothesis was based on the following observa-
tions:

a. The error rate Lquation 1-17 was shown to be valid to a
close approximation for Gaussian noise in Reference 1.

b. The derivation of Equation 1-17 is equally valid for any
corrupting signal, provided that it is of a random nature
(so that it may be described by a distribution function).

c. If the value A was measured and the value D was deter-
mined, then the value A.D would be known. The expression
Q (A.D) in Equation 1-17 then represents a value of the
distribution Q for a known value of its argument (A.D);
that 1is, each different value of A.D represents a dif~
ferent pecint for which Q is determined. A sequence of
such measurements then determines the shape of the Q

distribution curve for the corrupting random signal, with
the use of equation 1-17.
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d. If the Q distribution curve were sufficiently different
for different random test signals, then the generation of
the Q curve from BEM measurements on an unknown signal
could be used to classify that signal within the set of
test signals.

The present study was undertaken to examine the ability to dis-
criminate between corrupting signals using BEM measurements as

described above and to develop methods for performing the dis-
crimination.

1.3 SUMMARY OF PRESENT STUDY

Based on the discussion of the above sections, the presen
was initiated.

Avs
t stud

udy

The basic question which was to be answered in the study was to
determine if Q distribution curves generated from BEM measure-
ments were adequate for the discrimination and identification of
interfering signal types, assuming that the BEM eguipment was
modified only to the extent of using a set of count down ratios,
as contrasted to one ratio in the original equipment.

BEM measurements for a set of test signals, at different count
down ratios and different power levels, were taken as described
in Section 2. It was found from measurements, and from the
analysis of Section 3, that pulsed signals could not be distin-
guished from from their parent nonpulsed signals from a Q
distribution viewpoint because of the inherent averaging process
used in the BEM measurements. It was found, however, that the
effect of power level could be removed as a factor in discrim-

ination because of a simple normalizing technique developed in
Sections 5 and 6.

The methods for generating the Q distribution are developed in
Sections 5,6,7,8, and a motivation for the methods is given in
Section 4.

The signals used as test signals for constructing the reference
data base are discussed in Sections 8, 10, 11, and the results
of the discrimination capability are given in Sections ]0 and
11. The basic analytical method used for discrimination, as
opposed to the 3visual vbseirvaiivn 0L UIE Yy UlSliiwulivn curve,
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was the nethod of linear discriminates. This method is de-
scribed in some detail in Section 9. Results are shown to be

good if the signal type have, indeed, a different Q distribution
curve.

The general conclusions and recommendations are given in Section
12,
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Section 2

DESCRIPTION OF EXPERIMENTAL TECHNIQUE

2.1 GENERAL DISCUSSION

Laboratory experiments were conducted for the Baseband Eye
Moniter (BEM) Signal Discrimination and Identification Study
Program, in order to provide Bit Error Data versus BEM Dis-
persion Voltage when various signal interference types are

introduced into the BEM system.

The components utilized in the experiments are listed in Table

2-1

2.2

TABLE 2-1.

Description

Digital Multiplex Switch
Baseband Eye Monitor
Active Coupler

True RMS Voltmeter
Event/Internal Counter
DC Voltmeter

Noise Generator

Signal Generator

Signal Generator

Signal Generator
Summing Amplifier
Impedance Matching Pads

LABORATORY TEST SET-UP

LABORATORY EQUIPMENT

Manufacturer

Vicom
Honeywell
Honeywell
H-P

H-P

Fluke
Marconi
H-P

H-P

IEC
Honeywell
Honeywell

Model

T1-4000

3403C
5330B
8200A
TF2091
8640B
3330B
F34
N/A
N/A

A block diagram of the test set-up used for the BEM study

program is shown in Figure 2-1.

The "gain" of the BEM active

coupler was modified to provide the proper signal level to the
BEM using the laboratory test configuration.

2.3 BEM TEST MODIFICATIONS

To provide correlation between BEM "Dispersion" data (as a func-
tion of signal interference) and the analytical results, it was
necessary to incorporate a means of varying the "pseudo error

PRECEDING PaGE BLANK-NOT F1lLwED
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rate" of the Baseband Eye Monitor. This was accomplished using
a series of thumbwheel switches to provide a selectable count-
down ratio for the "a" control board (A8). A block diagram of
this function is shown in Figure 2-2. The pseudo error rate was
changed by altering the countdown ratio in the high speed
up/down counter section of the A8 card. A partial schematic of
the A8 card is shown in Figure 2-3.

As the countdown ratio is reduced the pseudo error rate
increases and provides a value of dispersion voltage which
represents a point higher on the gaussian distribution, as
illustrated below.

VARIOUS POINTS SELECTED BY

—
4} INCREASING PSEUDO ERROR RATE

ORIGINAL BEM COUNTDOWN
(= 2048)

— i i

3o

GAUSSIAN DISTRIBUTION CURVE

The countdown ratios selected for the first experiments were as
shown below:

19216 (original BEM)
146C8
12304
11152

After taking a number of sets oL data using various interference
types, the results were cross-checked against initial analytical
predictions. The comparison between empirical and analytical
results showed that there was a need to decrease the countdown
ratio further. This was needed to both refine the analytical
approach and to provide a basis for selecting countdown ratios
that would provide the best signal discrimination capabilaty
with the fewest number of countdown ratios. As a result the
number of countdown ratios was increasea to include: 288,

:72, :36, and :20.

2.4 TYPE OF DATA COLLECT:ON

Since most laboratory study programs are basea upon repeatable
empirical data, the primary objective at the start of the
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program was to verify the results obtained when the BEM equip-
ment was originally delivered to Rome Air Development Center.

The tests conducted during the initial program when the BEM
equipment was developed, were based upon usage as a bit error
rate measurement device in a system where white noise (Gaussian
distribution) was the only contributor to system performance
degradation. To verify that the equipment was operating within
the original design concepts, extensive tests were conducted to
correlate results of the original design tests to results
obtained for the equipments received after use in the field.
During the initial phase of the program, effort was concentrated
on obtaining good correlation between the original and current
empirical c¢ata, using white noise as the interference source.
Due to the highly sophisticated nature of this equipment, it was
extremely important to establish a reliable baseline between
past and present performance characteristics.

This baseline was established by recording the value of disper-
sion voltage and truc rms outputs (dc voltage outputs) from the
BEM under specified carrier to interference ratios. In addition
to the dispersion and true rms data, the bit error rate was
measured at the vicom T1-4000 unit. The "error output" test
jack of the "RCV input module" was used for the bit error
counted for specified time intervals. The bit error rate (BER)
was then calculated using the equation shown below:

BER = Bit bBrrors Counted
bit Rate x Time

The bit rate used was 12.5526 MHz, and the time wa~ the time
interval over which the bit errors were collected. The time
interval was selected between one second and 100 seconds
depending on the expected BER value. For low values of carrier
to interterence ratios the BER values would be high (=Nx10~3),
and the time selected would be one to two seconds. For low BER

values (xNx10~6 and lower), a time interval of 100 seconds would
be used.

2.5 TYPES OF INTLKFLRENCL CONSIDERED

Durirj the initial phase of the study program, the following
signal types were considerea: White noise (Gaussian Distribu-
tion), Swept CWw, Pulsed Cw, Single Frequency with FM Noise
Modulation and Single Frequency with AM Noise Modulation.
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However, due to limitations of the signal generating test equip-
ment, the list of signal types was changed to permit accurate
correlation between analytical and empirical test results. When
attempts were made to generate a single fregquency sinusoid with
AM or FM noise modulation, the spectral output showed charac-
teristics that could not be described usinc 1 basic mathematical
equation. The alternative was to select a .ingle frequency
sinuscid with AM or FM sine wave modulation. Another signal
type that could not be provided was pulsed noise. Since there
was no alternate signal type that could be related to this
complex wave form, it was eliminated from the list of signal
types where empirical data was to be obtained.

A detailed definition of each of the signal types tested is
given below. In each case, the baseband "eye" signal is denoted
as the carrier, "C", and the interference signal as "I". 1In all
cases the "C" and "I" signals were applied to a summing ampli-
fier. The output of the summing amplifier contained both
signals, and was fed back to the input of the Vicom T1-4000.

The signal to noise or carrier to interference ratio (C/I) was
the ratio of power contained in the output between the carrier
and interference signal.

a. White Noise (Gaussian Distribution)

Band Limited - 12 kHz to 552 kHz

C = 12.5526 x 10 bits/second

"

1 Band limited white noise interference level.

b. Swept CW

Single frequency sinusoid, slowly swept from 1 MHz to 12.5526
MHz.

n

C = 12.5526 x 10® pits/second

I P Sin wt

where P is the selectea value of interference level, and W
varies from 6.283 x 106 to 7.5398 x 107 radians/second.

c. Single Frequency Ch

Single frequency sinusoid, set at one fourth the bit rate of
the Vicom T1-4000

C = 12.5526 x 109 bits/second

I P Sin wt

29
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Where P is the selected value of interference level, and W =
2.002 x 107 radians/second.

Single Frequency with FM Sine Wave Modulation

C = 12.5526 x 100 bits/second

The FM carrier frequency is described by the equation

e;j = Ej Cos pjt

Where Ei is the selected value of interference level and wi
is the FM carrier frequency select at one fourth of the bit
rate of the "Baseband Eye".

wi = 2,002 x 107 radians/sa2cond.

The modulating signal is described by ep (t) = Em Cos wmt.
where Em represents the peak value of the modulating wave
form and wm is the radian/second equivalent of the modulating

frequency.

Three modulating f{requencies were used, 100 Hz, 1 kHz and 5
khz. The final equation for the FM modulation signal is

I =eg(t) = Ei Cos (wi t + KEm/wm Sin wmt)

Where KEm represents the maximum frequency deviation of the
FM carrier. The maximum frequency deviation was +20 kHz in
all cases, due to limitations of the signal generator. The
total summed signal applied to the system is then described
as C+ 1 =C+ eg ().

Single Frequency with AM Sine Wave Modulation

C = 12.5526 x 107 bits/second.

The AM modulated signal (double sideband) is described by the
equation

I = ej(t) = [K + ep(t)] cos wi t

Where Cm (t) is the basic modulating frequency shown by the
equation below:

ep(t) = E Cos wmt
The term COSwct is the AM carrier frequency. The value of wi

was 2.002 x 107 for all AM tests. Two values of wht were
used, 628 and 6.28 x 103 radians/second.

30
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2.6 DATA ACCURACY AND CONSISTENCY

During the course of testing on the BEM Study Program, three
types of measurements were performed: True rms ac voltage, dc
voltage, and counts per unit time. The accuracy of each of
these measurements is discussed separately below.

2.6.1 AC Voltage - True RMS

The true rms voltage measurements were made on the output of the
baseband coupler, and consisted of the baseband eye voltage or
the Interference Level. The measurements were made indepen-
dently by disconnecting the undesired signal at the input to the
summing amplifier. The accuracy of the true rms voltmeter is t2
percent over the frequency range used.

2.6.2 DC Voltage Measurements

The dc voltage measurements consisted of the dispersion voltage
output and the true rms output of the BFM. The accuracy of the
meter used was 0.0l percent.

"2.6.3 Bit Error Per Unit Time (BER)

L &

The bit errors were obtained from a dc pulse output from the RCV
input module (type 4023) error output on the Vicom T1-4000. The
counter accuracg was plus or minus one count. For BER values
greater than 10/, the number of counts collected was always
greater than 100 in any counting interval, therefore the
accuracy was a maximum of +1.0 percent at 107 and decreased as
the BER value increased above 107, For BER values less than
107, the number of counts was less than 100. Therefore the
accuracy tolerance would increase accordingly, i.e., for a bit
error count of 50 +1, the tolerance would be basically 12
percent.

Repetitive counts measurements were made in all cases, regard-
less of the BER value, which provides a higher degree of con-
fidence in most cases regarding the counsistency of the data
obtained. However, this factor only provides an intuitive feel
for the accuracy of the data. At a BER value of 109, the count
accuracy could not be firmly quoted as anything less than %10
percent.

The accuracy of the time interval used for any of the error
counts collected was 106, and is well below the %l percent value
at a BER of 107, Therefore, the accuracy tolerance of the time
interval is not considered a factor in this measurement.
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2.6.4 Data Consistency

The data consistency was considered excellent during the labora-
tory test period. This is primarily a judgment factor based on
review and comparison of data during the entire course of the
laboratory test series.

Prior to restarting any test series or changing interference
types, the test set-up for Gaussian noise was reconnected and
data was measured for selected levels and countdown ratios (for
the A8 card in the BEM unit). The data was then compared to
verify the consistency and operational integrity of the
BEM/Vicom equipment.

2.7 DATA PRESENTATION

The raw data collected during the test program is presented in
this section. Explanation of raw data will be brief, since the
primary purpose of the BEM Study Program was to determine the
feasibility of discriminating various signal types using the BEM
equipment. The raw data was used as a tool to verify and refine
analytical concepts developed during the program.

The initial data is contained in Tables 2-2 through 2-7, and was
used as a foothold in the early stages of the analysis and devel-
opment of equations used for signal discrimination. Each table
shows the interference level used, BEM dispersion voltage, count
interval, number of error, BEM rms output dc voltage, calculated
BER and the carrier to interference ratio. Tables 2-2 through
2-7 show the results of Gaussian and sine wave interference, as

a function of interference level and countdown ratio.

Table 2-8 shows the results of a constant sine wave interference
level as a function of frequency and countdown ratio.

Tables 2-9 through 2-11 show the results of FM interference as a
function of interference level, for three different countdown
ratios.

After collecting the previous data, the results of the analysis
showed that it was necessary to collect data for a wider range
of countdown ratios. Tables 2-12 through 2-19 show the results
of tests performed with eight countdown ratios ranging from 9216
to 20, as a function of interference level,.
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TABLE 2-2. BAND LIMITED GAUSSIAN NOISE - 12 kHz TO 552 kHz
Inter- | BEM Dispersion BEM RMS
ference DC Output Bit Error DC Voltage Bit Error c/1
Level (=VDC) Time Count. Monitor Rate Rate
MVRMS 1 CH 7 CH sec | 1 CH 7 CH 1 CH ]7 CH |1 CH 7 CH (db)
BEM Coupler Input = 0.306 VRMS
None
Added 2.320 | 2.660 | 100 0 0 |2.4810 | 2.482 <8 x 1010 N/A
54.9 9.400 | 9.401 10 | 871831 | 769372 6.9%1073 6.15x1073 | 5.57
867644 [771813 {14.9 ab)
861814 |771185
860710 |773112
50,2 9.230 | 9.298 10 | 544166 | 482628 4.3x10™3 3.82x1073 | 6.09
537933 [480412 (15.7)
541327 (477244
539705 | 476491
44.4 8.480 | 8.950 10 | 257011 |220320 2.05x1073 | 1.75%x1073 ] 6.89
259562 [221271 (16.76)
257165 | 219685
38.8 6.597 | 7.395 10 | 94554 [77013 7.57x10"¢ | 6.2x1074 | 7.88
96384 |77365 (17.94)
94445 |77675
94139 [77297
34.0 5.700 | 6.522 10 | 25723 |22593 2.05x107¢ | 1.8x107% | 9.0
25751 |22485 (19.08)
25883 [22714
28.3 4.876 | 5.700 60 | 14074 17685 1.87x107°% | 2.32x105| 10.8
14133 [ 17475 (20.68)
14024 | 17304
‘ 23,7 4.267 | 5.05¢ | 100 1255 2209 1.01x1076 | 1,75x1076| 12.9
4{ 1247 | 2226 (22.2)
- 1367 2177
‘[ 20.0 3.866 | 4.576 | 100 44 89 3.74x10°8 | 7,56x10°8] 15.3
1 4z 102 (23.7)
" 82 105
18.9 3.623 | 4.299 | 100 4 7 3.7x1079 5.58x10"9| 17
4 6 (24.6)
4 8
7
7

ORIGINAL BEM CONFIGURATION
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TABLE 2-3. BAND LIMITED GAUSSIAN NOISE -~ 12 kHz TO 552 kHz
Inter- BEM Dispersion BEM RMS
ference DC Output Bit Error DC Voltage Bit Error C/1
Level (-vDC) Time Count Monator Rate Rate
MVRMS 1 CH 7 CH gec [ 1 cH |7 CH 1 CH [ 7 CH 1 CH 7 CH (db)
BEM Coupler Input = 0.305 VRMS
None :
Added | 2.318 | 2.662 | 100 0 0 j2.4811] 2.4820 <8 x 1010 N/A
55.0 9.218 9.330 2 ) 160873 |148382 | 2.5220| 2.5225 |6.412x1073 5.903x10'3 5.5
161149 [148078 (15.9)
161134 | 148198
49.6 8.836 9.047 ) 185372 | 159582 | 2.5085| 2.5168 | 3.704x10~3 3.186x10'3 6.15
185540 | 160892 (15.8)
186900 | 160649
43.7 7.249 8,016 8 186190 | 153839 [2.5038 2.50}0 1,832x1073 | 1,543x10™3 6.98
182417 | 156765 (16.9)
182392 [ 153659
39.1 6,255 7,012 20 183276 [163175 | 2.5000] 2.5004 |7.309%x1074 | 6.472x1074}{7.8
183734 | 161831 (17.8)
183534 | 162412
34.4 5.322 6.139 60 117151 114531 | 2.49471 2.4980 | 1.555x1074 | 1.52x10~4 |8.86
117154 | 114442 (18.9)
117115 {114733
23.2 3.931 4.770 60 349 752 | 2.4825] 2.4880 |5.178x10°7 { 1.022x1076}13.1
411 785 (22.4)
396 771
20.3 3,669 4.392 90 50 136 | 2.4835 5.13x1078 1.75%10°7 [15.0
67 117 (23.5)
51 131
18.1 3.458 4,155 90 8 12 | 2.4799| 2.4822 |7.08x10™9 9.74x10~2 16.8
4 10 (24.5
8 11
DATA RUN WITH CHANGE TO A8 (34608)
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TABLE 2-4. SINE WAVE 3.1864 MHz
Inter- BEM Dispersion BEM RMS
ference DC Output Bit Er or DC Veltage Bit Error c/1
Level {(-vDC) Time Count Monitor Rate Rate
MVRMS 1 CH 7 CH sec | 1 cu“[7 CH 1 CH ]7 CH 1 CH 7 CH (db)
BEM Coupler Input = 0.305 VRMS'
None
Added
80.6 6,119 | 6.502 1 1 172638 | 140529 }2.5660 |2.5666 | 1.36x1072 | 1.1x1073 | 3,78
169914 | 134647 (11.5)
169076 | 138717
77.2 59,2 6.312 2 | 170708 | 153008 [2.5575 | 2.5564 | 7.05x1073 | 6x1073 3.95
180081 | 149026 (11.9)
179977 | 149848
70.2 5.518 | 5.957 10 | 124384 137583 |2.5479 |2.5518 | 1.0x10-3 1.08x1073 | 4.34
126842 | 137200 (12.76)
125155 | 135139
64.9 5.238 | 5.666 | 100 | 157973 | 141863 [2.5379 | 2.5443 | 1.22x107% | 1.12x1074 | 4.7
152836 | 139984 (13.4)
152450 | 140906
62.8 5.148 | 5.598 | 100 | 67450 | 46270 [2.5290 [2.5318 | 5.37x1075 | 3.74x10"5 | 4.85
66792 | 46960 (13.7)
67767 | 47234
59.0 4.979 | 5.430 | 100 7040 2581 [2.525 |2.529 | 5.61x10~6 | 2,15x1076 ] 5,2
7200 2718 (14.3)
6496 2736
-J‘ 58.4 4.901 | 5.375 | 100 1496 446 |2.5278 | 2.5276 | 1.19x1676 | 2.35x10°7 | 5,22
- 1500 420 (14.3)
;‘ 1423 403
: 55.5 4,772 | 5.204 | 100 573 120 {2.5215 | 2.5238 | 4.374x10"7| 8.¢ex1078] 5.49
: 549 99 (14.8)
{;, 468 106
a .
il ORIGINAL BEM CONFIGURATION
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TABLE 2-5. SINE WAVE 3.1864 MHz
Inter- BEM Dispersion BEM RMS
ference DC Cutput Bit Error e Voltage Bit Error c/1
Level (~VDC) Time Count Monitor Rate Rate
MVRMS 1 CH 7 CH sec | 1 ¢v [7 CH 1 CH I 7 CH 1 CH 7 CH (db)
BEM Coupler Input = 0.305 VRMS
None
Added 2.267 | 2.662 2.4761
¢ 77.2 5.740 | 6.255 2 | 150178 135423 | 2.5515} 2.5525 | 5.935%1073 | 5.337x1073 [ 3,95
148372 134844 (11.9)
| 148408 133091
i 80.6 5.060 | 6.389 1} 155807 129329 | 2.5649] 2.5560 | 1.235x1072 | 1,012x10™2 | 3.78
156615 {128703 (11.5)
E 154393 ]124553
127010
7042 5,363 5,847 10 107971 |135154 | 2.5375] 2.5382 | 8.365%x10"¢ | 1,075x10™3 4.34
3 103947 |136794 (12.76)
10501C {134900
64.7 5.094 | 5.636 60 72438 | 78916 | 2.5310( 2.5380 {9.759x10"5 | 1.05x10~4 4.7
73746 | 79t 48 (13.5)
75139 | 71430
60.4 4.866 | 5.354 60 8432 5016 | 2.5182 2.5208 | 1.035x10"5 | 6.506x10~6 | 5.08
7742 4753 (14.9)
7546 4999
1 56.8 4.680 [ 5.161 60 574 152 12.5170] 2.5137 | 7.966x10"7 | 2.124x10°7 | (14.6)
600 174
521 146
} 58,9 4.780 | 5.27 60 3308 1384 { 2.5185] 2.5194 [ 4.249x1076 | 1.76x1076 §.2
) 3019 | 1300 (14.3)
3183 1297
i 62.8 4.958 | 5.454 60 26480 | 22127 | 2.5266| 2.5273 | 3.478x1075 | 2.894x1075 | 4.85
b 25913 | 21478 (13.7
- 26121 | 21761
' h
'y
vt
32 DATA RUN WITH CHANGE TO A8 (:4608)
1y
' [}
’ )
¢ 1
»
. i
!
\
! 36
F o
e
}1
{y 1y
4
R 3

o,




. e+ e e e LY ¥
&
:
4
TABLE 2-6. SINE WAVE 3.1864 MHz
: Inter- BEM Dispersion BEM RMS
3 ference DC Output Bit Error DC Voltage Bit Error C/1
o Level (~\'DC) Time Count Monitor Rate Rate
R MVRMS 1 CH 7 CH sec |1 CH ]7 CH 1 CH |7 CH 1 CH 7 CH (db)
i BEM Coupler Input = 0,305 VRMS -
None
Added 2.125 | 2.550 2.4760 | 2.4780 :
80.2 5.813 | 6.262 1 {177857 | 136619 | 2,5595 | 2.5620 | 1.416x10-2 |1.09x10"2 3.8
176865 | 141910 (11.6)
178045 | 135475
76.8 5.562 | 6.054 2 |177744 | 154561 | 2.5520 | 2.5585 | 7.08x10~3 |6.12x10"3 3.79
] ' 174899 | 151877 . (12)
L 178766 | 153722
i
. 70.1 5.164 | 5.716 10 133065 | 145131 | 2,5435 | 2.5450 | 1,06x10™3 | 1.157x10™3 | 4.35
i 132715 | 145679 (12.8)
; 129708 | 141919
;
) 64.6 4.895 | 5.437 60 95939 | 89911 | 2.5315 | 2.5378 | 1.26x10"4 |1.175x10™4 | 4.72
93310 | 87127 (13.5)
94801 | 88057
62.4 4.792 | 5.321 60 31178 | 26174 {2.5300 | 2.5325 | 4.182x10°5 |3,42x1075 4.89
| 31611 | 25545 (13.8)
: 31773 | 25463
t
z 60.7 4.730 | 5.262 60 11586 §900 | 2.5163 1.47x1073  |7,78x1076 5.9
» 11185 5861 (14.0)
; Jf 10759 5817
. 58.9 4.644 | 5.185 60 4913 2140 6.58x10°6 |2.84x1076 o
K 4945 2089 (14.3)
| 5037 2142
‘ N 56.8 4.485 | 5.047 {100 678 250 2.5162 | 5.4x10-7 1.99x1¢~7 5.37
Lo 691 291 (14.6)
at 655 221
: i
’ ',i DATA RUN WITH CHANGE TO A8 (32304)
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TABLE 2-7. SINE WAVE 3.1864 MHz
Inter- | BEM Dispersion , BEM RMS
ference DC Output Bit Error DC Voltage Bit Error C/1
Level {=-VDC) Time count Monitor Rate Rate
MVRMS 1 CH 7 CH sec | 1 CH ]7 CH 1 CH [7 CH 1 CH 7 CH (db)
BEM Coupler Input = 0.305 VRMS
None
Added 1.980 | 2.480 0 2.4825 | 2.4820
80.4 5.627 | 6.178 1 | 165453 | 137844 | 2.5640 | 2.5630 | 1.34x1072 | 1.06x1072 3.8
169978 | 133524 (11.6)
168904 | 133514
77.2 5.324 | 5.915 2 [ 164225 | 140899 | 2.5545 | 2.5535 | 6.7x1073 £.616x1073 | 3,95
169561 | 143484 (11.9)
168058 | 141682
70.2 4.912 | 5.576 10 | 114844 } 132711 | 2.5415 | 2.5440 | 9.16x10™4 | 1.06x10~3 4.34
116240 | 133359 (12.7)
115003 | 131299
64.9 4.650 | 5.288 60 78884 | 78773 | 2.5345 | 2.5360 | 1.045x1074 | 1,055x10™4 | 4.7
78638 | 79838 ) (13.4)
78761 | 79526
62.8 4.548 | 5.180 60 25458 | 23074 | 2.5305 | 2.5325 | 3.37x10"5 | 2.987x10°5 | 4.86
25518 | 22434 (13.7)
24861 | 22529
60.7 4.439 | 5.077 60 8264 4584 | 2.5295 | 2.5276 } 1.07x10~5 | 5,84%1076 5.62
8013 4269 {14.0)
8009 4447
58.9 4.361 ] 4,990 60 2982 1578 | 2.5245 | 2.5235 | 3.98x10°6 | 1,99x10~6 5.18
3360 1488 (14.3)
2675 1464
£6.8 4.240 | 4.255 60 711 825 | 2.5235 | 2.5225 | 6.37x107 | 5.9748x10"7} 5.4
768 786 (14.6)
926 688
DATA RUN WITH CHANGE TO A8 (3$1152)
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TABLE 2-8. SINE WAVE INPUT - CONSTANT AMPLITUDE
(C/T = 4.34 = 12.74 db)
Dispersion (-VDC
Error Error + 2304 +1152 | 2288 72 36 20
Frequency | Tame] Count ‘| Count 1 CH 1 CH 1 CH 1 CH 1 CH 1 CH
MHz Sec | BER = 1 CH | BER - 7 CH 7T Cil 7CH |7 CH |7 CH |TCH |7CH |Comments
1.0 0.2 | 74463 83636 7.4%1 | 7.278 |6.826 | 5.758 | 4.680 | 3.562 |c/1 = 4.34
74438 84071 (12.74 db)
75000 83796 7.318 | 7.211 |6.910 | 5.981 | 4.954 | 3.516
2,97x1072 3.33x1072
2.0 0.5 | 126926 204445 6.712 | 6.110 |5.420 | 4.238 |3.805 | 3.206 [C/1 = 4.34
125337 199514 (12.74 db)
128727 122688 6.640 | 6.467 |5.947 | 4.666 | 3.951 | 3.717
2.02xi0"" 2. sx1072
3.18€4 10 139173 155913 5.296 | 5.043 |4.028 | 3.461 [3.160 | 2.674 |c/1 = 4.34
137520 152716 (12.74 ab)
140380 150477 5.840 | 5.682 |5.260 | 4.069 | 3.160 | 2.688
1x10~3 1.22x10™3
4.0 10 20125 23197 4.947 | 4.707 |3.656 | 3.071 | 2.787 ] 2.366 |c/1 = 4.34
20089 22315 - (12.74 db)
20573 22661 5.486 | 5.341 [4.917 ] 3.768 | 3.019 | 2.380
1.6x1074 1.8x1074
5.0 100 42 1-2 4.277 | 4.051 |3.065 | 2.423 | 2.138 ] 1.795 |c/1 = 4.34
45 (12,74 db)
45 4.800 | 4,646 [4.254 | 3.280 | 2.453 | 1.885
3.505x10°8 | 1.2x10°9
6.3728 100 0 0 3.331 7 5,130 2.275 ] 1.507 11,306 | 1.100 |C/1 = 4.34
0 0 ; (12.74 ab)
0 ¢ 3.840 ; 3.720 [3.348 ] 2.611 | 1.760 | 1.273
<8x1078 <8x10~10 ‘
7.0 100 0 0 3.025 | 2.840 [2.118 | 1.267 | 1.075} 6.897 |c/1 = 434
0 0 (12.74 db)
0 0 3.525 | 3.397 {3.044 | 2.404 [ 1.636} 1.146
<8x10~10 <8x10"10
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TABLE 2-9. CARRIER FREQUENCY 3.1864 MHz
FM MODULATION FREQUENCY 1 kHz, FREQUENCY DEVIATION 20 kH2
Inter- | BEM Dispersion I BEM RMS
ference DC Output Bit Error DC Voltage Bit Error c/1
Level (~vDC). Time Count Monitor Rate Rate
MVRMS 1 CH 7 CH sec |1 cH 17 cH 1¢H [7 cH 1 CH 7 Ch (db)
BEM Coupler Input =~ 0.306 VRMS
—
None
Added 2,259 | 2.612 2.4710 | 2.4720
80.6 5,950 | 6.359 | 1.0 | 156041 126722 | 2.5537 ] 2.5580 [1.242x1072 |1.0x10"2 3.78
153518 |126723 11.5
158996 {126577
89.9 7,002 | 6.914 | 1.0 | 234339 [247865 |2.5771] 2.5770 [1.872x1076 [ 1.944x10°2 | 2.4
235884 |242917 (10.6)
237741 244240
None
Added 2,246 | 2.604 2.4780 | 2.4794
85.5 6,268 | 6.617 | 1.0 ] 185061 |131405 |2.5710 | 2.5690 | 1.465x1072 | 1,05x1072 3.56
1768141 |131043 {11.0)
184967 [132159
75.5 5.606 | 6.074 | 2 106646 | 94948 [2.5490{ 2.5520 [4.22x10"3 |3.78x10"3 3.04
106052 | 94323 (12.1)
103184 | 95733
70.0 5.309 | 5,799 | 10 87713 | 115456 | 2.5410] 2.5435 §7.09%x10"4 | 9,.08x10™5 4.36
92454 | 113870 (12.8)
89159 1112517
68.1 5.231{ 5.7a8 | 10 47424 | 55946 | 2.5396 | 2.5408 {3.66x10°9 |4,54x1074 4.48
16288 56902 (13.0)
15697 50171
6.1 5.055 | 5.541 | 10 10499 [ 11719 | 2.5342 ] 2 5340 {8.34x1075 | 9,32x10~° 4.7
16624 | 11789 (13.4)
10846 11286
00.5 donte o, 50317 | 10 1094 607 | 2.5252 2.5267 | 7.966x10-6 | 4.38x1076 5.04
1wu2 554 (14,0)
967 492
948 503
58,2 4.744 ] 5.227 | 10 156 78 {2.5193} 2.5190 | 1.36x107¢ | 5.86x10™7 5.2
186 9 (14.4)
171 74
THIS DATA RUN WITH CHANGE TO A8 ( 2304)
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TABLE 2-10.

CARRIER FREQUENCY 3.1864 MHz

FM MODULATION FREQUENCY 1 kHz, FREQUENCY DEVIATION 120 kHZ

Inter~ | BEM Dispersion 3EM RMS
ference DC Output Bit Error DC Voltage Bit Esror c/1
Level {~=VDC) Time Count Monitor Rate Rate
MVRMS 1 CH 7 CH sec |1 cH |7 CH 1 CH 7 CH 1 CH 7 CH (ab)
BEM Coupler Input = 0.305 VRMS
None
added 2.259 | 2.612 2.4710 | 2.4720
80.4 5,951 | 6.380 | 1.0 | 159427 127339 |2.5530 | 2.5546 [1.266x10°2 | 1,0x10™2 3.8
159311 | 125313 (11.6)
156884 | 126377
89.9 7.036 | 6.891 | 1.0 | 238422 | 240820 [2.5774 | 2.5795 | 1.9x1072 1.944x1072 | 2.4
238770 | 244732 {10.6)
233373 | 243358
85.5 6.267 | 6.620 | 1.0 | 185588 | 133568 |2.5710 | 2.5694 | 1.43x10"2 | 1.07x10"2 3.56
179202 | 132477 (11.0)
180828 | 135496
75.5 5.594 | 6.740 |2 96742 | 93629 [2.5510 | 2.5530 | 3.7x10"3 3.72x1073 4.04
90930 | 95201 (12.1)
93374 | 91814
70.0 5.324 | 5.807 | 10 94658 | 116920 |2.5425 ] 2.5438 | 7.488x10~4 | 9, 24x10™4 4.36
92938 | 116336 {12.8)
93785 | 113969
68.1 5.227 | 5.704 | 10 41298 }- 55005 |2.5401 | 2.5406 {3.266x107% {4.39x1074 4.48
41099 { 55178 (13.0)
40141 | 55098
64.9 5,057 | 5.550 | 10 9522 | 11473 |2.5352 | 2.5356 | 7.33x1075 | 9.4x1075 4.7
9387 | 11817 (13.4)
8831 | 11824
60.5 4.847 | 5.326 | 10 1076 Y66 {2.5240 | 2.5260 | 8.76x1076 | 4.38x1076 5.04
1111 588 (14.0)
1200 512
58,2 4.737 | 5.220 | 10 216 70 |2.5186 | 2.5210 | 1.65x1076 | 6. 16x10"7 5.2
215 78 {14.4)
190 84
DATA RUN WITH CHANGE TO AB ( 4608)
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TABLE 2-11. CARRIER FREQUENCY 3.1864 MHz
FM MODULATION FREQUENCY 1 kHz, DEVIATION #20 kHZ
Inter- BEM Dispersion BEM RMS
ference DC Output Bit Error DC Voltage Bit Error c/1
Level (~vDC) Time Count Moni tor Rate Rate
MVRMS TCH | 7CH |sec [1CH [7CH TCH | 7 CH 7 cH 7 CH {db) |
BEM Coupler Input = 0.305 VRMS
None
‘Added 2,111 | 2.532 . 2.4840| 2.4835
89.5 6.844 | 6.770 | 1.0 | 223560 |230791 | 2.5844] 2.5826 | 1.776x1072 | 1,816x10™2
219936 |228693
3 ; 225365 226443
k y
4 85.6 6.461 | 1.0 161299 2.5705 1,266x10~2
i ‘ 158777
3 158108
(A "
% 85.6 6.154 | 6.444 | 1.0 | 201293 |161384 | 2.5718] 2.5700 [1.601x1072 | 7,275x1072
Ei 198393 | 160399
} 203904 | 159896
3
3 80.5 5,776 | 6.213 | 1.0 | 175810 |[140222 | 2.5612] 2.5650 |1.358x10~2 | 1. 115x10™2
'i 170949 1139816
: 176627 [141378
1 77.2 5.530 | 6.043 | 2 176829 }147933 | 2.5549| 2.5540 |7.01x10"3 | 5.815x10"3
: - 175127 | 146543
: 170765 | 146271
<. 70.2 5.149 | 5.695 | 10 105254 | 134882 | 2.5435| 2.5462 [8.05xi0™4 | 1.08x1073
4 98963 | 1374606
: 101681 [134111
5 64.8 4.864 | 5.411 | 60 63330 | 70525 | 2.5373] 2.5355 [8.23x10"5 | 9.23x10"5
3 62330 | 68922
: 60715 | 69774
: .i 62.8 4.827 | 5.305 | 60 21140 | 17625 | 2.5195] 2.5311 |2.85x10"5 | 2.323x1075
; \ 23554 | 1777
< -‘ 20436 | 17365
% . 58.9 4.596 | 5.117 {60 2267 972 | 2.5250| 2.5272 [3.25x10"6 | 1,3 x 1076
3 ‘ N 2453 965
4 '
: ¢ 2566 1038
N Rl 56.8 4.458 | 5.000 | 60 326 113 { 2,5207| 2.5200 }3.65x10"7 | 1.39x10"7
o §
I 3 238 102
1}
4 ‘ } 308 98
'
% ? DATA RUN WITH CHANGE TO A8 ( 2304)
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Section 3

ANALYTICAL DISCUSSION OF PROBABILITY
DISTRIBUTIONS

3.1 METHODS FOR COMPUTING DISTRIBUTIONS OF FUNCTIONS

There are several methods for computing the probability distri-
bution of a random variable y defined by a known deterministic
function of a random variable x whose distribution is know. The
functional relation may be expressed

= g(x), (3-1)
where,
g(*) is a known functional form.

X is a a random variable whose probability density
function is f,(x). Here, the subscript x on f denotes
the x density functional from f4(+), and the x in the
argument (+) denotes the random variable x.

y is a random variable whose probability density function,
as yet unknown, is denoted by £,(y), the notation being
the same as above, noting that % and f are different
functional forms.

The desired result is to find the probability density function
fy(-) from a knowledge of g(*) and fy(°).

3.1.1 Probability Density Function Method

wof

To illustrate this method, consider the deterministic curves

Yy = g(x) defined by Equation 3.1, as shown on Figures 3.la and
3.1b.

Figure 3.la denotes a monotone curve which has a single value y
for single value x, and inversely. Whenever the random variable
y occurs in the domain dy, the random variable x will lie in the
domain dy, the random variable x will lie in the domain dx and
the probabilities are equal. Using the definition of probabil-
ity density functions, this equality requires that

fyly)dy = fx(x)dx (3-2)
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FIGURE 3-1. PROBABILITY DENSITY FUNCTION

From the functional relation of Equation 3-1,

dy = ¢g'(x)dx

(3-3)
where g'(+*) is the derivative. The desired result, using
Equation 3-2 is given by

fy(y) ¢ g'(x)dx = fy(x)dx
or
fx(x)
£,(y) = — (3-4)
! {9’ (x)

where the absolute value has been used to account for the
situation in which g'(x) is negative. This follows from the
requirement that the density functions are positive and that the

projection of the seyment of the curve on the axis x is the same
whether the curve is rising or falling.

The results in a more general case may be established by
obgervation of Figure 3-~1lb. Here, for a given y and its domain
dy, there are three corresponding domains, dxj, dxj, and dx3.
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Then, a random y in dy will occur only if x is in dxj, or dxj,
or dx3. Since these are independent events, the probability
that y is in dy is equal to the sum of the probabilities that x

is in dxj, or dxy, or dx3. This equality of probabilities

requires that
fy(y)dy = fx(x31)dx) + fx(x2)dxy + fy(x3)dx3
But
dy = g'(x)dx and dy; = dyp = dy3 = dy)
so that
dy = g'(x3)dxj for all x; .
The results is then

o Exlxy) . £x(x2) N fy(x3)
g’ (x1)| |9' (x2)] 19" (x3)]

(3-5)

which clearly holds for any number of roots xj of the Equation

3-1, for a given value of y. Generally, the original Equation

3-1 is used to express x in terms of y.

As an example, consider the random variable y defined by

y=ax+b>

where a and b are deterministic and x is a random variable whose
density is known and denoted by fy(x). The, using the above

formulas
Yy =g(x) =ax +b
g'(x) = a
fx(x)
fy(Y) = Ia I

But from the defining relation

x = (y-b)/a
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and

fgly) = 2 £y (¥2)

1
la| a

3.1.2 Random Cosine Wave

A second example is given by the concept of a random cosine
wave. Let Iy be a random variable defined by

Ip = P cos(upt +)

for fixed wp and ¢, the random wave is introduced by sampling
the time t at random: Then, the argument represents a random
variable, let this be denoted by x, and then if t, is selected
at random any value of x is equally likely. This corresponds to
a uniform distribution on x, and the problem becomes one of
determining the density function of Ip given by

Ip = P cos(x),

when x is a uniformly distributed random variable, with a
constant function in 0< x <2n. Hence,

-1 0<x<2m,
Ex{x) = 21 x = 0 elsewhere

then, assuming P is a constant, the above formulas give

~1/2
1
£1, = 2 (p2 - Ip) |1p]< P

0, |Ipf>o0

3.1.3 Distributicn Function Method

With reference to Figure 3~la, it is seen that whrenever the
random variable Y is less than a selected value of Y, the randcm
variable X is less than the value of X corresponding to the
selected value of Y. That is, in terms of probability,

P(Y <Y(selected)) = P(X < X(corresponding))
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These expressions are the distribution functions defined by
y X
Pe(y) = /7 fy(y)ay, Fx(x) = [ fx(x)ax (3-6)

- 00 -0

from which, by definition of the derivative,
F§(Y) = fy(Y), Fp(x) = £4(x) (3-7)
the resulting formula is

value of x
) (3-8)

Fy(y) = P(x <(corresponding x)) = Fyg (in terms of y

Example. Consider again the problem to find the density Fy(y),
given

y=ax+b5>b
From Equation 3-8, for a >0

y-b
Fy(Y) = Fy(x) = Fy (-E—)

Using Equation 3-7,
~by d ~-b
()5 ()
a dy a

_ y-b 1
=fx \=3—) * 7 + as before

fy(Y)

Extensions of this method to multidimensional casies follow the
same principles as shown in Reference 4. In particular, an
important case is when a product of two random variables is
involved. Let the random variable Z be defined by 2 = X,Y. The
resulting density function of 2 is, in general,

(=]

/‘ 1 2
f£,(2z) = | -!—x—l' fx’y<x,;> « dx

Q0
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where Fyy is the joint density function of X and Y. If X and Y
are products, as is here the case,

when X and Y are independent.
For the case of amplitude modulated cosine waves, the amplitude
P is random in the sense of random sampling as mentioned
Paragraph 3.1.1. For that case with random P,

Y = cos X

Ip =P Y,

and the density function is given by

[ ]

pr (Ip) = j[

-0

-ﬁ)-i- fp(P) ¢ fy(Ip/p) *+ dpP

As expected, the distribution of the cosine wave and AM
modulation are quite different, as shown by the curves in
Section 6.

In the same way, the distribution for the FM modulated cosine
wave can be determined by noting that the FM tone shifts the
results of uniform sampling mentioned in Paragraph 3.1.1, and
the resulting distribution may be computed by ovserving that the
distribution of the variable called X is no longer uniform.
Clearly if the cosine signal is tone modulated, the differences
would be less than if random wave caused the modulation. Also,
it is clear that if the FM frequency shift caused by a tone is
small compared with the carrier frequency, then the distribution
would he nearly the same as a pure .cosine wave. This is
confirmed by the results of Section 6.
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Section 4

BASIC ERROR EQUATION ANALYSIS

The error equation derived in Section 1 may be written
P = Q(AD) + Q(D) (4-1)

where the other terms of Equation 1-1 are dropped because of
their small relative size, and where,

P = 4 (pseudo error rate) = 4 (count down ratio)
Q = complementar distribution function, unknown
A = normalized dispersion, measured
D = normalized noise, unknown
In the use of Equation 4-1 *.. ! ference 1 and in Section 1, the

noise which generated the d. =iy ‘dution function Q was assumed to
be Gaussian. Accordingly, i.. Lquation 4-1 for that case, Q is o
known functional form and P and A are known values. A value of
P is selected for use as BEM input ard A is measured as the
resulting BEM output Then, for ea.h . .ir of known values (P,
A) Equation 4-1 may be uniquely sol ed for D, the only unknown
value "1 the equation. A measure ¢f ' - closeness of Q to a
true Gaussian distribution is providea . the values of D
computed for each pair (I, A).

In a real problem uf unknown wave forms, the selected pseudo
error rate and a measured A = (A/D) ratio are the only known
quantities. However, to solve the equation, it is necessary to
know the distribution function of the unknown wave form. This
identification problem of unknown. Q has been studied, and
methods of solution have been investigated. The method of
Gram-Charlier for representina density functions is one ap-
proach, now described. This procedure, applied to the present
problem, expands the density function of the distribution in a
series whose terms are the normal density function and its
derivatives. To illustrate this, the following notatioms are
used:
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f(t) distribution function

t
= [ f(wau.= plust)

- Q0

complementary distribution function

Q(t)
= 1 - F(t) = P(u>t)

The present application represents f(y) in a series of terms
given by the normal density,

___l. e-y2/2
n

gly) =

S

and its derivatives. Thus,

£(y) = Cpoaly) + C1g'(y) + Cag"(y) + ..ty

which C; are coefficients to be determined from the measured
data, as now discussed from the definition of g(y), it follows

that
1l _y2/2
' - == oY .
g'(y) m Y

and other tcrms of the series are found by sequential
Gifferentiation.

From the derivation of the error equations in Section 4, the
relation between the pseudo error rate, the measured A = (A/D)
ratio, and the unknown D = (D/N) ratio is (to a two term
approximation)

A P = O(A-D) + Q(d)

B where
i:‘ P = 4 x psuedo error rate, known

4 Q = the unknown complementary distribution function
‘.§ A = (A/D) ratio, unknown

? D = (D/N) ratio, unknown

4

4
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Segential differentiation of g(y) shown that the expansion for
f(y) may be written

£(y) = bpe-¥%/2 4 b1y e¥2/2 ypyy2ey¥/2 4 .,

by absorbing constants into the undetermined coefficients bj.
Integration of f(y) gives

[+ 4]

Qly) = bo,/eu?‘/2 du + by /ue"uz/2 du + bz_/.uze‘uz/2 dut...
Yy y b4

for as many terms as used in the representation, and it is seen
that the expression is related to the moments of the
distribution. In order that f(y) be a density function, it is
necessary that

f(y) -0 as y+t =
Q(-w) =1
The form of f(y) assures that the first condition is met, and

the second condition imposes the requirement on the
coefficients,

oo [+ ] (¥}
{
1 = by J/e'“z/z du + bl_/ue"uz/2 du + by J u2e=u?/2 aqy +,...
- 00 - haadi® ¢4

which is easily evaluated in terms of normal density functions.

The other conditions for determining the coefficients are given
by the pseudo error rate equation,

P = Q(A*D) + Q(D)

given above, with only D as the unknown, and Q is expressed by
the Gram-Charlier series.

For selected values of the pseudo error rate, P is known, A is
measured, and the form of Q is given by the above series
expression. The unknown coefficients may be determined in the
following way, using only three coefficients, by, by, by for
illuscration.

For three selected pseudo error rates, and three nmeasured values
of A, called Py, Py, P3, and Ay, Ay, A3, these values are known.
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The above equation evaluated at these points then becomes the
set of equations,

Py = Q(A;D) + Q(D)
Py = Q(AyD) + O(D)
P3 = Q(A3D) + Q(D)
Q(=») =1

where for example

Q(ajiD) = bOJ/re—UZ/Z du + by j[ue-02/2 dy + bZ./ﬁuze_uz/z ay
AyD A1D A)D

with similar expressions for Q{A;D) and Q(A3D) Q(-~) = 1 given
in expanded form above.

The above four equations in their expanded form provide for th.
explicit determination of the unknowns, D, bg, by, bz, by
numerical techniques. With the coefficients known, the
ditribution is known. This disuribution wmay then be compared
with the distribution of specific, kncwn, interfering wave forms
to match the observed results with a standard form. Methods for
making the comparison are discussed in Sections 9, 10 and 1l.

Practical numerical methods for approximating the above analysis
are given in Sections 5, 6, 7, and 8.
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Section 5

BASIC RELATIONS DETERMINED BY
EXPERIMENTAL BEM MEASUREMENTS

INTRODUCTION

As discussed in Section 4 and in Reference 1, the basic equation
which relates the measured pseudo error rate to the probability
of detecting a pseudo error is

P

wher

Q

e,

Q(AD) + Q(D)

(5-1)

4x (measured pseudo error rate)

4/C
countdown factor
(a/d), a known value

(d/n), an unknown value

standard deviation of the error signal

known constant = 0.9 volt for BEM tests

(measured dispersion)/11.05

11.05 volts = reference for BEM tests

complementary distribution function.

The countdown factors chosen for the BEM test were C = (9216,

4608, 2304, 1152, 288, 72, 36, 20).

P =

R

A

For each chosen value of C,

C/4 is a known constant, and from BEM measurements for a
given signal type, a dispersion value is measured. The vari-
ables a and A defined above are then given by

i

(measured dispersion)/11.05

(measured dispersion/(9 x 11.05)

(measured dispersion)/(9.945)

b

6l
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Since the dispersion is measured and C is measured, P and A are
known quantities in Equation 5-1. If the form of the distribu-
tion Q is assumed known, as was the case in Reference 1, then D
is the only unknown and the equation may be solved for D.

However, if the distribution of the error signal is not neces-
sarily Gaussian, but unknown, then a sequence of BEM measure-
ments (to provide a set of values A for a set of selected values
C) could then be used to construct the form of the distribution
¢ for different selected error signals.

1f the measurements produced a sufficiently different Q distri-
bution for each of the error signal types selected, then the Q
distribution (constructed from the BEM measurements) of an
unknown signal could possibly be used for its identification.
This would be done by selecting the known distribution which
most nearly corresponds to the unknown distribution. To accom-
plish the task of signal identification using the BEM measure-
ments described above, a sequence of steps is required:

1. Select signals to be used for reference.

2. Using BEM measurements, determine the dispersion value
corresponding to each selected countdown ratio for each
signal type.

3. Repeat Step 2 for each of several selected signal power
levels,

4. Develop a method for determining the form of the ¢
distribution for each selected reference signal.

5. Analyze the results graphically to determine if the
resulting Q distributions are sufficiently different to
offer the possibility for identification of an unknown
signal.

6. Assuming a positive result in Step 5, develop a method for
the analytical discrimination of signals, the method to be
computer based and more powerful than the graphical
analysis of Step 5.

7. Develop computer programs as required in the above

sequence to support the analysis and perform numerical
calculations.
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8. Formalize the computer programs so that BEM measurements
of an unknown signal are input to a computer program,
resulting in the identification of the unknown signal.

Steps 1, 2, and 3 have been discussed in Section 2. The
remaining steps will be described in the sections following.

5.2 DETERMINATION OF THE COMPLEMENTARY DISTRIBUTION FUNCTION

A general discussion of the probability distributions associated
with the fundamental Equation 5-1 has been given in fection 4.
Here a method for the practical determination of the Q distribu-~
tion is presented.

Repeating Equation 5-1 for convenience,
= Q(AD) + Q(D)

where the terms are defined in Subsection 5.1, it is again
recalled that the solution for D is a known function, for D is
the only unknown in a single equation. In the present case,
however, Q is unknown and it is necessary to determine its
functional form. This can be done in an approximate way, as
outlined in Section 4 by evaluating the eguation for a sequence
of known countdown ratios and their corresponding dispersions,
as provided by BEM measurements. The procedure given, however,
is computationally quite involved.

In order to approach the present problem from a practical,
computational viewpoint, approximations to Q which are linear in
the coefficients were investigated. This was carried out com-
putationally for a variety of different distributions. Two of
these which are significantly different in shape, the Gaussian
and the CW wave, were investigated and it was found that approx-

-ﬁ imations within an error of less than 5 percent were possible

: when using equations which are linear in the coefficients.

} Using the approximation,

Q=0.5+ az + bz2 + cz3 + dz4,

——
-,

-y,

ey

in the pseudo error rate equation, for illustration, gives

P-1=a(AD) +b (AD)Z +C SAD)3 + d (AD)4
a (D) +b (D)2 + ¢ (D)3 + d (D)4
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This represents one eqguation and 5 unknowns a, b, ¢, d, D. By
selecting 4 different values of P, and 4 measured values of A,
the equation is evaluated at each of these points. Let P -1 =
G, and the equations are (evaluated at the subscript point i),

Gl = a (Al*D) + b §A1~D)2 + C (Al'D)3 + a (a1'D)4 +
a (D) +b (D)2 + C (D3) +4d (D)4,

plus three other similar equations evaluated at other selected
points, A2, A33, A4, and G2, G3, G4.

These four equations are augmented by conditions on the distribu-
tion function, as shown below, to provide the required number of

equations,

The resulting equations define the problem, and their solution
provides the desired result; that is, a determination of the
unknown noise factor D, and the complementary distribution
function Q.

The particular form of the equation chosen for illustration is
linear in the coefficients and is, therefore, particularly easy
to solve.

It is noted trom the above Gl equation that the unknowns a, b,
¢, 4, D_are not linearly related because of product terms, abD,
bbD#, cD3, ap4. However, as now shown, these equations are
easily solved. To accomplish this, recall that the values of
Gl, G2, G3, G4; Al, A2, A3, A4 are known. Then let the new
unknowns t, u, v, w be introduced by the relations,

aD
bD?
cD3
dap4

£ < Cocr

Then, substitution into the G equations gives

Gl = (Al+1) t + (Al%+1) u + (Al3+1) v + (A1%+1) w
G2 = (A2+1) t + (A22+1) u + (A23+1) v + (A24+1) w
G3 = (A3+1) t + (A32+1) u + (A33+1) v + (A3%4+1) w
Gd = (Ad+l) t + (Ad%+1) u + (Ad3+1) v + (A4%41) w

which are four linear equations for the four unknowns t, u, v, w
determined by the known values Gl, G2, 3, G4; Al, Al, A3, A4,

so that
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from this, the derivative of ¢ (z) is

Q (z) = -F (2)
and the variance of z may be written, (see Equation 5-la, next
page)

K
6,2=1=2 [ 22 (2) az
(o)

K
-2 f z2 Q' (z) dz
o

where zero mean is assumed, and K is the value of z for which

the distribution is essentially zero. (Since Q is a distribu-
tion, such a point K must exist). Another unknown, K, has been
introduced into the problem, but the Q approximation yields addi-
tional information. Using the expression for Q and integration
the 22 equation above by parts gives,

Q(K) = 0 = 0.5 + aK + bK2 + ck3 + dk4 (5-2)
i ) ~fK 2 Q (z) dz =.fK (0.5z + az? + bz3 + czd + dz%) az,
0 o)
0.5 g

& -

b
4

K4 +

_s2 a [*]
-2 K2+ 3 K3+ 5

K3 + 6 K6

(5-3)

The solution of these equations gives specific known values for
t, u, v, w. Let these_be _denoted t, u, v, w. Then, from the
above definitions for t, u, v, w,

a = t/D
b = u/D?
c = ;7D3
d = w/pn4

The remaining equations required to complete the solution are
provided by the following relations.
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For a random interfering wave, represented by the random vari-
able X, its variance may be denoted by ox2. This random

variable may then be normalized by introducing the random
variable z defined by z = x/04.

Then, by the definition of a variance,

2 _ 1 2 .,
z - ;—7 - 0 = & (5~1a)

The normalized complementary distribution may be approximated,
as indicated above, by

Q = 0.5 + az + bz2 + cz3 + dz4,
with density function f(z) and o; = 1.
The distribution function F may be written

Z

F=0.5+ J f(z) dz,
(o]

From the solution of the simultaneous equations, recall that t,
u, v, w are now known, and that

a=t/D, b =u/2, ¢c=vm3, a=wnp?

Substitution in the two previous Equations 5.2 and 5.3 gives

2 3 4
0 =0.5+¢t (g) + u (g) + V(%) + W (%) (5-4)
2 3 \4-1]
1/(0.5 t (K u (K v (K W K
K=[E<T+§(5)+z(5) +§(5) tE (5)) (5-5
D = L K
- TR/D)

D = do/ox; therefore,

o = do/D, where do is the voltage offset.
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The sequence of solution is this:

a. Measure dispersion values using BEM for each selected
countdown ratio.

b, 8olve the simultaneous system for t, u, v, w.

c. Solve Equation 5.4 for (K/D), knowing t, u, v, w.

d. Solve Equation 5.5 for K, knowing t, u, v, w, (K/D).
Compute D = (1/(K/D) - K, knowing (K/D) and K
Compute 0y = do/D, knowing d, and D

Compute a = t/D, b= u/Dz, c = v/D3, d = w/D4,
knowing t, u, v, w, D

Evaluate Q¢ = 0.5 + az + bz2 + cz3 + dz4
knowing a, b, ¢, d. ‘'his is the desiied
distribution.

The above procedure has been carricd out and exercised for
numerous cases of measured data. <The above illustration was for
a curve fit involving four unknowr., which leads to an approxi-
mating equation of degree four. “his required the use of four
countdown ratios and four measure« dispersion from BEM. Similar
analyses have been carried out wit polynomial equations of
higher degree, requiring more count ratios and dispersion
measurements. Results of all thess analyses are discussed in
Section 6 and 7.

Since BEM measurements (see Section 2) were taken for eight
.n countdown ratios, it is possible to fit a curve of a given
degree with an excess of data, rather than fit the curve with
- the minimum required number of points The use of an excess of
_l data suggests a least squares procedur: for fitting the data to
. the curve. Least squares results are discussed in Sections 6

1‘& and 7.
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Section 6

CURVE FITTING METHODS FOR BEM DATA

6.1 FITTING AT SELECTED POINTS
In Section 5, the basic error rate equation,
P = Q(AD) + Q(D) .

was solved by assuming a polynomial form for Q and evaluating
the equation at selected values of countdown ratios and the

: corresponding measured values of the dispersion. Thus, the

! function Q was forced to pass through selected points. The

| illustration used in Section 5 was based on assuming a poly-
nomial of degree four, evaluated at four corresponding pairs of
countdown ratios and dispersions. Alternatively, equations of
degree three to eight were considered during the analysis. As
is well known, this type of curve fitting, called cocllocation,
leads to considerable error between the fitting points if the
degree of the fitting equation is too high. After considerable
exper imentation, an equation of degree four and the four count-
down ratios 9216, 2304, 288, 36, were used. Figure 6-1 shows
the results for sevaeral different signal types, each signal type
being averaged over the first four experimental power levels.
Results from other power levels are similar. Observation of
Figure 6-1 shows that the Q curves for the signals represented
are significantly different,

‘” 6.2 LEAST SQUARES FITTING

. As mentioned .n Subsection 6.1, collocation methods lead to
‘ unwanted oscillations between fitting points for polynomials of
T high degree. To produce a smoother Q curve, the method of least
i squares was used. Following is a brief derivation of the method
) applied to the present problems.

i
‘¥ 6.2.1 Derivation of Least Sguares Algorithm for the Present
f X Application

y

4

i Using a polynomial of degree four, for example, the Q function
: ‘ is represented by,

Q0 =0.5+ az + bz2 + cz3 + dz¢
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Substitution of this form into the fundamertal error rate
equation,

= Q(AD) + Q(D),

and letting G = P-1 gives
G = aD(1+A) + bD2(1+A2) + cD3(1+a3) = ap4(1+ad) (6=1)

Since the Q curve is to be determined from experimental data,
the Equation 6-1 will not be satisfied exactly. Instead, for
each measured value A an error exists between G and the right

side of the equation. Let
= G - [aD(1+A) + bD2(1+a2) + cD3(a+ad) + dpd(1+a%) ], (6-2)

be the error at each point of the equation. The least squares
solutlon then seeks to determine the coefficients (abD), (sz),
(cD ) so that the total error, fe2 is a minimum where summed
over all input values A. As in Section 5, write the unknown

coefficients in the fornm,
t = AD, u = bD?, v = ¢p3, w = dp4, (6-3)

and insert these in Equation 6-2. The conditions on t, u, v, w,
for minimizing

E = Zez
are,

9E/93t = 0, 3E/d%u = 0, 9E/dv = 0, 3E/3w = 0

Then, using the right side of Equation 6-2 to define E, the
resulting equatiors are

OB 5
3t = € 3¢ = -Ie(l+A) = 0
OE )

56 = It ge = -Ie(lea®) = o
OE

v L€ %% = -Ze(l+A3) =0
S o ve & - zeien?d) -
aw SW— E( +A)-0
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The substitution of expression for E given by Equation 6-2 into

the above relations, using the expressions in Equation 6-3, pro-
vide four linear equations for the determination of the unknowns
(t,u,v,w). The first equation is,

tI(1+A)2 + ul(1+A2) (1+A) + vI (1+A3) (1+A) + w I (1l+a%) (1+a)
= XG (1+A)r

and the remaining three equations are similarly derived. From
this point onward, the procedure for determining the comple-
mentary distribution function Q as a function of the nondimen-
sicnal random variable z is identical to that given in Sec-
tion 5. For the two procedures, collocation or least squares,
exactly ti.2 same computer programs are used, except for the two
different programs which compute the coefficients. Details of
all these are discussed in Section 7.

As in Section 5, the use of a fou.th degree equation was
typical, not required. The set uf computer programs will
accept, hy simple input declarations, polynomials as large as
Aeqree eight, and as many as eight countdown ratios. These
limit values may be easily extended in the set of computar
programs if desired.

For the present application, after extenzive experimentation, it
was found that the cs.noothest and most consistent curves for
were generated by using a polynomial of degree four and the five
countdown ratios (9216, 2304, 1172, 288, 36) processed by the
leas: squares program.
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Section 7

COMPUTER PROGRAMS FOR DETERMINING L. 1RIBUTION
FUNCTIONS FROM MEASURED BEM DATA

7.1 DISCUSSION

In Sections 5 and 6, the algorithms selected for computing the

complementary Q distribution function were derived and discussed.

Given in Section 7.2 are the names of the BASIC computer pro-
grams which were developed to compute the Q distributon as a
function of the normalized random variable z. These have been
converted to FORTRAN and are listed and documented in Appendix
D, using the same names except for prefix. That is, LFLSQl
becomes SGHSQL.

The reason for the intreduction of a normalized random variable
is to minimize the effect of different power levels on the
distribution function. The present approach accomplishes this
quite well.

Results of a number of sample runs for different signal types
are given in Section 8. These show that, in general, discrimin-
ation from a graphical viewpoint is possible for the signal
types consicered for a variety of different power levels.

The visual observations of the plotted Q curves can be made more
accurate, and also automatic, by using discrimination algorithms
which output an estimate, with a specified confidence, of the
type of signal whick is causing the interference. This is accom-
plished by a sequence of computer programs which are described

in Section 10. This section deals only with the generation of Q
distribution curves.

7.2 COMPUTER PROGRAMS

The programs which accept BEM experimental data input, and out-
put the Q distribution as a function of the normalized random
variable z are implementctions of the algorithms developed in
Section 5. These programs perform the following functions (see
Figure 7-1), with reference to Section 5.
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INPUT BEM
COUNT DOWN
RATIOS AND
MEASURED DISPERSIONS,
AND DEGREE OF

FITTING POLYNOMIAL

DETERMINE COEFFICIENT MATRIX
AND RIGHT SIDE COEFFICIENTS
FOR LINEAR EQUIATIONS

(BASIC PROGRAM: LFLSQ1

!

SOLVE THE LINEAR EQUATION FOR
t,u,v.w (BASIC PROGRAM: LFDSV6)

'

SOLVE FOR THE ROOT OF THE
POLYNOMIAL APPROXIMATION (BASIC PROGRAM: LFORT6

!

COMPUTE Oéz) AND 2
(BASIC PROGRAM: LFDBEG)

l

UTPUT z o |
AND Q(2)

COMPUTE ng). SUBROUTINE TO SUPPORT
LFDBE6 (BASIC PROGRAM: LFDVYs)

FIGURE 7-1.

The sequence of programs given in Figure 7-1 are for the case of
squares. Fitting by collocation may be

accomplished by substituting the program listed on page D-26

curve fitting by least

SOFTWARE PROGRAM SEQUENCE

for program SQHSQl, all other programs remaining the same.
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Section 8

RESULTS OF COMPUTER PROGRAMS APPLIED TO BEM DATA

8.1 DISCUSSION

During the development of the computer program algorithms,
runs were made for various combinations of countdown ratios
and measured dispersions for different assumed degrees of the
fitting polynomials. This was repeated for each of the signal
types considered and for a variety of power levels.

Of particular interest is the fact that the normalization
procedure described in Section 5 served to a large extent to
suppress the dependence of the Q curve on the power level of the
data. This permitted the possibility of signal identification
without regard to externally measuring the power level with
additional equipment.

The results of some of the development runs are shown on the
following figures which give plots of the Q function for
conditions indicated thereon.

Figure 8-1 gives a summary of 25 runs for the signal AM MOD 100
percent using collocation, curve of degree four, and all
measured power levels. The curves shown the extremes and
average values. The curves show the normalizing effect of the
selected algorithms. In this figure, four countdown ratios were
used as shown; in each run the corresponding dispersion value
was selected from the BEM measured data.

Figure 8-2 shows several different runs for different signal
types as indicated. This figure shows the beneficial effects of
norralization and the good visual discrimination between the
signal types.

Figures 8-3 and 8-4 again show the indicated signal types at
different power levels and the effect of normalization. The two
curves show the FM modulating tone differences are not detect-
able in terms of the distribution function. This was to be
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expected since, to the first order, a probability distribution
for a random sine wave was added, as shown in Section 3. A
difference would have been detected if the FM modulation had
involved random noise.

Figure 8-5 shows a summary of different signal types of the
types indicated.

These curves represent only a few of the runs completed during
development. Runs for least squares using five countdown ratios
and polynomials of different degrees were also used during
development. The least square method using five countdown
ratios and a polynomial of degree four was found to be, on the
average, most suitable as the standard format because of the
smoothness and consistency of the results. After initial
testing and development, this combination was selected as the
standard for building up the data base for later comparison with
unknown signals. The construction of this data base is
discussed in Section 9.
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Section 9

ANALYTICAL METHODS FOR DISCRIMINATING
BETWEEN SIGNAL TYPES

9.1 PATTERN RECOGNITION METHODS

Pattern recognition, References 2, 3 and many others, has become
a well organized procedure in recent years for classifying
objects as belonging to certain known groups. Following is a
brief discussion of some of the basic ideas involved which are
pertinent to the present application. Since a significant
amount of computation is involved, even in simple cases, the
discipline is strongly oriented to computer usage for applied
problems. After a brief orientation, a particular method for
the present application is selected and discussed.

i

9.2 SOME GENERAL COMMENTS

A A S

Consider a set of classes and a set of features for each member
of a class. It is assumed that all classes have similar
features but that the numerical values of the similar features
for different members of the classes are (or may be) different.
For example, consider a collection of round wooden rods which
have the two features of diameter D and length L. Then,
separate the rods into two classes: the first class contains all
rods which weigh less than W pound each; the second class
contains all rods which weigh greater than W pounds each. Each
class may have many members, but each member of either class has
only two measurable features: diameter D and length L.

The problem is to develop a rule 30 that arn arbitrarily chosen
~n rod of measured D and measured L can be assigned to its proper
" class. If this can be done, discrimination (or pattern
g recognition) has been accomplished.

This simple example illutrates a number of important aspects of
discrimination:

—
a ey,
L s

1. Each class is well defined.

2. Each class contains items which have measurable features.
These features are well defined and the same for each
class.

- .
- e e
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3. The numerical values of the measured features are (or may
be) different for each item.

4. Prior to application of the discrimination rule, any
arbitrarily selected item may belong to any of the
classes,

5. A proper discrimination rule will place an arbitrary item
in its proper class, or at least in a class with a certain
probability of success.

From the simple example and the above observations, some
conclusions may be inferred:

1. The features chosen for measurement are not unique.

2. The features chosen for measurement may not be sufficient
for discrimination.

3. The algorithm which defines functional relations between
measured features to produce a discrimination rule is not
unique and may not be adequate for discrimination.

4. In general, the best features and the best algorithm using
those features for discrimination are not known in ad-
vance. Instead, they are chosen from various standardized
forms, and then tested against experimental data for
verification.

In the simple example of the wooden rods, a discriminate may be
calculated from geometry if the wooden material is assumed to be
of the same density. Then, the weight of a single rod is
proportional to

z =K D2 .1

which will determine the proper class. However, simple
geometric relations like this, in general, do not exist; or if
they do, the complexity of the problem makes the relations not
obvious. Also, in general, it is not obvious in advance if the
measured features are sufficient for discrimination. 1In simple
cases, however, the inadequacy is obvious. 1In the present case,
if the rods were made of varying buy unknown material, then
measurements of D and L alone would certainly not determine the
weight of the rod. Based on the above and other more advanced
considerations, a discrimination problem requires, at least:

1. A definition of the classes to be considered.

2. An assumption of the number and kind of features to be
measured.
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3. An assumption of the general form of the functional
relation to be used for constructing the discrimination
algorithm. This will contain a set of initially unknown
parameters, to be determined by:

- A set of items from which measured values of the
selected features may be obtained to construct the
parameters of the discrimination algorithm.

4, Verification of the discrimination algorithm, so that it
determines the proper class for a measured item.

when the classes and the features are selected, and the measured
data is tabulated for each item, it is generally not possible to
properly assign each item to a class because of the scatter of
the data and the complexity of the problem. In the discriminate
approach to pattern recognition, it is assumed that a discrim-
inate of the form

2 = f(a,x)

can be found which will separate the set of items into classes.
This means that if the scalar 2 is computed for an arbitrary

item, then the value of the scalar determines the proper class.
In the formula, f is a selected functional form, a is a vector,

a = lay, ap, a3, --ap]

of parameters to be determined from measured data, and X is a
vector

X = (X, X2, X3, —=Xp]

of selected features to be measured. The idea is that, although
the raw measurement data will not classify the item, a
combination of its features will classify the item when the
discriminate 2z is properly chosen. This is similar in principle
to choosing a polynomial form and a least squares criteria for
an estimation prcblem,

As in many areas of applied analysis, discriminates are divided
into two braod classes: linear and nonlinear. The latter
offers better possibilities for discrimination, but at the
expense of simplicity. For a linear assumption, the
discriminate may be written:

2 = A X+ W
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when A is the above vector of parameters and X is the above
vector of features. Wy is a scalar selected to set the base

level of the discriminate 3%.

Yoo

e

First, suppose there are only two classes and for all data items
21> K>25. Then, an arbitrary ivem with Z greater thzu K
belongs to class 1; otherwise to class 2.

Next, suppose there are three classes and for all data items
Z1> K3 > 23> Ky >23. Then, an arbitrary item with 2> Kj,

for example, will be compared with both Z; and Z; to determine
its class. A similar argument holds for a greater number of

classes.

A 2 M e A oo trwr

SN

AR e

1. In making the binary comparisons, it is noted that all the data
g from classes i,j is used to compute the Z discriminate for those

{ classes.

H

f An alternative approach is to consider all classes at the same
L time. The derivations for both approaches is well known in the
i’ literature. See, for example, References 2 and 3.

9.3 APPLICATION TO PRESENT APPLICATION
1. Selection of classes for consideration.

3 2. Selection of features to be measured.

3. Selection of expetrimental data from which numerical values
of the features are computed for each individual of a
class,

?f 4. Selection of a method for placing an unknown individual in
its proper class.

EEE RN £ it s

_, 5. Selection of a computational method for establishing a
data base to define each class.

PN I R
<
.

TR

; During the development of this study, a variety of procedures
were considered for meeting the above requirements. the

following were selected:

.
#

1. The classes are the signal types selected.

- st 525

2., The features are the second, third, and fourth moment of
the normalized Q curve, together with the value K (see the
algorithms of section 5) which is the value of z where Q
first satisfies the relation Q< 0.001. These provide

o measurable differences in signal types.

Coa 1S3 75 ™ I
R R,

Ndosany
.

’ 86




- ———

MESC S S B SRR 2 pal e gl Y

L S

3. The individuals of a class are each of the above moments
and K, computed for selected power levels.

4. The linear discrimination method was used because of its
classifying success in preliminary study and because of
its simplicity.

9.3.1 Linear Discriminate Methods

To describe this discrimination procedure, assume first that
there are two well defined classes 1 and 2, and that each class
contains a number of individuals with two features which can be
measured. Note that a vital assumption is that a data base can
be constructed from the measured features of the individnuals,
each of which is known to be in a particular class.

Let the two measurable features of each individual be called X
and X, in each class, 1 and 2. The arrangement of the data may
be visualized as shown in Figure 9-1.

EI1GHT SUCH TABLES 0260-141

2 3 4 6 6 7 8 9 10

at-1-1- —|-1-1-]-1=]F
CLASS | 2 L1
o) - |- -1-]-]-|-]-]-1-]%
x‘_-.—_----_-xlz
CLASS 2 Iy
7 il el Tl el Tl I G el Il il

FIGURE 9-1. SAMPLE LINEAR DISCP™MINATE TARBLE

In the above figure, pumerical values may be assigned to each to
indicate individuals. For example, the fourth individual in
class 1 has the numerical value i for the measuremint of its
feature X; the seventh individual in class 2 has the numerical
value b for the measurement of its feature X,. The average of
the numerical values for a given feature in a given class is
shown at the right ond of the figure. For example, X3 is the
average for the second feature of all individuals in class 1.

1n general, let the numerical values of Figure 9-1 be denoted by
the following notation.

Xpij = the value of the pth fec :ure for the jth individual in
the ith class. In this notation, the value a of the
figure is a=x)j4, and the value b of the figure is

b=x227.
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Xpi = The value of the average of the pth feature in the ith
class. Specific values of Xpi are shown on the
figure.

Suppose first that each value Xpij in class 1 is greater than
the corresponding value of Xpij in class 2. Then the discrim-
ination problem is easy. If a new unclassified individual is
considered and both of its X and ¥y values are less than any of
the X and X, values of class 1, then the individuval is
considered to be closer to class 2.

In general, however, the classification is not obvious because
the individuals in the date base have Xpij values, which vary
throughout the figure. 1In this event, it may be possible to
transform the data base numbers to those in which the separation
is obvious. The linear discriminant method assumes that a new
parameter z can be computed from a linear combination of the
features X, and X such that classes 1 and 2 are separated in
numerical value. Whether or not this separation is possible can
only be answered by trial. That is, the z values are computed
from the linear relation

z = A1X) FAaXo
for each individual in the data base, where

Z = Lbe new parameter

L[]

X] = the numerical value of Xjijgq

Xy = the numerical value of Xjjgq

A1+rg - selected numerical values

Then, if the value of z for each individual in class 1 is
greater than the valuve of z for each individual in class 2, the
separation is complete. To identify an unclassified individual,
use its X, and X values used ir the date base. The individual
is then considered in the class having the z value closest to
the z value of the new individual. However, if the z values in
the data base are not separated, than the assumed form for the
linear discrimination will not serve for classification. The
linear assumption may fail for several reasons:

1. The features have not been wisely selected.
2. The number of features is too few.

3. The fundamental problem being studied is strongly
nonlinear, and cannot be separated by linear combinations.
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In the above Equation 9-1, the coefficients X; and X, were
considered known constants, selected according to some criteria.
The linear discriminate procedure provides an algorithm for
choosing these coefficients so that the separation, by the
parameter z, between the two classes is as great as possible.

9.3.2 Linear Discriminate Algorithm

Again; consider the example problem in which the individuals of
class 1 and class 2 have specific values of X; and Xj. These,
and their corresponding z values are shown in Figure 9-2. From
a geometric view, it is desired to rotate the plane so that the
resulting z values are as great as possible between classes and
as small as possible within classes.

Linear discrimination selects the expression
(2] - Z2)2 (9-2)

as a measure of separation between the classes, where z2i is the
average value of z in the ith class, and L = 1 or 2. The
selected measure of separation within classes is chosen as:

2 nli _
Lzl _z;l (zij - 7i)2 (9-3)
+— J:

where ni is the number of individuals in the ith class, -Zi has
been defined above, and zij is z value for the jth individual in
the ith class. Note that the squares are chosen to eliminate
cancellation by signs, and that the summation extends over both
classes in Equation 9-3.

To accomplish the above definition of the separation criteria,
the function G, defined by

Z] - 2 )2
6= 3 iil : (9-4)
> ¥ (zij - Zi)2
L=1 3=l

is to be made a maximumn,
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Reference to discussion of Paragraph 9.3.1 shows that each Xpij
is known, and that each z is expressed in terms »f Equation 9-1.
Hence, in the G fuaction of Equation 9-4 the only unknowns are
the values of A; and Ap. The necessary conditions for a maximum
are:

3G/3x1 = 0 , 03G/3xy = 0

which provide two equations and two unknowns for the
determination of X} and \j.

In the general case, the number of classes (for binary com-
parison) is stiil two, and the number of individuals may be any
number. The number of features, however, may be any number.
Since the basic Equation 9-4 is expressed in terms of z, and the
general z value may be written, for k different features,

2 = >\1X1 + )2X2 + .. )‘KXK]_

Tho derivation may be carried out in general terms. To do this,
the z values of Equation 9-4 are expressed in terms of the X

features and the z values. P
#1723 = AL(X117X)12) *+ ===+ Ag(Xg1-Xg)
Let
2i572f = M iX133-K14) + === 4 AR(Xgji§-Xgi)
2 ni - -
Spq = X I (Xpij=Xpi)(Xqij=Xqi) (9-5)
i=1 j=1
i o
| dp = Xp1~Xp2 + dq = Xq1=Xq2 (9-6)
l: Then, after some manipulation
;
" _ -,k k
§ (21722)¢ = § ¥ *plq dpdq (9-7)
‘!¥ p=l q;l
. t
2 ni - K K
Z I (257230 = § ¥ ’p’g Spq
i=l j=1 p=1l g=1

R -y
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Substitution of these expressions in Equation 9-4 uniquely gives
G in terms of the known constants d., dq, an¢ Sng. Differenti-
ations of G with regard to the A vagues provides the equations
for the X values. Because of the linear assumption of Equation
9-1 and the quadratic assumptions of the Equations 9-2 and 9-3,
the resulting equations £fcr the A values are linear. The
equations are:

Alspl + Azs + - AKSrK = dr (9-8)

for the index r-1,---,k, where k is the number of features
selectad, and Equation 9-8 represents k equations.

After the Equations 9-8 are solved for the X values, the
-expression

zZ = Alxl + X2X2 + ——— + AKXK

is evaluated for each individual in the classes, where in this
t notation, each value of an X is the corresponding value, Xp =
Xpij for the jth individual in the ith class.

This results in the construction of a zj4 table corresponding to

the original Xpij table, Figure 9-1, For example, 254 is shown
by the letter a in Figure 9-3.
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9.4 SIGNAL DISCRIMINATION FOR PRESENT APPLICATION

lﬁ For the present application, it is desired to first establish a
i data base from the measured BEM data given in Section 2. For
4 each selected signal type and each selected power level the Q
'l} distribution curve as a function of the normalized randon
I
E’
]

variable z (not the discriminate value z above) may be computed
by using the programs described in Section 7. With these
curves, a set of moments and a k value (see Section 5) may be

' ‘ computed for each selected signal type and each selected power
level., (The computation of the moment is described in Paragraph
9.4.1). With these values, a correspondence with the abstract
model described in Subsection 9.3 may be established.

'~
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Each signal type may be considered a separate class, and each
moment is a different feature of that class. Different power
levels represent different individuals of the class. The data
base, according to the above definitions may be represented as
in Figure 9-4.
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FIGURE 9-4. MOMENT CLASSIFICATION TABLE

The corresponding z discrimination values are computed from the
values of Figure 9-4 and the values computed from the Equation
9-7 as shown in Figure 9-5. For actual numerical values, see

Figures (11-2) in Section 1ll. 028050
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In Figure 9-4 the normalization procedure insures that the
values of the moments for different power levels are nearly the
same. The differences are caused by random noise on the overall
BEM system and by inaccuracies in the basic mathematical model
of the BEM measurements given by Equation 5-1, as discussed in
Reference 1. Both of these errors, however, have a random
character, and resulting differences in a given moment feature
for different power levels may be considered random.

After the z values in Figure 9-5 have been computed for each
signal pair, the z value for an unidentified signal may be
compared with each signal pair. The 2z value from the data base
which most nearly equals that of the unidentified signal
determines the best estimate of the signal type. Detailed
discussion of the algorithms implemented and the results
obtained by using the actual BEM data are given in Sections 10
and 11.

9.4.1 Peatures Used For Discrimination

4y stated in Subsection 9.3, the features chosen for
discrimination are the K value (see Section 5) and the moments
of the Q distribution curve. All four of these values are
related to the normalized curves and thus vary little with power
level. Also, these were chosen as discriminates because small
variations in the Q curves are magnified by higher moments.

The derivation of the moment features is given by the following

equations for a polynomial of degree four. All notation has
been defined in Section 5. The first moment,

M= /”z Q(z)dz
is not used as a discriminate for, as shown in Section 5, its

value is invariant with the coefficients. The K value is given
by the equations of Section 5.
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© K
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K
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K
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)
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K
+3M2 / (0.5z+az2+bz3+cz4+dz5)dz
o

K
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K K
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K
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K
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K
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K
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K
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Section 10
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3 COMPUTER PROGRAM FOR DISCRIMINATION
3 OF SIGNAL TYPES

i

10.1 INTRODUCTION

;@ As discussed in Section 9, implementation of the selected

i+ discrimination technique requires two distinct stages. These
A are summarized here by giving the program flow in the required
3 sequential order: Stage 1, Computation of the data base, and

Stage 2, Current Time Discriminations.

10.1.1 Stage l: Computation of the Data Base

o

1. Select the signal types to be used for reference.

2. Perform BEM experimental runs and record the measured
dispersions for each of the' selected signal types at each
count down ratio. Repeat the measurements for each of a
selection of power levels. The process is discussed in
Section 2.

3. Using the measured data, implement the computer programs
discussed in Section 7 to compute, for each signal type and
each power level, the A distribution function as a function
of the normalized variable z. Additional discussion and
documentation of the required programs is given in Appendix
A.

4. Select the features of the Q distribution to be used as
4* discriminates. The ones used are K (see Section 5), and the
.j . second, third, and fourth moments of the Q distribution. The
i N moments are defined and analytically expressed in terms of
& l the known polynomial chosen to represent the Q distribution.

o bt 5. The moments are evaluated numerically for each selected Q
Ll distribution. The program which accomplishes this is a
A direct evaluation of the moment formulas given in Section 9.
§ The program is given in Appendix A under the file name of
('% SGHMON. It is written in Honeywell Level 6 FORTRAN and
!
i

TR SRR

linked to all prior programs. With this linkage, Items 3, 4,
! , and 5 may be directly computed with the inputs of Item 2.

! The outputs of this sequence of programs are the Q

‘ distribution as a function of the normalized random variable
2z, and each of the selected discriminates, K, M(2), M(3), and
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M(4). This results in the table shown in Figure 10-1, with
one such table for each selected signal types. In the table,
note that K/10 is used instead of K to keep all discriminates
in the same order of magnitude.
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M(4) -|=|-1-

FIGURE 10-1. MOMLNT DISCRIMINATION TABLE

With the numerical values of the discriminates available, one
for each signal type, two signal types may «be considered
together to generate a z discriminate table using the
algorithms developed in Section 9. One such z discriminate
table is then generated for each combination of signal pairs.
The computer program to accomplish this is under the file
name LFMAIN, supported by the subroutines LFDFLL, SGHLV, and
SHZ. The object program for these subroutincs are,
respectively, FILLA, SOLVE, and ZFORM. The single run
program to link together all theuse programs has the file name
Z5RUN. These programs are listed (except the object programs
which are in assembler language) and documented in Appendix
A, Here is a brief description of their usage

Since discrimination depends on the comparison of two signal
types at a time, it is convenient to assign numbers to each
reference signal type selected. For the present application,
as discussed in Section 1, th~ signals selected for
discrimination tnaaether with their numerical designations
are:

1 Gaussian noise

2 Sine Wave, 3.1864 MHz carrier

3 FM MOD 100 Hz Tone, 3.1864 MHz carrier

4 FM MOD 5 kHz Tone, 3.1864 MHz carrier

5 AM MOD 50 percent 1 kHz Tone, 3.1864 MHz, carrier
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6 AM MOD 100 percent 100 iz Tone, 3.1864 MHz carrier

s

7 FM MOD 1 kHz Tone, 3.1864 MHz carrier

e

AR A R MR A5 pmctws -

8 AM MOD 100 percent 1 kHz Tone 3.1864 carrier

i

A z discriminate table is computed for each combination of
signal parts. The combinations are C(8,2) = 28 pairs.
Explicitly, the pairs are:

(1,2) (1,3) (1,4) (1,5) (1,6) (1,7) (1,8)

.

(2,3) (2,4) (2,5) (2,6) (2,7) (2,8)
(3.,4) (3,5) (3,6) (3,7) (3,8)
(4,5) (4,6) (4,7) (4,8)

(5,6) (5,7) (5,8)
(6,7) (6,8)
(7.8)

Each 2z table is computed from pairs of arrays of the funda-
mental discriminate values as shown in Figure 10-1. The
sequence of programs being considered has all the
discriminate values stored, and upon designation of the

A selected pair the two M tables are filled. The run version
2 of the sequence, (2Z5RUN) operates in the following way:

Upon execution, a prompt asking for card number 15 is
asked twice. The response is above number designation in
integer from (1 to 8). The proper M tables are auto-
matically loaded and printed out for verification with the
f, code (P,I1,J) also priated to designate the individual M
. value. Here, as in Section 9, P = moment (1 to 4); I =
N class (1 or 2), meaning the first or second card of the
e input M tables, and J = designation of individual. Next
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§ ! the means and 5 (P,Q) calculated values, using the

E R algorithms of Section 9 are printed out. This sets up

i .¥ simultaneous equations which are solved by 5GHSLV, and the X
- |§ values are printed out.

i | \ These values of A are used with the algorithm in Section 9 to
% f ' compute and print of the z table and the average z value for

g : , each class being compared. These two classes are the initial
%. 3 inputs to (Z5RUN), called RACE A and RACE B on the output. A
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sample run is included here in the text. Repeated running of
this program with each pair of the 28 signal combinations
generates the required reference z tables. This concludes
the generation of the reference data base. Note that all
this is done off-line, and recomputation of the reference
data base is not required for the identification of an
unknown signal.

7. The next program is not a final result, but is used for
testing and development. It is written iIn FORTRAN and is
designed to identify an unknown signal. It is not a part of
the data base, but is discussed in this section because it is
not part of the complete discrimination program, to be
discussed in the next subsection.

This test program is designated .GHDD and is not supnorted by
any subroutines. It has stored (in DATA statements) a
complete table of the ) values and a complete table of the 2
values for all 28 combinations of reference signals. They
were computed off-line by the 25RUN) program just discussed.
The test discrimination program has a run version called
(PCENT). It operates in the Iollowing way:

R R

AR

Upon execution, the moments of a test signal are input to
the program, these moments having been computed off line,
with these moments, the test z value is com»uted for each
pair of data base combinations, using the proper set of )
values for each pair (recall that each signal pair in the
data base has a set of z values and a set of A values
which are unique to that pair). This gives a complete set
of 28 z test values, 1In each data base pair there are two
signals. The corresponding z test value is compared with
each of these 56 z data base values, and the smallest
absolute difference, ABS (Ziegt - Zpase) determines the z
4' data base signal closest to the test value. The result,
h called XMIN is printed out together with the numerical
. designation of the signal nearest the z test value. Next
| a confidence number is input upon being prompted. The
| confidence number, which must be input in decimal form,
s has the form IXX, where XX, is a percent. The program
1, then again searches and selects all those base signals
1i whose 2z values are within XX percent of the signal which
L was designated or being the best match to the test signal.
‘a} All signals which qualify, including the closest signal
¥
i
1

T e

are output by number and name. The number here referred
to is the sequential number assigned in each number pair.
For example, in the pair designation (1,2) (1,3) (1,4)
----- (1,7), the first signal in each is gaussian noise.

T R A R S ORI TR R TR

$485
»

T B et Y A Y A b Yoy

) 102

1ﬁmmmm.
N e
R )




The sequential number designation is 1,2,3,4,5,6---. That
is, comparing the two strings, the number 3 in the pair
(1,3) has the designation 4, by direct left to right
counting.

In the program a prompt is also asked, "select column for
specific z". This refers to the level from which the 2z
vaives were taken., Recall that the z zable has four
values plus an average z for each signal. Each of the
four values corresponds to a power level in the original,
experimentally determined izble of measured dispersions.
The M tables are constructed with 4 moments and 4 power
levels. The designators 1,2,3,4 refer to the column
number of each z, 1 being the highest power level, 4 the
lowest. The designator 5 refers to the average z. In
this test program, S5GHLD, only the average z values were
stored. Hence, the proper response to the prompt is the
integer number 5. 1In the final version, to be discussed
in the next subsection, all numbers, 1 to 5 may be used.
The program SGHDD listing and a sample runn are included
here.

e

10.1.2 Stage 2: Current Time Discrimination

1. This sequence of prcgrams makes use of the data base which
has been computed off-line. The programs are written in
Honeywell Level 6 FORTRAN and are conversions of the already
described programs used to generate the data base. The only
exception is the last program (5GHDD; discussed in Paragraph
10.1.1. In the Level 6 sequence, the discrimination program
(5GHDD) has been modified so that the input of moment data is

! not required. Instead, all data base material including

complete z tables and A values are stored in the sequence of

'4 programs.

, The Level 6 sequence accepts as input countdown ratios and

| measured dispersions from BEM measurements on an unknown
signal. The output is the best estimate of the signal type
(chosen from the moved data base signal types), and a listing
of all other data base signal types wiich are within a
prescribed (as an input) percentage of the best estimate

p—
T
e

—e -

! signal.
i ]
| 3 The sequence of these programs are contained in Appendix A.
. ‘ They are documented and follow the same program flow as the
: ¢ data base programs described in Paragraph 10.1.1, except as
! noted above.
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10.2 COMMENTS ON DISCRIMINATION PROGRAMS AND BIT ERROR
RATE (BER)

It is again emphasized that the generation of the data base
depends on off-line computation which is completed prior to
using the current time programs, The data base described here,
consisting of the eight reference signal types listed in
Paragraph 10.1.1, Item 6, is used as a proof-of-principal set,
and may be expanded to different signals and different numbers
of signals by minor modification to the programs. The
modifications require only the proper dimensioning of arrays to
account for the number of signals in the data base. Of course,
the data base would be recomputed as an off-line effort.

In application of the current time discrimination, it is
required, upon prompting, to supply an input column number to
select the power level of reference signals as discussed in
) Paragraph 10.1.,1. Loosely, the power level of the BEM
measurements performed for the construction of the data base can
be correlated wir™ the bit error rate (BER) of the reference
signal. For current time applications, the BER of the unknown
signal may, or may not be known. It it is not, the average
-value of the reference z is used, and the column designator
selected for response to the prompt, "Select Column for Specific
z", is the integer 5, as discussed in Paragraph 10.1.1. If the
BER is approximately known, then the column of z values may be
selected by an integer number (1 to 4) to designate a range of
BER. Number 1 indicates the highest BER, number 4 the lowest.
Following is a selection criteria which may be used as a rough

guide:
Order of BER Column Selection
known 5
! 10-2 1
| 10-2, 10-3 2
N 10-3 3
t“‘;‘
;z <10-3 4

-

In this way, the effect of BER may be investigated. The effec-
tiveness of this procedure can only be determined by observing
results obtained with differenc and expanded data bases. The
entire subject of how best to incorporate BER data, if at all,
is an important consideration which should be pursued in future
study.
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Section 11

RESULTS OF DISCRIMINATION PROGRAMS

11,1 DISCUSSION

The programs were used to generate a data base from the measured
BEM data, and tc perform a number of trial runs using the current
time discrimination programs. The results of both of these
efforts are included here. In particular, the following tables
give the form of the data which were used to generate the present
data base and the corresponding values. The data of Section 2
and the corresponding moments of Section 9 were used ia Fig-

ure 11.1, Results are shown in Figure 11,2,
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The following data base z table was computed using the Z5RUN
program described in Section 10 using the moments as indicated
by number pairs, each pair representing a combination of signal
types. The numbers in the pair are those of the eight signal
types described in Section 10 and repeated here for convenience:

1l Gaussian noise

2 Sine Wave, 3.1864 MHz carrier

3 FM MOD 100 Hz tone, 3.1864 MHz carrier

4 FM MOD 5 kHz tone, 3.1864 MHz carrier

5 AM MOD 50 percent 1 kHz Tone, 3.1864 MHz carrier

6 A¥, MOD 100 percent 100 Hz Tone, 3.1864 MHz carrier

7 FM MOD 1 kHz Tone, 3.1864 MHz carrier

8 AM MOD 100 percent 1 kHz Tone 3.1864 MHz carrier

Figure 11-2 lists the four data base z values and the average 2z
for each signal type in combination, as described in Section 10.

The meaning of the symbols is given on run one (1) of Figure
11.2, along with references to prior sections.

! 10€

ﬁ: ‘5 ]



!INPUY FIRSY CARD NUMBER
1
© 1 1 0.32130E 00 First column is power level,
R S5ttt 0 3004 second column is signal type
. Z ok oo (see list on page 106), third
15 isesee oo column is discriminate designator
4 . ]
5 i i Eéﬁﬁ?ﬁﬁ (K/10, M2, M3, M4; see Sections
3 2 .
s v 313408 00 9 and 10), fourth column is
Tl S o value of the discriminator.
4 3 2 0. 530740E 00
4 ] 3 0.39010€ 00
4 1 4 v, Do 32908 00
'lgﬂﬂ SECOND CHRD MNMBER
1] e 1 U J9TI90E v
1 4 -4 0,183680E 00
t 4 3 Y, }793B0E 00
t ¢ 4 0, 176420€ 00
e e 1 U, 1347208 00
& & 4 U 1S43%0E wo
e e 3 v, 12e320€ 00
e & + U, 120790E v
3 e 1 0,132120€ 00
3 e 2 0. 112790E 00
3 e 3 0. 11000 00
3 & + U, U4k vu
4 r 1 0, 149150E 00
L) 3 4 U, 117450 VU
< e 3 0.133510f V0
4 e 4 U, JU?00VE: VD
1
Pe 1 = 1 &M”fM\l:).Jéﬂiiﬂzi gg See Sections 9 and 10 for
PR 33§§§gg definition of symbols: I, J,
a 4 J AN - 0.
N i o.?azr@oegg MEAN (I, J), S(p, Q) D1, D2,
brE ol iBanw D3, D4, Lambda values.
1 4 Jo 2 MERN & €. 181978 00
TSP
Fa Qe 1 0, 32802BE~02
e ) Qs 2 ~0.431423E-03
[T} Gas 3 U, FUVIVRE-0)
P a3 0s a =y, 6} 3%9E~03
Fe & 0s =0, 4314T3E-V3
[ Qs 2 0. 2140u8E~02
e ¢ o= 3 O, 04246 VE~0Z
e 2 Q= 3 U, 16%82SE- V1
Pas 3 Us 3 ~U.FUVOIV2E- U3
[ O] Qs 2 V. 64246 0E- 2
[ ) a3 0, 195922€-01
Fs 3 Q= 9 0,9256%4E~01
F e 4 Qs -y, 018%69E~u3
[ L Qa ¢ 0. loy82SE-01
[ TR } ue 3 v, 525654E~ul
[ ags 3 U, 143175€E 0L
‘J* B GdeIE w12 e  0.77MEEN C = 4, N = 4 designate that a
- V.2 TE N 4 = v .
, " H fourth degree equation was
) ' LBl WLUES solved correctly. The values
V. 0oUS316003%E (3 1
) ~ollalesisese 03 & under Race A and Race B are
;” -u. 2013986 051E us 3 the final z values used for
£ discrimination between Race A
4 Ce & nx 3 and Race B. The word "Race"
‘¥ is used to indicate signal
i h CINERR DISCRININATE FUNCTIONS type. Average is average z
o { RACE K = 1 = ASIAY MOISE value.
§ i t “U, 46083IE
3 i : U, 453220 U3
i t ' -0, 463832E 03
Al ' ~0,459930€ 03
;; AVERAGE =  -0.40l10%8E U3
Y )
7 »
ig i 4 kncE § = 2« SINE NAVE, 3.1864 HiZ CARRIER FIGURE 11-2. COMBINATIONAL 25
é . i 20.5006706 03 RUN 1
¥ -0, %3604 03
£ 1 U 563939 03
§ s ~0,50332%€ 03
&:‘:‘ . HVERRGE =  -U,Sui”8% 03
E.
%
% . 107
. T
% F v




T )
P st

LT

22

XL

T S
X by igees i
T

o e o AN o

-
Pl P S

ey

P

“rdnlb

Y
~

@

1MPUT FIRST CRARD NUMBER
L}

- e e - e e e e B he e b e
Sbufver b wive bWhe b Wwive

WS EE LW LU AN - o

U, 10422
0, 1800

A A R N A R e
ARARKAARARANRRA QRN
FUl=d Wl =Wl = f e

U, 121430E 00
0, 364090€ 00
0. 392010 00
0.333060E 00
U, 186890E 00
0. 138960E 00
0. 196390E 00
0,242110E 00
0,270640E 00
V.283190E 00
U, 3173406 00
U, 443430€ 00
0, 477040€ 00
0.3307406 Ov
V. 03901 VE 00
V. $63290E 00
PUT SECOML CARD NUMBEWN

v 2022506 00
v, 137800E U0
U, 1B1ATOE U0
U, T4 00
U, 137 I0E 00
U, 1R IP0E 00
0.124010E 00
2, P 1S40 Ul
0, 1354406 OV
U, 1201508 00
V. 112890 VO

Of vd
uE Vo

0. 129200€ v
U, 116300€ 00
U, 104290€ 00

BERNLY. 3¢

nEny
nEan
nEan
nEhn
nEAN
HERN
RERN
nEqn

RN (T NS (O o
(U T I S ey e
'EEEEERN]
se R E~B L

lv'vl!'\'—’-"—

0, 3933%2€
0.,203033€
U, 32919%E
0,057320E
U, 180420E
UL 12T443E
U 1 187506E
0.1E87312E

Skl

TvyTevPOTYFRYTEYRTYUOY Y
"R P AP E RN LS E NP RS
R A R SR A L O

“aB PO R EROECES
P A Ll N NS (R

cCCcoCrLDeCCORCCORTC

[
.

U, loovwi2E v

I s 0.2104U% V0 D4 »

Uy sHC0TE-V
-V, 323776E-03
V. e9B433E-03
U, 284547€-023
U, @23770E-03

U, 221273E-02

U, 03992eE-02

0, 172050601
=y, o%8453E-0)

V. 53%3920E~02

U, 190447€-01

V. 529830E-08
-0, ZB4947E-U3

V. 172030E-01

U, 9z 3B30E-ut

U, 1438oeE LD

p2 - V. TelwESE-u)
0. 3T0007E 00

i LRRBDA VALUES

V. 035350734 13
=y, 12145050008 LY
U.¥335310%4e%E 0
=0, 190000 UsU2PE ud

C+s 4 N 3

CINERR DISCRININATE FUNCTIONS

sle GAUSSIAR NOISE

RACE A = GAUSSIAN NOISE
-U. du 304Uk 03
SI71SIBE w3
- 4BUYESE v,
0. 377148E ¥3
HYLRHOE = -0,478c7E

KALE b = 3  FH MOD 100 HI TONE, 3.1864 Mi3 CARRIER

=V, 571380E 03

“U.S74314E v2

~U.574484E UL

0. 573401€ L3
HYERAGE = ~0.%573410E

PR

(1N

u3

o0
ov
o
o
L]
(00}
[T}
ov

FIGURE 11-2.
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COMBINATIONAL Z5




™
g

InFUT FIRST CARD NUMDER
L)

0, 321450 00
0. 3640%0E 00
U, 392810€ 00
0,333060E 00
V. 186890€ 00
0, 188900E 00
0,196390E 00
V. 242110E 00
0, 270040E 00
0. 20MI0E 00
V. 3173408 00
U. 343430 00
U, 477040 00
0.330740E 00
0,03%010€ 00
V. % 32906 00
PUT LECOND CARD MUNDER

L i
e re e e e e ae e a ar e e o 0a
U= ewh = fw e by

L T I RS

-

U, 201940E U0
U. 187680 00
U, 1¥B670E 00
0,178330 V0O
U, 1326?0E 00
0.126301E 00
U, 128970€ 00
0, 12243VE vu
U, 137930€ 00
U, $19930E Vo
U, 121220€ 00
0. 109390€ 00
0, 139210 00
0,1289%0€ 00
0. 1309%50€ 00
0, 112170E 00

bbbl WA Tu = o o
Pu Pl M R Te L f A e
PN U WL G VR SRk Ol (O

NEANTY J2
HERN » 0, 333332€ 04
U.20Je35E 00
0, 329193€ 00
0,057320€ 00
0, 199260E 00
0. 129343€ 00
0.122332f 00
0. 1238206 00

-t o om o o
es s P
e b N~
L
sss 00

2
32

-

-0, 42527%€-03
=0,983196E-03
=0.580830E=-03
U, 42327%€~-0)
0, 21444 0E-02
V. 043485802
0.170052€~0}
=0,883196E~-03
0. 043485E-02
0.1%0183E-0)
U, 520202E-01
=0.3580336£-03
U, 170037€-01
0. %20202E~01

. 0. 143265 00

R Sk o T b e b e T o T 2 i
LI A I O N R B R A B B Y )
LA bbwun WU N e
LooCleoCoocoCcOoCOC
® 65 EE DB EEEEEEES S
FOEWE TR A O R (IR W Ny

o
»

V. 1040228 00 D2 = 0, 742922€~01

o
w
»

H LBl VRLOES
U.pddpocododst U
=V 1c4dloudecSE 09
V. IV1IYY 3640k ud
“U. 017999459908 v

0 -

Le 4 Hs 3

LINERK DISCRINIMATE FUNCTIONS

RRCE # >l GAUSSIAN NOISE
U, 4P 720E U
=V, SB3IVITE us
U 4F37BE 0l
Sl aBI941E U3
MWYERAGE & -U 9FtucHE o

b boa v S4MDD 4 KHE TN, 3 1864 MHY CARRIER
-» SuSdelt vl
~U.SBBI78E ug
R 113 1 1 DR
U, SERILTE Lo
EVETRGE ¢ <L O90TRHNE v

0,2070¢2€ 00 D4 = 0.524200€ OC

FIGURE 11-2.
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COMBINATIONAL 25
RUN 3




INPUT FIRST CARD MUMDER
Tt

0, 321430€ 00
0.364090€ 00
0, 39281 0€ 00
0,233060€ 00
0,1096980€ 00
0, 1BYYRE 00
0.190390¢ 00
0,242140E 00
V. &70640E 00
0,283190€ 00
0. 31723408 00
0,443430€ 00
U. 477040 00
0,330240€ 00
0.039010€ 00

<+ 0.963290E 00
T SECOMD CARD NUMBER

- e s e o = 02 g e e b b e e
QR bW bWy bW

-
S8 odULWLWINNRIVA = o or o Ug‘..‘U&QUNNNN—-’n-‘

2 1 0, 346740 00
2 e 0.2¢9430€ 00
2 3 0.233410E 00
¢ 4 U. 145900€ w0
g 2 0,176600€ QO
3 e 2 0. 194960E 00
g & 2 V. 2003206 00
3 I 0. 11326vE 00
1 2 U.261830€ 00
3 ¢ & 0.273160€ 00
5 e 3 V. 28%350E 00
: z 4 0,904590€ 00
9 e 1 0, 4913706 00
3 e 2 0,443920€ 00
4 ¢ 3 0,478670€ 00
= F 0, 306690€ 00
4 !
{ REARCS 0 )
¥ 1s 3 Je ) AN e 0,3333%2E€ 00
3 Jo & Js 1 MEAN S 02036338 00
: Te 3 Je | mEAN S 0329199 00
1 & Jeo | mEAN S  0,037320€ 30
: 13 4 Js ¢ MEARN S Q,269370€ 00
2 e & us 2 NEAM A 0,171830€ 00
A Te 3 s 2 MEAM S 0,332812€ w0
;§ 1e 4 J= & MEAN s 0,339212€ 00
a4 S
H Pe ) CGe 3 0,232400€~0)
Pe | Qe 2 0.630961€~02
¢ Pe 1 Qe ) -0.623579€-01
oo Pe ) 0= o -0, 340716§~01
i Pe g Qe 1t 0,030%1¢=02
Pe 2 Qe 2 0, 085409 -02
Pe 2 G ~0,303493€-0)
Pe & Vs 4 =0, 30244 0E-02
Pe 3 Ve -0,629578€~01
Fe 3 Qe “0.303453E-01
Pe 3 Q= 3 0.316333E 00
Pe 4 Qs o 5,211022€ 00
3 e 4 0s 1} -0, 340714£+0}
Ps & Qe ¢ -0, J42440E-02
! Pe ¢ Qe 3 0.213027€ 00
Pe 4 Qs 4 0.226816E 00
o0 . 0,103963€ Ov D2 = 9,318080€~01
D3 & ~0.103657€ 00 D4 o 9.101807€ 00
3‘ 1 LIIDA VALLES
- 0.¢RI77474976E 02 ]
U, 192000071 39%€ 03 2
’ 0.62812197876€ 062 3
l =0, 4419978149€ 02 4
{
N Cs ¢ nN= o
be
g M
; : LINEAR DISCRIMIMATE FUNCTIONS
F {
e
o / \ WACE A *le GAUSSIAN NOISE
3 ) 0,54%916k 02
- V.563207€ 02
r i 0.362306E 02
. U.958931E 02
' h AVERRSE =  0,937340€ 02
i i
- -
. «Se . . 5.0864 [}
;L T Bassate op e 100 T S1ted FIGURE 11-2. CCMBINATIONAL Z5
4 , 0.830216€ "
: A 0.33095¢E RUN 4
e ,301M3E &R
i . i TANERNEE = O.3XO%E 02
!
5 A
*ﬁ "
:
§
[3e .
: ~ 110
4 \ .
x‘ 1
&
’ [}
_;; Lid !' .
-
- . a3 r3 - N




InFUT FIRST CARD NUMBER

1

U, J21430€ 00
0, 30409%0€ 00
0,392910E 00
T, 333000E 00
V. 18e880C 00
U, 188960E V0
0.196390€ 00
0. 2421108 00
0.270040€ 00
V. 283190 0O
U, JITIE W0
UL 443430€ 00
U, 4770408 00
0,330740€ 00
0,u39010E 00
U, 9632908 w0
INPUT SECOND (D MUNMER
to

AN A A R W WE LY O
R o
bWt bWl b wioe b Wi -

0, 330490€ O
U, 2723406 OV
U, J4ooB0E OU
U, 2%2500E 00
U, 183360E OV
0.184780€ 00
0, 2280108 08
U, 23H4000E VO
+0,20Bue0E VO
U, 2495406 Q0
Y, d0dobE Uy
v, 370000 vy
0, 493580E vu
0,393430€ 00
U.870%80E 00
U 2403506 v

PP N R WY o Y VY YRR R
L N Y N N L L
buwfiemsunNedulive dulfe-

NERANCL.
0. 3B33%2€ 00
9,203033E 00
0, 32919%€ 00
0,632320€ v0
0 3299458 00
V,207907€ Ou
0,32933%€ 00
0, 6283306 00
P Qs
U, 1198%4E~ 02
~u, 130738602
-0 12T02%€-02
0. 429012€-02
~0, 1307 XE- 0
U, 4249%¢E -2
0, 1 27406E -0}
9. 333702€0)
=0, 1820896 ~02
V. i27480€ 02
Y, 3922e1€-0)
3. 105284E 0O
Vod2¥e 12602
U, 33370¢E-0)
U, 103384 YV
U, 2694e0€ OV

- b -
PR RN W
P A v
LR S S W
“crr e

Dl oy or o = o
22
4 ;; =z

-

TTTTTTTPTY YT ODTTY
PE LA S PLLEEBBAPFLESE
PR O SR L2 L R g
L aTOOCELCGOOLOLRC
es e T eEELLENESIDDS
Swlim buh b wfve b~

[P U——

s
'tt Bl e UL 27B0PSE-0Y B2 ~0.417242€-02
. b . V. lB0uUsE- Ul De o 0. 292vuuE~u)

. ] Lkl v UES
0. 19934555¢30€ W1

« -0, 2230883%cu4k U
’ U Juldyud2176E 03
=y, el ledUoenivE w2

o

(AR )

o

LINEnK DISCRININATE FUNCTIONS

b n el GAUSSIAN NOISE
-u, cooBe SE 02

e .

' : o 2UvOBE 62
RIS T hE 31 313
! -0, 2UYSSPE v
! nYERRSE ® -0, c0921:E W
K
. k€ B s 6 o AM HOD 10OV, 100HI TONE, 5 1804Mi3 CARRIER FIGURE 11-2. COMBINATIONAL 25
. i “V.¢IVeS%E ue RUN 5
-Q.2l39suE uE
N V. CUPSUIE W2
'S . -U. 19740 v2

nYERAGE 8  ~U.21E340E «w

’ 111




. s
e - e B e e A e e e e -
INPUT FIRST _ARD MUMDER
11
1 ] 1 0, 3214%0E Ov
H 1 3 04 364090€ 00
1 1 3 0.832810€ 00
! 1 + 0. 333000E QU
e H 1 V. 180880E 00
4 1 e 0, 388%00E 00
& 1 3 0. 1903%0E 00
2 ! + 0.242110€ 00
3 H 1 0.27004VE 00
L T4 0,283140E 00
3 H 3 9, 3317240 uu
E I ) 0, 4454308 v
4 ) 1 U, APT0H0E 00
4 ) ¢ 0,330740E (v
4 H 3 U, 039010E o
< 1 < U, e 3290E vu
INPUT JECOND CHiD MUMBER
t
| S-S | 0, 202050€ un
12 2 U 192730E wy
1 ¢ 3 [ - BT T
] < 2 (TR P T T
< & 1 V. 1378306 v
2 & ¢ V. 1318306 o
& 4 3 L3 F4-2-% uo
¢ 2 9 U 12510k vu
3 e 0. 330230k v
3 ¢ ¢ v, t2ogivE wu
EI 3 U, 119%00LE v
2 4 U 1IU22VE w0
L] < 1 U, 199700E V0
L [T L3 3 10 ST
+ 23 V. J2ugunE vu
LI ) U, 118220€ wu
t
nERNL D
13 1 Je ) neinh o e 393352€ i
1 &2 Js | M e V. QU3 ISE wu
{1 35 ) 1 MEnN s U, 32915 wu
1« 4 ) | Nnh a Vel W
Le 1 s 2 mnha G IPUBIIE vy
Lsa & Ja 2 nfAn e V130225 v
Le 5 0a ¢ nMRh. CIR £ R 3T
b2 3 58 2 nimva U, 133470 vo
P
Fe 1 vwae ) UL ST ST
. ke 3 0. ¢ “U.433%10E-03
Fs 1 ve U, 03V 3ZeE-u3
Ps 1 va 3 U, 00930%E -yl
Ps 2 Qe U, 4338 0E-u3
Fe 2 wae ¢ V. 21393%€- 02
Fe g ws 3 V. 0de338E- 00
Fes ¢ ve o V. lo9908E-01
Pe 3 uvue ) 0. 59932003
L T O T A 4 V045386~ v
Fas 3 0a 3 U, 1%0U12E-01
e 3 9 3 0,353937€6~0)
Pe &4 vs ) “U.tu3363E-ud
Fas 4 vae ¢ LR Ll 2T
Pas 4 Q0 0. 9293226~
Pao & 0a Vo I43EHLE W
bl e V. leclevE vu B2 o e L] ST 24TH
‘ by - U, 2U9IYUE UU bd . v Sleuest v
3
1 LAHMBDA YHLUES
. V. 04593028013 u3 1
. U, 1E43TE0O07BE oY <
% Ul 9944%6cBI05E 04 s
U, Z02EIC4HV47E ve 4+
1
.
‘ & Le 4 ha &
3}
Y
"‘; CINERR DISCRINIPNMTE Fund T10M:
(3 FALE n  ele GAUSSIAN NOISE
' ~0, 4933938 v3
o “V. 5936 7€ U3
U, 4¥9431E wo
i U, 491005E U3
; ' NVERAGE & ~u 4 SUE us
i +
»
, , KCE B o 7o P MOD IKHZ TONE, 3.1664MM3 CARRIER FIGURE 11-2. COMBINATIONAL 25
a =V, S¥23IS1E 93
~U.389507€ 03 RUN 6
h “O.H9ULSIE us
. i -V, SY0uceE U3
4 HVERRGE &  -u.SuvcS4E U3
!
5
’ ‘
P
o’




N v A

lxm>u‘1 FIRST CARD NUMBER
t

0,321430€ 00
0.364090E 00
0,3926810€ 00
0,333060E 00
0.186880E 00
0.188960E 00
0,196390€ 00
0,242110€ 00
0.270640E 00
0.283190€ 00
0, 3173400 00
0, 4434350€ 00
0,477040E 00
0,330740€ 00
0.639010€ 00

4 0.963290E 00
T SECOMD CARD HUMDER

Ak bR T e A
O
W e~ bWh = Ww—

AR
-

0.333330E 00
0, 383000 00
0.400000€ 00
0,4274408 00
0.191730€ 00
0,166830E 00
0, 18000 00
0,177420€ 00
0,293430E 00
0,279020€ 00
0.200000€ 00
0, 244460 00
0.%61320€ 00
0.524640€ 00
0,470000E 00
0.420480€ 00

Bk alad mgoobouwwwwmmrvn-—.-—

S & sbwWWLNIv
RNV RV e
PWN e DW= B b Wi

P

MEANCS Y )
0,3533%2€ 00
0,203633€ 00
0,329433€ 00
0,632320€ 00
0.391993€ 00
0,183930€ 00
0.268978€ 00
0.494110€ 00

Ped)

0.572363€-02
=0, 112109E-02
=0.311610E-02

T AN W N

P L
sE 08P URDS
S L= & wive
LLLbCLLLC
R NN NN
LR TR TR LR ol od

“

~ 6 s 00k

b

FTTR TV T S wl ECR TR

0.338713E-01
-0.66(525E~-02
0. 128209€~01
0.358713€E~01
0.15339%6E 00

POYTVVVIPITLYVIVTRIOLYT O
AR R RN N N ]
CPBPLLVWUNNNNC - = -
oCQTCOOCOOOOCROCOO0
sesBBsOBEEEBREERESDY
PWN= S WwN=b W= bW

&

-

g

[

©

-

~——
.
)
2
.

P

. 306400E~01 DR = 0.196820E-0¢
D3 - 0.601274E-01 D4 = 0.183410€ 00

T

} ) LANDDA YALUES
. U, 30233681 92E 02

. 0,276 061€ 03
-0.19030990601E 03
0. 378232963486 02

> WN e

TR
w——
o,
sttt
e

.
T —

Ca & has @

. -~
- -

P

A O, M

LINEAR DISCRININATE FUNCTIONS

o
-~
-

RACE A +'s GAUSSIAN NOISE
U 1483.4E 02
J.146130€ 02
0. 142229 2
3, 190624€ 02
AvERAGL 3 0, 148214E 02

=
. - ——

RACE b = § « A H0D 100V, IKHE TONE, 3.1864M03 CARRIER FIGURE 11-2. COMBINATIONAL 25
y, tencneE 02 RUN 7

U a0 e
Yo 130 Hf uc
0. 139795 0
AYERMGE = 0. 14c538E 02

oo e
2 e v gnLb
ivy e .

.-

113

L ooy

7
Y




——
oy,
s mam— *

-
Py
" e

-

[

. e
o e

INPUT FIRST CARD MUMBER
e

b 1 1 0.197390€ 00

1 1 2 0.131630€ 00

1 1 3 U, 179390 00

] 1 3 U 1Ted2UE QO

4 ) H Uy 1397IVE Vo

< 1 < U 1243308 Qu

< 1 3 U, 1.2920E 00

< ) + 0, 320790€ 00

3 1 H 0.132120€ 00

3 1 & VL LI2790E vo

31 3 e L EUeUE wu

3 ) + Uy 105340E vu

+ } ] U, 343130E vo

4 1 2 0. 1374308 00

<4 1 3 U, 113310E vo

L] H 4 VL uTauuE o

InPUY LECOND (AD NONBER
t

| I | V. cUEESUE vu

] ¢ & 0. 18TIV0E vu

i 4 3 VOIBNI20E v

] < 3 V. 174400k OO

< & 1 G 1ITIIVE vO

¢ e e U, 1E8I90E Gu

¢ < ] R R T AT Y]

¢ 2 4 €. 1894406 Ue

ERC A | U 133440E Vo

LI U, 12UIS0E vo

3 ¢ 3 U 12190E v

3 & 3 U, 1U42COE VU

At U, tovbevE 00

+ 2 < V. 3e9200E e

+ . 3 U lieSunt o

4z 4 U, JUICHUE uo
)

HEMMLLY

Le 1 2% 1 REW & U IslTouE v
La & 2o 3 MEN s v, 135092E uo
e 3 Js 1| nAN e U, 11%427E ov
1o # 08 1 MAns UL BEIIPBE vy
ts . 2 2 Mhns 0, Joed2OE Jo
s ¢ Js 2 NEPn = 0, 1274436 O
L 3 Je & M U 13E730E v
La 4 Jeo 2 MiAn e U 12E v

I

ra } Qs U, 0B4B0UE~ V)
be o us ¢ V. 454412E-03

[ ST | us 3 V. 841832E-0
Pes ) 0 3 V. 1372e0E=02
#a g vse U, 454412E~03
Pe & uvus 2 9, 301%34e€~03
Pes ¢ uses v, 5585826 ~03
Fes 2 ua 3 U, 9n00ecE-03
Pa 3 ye ) 0,941837€E~v3
Ps 3 ws 2 v, 3389826 -03
Fa 3 yus 3} U I03%0E -0
#Fas 3 Qs 3 v, lodolek-02
s 4 08 ) V. 1372008~ 02
LI ¥ Qe 2 [ 21 TSY LRTE)
Fs 4 G- 3 U, loddleE-ud
Pas 4 va 0, E7BIZE -0

n . =0, ctebbdE-vs B2 s AT P UTTEY-LI7E ]

by = “U, 332230E-ud DA o ~0.99 4958~

1 Lrnbbn v uES

0. UIP ol U 1
~U,24009923437€ % K4

U, 35¢593%1%eE 0 H

“U Jud I¥393910E VD 4
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Section 12

CONCLUSIONS AND RECOMMENDATIONS

12.1 CONCLUSIONS

The basic question to be answered in the study was: to determine
if Q distribution curves generated from BEM measurements were
adequate for the discrimination and identification of
interfering signal types, assuming that the BEM equipment was
modified only to the extent of using a set of countdown ratios,
as contrasted to one ratio in the original equipment.

Based on the analysis and results of the present study, it is
concluded that the method is indeed a usable procedure for those
signals which truely have a different probability distribution,
and the method is essentially independent of power level. The
results given in Sections 10 and 11 show this to be true even in
signals whose ditributions are quite close together. Although
signals with noise AM and noise FM were not tested, preliminary
analysis has shown that signals of that type could be
distinguished from each other and from those tested.

The question of the number of countdown ratios regquired for
discrimination was studied and extensive runs were made. It was
found that 5 rati.s were adequate for achieving the present
results, and that additional countdown ratios did not add to the
accuracy of representation of the Q distribution junction.

Both collocation and least squares methods were investigated for
curve fitting purposes as approximations to the general Charlier

4’ procedure. It was concluded that discrimination capability

. would not be improved by the general apprcach, but that the

. least squares was significantly better than collocation with

l respect to smoothing capability, as documented by a numbecr of

runs. In addition, least squares permitted the use of

. additional measured data without increasing the order of the
equation. Many runs with the data taken determined that a
polynomial of degree four, using five measured data values gave

.

i - ! X :
4 the best overall fit. This met the criteria to keep the number
'a of data points required as small as possible, consisteat with
discrimination capability.
t
§

The approach of considering inequality bounds on the slope of
the curve using spline methods would be useful in further
o development work.
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Numerous trials showed that linear discriminates were adequate
for discrimination by the Q distribution curves considered which
were repeatably different. Additional investigation into the
use of nonlinear procedures would be useful in further develop-
ment work which involved additional, more complex signal types.

It is concluded that a proof of principle has been clearly
established and that the method of approach developed in the
present study is adequate for the solution of the proposed
problem, with the following exceptions. The Q distribution
alone, based on averaging type measurements will hot
discriminate those signals which are:

1. Pulsed rapidly, compared with the measurement time when
compared with the parent signals.

2. Essentially the same Jistribution as another signal,
except for nonrepeatable noise.

3. Not stable and repe:table over the measurement time.

It is concluded that, although proof of principle has been
established, the methods developed in the present report could
be profitably supplemented by additional study. Topics of
interest would be:

1. Detailed analysis of the basic error rate equations to
determine needed corrections, sensitivity, and effect of
signal correlations.

2. Analysis of more powerful curve fitting methods, such as
Chebyshev and spline functions with inequality limits.

3. Additional analysis of methods for incorporating BER data
into the solution, in addition to those of Sections 10 and
11 of this report.

4, Sensitivity analysis of analytical expressions for a set
of practical signal types to determine the theoretical
capability of the discrimination methods developed in this
study.

5. Detailed study of nonlinear discriminations methods,

should the results of Item 4 above indicate such an
approach would be profitable.
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12.2 RECOMMENDATIONS

12.2.1 Simultaneous Measurements

During the course of interference testing on the Baseband Eye
Monitor, it was found that the amount of time required for the
dispersion voltage to change and settle to a final value was
quite long. This was particularly true when going from a state
of no interference to a state of relatively high interference.
For example, consider a systewm operating normally with a bit
error rate of 10~12 or less, then suddenly adding an inter-
ference level that would introduce a bit error rate of 10-6,
The time required for the dispersion voltage to settle at its
new final value would be in the order of one minute when the
countdown ratio is 9216. As the countdown ratio 'is decreased,
the time required is less cue to the change in the time constant
of the pseudo error rate loop.

If a single 3EM r3it were used to make dispersion measurements
by changinc tue countdown ratio (say 5 times), the interference
signal may well be gone before a valid set of dispersion data
could be obtained.

For this reason it is recommended that five separate measure-
ments be made simultaneously from a single BEM uait. Naturally,
this means incorporating murh more electronics than exists in
the present BEM unit. However, for practical application in the
field, the use of simultaneous measurements is the only method
to accurately discriminate and identify interference types.

12.2.2 Hits Counter

The use of dispersion voltage .0 detect the presence of pulsed
interference types is not praciical due to the long time
constant associated with the pseudo error rate loop. However,
the hits counter adds another ‘iimension of detection and
discrimination capability. e scope of this study program did
not permit sufficient time and effort necessary to evaluate the
use of the hit counter as a f.ulsed interference detection
mechanism. However, it is recommended that follow-on study of
this capability be explored in order to take full advantage of
the detection capability of the BEM.

12.2.3 Future Study

The analysis performed during this study progitam provided a much
better understanding of the s.atistical tools needed to discrim-
inate and identify interference signal types other than Gaussian
discribution, upon which the criginal BEM equipment was BASED.
While the basic proof of principle has been established in this
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report, the study effort also provided an insight to further
methods that should be explored for future studies to further
enhance the work already performed in signal discrimination and
identification. A list of recommended future study objectives
is shown below:

1. The analysis of more powerful curve fitting methods, such
as Chebyshev and SPLINE functions with inequality limits.

2. Detailed analysis of the basic error rate equations to
determine needed corrections, sensitivity, and effect of
signal correlations.

3. Additional analysis of methods for incorporating BER data
into the solution, in addition to those of Sections 10 and
11 of this report.

4. Sensitivity analysis of analytical expression for a set of
practical signal types to determine the theoretical
capability of the discrimination methods developed in this
study.

5. The use of nonlinear procedures for more complex signal
types, should the results of item 4 above indicate that
such an approach would be profitable.

12,2.4 Optimum Countdown Ratios

Based on the analytical results and raw data obtained during
this study program, five countdown ratios were selected to
provide the optimal signal discrimination and identification
capability. The countdown ratios are 9216, 2304, 1192, 288 and
36. Further studies may prove that the above countdown ratios
should be changed to further optimize discrimination results,
however, this is the best information available at this time.
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0280-45

A-0.0

A-3.0 SERVICE ROUTINES

LF MAIN

A-3.1 FILLA-FILL ARRAY ‘A’

A-1.0

SOLVE SIMULATENED US
EQUATIONS
SOLVE

A-2.0

Z FORM X
DISCRIMINATE
Z FORM

FIGURE A-1. HEIRARCHY CHART FOR THE
GENERATION OF THE DATA BASE
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A-0.0 LFMAIN

A-0.0-a Program Description

The main program compares the K, M(2), M(3), and M(4), from two
selected signal types and calculates the 2 values and the 2
average for each selected combination. 1In doing so it first
calculates the mean for each set of moments, writes the means to
the terminal, calculates the S coefficients for each
simultaneous equation, calculates the D values, (The right hand
side of the equations), solves the simultaneous equations for
the corresponding Lamba values, and computes the Z values for
each item in the sample. These Z values and the average Z will
be used as comparison data to discriminate between known
interference signals and unknown data. The 2 information is
derived as follows:

o3
—
1

= 211 K/10 + X2 M(2) + X33 M(3) + XNg M(4)

= aa1 K/10 + dgp M(2) + N3 M(3) + Agq M(4)

[5]
-
[l

. came s s mE o e - m s




) i
santeAa NIVHAT
ejep 93PUTWIIOSTP WIO0dd NIYW :*3ILTIL
9310TT9s @ apTAOxg *
pe3ost 43 eprfoad 1 ©®-0°0-¥ ON O d ¥ H
aqaIN0Id SHODIAYIS 3JPUTWIIOSTA Z P2aireInored - 2Zv -
sanieaA d pPO23BINOTERD - SV T21x3 x9d sweoaTr JOo IaqunN - WAN k
aoevx xad syeTI JO XaqumN - N SIUTOTIIDVOO § pajzeInoIed - S
Mmox Aq NYIW Pa3einoied - NVIW SIOYY OMILI ¥OJd SINIWOW - ¢
NOWIWOD
: SHLON
T 'h
m aNd TT i
w doLs °01 ]
suot: »nba
m SNO3URITNUTIS N 3Yy3 SATOS 03 FATOS [IBD 6
3 TeuTwWIa]
v 2y3 o3 saniea pd BIYl 14 33l 3Indino °g
m santea pgd ybnoayz g 23eINOTRD L
m JUSTOTIIS0D § dY3 Yitm Aeaxe ,Sy¥, 33Ul TITd °9
H Y TeuTwId®) aYy3z O3 SIUSTOTIIL0D § dYy3z 3indano °g
H S3IUaTOTIIFID0D S 3aYlz 33eTnoTed °f
m burt3ysTta TeuTwIal o3 sueayw ayiz 3ndino ‘¢
o smox Aq ueauw 3Y3z S3TNOTRD °Z
e3lep y3TM
Q POTITITI .Y, Kexxy- pauTWeExa 3 03 SISLD OM] dY} I0J
3 sjuswow y3TM ,¥, Araxe TITI O3 YVITIII TT1eD 1
@ andano ssaooxd andug i
! —
<
-
'\.u!'. - -l.ll - U\M-Hl\"a“.la\l!‘\‘u\c - : ublw:h Tt - 7\«“‘14..«
,Wﬁnmwirirﬂa.wfi?v}g«tﬁvfuf‘ A S U o 0 NS00 R SR it i T ::”..x (DY B A b 1




A-1.0-c PDL FDR Subroutine LFMAIN

FILL ARRAY 'A' WITH THE MOMENTS FOR THE TWO CASES TO BE EXAMINED
L=1
DO UNTIL L = 2
ML =1
DO UNTIL M1 = N
X =10.0
N3 =1
DO UNTIL N3 = NUM
SUM THE ELEMENTS ON A ROW
ENDOO
FILL ARRAY 'MEAN' WITH THE ACCUMULATED SUM

DIVIDE EACH ELEMENT OF 'MEAN' WITH NUM TO OBYAIN THE MEAN

OF THE ROW
ENDOO
ENDOO
J =1
?' DO UNTIL J = 2
) I =1

« DO UNTIL I = NUM
4 OUTPUT THE MEAN TO THE TERMINAL
lﬁé ENDDO
? ENDDO
P=1
' DO UNTIL P = N

o Q=1

fyll




DO UNTIL Q = N

X = 0.0

I=1

DO UNTIL I = 2
Jd=1

DO UNTIL J = NUM

COMPUTE X EQUAL TO THE S COEFFICIENT OF THE
SIMULTANEOUS EQUATION.

! ENDOO

ENDDO

FILL THE 'S' ARRAY WITH THE COMPUTED S COEFFICIENTS
ENDOO
ENDOO
P=1
DO UNTIL P = N
Q=1
DO UNTIL Q = N

?? FILL THE 'AS' ARRAY WITH THE DOUBLE S COEFFICIENTS
| ENDOO

; l;& ENDOO

: f

| A COMPUTE Dl AND D2

é | IF N = 4

/ ; v COMPUTE D3 AND D4

% — ENDIF

FILL THE 'AS' ARRAY WITH D1 THROUGH D4

[

e

OUTPUT D1 THROUGH D4 TO THE TERMINAL

: (o

e,




—

ke

CALL SOLVE T0 SOLVE THE SIMULTANEOUS EQUATIONS
STOP
END

A.1-1.0

A.l-1.0.a Program Description for Program SGHDD

This program runs off-line on the Honeywell Computer Network,
(HCN) and is written in Fortran to establish the required data
base from the measured BEM data given in Section 2, Reference
should be made to paragraph 9.3.2 for a discussion of the
algorithms used. With the programs of Section 7, a set of
moments and a K value (see Section 5) the 2 value may be
computed for each selected signal type and each power level,
The data base may be represented as in Figure 9-4. With these
inputs to this program, a data base of constants can be
established for each of the 28 possible signal combinations by
exersizing this program. The output yield 4 lambda value, 4 2
values and an average Z value for each signal. These constants
will be used in the operational program to make comparisons to
an unknown signal BEM data. The operation of the off-line
program is discussed in Section 10, paragraphs 10.1.1 and
10.1.2,

A.l1-1.0-c PDL for Program SGHDD

I =1
DO UNTIL I = 4

INPUT VALUE INTO ARRAY 'IN
ENDDO

I1=1




A-2.0-a Program Description

Subroutine ZFORM computes the table of 2 values and the average
%2 from the Lambda Array and the K/10, 2ND, 3RD, and 4th moments
as follows:

23 =211 K+ M2 M(2) + N3 M(3) + dq M(4)

AN 11<0 KNZ M(2) + Ay3 M(3) + Ayg M(4)

N
=z
fl

These Z values will be used in the discriminating process and
are derived off line for the 28 combinations of the 8 signal
types.
A-2.0-b PDL FOR SUBROUTINE ZFORM
OUTPUT HEADER TO TERMINAL
I1=1
DO UNTIL I = 2

P=1

SUM = 0.0

COMPUTER FIRST TWO TERMS OF THE Z DISCRIMINATE

IF N =4
COMPUTE 3RD AND 4TH COMPONENT OF 2 DISCRIMINATE
ENDIF

COMPUTE Z DISCRIMINATE SUMS

OUTPUT SUMS TO TERMINAL

P~P+1

COMPUTE AVERAGE 2 DISCRIMINATE

OUTPUT AVERAGE Z DISCRIMINATE TO TERMINAL

ENDDO

RETURN

END

+*»




DO UNTIL I = 28
%Z VALUE = 0.0
J=1

DO UNTIL J = 4
COMPUTE 2 VALUE AS FOLLOWS: 2 VALUE = LAMBDA (J,I)*IN(J)
OUTPUT LAMBDA VALUE FOR Z PARTIAL SUM TO THE LISTING
ENDDO
PUT COMPUTED 2 VALUE INTO ARRAY 'ZT'

OUTPUT ARRAY ZT TO THE LISTING

ENDDO
I=1
DO UNTIL I = 28
MAKE EVERY 2ND ITEM OF A Z ITEM PAIR EQUAL TO THE COMPUTED 2
ENDDO
I=1

DO UNTIL I = 56 STARTING AT 2 AND VARYING BY 2

}{ MAKE EVERY 1ST ITEM OF A 2 ITEM PAIR EQUAL TO THE COMPUTED 2
-} ENDDO

S I=1

bo

DO UNTIL I = 56

‘EE OUTPUT EACH ELEMENT OF ARRAY 'ZTI' TO THE TERMINAL
; ';i ENDDO
Lo INPUT THE SELECTED Z LIST TO BE USED FOR COMPARISON
;" I=1

i DO UNTIL I = 56

[ R s
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A.1-1.0-b HIPO for Subroutine SGHDD (continued)
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GENERATE AN ABSOLUTE DIFFERENCE ARRAY WHICH IS THE DIFFERENCE
OUTPUT THE DIFFERENCE ARRAY TO THE TERMINAL

ENDDO

SET XMIN EQUAL TO THE 1ST VALUE IN THE DIFFERENCE ARRAY
I=1
DO UNTIL I = 56

FIND THE MINIMUM VALUE IN THE DIFFERENCE ARRAY AND SET XMIN

EQAUL TO IT
! FORM A POINTER TO THE MINIMUM VALUE
ENDDC

OUTPUT THE MINIMUM VALUE AND THE POINTER TO THE TERMINAL

REQUEST A CONFIDENCE VALUE

: INPUT THE CONFIDENCE VALUE AS A PERCENTAGE

4 DETERMINE PCENT EQUAL TO A PERCENTAGE OF THE MINIMUM DIFFERENCE
3 PLUS THE MINIMUM DIFFERENCE. (ESTABLISH A BANDPASS)

3 I=1

3 DO UNTIL I = 56

. y JSAVE(I) = 0

4 FOR EACH VALUE IN THE DIFFERENCE ARRAY WHICH FALLS WITHIN THE
e | BANDPASS ESTABLISHED BY THE CONFIDENCE VALUE, MAKE A

4 , CORRESPONDING ENTRY IN ARRAY JSAVE

5 l& ENDDO

; #

E § PRINT THE HEADER

. [

5 by FOR EACH ENTRY IN ARRAY JSAVE, PRINT THE CORRESPONDING SIGNAL
L TYPE

g . STOP

SR END
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APPENDIX B

STRUCTURED PROGRAM DOCUMENTATION FOR THE SOLUTION
BY THE COLLOCATION METHOD
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020047

B-0.0

; LEAST
SQUARES
METHOD

B-1.0
IMPLEMENT
MAIN
SGHSO1

B-2.0

SOLVE SIMULTALEOUS
EQUATIONS
SGHSV6

B-3.0

DETERMINE
ROOT
SGHRT6

B8-7.0
—————— 1 SALCULATE
SGHJY6

B-4.0
gOMPUTE
SGHBEG

B8-5.0

|

' COMPUTE
MOMENTS

SGHMOM

o -

— o
P i
)

-

- T

B-6.0

DISCRIMINATE
SIGNAL
SGHDIS

FIGURE B.l. HIERARCHY CHART FOR THE SOLUTION
BY THE COLOCATION METHOD
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THIS PAROGFRAM PERFORMS A CURVE FITTING PROCEFDURF
USING ACCHMULATED LISPERSION DATA AND UTILIZING
THE COLLICATION * 3Yh0N, THE INPHT DATA REQUIRED
IS AS FOLLuwS ¢

1. NUGRER OF COUMT DOwN FACTAORS
2. 1nr COUNT COwh FACTORS
3. THE VEASURED DISPERSIONS

THE VUTPUT CuUMSISTS UF QATA POINTS WHDSE PLOT REPRESENTS
THE COMPLESFNTRY DISTRIBUTION FUNCTION AGAINST A NORMALIZED
RANDUM VaRlabLE wHOSE VARIANTE TS ONE.

THIS SUAnIUTINE READS THE INPUT VALUES AwD CUNSTRUCTS AN ARRAY 'A!
CNMPOSED NF THE COEFFICIEMTS OF w EQUATIONS OF THE N TH ORDER,

T IS FHESE BAUATIWMS wHiCh ARE SOLVED FUP THE NGRMALIZED
COMPLEMENTARY OISTRIBUTIION AY SUuSEQUENT SURRNUTINES.,

THe LDUATTONS ARE ARRTY 7. AT AS FOLLUNS

THE PSEUDND ERROR RaY -« TTON IS DEFINED AS

P=U(A*D) ¢+ (D), WHEHE # I FOUR TIMES THE PSEUDO ERROR RATE ., OR COUNY
00anM FACTOR, AnD A IS . «NOwN PARAMETER AHICH IS PROVIOE BY BZM
MEASUREMENTS FuR EACH SELECTED P,

USING THE APPRCXIMATION
G(2)2.,S¢ax2+brZan2ech/ «ad3+ 3a7%%4 , FOR N:=4 CASE,
IN THE PSEUDU ERROR KRAIE FQUATION GIVES THE FOLLOWING ¢

Pelza(AvD)tha(anD)wr2eca (AaD)anle, fARD) %Y

SINCE A =q-d, AHERE a=(MEASURED DISPERSION)/11.0S5, AND d=0.9,
THEN A =(MEASUREL DISPERSION)/9.945,

VEFINING G=P=1, THE EQUATIONS EVALUATED AT 4 POUINTS ARE
Glza(Alva)tb(A1*D)aa2ec(Al*D) 223 +d(AL%D)

PLUS ThREE OTHER SIMILAR EQUAT]IONS EVALUATED AT THt OTHER SELECTED
POINTS, AP,A3,A4 AND G2,63,G4,

THEN LET THE NEW UNKNOWNS t,usvew oF INTRODUCED BY THE RELATIONS ¢
abst
nDaxlzy
cDxarlzy
QURRYS
THEN SuBSTITUTION INTO THE 6 EQUATIONS GIVES
Glz(Al+1)t+(ALex2+))ut(Alax3+])ve(Alnrde]l)w
A= (A2+41)t+(ACx22+])ur(A22ax3+])ve(A2exdel)w
V3SLAZA1) e (A3Ra241)ur (A3ax34l)ve(AZx2U+])w
Ge ‘ot l)rr(AURR2+l)ut (AURR3+ ] )y (Adxrde])w
HICr ARE FOUR LINEAR EQUATIONS FOR THE FOUR UNKNOWNS ToU,V,h
DETERMINED BY THE ANUwiv VALUES G1,62,63,64,A1,A2,A3,A4

B-0.0. LEAST SQUARES METHOD, ROUTINE SGHDF6

B-0.0-a. Program Description

B-3
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B-0.0-b HIPO for Solution by the Collation Method
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B-0.0-b HIPO for Solution by the Collation Method (Continued)
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B-1.0-c PDL for Program SGHDF6

ASK FOR THE NUMBER OF COUNT DOWN FACTORS
INPUT THE NUMBER (N)
I=1
DO UNIT I=N
INPUT THE DESIRED COUNT DOWN FACTORS INTO ARRAY 'CDF'

PERFORM A DOURLE PRECISION FLOAT OF ARRAY 'CDF' INTO ARRAY
'A' COLUMN N+1

ENDDO
I=1
DO UNTIL I=N
DUPLICATE ARRAY 'A' INTO ARRAY 'F!
ENDDO
ASK FOR THE INPUT CF THE MEASURED DISPERSIONS
I=1
DO UNTIL I=N
INPUT THE MEASURED DISPERSIONS INTO ARRAYS 'M' AND 'M'
ENDDO
DEVELOP ARRAY 'A' TO CONTAIN T E COEFFICIENTS OF THE G BEQUATIONS
I=1
DO UNTIL I=N
A (I,N+1) = 4.0/ACI,N+1l) - 1.0
ENDDO

J=1




——
L

" TP o

R R

DO UNTIL J=N
I=1
DO UNTIL I=N
CASE ENTRY (J)
CASE 1

M(I) = M(I)/9.945
A(I,J) = M(I)+1.0

CASE 2

A(I,J)
CASE 3

A(I,Jd)
CASE 4

A(I,J)
ENDCASE

IF N=4
EXITDO

ENDIF
IF J=5
A(I,J)

ENDIF

IFJ =6
A(I,J)

ENDIF

ENDDO
ENDDO

ACQUIRE DATE AND TIME

WRITE DATE AND TIME ON LINE PRINTER

WRITE N ON THE LINE PRINTER

I=1

M(I)**2+1.0

M(I)** 3+1.0

M(I)** 4+1.0

M(I)** 5+1.0

M(I)** 6+1.0




DO UNTIL I = N

WRITE THE COUNT DOWN FACTORS ON THE LINE PRINTER
ENDDC

I=1

DO UNTIL I=N

l WRITE THE MEASURED DISPERSIONS ON THE LINE PRINTER
ENDDO
3 .
3 1 I=1
51 DO UNTIL I=N+1
3 J=1
i DO UNTIL J=N
E WRITE THE "A' ARRAY ON THE LINE PRINTER
; ENDDO
4 ENDDO
| CALL SGHSV6 TO SOLVE THE SIMULTANEOUS EQUATIONS ON RETURH, END
: A
: :
z |
% .l
. Vo
: £)
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B-3.0 DETERMINE ROOT, SUBROUTINE SGHRT6

B-3.0.a Program Description

This program finds the root of a polonomial equation in two
steps which are as follows:

1. Isolates the root by a stepwise search between two num-
bers, specified by the root inteval.

2. Improves the root to a pre-specified accuracy by a Newton
iteration procedure.

The test value accuracy is specified by variable Tl, and K is

the distance on the 2 nondimensional axis to where Q is reduced
to 0.01.

B-9




B-4.0 COMPUTE Q, SUBROUTINE SGHBEG6

B-4.0-a Program Description

This program calculates values of the complimentary distribution
function of a normalized random variauie. The nondimensional
random variable X is incremented by a step function from 0.0 to
0.5 by an increment of 0.01. The complimentary distribution
function is printed out on the line printer for each value of X.
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PDL. for Subroutine SGHBE6
Call SGHVY6 to calculate Q

vV = K/10

Call SGHMON to compute the moments

Write header on line printer

Do until K=S0

B- 4 ° O-C
ENDDO
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B-5.0 COMPUTE MOMENTS SUBROUTINE SGHMOM

B-5.0-a_ I'yoqram Description

THIS SusrOuTINE IS PART (OF THE BtM DISPERSION AMALYSIS,
L3]sle THE LFaST SQUARES FIT ~ETHOD, IT COvPUTES THE MOMENTS
vF () TrnE CUMPLEVEWNTRY PRORARILITY DISTRISUTION

FUSCTIWN, &S A FUMCTION OF THE NORMALIZED VISPERSION

viLTalE FOW nES DATA,

TRIS Padedl 2ekfORMS LINEAR AND MONLINEAR PATTERN

TRELDGHLITEN. TECHE FUES. 1T nAS SEEN CONMCLUNDED THAT THE

USE IF LiveAx vISCRIMINATES wOulD SUFFLCE FOR SIuNAL
[OENTTRTCATTUN,  THE OISCRIVINATE wHICH #4S SELECTED
AAS Toe A0CENTS GF THE Q7)) CURVES,

THE ~OWENTS avFk pEFINEU K52

v(n) = T,TZural OF ((Z-M‘**K)*Q(Z)dz FOR K:ll?lslooooo
EVALUGTE ) Fuel™ 0 TU INFTSITY,

.ﬁHEpt '\=llel3Iooo.o
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HIPO for Subroutine SGHMOM
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B-6.0 DISCRIMINATE SIGNAL, SUBROUTINE SGHDIS

B-6.0~-a Program Description

This program discriminates between an unknown signal and one of
the eight signal types studied. This is done by determining a z
: value for the unknown signal by multiplying the computed K,

: M(2), M(3), and M(4) by each set of lambda values and deter-

x mining the computation which most closely matches one of the

: eight known signal types studied. A confidence value is input
to establish a band pass for comparison purposes. The value is
i expressed as a percentage. A 10 percent confidence would be

: input as 110.. The decimal point is required.
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B-6.0-c PDL for Subroutine SGHDIS

I=1
DO UNTIL I=4
INPUT VALUE INTO ARRAY 'IN
ENDDO
i 1=1
DO UNTIL I=28

) 2 VALUE = 0.0
J=1
DO UNTIL J=4
COMPUTE 2 VALUE AS FOLLOWS: 2 VALUE - LAMBDA (J,I)*IN(J)
OUTPUT LAMBDA VALUE AND PARTIAL SUM TO THE LISTING
ENDDG
PUT COMPUTER 2 VALUE INTO ARRAY '3T'
OUTPUT ARRAY ZT TO THE LISTING
ENDDO
A =1
DO UNTIL I=28
MAKE EVERY 2ND ITEM OF A Z ITEM PAIR EQUAL TO THE COMPUTED 2

——
-,

A
3 02 ENDDO
! l% I=1
‘ =
' !‘
i ¢ DO UNTIL I = 56 STARTING AT 2 ND VARYING BY 2
) '
) ' MAKE EVERY iST ITEM OF A 2 ITEM PAIR EQUAL TO THE COMPUTED 2
. ENDDO
i I=1
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DO UNTIL 1=56

OUTPUT EACH ELEMENT OF ARRAY 'ZTI' TC THE TERMINAL
ENDDO

INPUT THE SELECTED 2 LIST TO BE USED FOR COMPARISON
1=1
DO UNTIL I=36

GENERATE A ABSOLUTE DIFFERENCE ARRAY WHICH IS THE DIFFERENCE
OUTPUT THE DIFFERENCE ARRAY 10 THE TERMINAL

ENDLO

SET XMIN EQUAL TO THE 1ST VALUE IN THE DIFFERENCE ARRAY
I=1

DO UNTIL I=56

FIND THE MINIMUM VALUE IN THE DIFFERENCE ARRAY AND SET XMIN
EQUAL TO IT

FORM A POINTER TO THE MINIMUM VALUE.
ENDDO
OUTPUT THE MINIMUM VALUE AND THE POINTER TO THE TERMINAL
REQUEST A CONFIDENCE VALUE
INPUT THE CONFIDENCE VALUE AS A PERCENTAGE

DETERMINE PCENT EQUAL TO A PERCENTAGE OF THE MINIMUM DIFFERENCE
PLUS THE MINIMUM DIFFERENCE (ESTABLISH A BANDPASS)

I=1
DO UNTIL I=56

JSAVE(I)=0

FOR EACH VALUE IN THE DIFFERENCE ARRAY WHJCH FALLS WITH THE
BANDPASS ESTABLISHED BY THE CONFIDENCE VALUE, MAKE A
CORRESPONDING ENTRY IN ARRAY JSAVE

B-19




ENDDO

PRINT THE HEADER

FOR EACH -~ ENTRY IN ARRAY JSAVE, PRINT THE CORRESPONDING SIGNAL
TYPE

STOP

END
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B-7.0 CALCULATE Q, SUBROUTINE SGHVY6

B-7.0-a Program Description

This program computes a numerical value of Q
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B-7.0-c¢ PDL for Subroutine SGHVY6

Q=0.0
I=1
DO UNTIL I=N
Q = Q+A(I,N+1)/D9**I*(V**T)
ENDDO
Q=0.5+0

RETURN
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APPENDIX C
STRUCTURED PROGRAM DOCUMENTATION FOR THE SOLUTION
BY THE LEAST SQUARES METHOD
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0280-46

¢-0.0

- LEAST
'- SQUARES
e METHOD

c-1.0
3 IMPLEMENT
4 MAIN

: 3 SGHSQ1

C-2.0

X SOLVE SIMULTALEOUS
EQUATIOUS
SGHSV6

C-3.0
DETERMINE
ROOT
SGHRT6

c-7.0
== 8ALCULATE
SGHVY6

C-4.0
80MPUTE
SGHBES

3 | C50

y COMPUTE
MOMENTS
SGHMOM

———
-ty

it

- "*—‘X;‘:;/’o

¢-6.0

' DISCRIMINATE
SIGNAL
' SGHDIS

% . FIGURE C-1. HIERARCRHY CHART FOR THE
k , SOLUTION BY THE LEAST SQUARES METHOD
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THIS PROGRAM PERFORMS A CURVE FITTING PROCEEDURE

: USING ACCUWULATED DISPERSION DATA AND UTILIZING

THE LEAST SQUARES APPROXIMATION METHOD, THE INPUT DATA REQUIRED
IS AS FOLLOWS

1. NUMBER OF COUNT DOWN FACTORS
2.THE ORDER OF THE EQUATION

3. THE COUNT OOWN FACTORS

4, THE MEASURED DISPERSIONS

THE OUTPUT CONSISTS OF DATA POINTS WHOSE PLOT REPRESENTS
THE COMPLEMENTRY DISTRIBUTION FUNCTION AGAINST A NORMALIZEOD
RANDOM VARIABLE WHOSE VARIANCE IS ONE.

THIS SUBROUTINE READS THE INPUT VALUES AND CONSTRUCTS AN ARRAY ‘A’
COMPOSED OF THE COEFFICIENTS OF N EQUATIUNS OF THE N TH ORDER,

IT IS THESE EQUATIONS WHICH ARE SILVED FOR THE NORMALIZED
COMPLEMENTARY OISTRIBUTION BY SUBSEQUENT SUBROUTINES.

- - it

THE EQUATIONS ARE ARRIVYED AT AS FOLLOWS 13

THE PSEUDO ERROR RATE EQUATION IS OEFINED AS

P3Q(AxD)+Q(D), WHERE P I8 FOUR TIMES THE PSEUDO ERROR RATE , OR COUNY
OOWN FACTOR, AND A IS A KNOWN PARAMETER WHICH IS PROVIDE BY BEM
MEASUREMENTS FOR EACH SELECTED P.

USING THE APPROXIMATION

G(Z)=.Stan2ebnZnn2ecaZrnleancnnd , FOR THE N=4 CASE,
IN THE PSEUDO ERROR RATE EQUATION GIVES THE FOLLOWING
Pelizg(ArD)tDn(ARD)nn2ecn(AD)an3odn(ARD) g
SINCE A 38/ds WHERE e®(MEASURED DISFERSION)/11.05, AND d=0.9,
THEN A =(MEASURED DISPERSION)/9,94S.

A DEFINING GaP=1, THE EQUATIONS EVALUAYED AT 4 POINTS ARE
G1za(ATAD) +b(AL*D)x#2¢c (A1#D) 43+ (ALAD) #24

! PLUS THREE OTHER SIMILAR EQUATIONS EVALUATED AT THE OTHER SELECTED
POINTS, A2,A3,A4 AND G2,G3,G4.

THEN LET THE NEW UNKNOWNS t,u,v,w BE INTRODUCED 8Y THE RELAYIONS
aDst
bDrx22y
cOrnlzy
dDrrlzy
THEN SUBSTITUTION INYO THE G EQUAYTIONS GIVES
Gla(Al+1)ee(ALan2el)ut(ALnr3+l)ve(Alnndel)w
GR=(A241)t+(A2=x2+1)ut(A2xr3+1) v+ (A2824U+)w
‘ G3=(A3+1)t+(AZRA2+41)ut (AZnr3+l)yve(AJRndel)w
GUE(AU+I)I e+ (AU*%24 ) ut (AdRx3¢ )ve(AUnRbe]l)w
> WHICH ARE FOUR LINEAR EQUATIONS FOR THE FOUR UNKNOWNS Souevew
4 DETERMINED BY THE KNOWN VALUES 61,62,63,68,A1,A2,A3,A0

———
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C-1.0 IMPLEMENT MAIN, PROGRAM SGHSQ1

C~-1.0-a Program Description
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C-1.0-b HIPO for the Solution by the Least Squares Method
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C-10-c PDL for Program SGHSQl

I=1
DO UNTIL I = 8
ZERO ARRAY 'C'
ENDDO
I =1
DO UNTIL I = 8
ZERO ARRAY 'M'&'G'
ENDDO
I=1
DO UNTIL I = §
ZERO ARRAY 'A','F','B','T!
ENDDO
ASK FOR COMMENT LINE
INPUT COMMENT LINE
ASh FOR K, THE NUMBER OF COUNT DOWN FACTORS
INPUT K
ASK FOR N, THE ORDER OF THE EQUATION
INPUT N
ASK * ‘R THE CGLUMN OF CCUNT DCWN FACTORS
I=1
DO UNTIL I = K

READ A COUNT DOWN FACTOR INTO ARRAY 'G‘

DUPLICATE ARRAY 'G' AS THE KTH+1 COLUMN OF ARRAY 'F'

CHANGE EACH ELEMENT OF ARRAY 'G' TO BE 4/G-1




ENDDO
ASK FOR THE MEASURED DISPERSIONS
I=1
DO UNTIL I = K

INPUT A MEASURED DISPERSION INTO ARRAY 'D'
ENDDO
I =1
DO UNTIL I = K

MAKE ARRAY 'M' EQUAL TO ARKAY 'D'/9.945
ENDDO
I1=1
DO UNTIL I = N

J =1

DO UNTIL J = N+l

MAKE ELEMENT OF ARRAY 'A' = 0
ENDDO

ENDDO

* wa
-

LO=1

—— "

DO UNTIL LO=N

pu——
oty
e

Ll=1

DO UNTIL L1=N

-, .-
B P e

I=1
DO UNTIL I=K

A(Ll,LO)=A{L1/LO)+(M(I)**LO+1)+(M(I)**L1+]

.~ Y gt

ENDDO

*

ENDDO




ENDDO

Ll=1

DO UNTIL L1l=N
I=1
DO UNTIL I=K

A(L1,N+1)=A(L1,N+1)+(G(I)*(M{I)**L1+1

ENDDO

ENDDO

OUTPUT THE COMMENT LINE TO THE LINE PRINTER

GET THE TIME AND DATE FRCM THE OPERATING SYSTEH
WRITE THE TIME AND DATE ON THE LINE PRINTEK
WRITE N AND K ON THE LINE PRINTER
I=1
DO UNTIL [=K
WRITE THE COUNT DCWN FACTORS ON THE LINE PRINTER
ENDDO
I=1
DO UNTIL I=K
WRITE THE MEASURED DISPERSIONS ON THE LINE PRINTER
l{ ENDDO
. J=1

1}
] DO UNTIL J=N+1

WRITE MATRIX 'A' BY COLUMNS
ENDDG
CALL SGHSV6 TO »OLVE THE SIMULTANEOLS EQUATIONS

END




C-3.0 DETERMINE ROOT, SUBROUTINE SGHRT6

C-3.0-a Program Description

This program finds the root of a polonominal equation in two

which are as follows:

1. Isolates the root by a stepwise search between two num-
bers, specified by the root inteval.

Improves the root to a pre-specified accuracy by a Newton

steps

2.
iteration procedure,

The test value accuracy is specified by variable Tl, and K is
the distance on the 7 nondimensional axis to where ¢ is reduced

to 0.01.




C-4.0 COMPUTE Q, SUBROUTINE SGHBE6

C-4.0-a Program Description

This program calculates values of the complimentary distribution
function as a function of a normalized random variable. The
nondimensional random variable X is incremented by a step
function from 0.0 to 0.5 by an increment of 0.01. The compli-
mentary distribution function is printed out on the line printer

for each value of X.
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C-4.0-¢c PDL for Suoroutine SGHBE®6

WRITE HEADER ON LINE PRINTER
K=0
DO UNTIL K=30

V=K/10

CALL SGHVY6 TO CALCULATE Q
ENDDO

CALL SGHMON TO COMPUTE THE MOMENTS




C-5.0 COMPUTE MOMENTS, SUBROUTINE SGHMCM

C-5.0-a Program Description

THIS SUBROUTINE IS PARY1 OF ThE BEM DISPERSION ANALYSIS, USING
THE LEAST SCUARES FIT METHOD. IT CCMPUTES THE MCMENTS OF (¢(2),
THE CCMPLEMENTRY PROBABILITY DISTRIBUTION FUNCTICN, AS A
FUNCTION CF THE NORMALIZED DISPERSION VOLTAGE FOR BEM DATA.

THIS PROGRAM PERFORMS LINEAR AND NONLINEAR PATTERN RECOGNITION
TECHNIQUES. IT HAS BEEN CONCLUDED THAT THE USE OF LINEAR
DISCRIMINATES WOULD SUFFICE FOR SIGNAL IDENTIFICATION. THE
DISCRIMINATE WHICH WAS SELECTED WAS THE MOMENTS OF THE Q(Z)
CURVES.

THE MOMENTS ARE DEFINED AS:
M = THLE INTEGRAL OF Z2*Q(2)oz ELEVLUATEL FROM 0 TO INFINITY

M(R) = INTEGRAL OF ((Z-M)**K)*Q(Z)OZ FOR K=l,2,3'0.ooo
EVALUATED FROM 0 TO INFINITY,

WHERE K=1,2,3,.....
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C-6.0 DESCRIMINATE SIGNAL, SUBROUTINE SGHDIS

C-6.0-a Program Description

This program discriminates between an unknown signal and one of
the ciaht signal types studied. This is done by determining a 2
value for the unknown signal by multiplying the computed X,
M(2), M(3), and M(4) by each set of lambda values and deter-
mining the computation which most closely matches one of the
eight known signal types studied. A confidence value is input
to establish a band pass for comparison purposes. The value is
expressed as a percentage. A 10 percent confidence would be
input as 110.. The decimal point is required.
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C-6.0-c PDL for Subroutine SGHDIS

I=]
DO UNTIL I=4
INPUT VALUE INTO ARRAY 'IN
ENDDO
I=1
DO UNTIL I=28
Z VALUE = 0.0

J=1
DO UNTIL J=4

COMPUTE Z VALUE AS FOLLOWS: 2 YALUE = LAMBDA(J,I)*IN(J)
OULTPUT LAMBLDA VALUE AND Z PARTIAL SUM TO THE LISTING
ENDDO
PUT COMPUTED Z VALUL INTO ARRAY *zT°

CUTPUT ARRAY ZT TO THE LISTING

ENDDO
I=1
A DO UNTIL I=28
. MAKE EVERY 2ND ITEM OF A 2 ITEM FAIR EQUAL TO THE COMPUTED 2
.} ENDDO
lél 1=1
1§ DG UNTIL I=56 STARTING AT 2 ANL VARYING BY 2
|§ MAKE EVERY 1ST ITEM CF A 2 ITEM PAIR EQUAL TG THE COMPUTED 2
§ \ ENDDO
‘ . 1=1
. ? DO UNTIL 1=56

" OUTPUT EACH ELEMENT OF ARRAY 'ZTI' TG THE TERMINAL

C-18
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ENDDO

INPUT THE SELECTED Z LIST TO BE USED FOR COMPARISON
I=1

DO UNTIL I=36

GENERATE AN ABSOLUTE DIFFERENCE ARRAY WHICH IS THE DIFFERENCE
OUTPUT THE DIFFERENCE ARRAY TO THE TERMINAL

ENDDO

SET.XMIN EQUAL TO THE 1ST VALUE IN THE DIFFERENCE ARRAY
I=1

DO UNTIL I=56

FIND THE MINIMUM VALUE IN THE DIFFERENCE ARRAY AND SET XMIN
EQUAL TOC IT

FORM A POINTER TO THE MINYMUM VALUE
ENDDO
OUTPUT THE MINIMUM VALUE AND THE POINTER TO THE TERMINAL
RECUEST A CONFIDENCE VALUE
INPUT THE CONFIDENCE VALUE AS A PERCENTAGE

DETERMINE PCENT EGQUAL TO A PERCENTAGE OF THE MINIMUM DIFFERENCE
PLUS THE MINIMUM DIFFERENCE. (ESTABLISH A BANDPASS)

I=1
DO UNTIL I=56
JSAVE(1)=0
FCR EACH VALUE IN THE DIFFERENCE ARRAY WHICH FALLS WITHIN THE
EANCPASS ESTABLISHED BY THE CONFIDENCE VALUE, MAKE A
COKRESPCNDING ENThY IN AKRAY JSAVE
ENDLCO
FRINT THE HEADEK
FOk LACH ENTRY IN ARKAY JSAVE, PRINT ThE CORRESPONDING SIGNAL
TYPE

STOP
END
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C-7.0 CALCULATE ¢, SUBROUTINE SGHVY6

C-7.0-a Program Cescription

This program computes a numericel value of (¢
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C-7.0~c FDL for Subroutine SGHVY6

0=0.0

1=1

DO ULNTIL I=N
G=QHA(I, N+E) /DO**T* (V**T)

ENDDO

G=0.5+0

RETURN
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MISSION
of
Rome Air Development Center

RADC plans and executes research, development, test and
selected acquisition proghams in support of Command, Controd
Communications and Intefligence (C31) activities. Technical
and engineering suppont within areas of technical competence
4s provided to ESD Program 0ffices (POs) and other ESD
elaments. The prineipal technical mission areas are
communications, electromagnetic guidance and control, sur-
veillance of ghound and aerospace objects, iutelligence data
collection and handling, information system technology,
Lonospheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.




