NASA CONTRACTOR
REPORT

/lﬁASA-Ch-114739) SIMULAIICY 31UDY CF

CCOHNMUNICASICH LINK FOR PICYWEEx

 SANUBRN/URANUSs ATHOLFHESIC EsTiY ruCBE
{icDonnell-Ccuglas Astrezautics Co.)

=2t p HC $13.75 CSCL 22B  G3/07

227

N\A}JA NASA CR-114739

N7U=-188320

Unclas
32765 J

SIMULATION STUDY OF COMMUNICATION LINK

FOR PIONEER SATURN/URANUS
ATMOSPHERIC ENTRY PROBE

by Carl A. Hinrichs

Prepared by

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY — EAST
St. Louis, Missouri 63166 (314) 232-0232

Jor Ames Research Center

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

WASHINGTON, D. C.

MARCH 1974



NASA CR-114739
AVRILAGLE YO THE FUBLIC

SIMULATION STUDY OF
COMMUNICATION LINK FOR
PIONEER SATURN/URANUS
ATMOSPHERIC ENTRY PROBE

by Carl A. Hinrichs

Distribution of this report 1s provided 1n the interest of
information exchange. Responsibility for the contents
resides in the author or organization that prepared it.

Prepared Under Contract No. NAS2-7935
by

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY — EAST
Saint Louis, Missouri

for

AMES RESEARCH CENTER

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
I



FOREWORD

This dig?ta] simulation study, Contract NAS2-7395, was performed under
the auspices of the NASA Ames Research Center. It has determined the
performance characteristics of an outer planet's atmospheric probe communica-
tions linrk including the transmitter modulator, the RF channel, and the
receiver/bit synchronizer., The study emphasized the acquisition properties
and bit error performance of the system under conditions of signal attenuation,
Doppler, Doppler rate, and turbulence effects which were modeled during a
previous study for a Saturn/Uranus atmospheric probe system definition,
Contract NAS2-7328., The simulated flight equipment design was formulated by
the TRW Systems Group under subcontract to McDonnell Douglas Astronautics -
East.

The author expresses his appreciation for the assistance provided by
Dr, Marvin Stone and Mr. Marshall Huang of TRW Systems Group, Redondo Beach,
who provided input data and consultation services during the course of this
Study.
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SIMULATION STUDY OF COMMUNICATION LINK
FOR PIONEER SATURN/URANUS ATMOSPHERIC ENTRY PROBE

SUMMARY

A digital simulation is presented for a candidate modulator-demodulator
(modem) in a modeled atmospheric scintillation environment with Doppler,
Doppler rate, and signal attenuation typical of the radio link conditions for
an outer planets atmospheric entry probe, The results indicate that the
signal acquisition characteristics and the channel error rate are acceptable
for the system requirements of the radio link. The simulation also outputs
data for calculating other error statistics and a quantized symbol stream
from which error correction decoding can be analyzed. The results from these
data have not yet been evaluated.

The receiver and bit synchronizer are modeled in the simulation at the
level of hardware component parameters rather than at the level of loop
equation parameters, and the report defines the resultant hardware parameters,
Likewise, the scintillation is modeled as a low-pass Gaussian process with the

parameters defined in the report.

The receiver performance is plotted for nominal hardware parameters and
a range of signal-to-noise ratios both with and without scintillation. The
performance is also shown for critical receiver parameter variations.



INTRODUCTION

The objective of this simulation is to determine the performance and to
refine design parameters for a receiver which serves as one terminal in an
outer planet relay Tink. The transmitting terminal is a probe entering the
planetary atmosphere, and the receiving terminal is in a spacecraft in
hyperbolic trajectory about the planet. As with most planetary space systems,
the 1ink is power starved, inferring minimal data rates and the use of error
correction coding. The 1ink is unique in two respects: First, because of the
low data rate, the initial frequency uncertainty due to Doppler and oscillator
uncertainty is about 400 times the data bandwidth. Second, atmosphere
turbulence may cause significant scintillation on the received signal.

The initial system design (Ref. 1), Saturn/Uranus Atmospheric Entry
Probe, conceived a noncoherent 1ink to combat the scintillation at a data
rate of 44 bits per second, which was rate 1/2 coded to 88 symbols per second,
Preliminary specifications for the transmit and receive terminals were
prepared in conjunction with this study (Refs. 2 and 3). In response to
these requirements, a preliminary hardware design was defined in Reference 4,
Due to the nonanalytic nature of the effect of scintillation on the receiver
performance, a simulation was deemed necessary to verify the suitability of
the design. A simulation program was written to allow a quantized data
stream to be generated on magnetic tape for subsequent decoding and analysis,
as well as to investigate receiver acquisition and channel error rate
performance, but only the latter two programs are described here,



CONFIGURATION

The configuration details described below are the results of the TRW
Systems Group design from Reference 4, and as amended in subsequent meetings.
The configuration consists of three pieces of equipment: the modulator,
the receiver, and the bit synchronizer.

The modulator, shown in Figure 1, is a continuous phase frequency-shift-
keyed modulator. This represents a change from the modulator of the initial
study which was a discontinuous phase frequency-shift-keyed modulator, as pre-
liminary studies indicated a severe degradation in performance of a discontin-
uous phase modulator when operating in conjunction with the candidate receiver.
The data symbols drive a 20 MHz VCX0O which is upconverted by mixing with a
fixed local oscillator to the output frequency. The oscillator will typically
switch in 20 microseconds; hence, at an 88 symbol per second rate, the modu-
lation may be considered as true continuous phase frequency shift keying.

Two other continuous phase modulators were also considered, but discarded
because of hardware complexity: a three step up-converter and an indirect FM
modulator., The modulator candidates are discussed in Appendix X.

The receiver is shown in Figure 2. The receiver signal is first
converted to an intermediate frequency and the narrow band filtered and
output to two Toops: an automatic gain control (AGC) Toop, and an automatic
frequency control {AFC) loop. The input to the AGC Toop drives the coherent
amplitude detector via an amplifier which is a soft limiter, i.e., it only
limits when the signal is very large (typically 13 dB above nominal). This
is to protect the coherent amplitude detector during acquisition, when the gain
is wide open, at high signal levels. The AGC loop is completed by low-pass
filtering and signal conditioning to the variable gain IF amplifiers.

In the AFC loop, the amplifier before the phase detector originally was
a hard limiter, i.e., its output was always +A. However, early in this study
it was felt that the AGC should adequately maintain the signal Tevel and a
soft 1imiter should be used in its place, performing a function similar to
that of the coherent amplitude detector amplifier. The AFC Toop which tracks
the incoming frequency is completed by the loop filter and voltage controlled



oscillator.

If the AGC signal is below threshold, a sweep is activated to acquire
the signal. The input to the sweep from the AFC Toop is a polarity sense;
that is, it reverses the sign of the sweep voltage if the sensed sweep voltage
exceeds the design level. The design used in the simulation is different
from what is now proposed in the actual hardware. As used, if the voltage
to the detector drops below threshold, sweep is immediately initiated.
Because of the nature of the scintillation, it was decided during the study to
incorporate a resweep initiation delay into the hardware. Thus, if the
scintillation caused only a short drop out, the receiver would not start a
Tong (in terms of symbols) search operation. The minimum value for the delay
is determined by the fading time constants. Since the amplitude scintillation
has a low-pass characteristic with a 3 dB cutoff at 2 Hz (or 4r radians/sec-
ond), the delay should be greater than 80 msec, The maximum value of the
delay is constrained by the Doppler rate and the actual loop parameters,
e.g., the amount of drift the VCO will undergo during the signal absence
condition, The Doppler rate is 13.3 Hz/sec. Assuming a nominal VCO scale
factor of 4 KHz/V, phase detector offsets of 1.2 mv, and a loop filter time
constant T4 of 0.45, the phase detector offset voltage will charge up the
loop filter capacitor at the rate of AV/I1 = 2.7 mv/sec. This means the VCO
will then drift at approximately 10.7 Hz/sec so the total loop drift,
including Doppler rates, is of the order of 24 Hz/sec., Since the receiver has
a lock-in range of 38 Hz (ﬁfL S chn), the delay should be less than 1.6 sec.
Given these two extrema, a time constant of 0.5 sec is recommended to delay
the start of sweep after the lock indicator indicates loss of lock., This
value could be varied if tests indicate a better value.

Mixer offsets were not simulated since the mixer output drift was only
+0.15% over the anticipated voltage range.

A square foot function was considered proper and implementable for the AGC
signal conditioner, since the proposed device was Tinear over a 50 dB range,
and the receiver requirements only covered 20 dB, i.e., nonlinearities in the
implementation device need not be simulated.



Figure 3 shows the bit synchronizer. This is a conventional early-late
gate synchronizer with the addition of a baseline correction circuit to
"correct" the effective drift of large numbers of identical bits. As in
the case of the receiver proper, drift of the muitipliers was determined
to have only a 4% timing error, and was judged to be small enough to be
idealized as zero for the simulation. A 1-Hz loop noise bandwidth was chosen
to maximize the signal-to-noise ratio in the loop while maintaining reasonable
acquisition times.



SOFTWARE

In order to simulate the hardware as closely as possible, the approach
taken is to simulate the lowest feasible component. For example, each
multiplier and filter in a loop are individually simulated, rather than an
expression describing the operation of the loop.

A powerful simulation tool is the concept of complex amplitude notation.
In this concept, used in the simulation, and described more fully in Appendix
I, the "carrier" is novmalized out of the simulation. Generically the signal
is of the form
x{t) = A cos (wot + 8),
wherein A is the amplitude, W, the carrier and 8 the phase., By suitable
normalization, the signal is thus represented in complex notation.as
§(t) = A exp (jo).
As an example, a frequency-shift-keyed signal (used herein} has two tones,
il(t) A exp (jraft)

and

iz(t) A exp (-jnaft)
where Af is the frequency separation between tones,
Amplitude and phase noise are simply introduced as
x(t) = A(1 + NA) exp [j (8 + Np)].

One of the principal reasons for this simulation was the detemination
of the effects, on the modem, of atmospheric scintillation. Atmospheric
scintillation arises from localized variations in the refractive index of
the atmosphere, chiefly occurring due to temperature variations. Given that
a "blob" of atmosphere occurs, it successively breaks into smaller and smaller
"blobs" until its energy is dissipated. With numerous blobs across the
propagation path, the electromagnetic ray is diffracted in a random fashion,
resulting in variations in the signal amplitude and phase. This simulation
has modeled amplitude and phase scintillation as

Alt) = Ao(l + x(t))
and

2
8(t) = Bp * 8yt + et + s(t),



i.e., a linear variation of the amplitude with its scintillation, x(t), and
the phase with its scintillation, s(t). The 81t and 02t2 terms represent
Doppler and Doppler rate, respectively. The x(t) and s(t) terms are taken
as low-pass zero-mean Gaussian processes with root variances of 0.23 and
0.47, respectively. The filter corner frequencies are 2. and 0.2 Hz,

respectively and both roll off in proportion to frequency to the -4/3 power.

The 4/3 f rolloff presents significant modeling effort, and is detailed
in Appendix II. It was seen that the "more efficient" Z transform approach
yielded Tittle or no benefit for a 4/3 order filter, in marked contrast to
its effect on integer order filters., Thus, tapped delay lines were
employed in the computer routine. To decrease computer time, the simulation
linearly interpolates the scintillation between "tap times".

Figure 4 is a block diagram of the simulation receiver. This is "identi-
cal" to the hardware block diagram with two exceptions: first, the
simulation receiver starts with the input to the first mixer, the radio
frequency amplifier being only a constant; and second, the soft Timiters
before the coherent amplitude detector and phase detector are not modeled as
they only serve in the hardware to protect the following devices from
excessive power. It may be argued that the soft limiters would have an effect
during high signal-to-noise acquisitions. However, this region of operation
was judged to be inappropriate in this study. It should also be noted that
the AGC signal processor, a square root device, is treated specially. In
the routine, because the square root function is one of the more time
consuming functions, the square root is linearly interpolated between
Togarithmic values yielding a maximal 1.46% error. For similar reasons the
trignometric functions are rounded to one degree and tabulated. Note also
in Figure 4 that a soft output is added to aid in coding analyses. A
rationale for setting the quanta levels is found in Appendix III,

An abbreviated flow chart for the error rate routine is presented in
Figure 5. After the initial conditions are established (data, dimension and
complex statements) the conditions for this problem are read in. Typically
these are variations in signal strength, bandwidths, etc. Next the loop
conditions are calculated (time constants, etc) and the turbulence delay lines



initialized. The routine then generates samples (typically 40) for each bit
and the loops (AGC, AFC, and bit synchronizer) exercised. The receiver
starts below threshold, i.e., the AGC/AFC must acquire and the number of bits
to initial lock is determined. The error counter begins when the receiver
and bit synchronizer have locked, typically after the reciprocal of the
natural frequency of the bit synchronizer loop or approximately 100 bits,
This eliminates the error rate "contamination" by both receiver and bit
synchronizer lockup effects. Additionally, three other statistics are
tabulated: the bit spacing between errors; the conditional probabilities of
each quanta level, given the "preceding” level of the soft decision; and the
number of times the AGC signal drops below threshold and the number of bits
in that dropout. The printout gives the average number of bits per dropout.
The routine then continues until the specified number of bits has been pro-
cessed, A complete 1ist of symbols is found in Appendix IV, and a complete
listing in Appendix V. The language is standard Fortran IV, No special
computer 1ibrary subroutines are required.

A typical error rate printout is found in Figure 6. Block 1 has the
inputs (signal level, bandwidths, etc.). Block 2 contains intermediate
information such as VYCO gains and time constants, Block 3 has the mean error
rate data: 1line 1 for the (baseline) filter and sample, and Tine 2 for an
integrate and dump output. For this run of 9.4 dB E/No, the mean error was
0.0247 with a standard deviation of 0,0035. The mean absolute sample level
was 0,456 with a standard deviation of 0.205. Reading in block 4, Tockup
occurred in one bit, but there was one AGC dropout four bits long. Block 5
is the error spacing matrix, where for this run 8 bits were in error 1 bit
spacing apart, 3 bits 2 spacing, 1 bit 3 spacing . . . 1 bit 96 spacing and
4 bits with 100 or greater spacings. In this run a moderate amount of
"burstiness" occurred, i.e., errors not randomly spaced. Block 6 is the data
for four conditional probability matricies, which are read by the figure in
the block. The columns of the matrix signify the quantized level of the "B"
symbol (current symbol) and the rows signify the level of the “A" symbol
(preceding symbol). The most negative levels occur in the first column and
the first row, or the upper left position. For example, given the input
was -1, -1, which occurred 453 times, an error occurred 22 times. For this



matrix the -1, -1 quadrant contains all the "corrects", the +1, -1 and -1, +]
quadrants single errors and the +1, +1 quadrant double errors. Reading in the
-1, +1 quadrant when B {current bit) was position 5 {in error) the last bit,
A, was four times in 1, two times in 2, two times in 3 and two times in 4,
Finally block 7 has the end points of the random number generators plus a
monitor recommending the best sampling time (phase of the bit synchronizer in
sample counts).

As the complete receiver simulation is somewhat lengthy, plus having
special steering and routines for error measurement, a special routine was
adapted for acquisition studies with its own steering requirements. An
abbreviated flow chart is shown in Figure 7, with details in Appendix VI. The
jnitial setup, problem reading and conversions are identical to those of the
error rate routine. In this case, however, Doppler is injected, and once the
receiver acquires, another “case" is run to determine the probabilities of
acquisition under various conditions. It should be noted on the simulation
block diagram that the Doppler is injected as a loop stress, rather than a
phase time product at the input. Comparing the loop responses in the two cases
reveals identical baseband performance even though the double frequency terms
which are filtered out are slightly different., Returning to the flow chart,
after each acquisition trial, intermediate results are printed. For each
trial the receiver is reinitialized and samples are generated, If the sweep
goes past the input Doppler, a miss is registered. If the AGC signal goes
above threshold an acquisition may have occurred., A check of whether the
sweep got to the Doppler determines whether the condition was a true or a
false acquisition.

A typical acquisition printout is shown in Figure 8., Blocks 1 and 2 are
as stated before. Block 3 shows the conditions at the end of each trial. In
the first 12 sweeps the receiver acquired. In the 13th sweep it missed
acquisition, From the 14th to the 20th trials it acquired, but missed again on
the 21st trial. In no case was a false acquisition found. The fifth column
contains the bit count at the end of that run, the following three columns
give the sweep voltage, its value after the AFC loop filter, and the value
input to the bit synchronizer,



During the "fabrication” of the acquisition software, it was found that
serious aliasing could occur if the sample rate were insufficient. Referring
to the input mixer in Figure 4, it is seen that as far as the computer is
concerned it is merely multiplying two strings of complex numbers, If they
appear to correlate after filtering, large correlated numbers (rather than
random zero mean numbers) are detected in the CAD circuit signifying lock,
Now, if the samples are widely spaced in the time domain, apparent correlation
due to aliasing can occur. This happens periodically when uniformly sweeping
the VCO, resulting in a false acquisition. Because of the relatively Tow
sweep rates, this condition occurred long enough for the CAD filter to
respond. During the error rate studies a sample rate of 40 samples per bit
was used. When this rate was used in the acquisition studies, false
acquisitions always occurred. The sample rate had to be increased to 200
samples per bit for 1 kHz Doppler before the aliasing effect was negligible.
Higher Doppler shifts would require correspondingly higher sampling rates.
Therefore, the acquisition studies were run at 1 kHz Hertz Doppler to
conserve computer time,

Both of the routines have seven subroutines:
NRANDM: Gaussian Number Generator
RANDM; Uniform Number Generator
B1FILT: Bandpass Filter
BLOBA(P): Amplitude and Phase Scintillation Lines

TRIG: Trigonometry {1-deg table for computer speed up)
ASQRTF: Square Root (linear interpolation for computer speed up)
DATAS: Data Source {six-bit feedback shift register)

Some subroutines used in the checkout phases, but not used in the
production runs, are given in Appendix VII,
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RESULTS FOR NOMINAL CONDITIONS

The first step in the production runs was to determine the performance
for nominal conditions. These are given in Table I. All the performance data
points are based on 1900 bit scintillation runs. Before this simulation
could be done, however, two additional parameters had to be found: the proper
threshold Tevel and the AGC gain.

TABLE I

NOMINAL CONDITIONS
Parameter Symbol Value
Bit Rate BRATE 88, bps
Minimum Loop Signal ENOMIN 9. dB
Tone Separation DELF 62, Hz
IF Bandwidth BIF 1000. Hz
AFC Loop Bandwidth BL2 176. Hz
AFC Phase Error PHIDEG 10. deg
AFC Pull-In Range FDIFF 342, Hz
Bit Sync Bandwidth BLZB 1. Hz
Bit Sync Phase Error PHIB 10. deg
Bit Sync Pull-=In FDL.FFB 5. Hz
AGC Filter Constant TAU3 .07957
Sampling Filter Constant TAU4 .001808
Baseline Filter Constant TAUS .01808
Doppler Filter Constant TAUG .10603
Baseline Filter Gain A5 B

Normally the threshold is initially set at some factor greater than the
noise-only output, and then varied to minimize dropouts and minimize false
acquisitions. For the simulation, the probabilities of a voltage occurring
with noise only (herein -20 dB E/No, since it was easier to reduce the signal
than to eliminate it) and with signal was determined. This is shown in
Figure 9, All of the data referred to in this section appear in Appendix
VIII, It should be noted that these early runs employed a slightly different
printout format with more internal diagnostics than used in the production

11



runs. The symbols are all identical however; thus no confusion is anticipated
in reading the data. Based on this information a threshold of 6.5 was used.

The AGC signal processor attempts to keep the voltage into the phase
detector constant, to keep a constant open loop gain. This is done by setting
the IF gain according to the reciprocal of the square root of the filtered co-
herent amplitude detector output. For a noise-only input, the gain is
maximum, and a gain function ABC on Figure 10 is produced. While determining
this function during the debugging operation, it appeared that additional gain
below "minimum’signal" would be beneficial, particularly in a scintillation
environment, e.g., curve ADE or curve AFG, The additional gain herein is
termed the dynamic range, DYNR., Results of such runs are shown in Figure 11,
A DYNR of 3 dB appears to offer the best performance with scintillation, and
was thus chosen for the nominal conditions,

The first parameter of interest is the mean error rate. This is shown in
Figure 12. The vertical marks about each experimental point indicate the
measurement standard deviation. Note that these runs count errors even
during AGC dropout after initial acquisition, The mean error rate without
scintillation is well within the "specified" value in the receiver specifica-
tion, Ref, 3. With scintillation the performance is acceptable to about
10,5 dB, It should be noted that this performance refers only to the mean
error rate. In a coded system the distribution of errors is also important,
The data dumps in Appendix VIII show that the nonscintillation error
distributians are roughly random (the error history matrix), but the
scintillation runs have significant burst errors, i.e., groupings of errors.
Further coding analysis is required to evaluate the performance of the
system with scintillation.

Further study of the conditional probability matrices should enhance the
evaluation of the system's capability to support coding. As noted in the pre-
vious section, this is moderately influenced by the soft quantization level.
The bulk of the data was generated prior to the toding analysis of Appendix III
and used a soft quanta of ASOFT/2 = 0.15. Figure 13 shows the mean and
standard deviation of the sampled level voltages of the data of Figure 12,
This was diagnostic information to determine the quantization level. At an
E/N0 of 9.4 dB, the nominal minimum, the standard deviation is 0.2; thus,

12



ASOFT/2 = 0.15 corresponds to a quanta level of 0.75 (ASOFT/2/std. dev.) of
the standard deviation. According to Appendix III, 0.6 would be more
appropriate, or ASOFT/2 = (0.6 std. dev.} or 0.12,

Another interesting factor seen in Figure 13 is the slight increase in
"output" signal-to-noise ratio with the input, At E/N0 of 7 dB we have a
mean to standard deviation of 0.45/0.23 (5.83 dB) and at E/N0 of 11 dB we
have a mean to standard deviation of 0.47/0.19 (7.87 dB). There is only a
2.04 dB apparent increase in output for a 4 dB input increase indicating
some memory, intersymbol interference, or possibly implied "noncoherent”
signal detection, i.e., autocorrelation of signal plus noise.

The second parameter of interest is the probability of acquisition. Runs
were made at 9.4 and 12.4 dB, with and without scintillation, The data in the
appendix indicate 100% acquisition. At lower signal to noise, as in Figure 8,
missed acquisitions occur. There was insufficient data, however, to plot the

function.
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RESULTS FOR PARAMETER VARIATIONS

A number of runs were made to investigate the effects of varying the para-
meters of the receiver. These may be roughly broken into two cases: system
variations, and hardware variations, Table II 1ists the system variations.

The data for this section are given in Appendix IX.

The vesults of modulation index variation is shown in Figure 14, As
expected the optimum is 0.7, with and without scintillation,

TABLE II
SYSTEM PARAMETER VARIATIONS
PARAMETER VALUES
DELF (Modulation index oriented) 26.4, 44, 62, 88, 132 Hz
BIF {IF Bandwidth) 500, 750, 1000, 1500, 2000 Hz
BL2 (AFC EBL) 88, 100, 164, 176, 188 Hz
TAU4 (Sampled Output Filter) 88, 144, 200 Hz

The second system parametric, the intermediate frequency bandwidth, is of
some implementation importance. If the bandwidth is too narrow the filter
could produce sufficient phase shift in the loop to cause instability. An
intermediate frequency bandwidth of ten times the loop filter bandwidth, or
1 kHz was initially recommended. Because of the high Q of this device, wider
bandwidths might be easier to fabricate. Figure 15 illustrates the data.
These represent a second set of runs, because an initial set was required to
establish the proper level at the sampled output and to define the simulation
sampling requirements in the scintillation. The runs at and below 1 kHz were
run with 40 samples per bit, and those above proportionally higher., Without
scintillation, the higher bandwidths give slightly better performance;
apparently beginning to Tevel out in the vicinity of 1500-2000 Hz, With
scintillation, the "knee" appears to be between 1000 and 1500 Hz.

The results with the receiver loop bandwidth parametric are shown in
Figure 16, The nominal 176 Hz case is optimal both with and without
scintillation.

The final system parametric is the variation of the corner frequency
af the sampling filter. In conjunction with this, the output of the
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synchronizer integrate-and-dump was also measured. These data, in Figure 17,
are also the second set of runs, the first being required to optimize the
sampling time. It is seen that wider bandwidths degrade the performance,
although less dramatically when scintillation is present. The integrate-
and-dump output appears to be uniformly better. Incidentally, the three

points shown for each integrate-and-dump output represent one datum; since no
parameter change is made for it; the apparent variations are experiment scatter,

The expected hardware variations are summarized in Table III. Of these,
only ENODB, DELF, and BLZ are judged significant. Two "worst cases" were
defined; ENODB of 9.2, DELF of 66, and BL2 of 164; and ENODB of 9.2, DELF
of 60, and BL2 of 188. The simulation results are shown in Figure 18,

Worst case 2 shows little variation from the nominal, within one sigma of
the measurement. Worst case 1 shows between 0.5 and 0.75 dB degradation.

TABLE III
HARDWARE VARIATIONS
Parameter Nominal Min Max Comment

ENODB 9.4 dB 9.2 9.9 Based on -142.8 dBm, noise at
-174 dBm and NF of 2.3 dB.

DELF 62 Hz 60 66 Oscillator pulling range accuracy

BIF 1000 Hz - Negligible - Crystal manufacturer data

BLZ 176 Hz 164 188 RSS estimate of gain changes, and
scale factors

SVRHZ 2.2 kHz/sec 2.1 2.3 5% variance to sweep and VCO
scale factor

EVMAX-EVMIN - 35 kHz 33 37 5% sweep drift and VCO scale
factor

TAU3 .07957 .07718 .08196 3% RSS time constant

TAU4 .001808 .001754 .001862 Same as TAU3

TAUS .01808 .01754 ,01862 Same as TAU3

15



CONCLUSION

Digital computer simulation of a data link has shown that the candidate
modem appears, from the mean error rate viewpoint, to be acceptable to the
systems requirements. A complete verification of the usage of the modem for
a coded telemetry system must await further coding analyses. The performance
is well within the specified error rate bounds without atmospheric scintilla-
tion, and the errors appear to be random. Performance is also acceptable
with scintillation but the errors appear to be bursty,.

The system parametric studies reveal that:

o a slightly larger intermediate frequency bandwidth of 1500-Hz
would be more advantageous than the current 1000-Hz nominal.

o the data output sampling filter of the bit synchronizer could
be improved, e.g., a straight integrate-and-dump, or perhaps a
higher order filter.

o the effect of hardware degradations are within acceptable range,

o 1in the range of signal strengths anticipated by the Reference 1
system studies, the receiver appears to acquire every time,
Additional runs are required to fully trace the probability-of-
acquisition curve,

Because of scintillation modeling uncertainties, it appears worthwhile
to try other scintillation models and also to explore the effects of the
resulting error distributions in coding studies.
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APPENDIX I
COMPLEX AMPLITUDE NOTATION

Complex amplitude notation is a convenient way to normalize the notation
to a reference freguency, The signal waveform is thus

x(t) = Re {X(t) exp (3 wyt)},
where the reference frequency is Wyo and the complex ampiitude is

X(t) = A exp (jo) = A cose + j A sin e.
Herein, A is the signal amplitude, and e the signal phase. The conventional
notation is apparent by combining,

x{t) = Re { A exp (jo) exp (J wot)}

= A cos (wot +8).

When multiplying in complex amplitudes

z(t) = x(t) y(t)
or z(t) = Re {X(t) exp(jw t)} Re {¥(t) exp (J wjt) J.

Using the identity
y Y 1 W n, "

Re {x (t)} Re {¥(t)} = zRe {X(t) y(t) + X(t) y*(t)J,
the star denoting the complex conjugate, we have

2(t) = 3 Re (X(t) J(£) exp (3 (wytwy)t)

+X(t) *(t) exp (3 (wy-wp)t)l.

Normally one beats down, so the complex amplitude of the difference frequency
term is %-%(t) V*(t).

When filtering x(t) with h{t) to yield y{t), one normally expresses this as

y(t) = {: x(1) h{t-t)d .
In complex amplitude notation

y(t)

I7 Re{ X(t) exp (J wgT)} Re {RK(t-7) exp (j wy(t-1))} dr

% Rel £7X () K(t-1) exp(§w -w,)c)exp (3 wit) dv }

% Ref £ 7%{1) W*(t-r) exp (J(wgtwy)r) exp(-3 wit)de },

I}

+
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Normally, x{t) and h(t) are referenced to the same frequency, so that

- 0T

y(t) = 3 Re (exp (jut) 17 X(x) B(t=r) d 1)
+ %-Re {exp(~jwt) {: X(t) B*(t-r) exp (2jwt) d 7).

When the bandwidths of the signal and the filter are narrow compared to the
center frequency, one may neglect the second term, so
VO = 57 %0 K(tw) dx.

Finally, when the carrier is zero, to represent baseband signals,
¥(t) = !;: %(t) H(t-r) dq,

Figure I-1 illustrates the usage of complex amplitudes in the simulation,
The input has the signal amplitude MO and phase 01 plus noise 6 This
represents the radio frequency, and is beat down by the first mixer to inter-
mediate frequency by straightforward multiplication. After filtering, the
extraneous phase is represented by ¢, with Mf representing the filtered
amplitude. The real part of the signal from the phase detector is just the
amplitude times the sine of the phase. »Similarly the real part of the signal
from the coherent amplitude detector is just the negative of the amplitude
times the cosine of the phase.

AGC .
-mff:cs{e]-ez+¢j_J
CAD
F.(S
T n! 2 (5)
oo dle,te )
J'ioe | r LO TT/Z
F](S) .
2ej92 VCOo ﬁfsin{aq~ez+¢)
& K/S

FIGURE I-]
COMPLEX AMPLITUDE USAGE
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APPENDIX II
SCINTILLATION FILTERING

ABSTRACT: A tapped delay line filter is presented to represent atmospheric
scintillation effects. Data is given to show the aliasing effects
of the truncation.

1. Introduction - It is well known that atmospheric turbulence, herein defined
as variations in the complex dielectric constant, can cause variation in the
amplitude and phase of a received electromagnetic wave, From Tatarski in

Ref (A2-1), the power spectral densities of the ampPitude and the phase is
proportional to the -8/3 power of the frequency above cutoff. This assumes the
Kolmogorov form of the turbulent Flow. The nature of the fluctuations is dif-
ferent however for amplitude and phase; amplitude fluctuations being dominated
by the microscale of the turbulence, and phase fluctuations being dominated by
the macroscale of the turbulence.

According to Ames Research Center RFP, the atmospheric effects
can be adequately modeled by assuming the amplitude effects of the form

A(t) = Ao(l + x (t))

where x(t) is a Gaussian process of zero mean and a root variance of 0.23,
low pass filtered with a cutoff of 2.0 Hertz and a £-%/3 roll off (note
herein the signal is a voltage term). Similarly, the phase effects could be
modeled as

e(t) = 6, F 8t 621:2 + s(t)
where s(t) is a Gaussian process of zero mean and a root variance of 0.47, low
pass filtered with a cutoff of 0.2 Hertz and a -4/3 roll off.

This note presents the digital form these filters will take.

2. Filter Form - In electrical engineering terms the transfer function of
the filter is

F(s) = (af(s+a))”

where a is the cutoff frequency in radians, and s is jw.

/3

By simple algebra, the corner is then

1/2

4 _ 1y < 8257074727,

w/a = (23
or for amplitude a = 15.21891351

and for phase a = 1,521891351 |
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The Laplace transform of the impulse response from Ref (A2-2), is

“3mar3) 16t

and r{4/3) = .892979511 .

h(t) = [a exp(-at),

For t of zeroc or infinity of course

h(t)| = 0
t=20
t:m

The function has a maxima at

0

1
3a

The impulse response is shown in Figure Ii-l.

I

dh(t)/dt |
t

3. 72 Transform - The quickest computational form of a filter is generally the
Z transform (Ref (A2-3)). This 1s just the Laplace transform with the substitution:

z = axp(sT)
Utilizing the simplest interpolator, zero order hold, the discrete transform is
-1 1
(1 -2 ) 2 (E'F(s))-

Since for the case in question

Lalera 3y = 243 17z L3 At

1 - ¢t - - -
then  LEF)) =17 43 071 gy 13 0730 4e = £
and by definition
ZC&F(S)) = I f:'(m:)z--n
n=0



Thus

z@Gre)= & ("3 17w/3) rfan M3 @) )z
n=0 e

From Abramowitz and Stegun, Ref (A2-2), the above incomplete gamma function
can be written as a Chi-Squared function, or

2(3F(s)) = 3 {P(2ant| D1,
s oo 3

Then the complete transform is

(-2 2z GR(e))= (12 1 P(2anr|PHz™
n=0

P(OI%)Z—O + P(Za’l‘l%) z_l + P(&aT|-:8;)z—2+.

- P(Z.EtTl-g-)z-2 - P(4aT|§)z-3-.

2

0+ P(ZaTl-g-) L+ plarld - r2ar|dia”

+ (p(6ad) - p(4ar| Dz
+. .
The output ¢ for the input I is then

6 = par}d1(-vD + larld - rearld i@
+ (2esar D - pG4at]|PH)((-m1)

+. .

Since there appears to be no more concise form, at least to the writer,
in this case it appears that the Z transform is no better than a conventional
delay line representation. Also, since the Chi-Squared function is evaluated

as a series, Y¢n
n, 2,2
(-1). (x"/2)

nl (%+n

pOC v =t I,

the conventional delay line representation appears preferable.
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4. Delay Line - There are two design parameters which must be set when representing
a filter as a tapped delay line: the tap spacing, T, and the line length, NT.

The former describes the "graininess" of the impulse response, and effectively
defines the highest frequency represented,

fm = a/(2y) = belv

Therein T = v/a,
f, is the corner frequency, and for the 4/3 filter
K = 3.804728378.

The latter describes the fold over aliasing, and effectively defines the lowest
frequency (excluding zero) represented,

£ = 1/(NT)

As a rule of thumb, the maximum tap contribution, Th(t), should be of the order
of 0.1, or

/3

I

T = 0.1)3%3 r(4s3)/ae

1t

.179740828/a .

Similarly, the "length" should sum to 0.95 to 0.99, i.e., for the filter in
question
T=2aNT T 1/3

_T
T . 21
(Za

R PY dr,

pant|) - 43 1743 [

where t = nT = t/(2a)

The function is plotted in Figure II-2, From the figure it appears that a length
2aNT of 8 to 10 should be adequate, or for 10,

NT = (x° = 10)/2a = 5/a .

Figures TI-3 and II-4 illustrate the amplitude and phase response of three delay lines:
T = .1707/a, N = 32; T = .09/a, N = 64 and T = ,09/a, N = 128. The magnitude of

the error is shown in Figure II-5. The number of taps shown are integer powers of two
for convenience in the fast Fourier transform. The rule of thumb filter,

T = .17/a, N = 32 appears quite reasonable to an octave beyond the corner, after

which the phase response falls off quickly. The second filter, T = .09/a, N = 64

is approximately the same length as the first, but with twice the resolution.

This filter holds the correct phase response to two octaves beyond the corner.

The third filter, T = .09/a, N = 128 has the same resolution as the second but

has twice the length. It shows very little improvement over the second filter.
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5. Conclusion - A model for turbulence effects on propagation has been reviewed,
and a digital representation designed. The design is summarized in Figure I1I-6,

The magnitude of the amplitude error is less than 1.5% over a decade of frequency
beyond the corner.

Reference Cw
A2-1 -~ V, I, Tatarski, "The Effects of Turbulent Atmosphere on Wave Propagation’,

NSF TT-68-~50464, 1971.

A2-2 - C, Abramowitz and I. A. Stegun, "Handbook of Mathematical Functions",
NBS App. Math Se, 55, Dec. 1965,

A2-3 - J. D. Markel, "Z Transform Applications Using Digital Computers",
Engineering Technology, Dec., 1968,
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FIGURE II-1
IMPULSE RESPONSE
OF (a/(s+a))4/3
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vy = .09
g = .9807
FIGURE II-6
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APPENDIX III
QUANTIZING STRATEGY FOR INPUTS TO VA DECODERS

1. A Viterbi Algorithm (VA) decoder can function with either hard or soft
decisions on the input symbols. Typically, the use of 8 level soft decisions
on the symbols permits the decoder to operate satisfactorily with ~2dB less
Eb/No than if hard decisions are employed. The normally used quantizing

strategy results in quantization level spacings of about 0.5 to 0.7 times the
standard deviation of the channel noise. This memo explores the derivation of
a rationale for choosing the spacings based on the mean and variance of the
received symbols. The selected spacings are found to vary between ~0,58 and
0.64 for means between 1. and 2, sigmas.(3 to 9dB Eb/NO). These results are

equally applicable to a sequential decoder.

2. Theory of VA decoder operation

The VA decoder is a device which chooses the most likely state sequence
of the encoded data from the set of possible state sequences., The formal
statements of this principle are adequately covered in the published litera-
ture. The basic operating technique is to associate a path metric with each
state sequence which allows the decoder to select the maximum 1ikelyhood
state sequence, based on a set_of observations. The path metric, is formally
defined as -1n Pr{X|7}, where X is the set of observations, and 7 is the state
sequence. For a memorly less, binary symetric channel, with Gaussian noise
statistics, the path metrics can be simply the sum of the observations, weighted
by the expected observation, given the state sequence for the specific path
metric. In simpler terms, if M(= +1) is the expected symbol at a given point
in time, then Vk(i) = Vk(1~1)-X1M1, where Vk(i) is the Kth path metric at time

i, The state sequence with the smallest path metric is the maximum 1ikely-
hood state sequence,

Any two state sequences will have a number of expected symbols which have
the same sense, and a number of expected symbols with the opposite sense
If one of these state sequences is the correct state sequence, then Dk .(i)=Vk(i)-V.(i)
will be less than zero uniess 1ZX1M1.<0, where the set, i, includes »J J

only those observations where the state sequences differ in interpretation.
For the correct path, E{X1M1} = "x’

Clearly, if X is a normal random variab]e5 thenZAK J(1‘) is also a normal
random variable, with a mean Ny = Nnx’ and o, = Nox , where N is the number of
observations contributing to the decision. Then, at any point, an error is
committed only if 4y J(1')>0, which would occur with probability Q(nXJNYUX)

»

given N pertinent observations. While this cannot be used to directly predict
the decoder performance, it can be used to predict the degradation in perfor-
mance when X is not normally distributed.
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3. Quantization

When the symbols are quantized prior to decoding, the X's are no Tonger
normally distributed, since they take only integer values, and finite range,
linear quantization results in significant population groups in only a few
values of X. Consider the quantization strategy shown in Figure III-1. We
have arbitrarily assigned integer values to Z, the quantized estimate of X.
If X is a normal random variable with mean n and unit variance, then the
probability distribution of Z is given by,

Pr{Z = -7} = Q(nx+3a)

Pr{Z = -5} = Q(nx+26)-Q(nx+3a)
Pr{Z = -3} = Q(n_+a)-Q(n_+2a)

X X
Pr{Z = +5} = Q(nx-Ba)—Q(nX-Za)
Pr{Z = +7} = 1—Q(nx—3a)

where Q(X) = 1 I~ exp-{t-n )2/20 2dt and "a" is the quantization Tevel,
P, P X X

g vew
X

It is rather awkward to compute the probability that A>0 directly, since
the probability distribution of a is the result of N convolutions. A more
useful approach is to use a Chernov bounds. In this case, we derive these
bounds using the Laplace transform of the probability distribution of Z, pro-
ceeding as follows:

6,(5) = 18 Priz = 20-9)e5(20-9)
31

Since convolution in normal space is simply a product in transform space,
the transform of the probability distribution of A is,

0,(5) = [o5(5)7"
Let wA(S) = In ¢A(S)

= NIn[ £8 Priz = 20-97e3(29-9)4

J=1

=]
[ncd
—
[ %]
e
i

$(2J-9)

=]
=
——
[ %4
—
i

= dv,(5) _ N 25(20-9)Priz=20-9re
= J=1

28pr(z=20-9}e
J=1

S(2J-9)

Now, the Chernov bound can be expressed,
Pri{a>o} 5_eTA(S)
wﬁ'(s)=0
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Thus, we need to solve for the value of S such that,
18 (20-9)Priz=20-91e%(29%) = ¢
J=1

This can be soived numerically, and a value for Pr{a>o} found for any N. Note,
however, that
WZ(S) N
Pr{a>o}<[e

WZ'(S) =0

Thus, we need only solve for the case N=1, and find the value of *a" which

minimized Pr{a>o}|,_y. For the case n = Zox, which {s one of the conditions of

interest, the variation of Pr{a>o} with at js shown in Figure III-2. We can clearly
see that varying "a" over rather broad Timits does not change the probability
value greatly, however, the optimum is clearly in the vicinity of a = .620x.

Figure III-3 illustrates the same information over a wider range of mean to
standard deviation.

Now, we note that there is a hazard in using any bound to draw a conclusion
of this nature, since varying the parameter "a" may result in variations in the
relative tightness of the bound which could be on the order of the variations
in the results. Thus, if our conclusions were at significant variance with
emperical data, it would be necessary to use a more sophisticated approach to
eliminate the uncertainty resulting from the use of bounds, However, the fact
that the emperical data is in close agreement with the predicted results, and
that the optimum is rather broad, suggests that the increased sophistication is
unnecessary.

4, Conclusions
It has been shown that the criteria of minimizing the Chernov bounding value
of Pr{a>o} leads to a choice of quantization level of mO.BcX, which is halfway

between the emperically determined values of 0.5 to U.TUX.
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APPENDIX IV
LIST OF SYMBOLS
(Input Symbols)

ASOFT  Soft decision quantization reference

BIF IF Bandwidth

BL2 2 BLO (AFC)

DELF Delta frequency

DYNR Dynamic range of AGC below "minimum" signal
ENODB Energy to noise density in decibels

FLO LO detune

FQDPRT Frequency Doppler rate

FRQDOP Frequency Doppler

11 Random generator number
I Random generator number
12 Random generator number
122 Random generator number

NSLICE Phase of bit synchronizer sample data filter
SDAMP  Gam of amplitude scintillation

SDPHA  Gam of phase scintillation

SVRHZ  Sweep siope in Hertz

SWHM Sweep minimum

SWMX Sweep maximum

TL Threshold
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(A11 Symbols)

A Signal voltage

AAMP Normalized amplitude scintillation
ACOR Scintillation normalization

ACQ Number of true acquisitions

ACTH1 A cos (TH1)

AFAL Number of false acquisitions

ADB A dropped bit

ADOA Average number of bits in a dropout
ADOS Standard deviation of number of bits per dropout
AGC AGC gain function

AK AFC Loop gain

AKOU KDATA at acquisition

AKBMIN  Bit synchronizer AK minimum

AMIN Minimum A to AFC

AMINZ AMIN/SQRT(2}

AMIN3 AMIN for dynamic range

AMISS Numbey of missed acquisitions
APHA Normalized phase scintillation
ASOFT Soft decision gquantization reference
ASOFTI  Soft decision guantization slope
ASTHI Asin (TH1)

AVEES Average ES

Ab Baseline connection filter gain

BAMP Amplitude scintillation approximation intercept
BIF IF Bandwidth

BL2 2 BLO (AFC)

BL2B 2 BLO (bit synchronizer)

BPER Bit period

BPHA Phase scintillation approximation intercept
BRATE Bit rate

CAMP Complex amplitude into BIF

CBINI Hits in SBINSI
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CBIN2
CBIN3
CBING
CB1
CB2
CB3
CCL
CCLT
coout
CDTHX
CDTH1
CFILT
cout
CSCIN
CTHX
CTH1
CTHZ
C1

c2

€3

c4

€5
C5DP
C5MH
C5MS
Co
CeDP
CeMH
C6MS
DELF
DES
DT
DTHX
DTHI

Hits in SBINS2

Hits in SBINS3

Hits in SBINS4

Bit synchronizer Z transform constant 1
Bit synchronizer Z transform constant 2
Bit synchronizer Z transform constant 3
Control function for scintillation subroutines
Control function for TRIG subroutine
Qutput of last IF amplifier

Cos {DTHX)

Cos (DTH1)

IF filter output

ccout

Cos (YP)

Cos (THX)

Cos (TH1)

Cos (THZ)

AFC filter Z Transform constant 1

AFC filter Z transform constant 2

AFC filter Z transform constant 3
Normalized AFC VCO gain

AGC Z transform constant 1

Doppler Z transform constant 1

Baseline Z transform constant 1
Sampling Z transform constant 1 {word "sampling" is synonomous with
AGC 7 transform constant 2 word "slice" in computer 1istings)
Doppier Z transform constant 2

Baseline Z transform constant 2
Sampling Z transform constant 2

Delta frequency

DT*SVR

Delta time

Delta THX

Delta THI
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DYNR

E

EDOP
EDOPR
EDOPRX
ENO
ENODB
ENOM
ENOMIN
ERR
ERRM
ES

EV
EVMAX
EVMIN
EVO
EV
EViC
EVI0
EVIOC
EO
FBAMP
FBPHA
FDIFF
FDIFFB
FIDO
FLO
FQDPRT
FRQDOP
FVCOB
GAM43
GAM43A
GAM43P
Gl

V-4

Dynamic range of AGC below "minimum" signal
Voltage into AFC filter

Doppler voltage

Doppler rate voltage

Doppler plus Doppler rate voltage
Energy to noise density

ENO in decibels

Minimum ENO

ENOM in decibels

Error count

Error spacing matrix

Sweep voltage

Voltage from AFC filter

Maximum sweep voltage

Minimum sweep voltage

Last EV

Voltage after Doppler addition
Yoltage into bit synchronizer
Last EVI

Last EVIC

Last E

Amplitude scintillation filter corner
Phase scintillation filter corner
AFC pull in

Bit synchronizer pull in

Float (IDO}

L0 detune

Frequency Doppler rate

Frequency Doppler

Frequency VCO bit synchronizer
Scintillation filter tap spacing target
GAM43 for amplitude

GAM43 for phase

First IF amplifier gain



G2

I

TAMP
IAMPC
IBIT
IDATA
IDATAO
IDATAW
IDLBIT
iD0
IDON
IERRSP
IH
IHOLD
IHOLDI1
ILOC
ILOCF
IMS
INIT
IPHA
IPHAC
IX

IXM

n

1S
Inm
1118
I2

125
122
1225

J

K

KB

Second IF amplifier gain

Dummy index

Amplitude scintillation counter
Phase scintillation counter
Phase of bit synchronizer
Current bit

Last IDATA

Last IDATAOQ

Number of output bits before error count

Number of dropouts

1D0 counter

Error space

Histogram bin

In phase bit synchronizer level
Last THOLD

Counter, bits to lock

Final ILOC

Hard decision from sampling filter
Control function for BIFILT subroutine
Phase scintillation counter
Amplitude scintillation counter
Bin of soft decision

Last IX

Random generator number

IT to start

IT for scintillation

1171 to start

Random generator number

[2 to start

I2 for scintillation

122 to start

Counter for samples per bit

AFC VCO gain

Bit synchronizer VCO gain

Iv-5-



KDATA Counter of IDATA

KOUNT Counter of IMS

NACQ Counter of NACQT trials

NACQT Number of acquisition

NBIT Phase of IBIT to dump in phase integrator
NBIT2 Phase of IBIT to dump gquadraphase integrator

NC Quadrature noise
NRUNS Number of bits per run
NS Quadrature noise

NSLICE Phase of IBIT to sample data filter
NSPB Number of samples per bit

NO Noise density
N3 Number of scintillation filter taps
OMC Baseband equivalent of IF in radians

PACQ Probability of acquisition
PFAL Probability of false acguisition

PE Probability of error
PEAK Peak voltage from sampling filter
PHIB Steady state bit synchronizer phase error

PHIDEG  Steady state AFC phase error

PHISS PHIB in radians

PHISSB  PHIDEG in radians

PI Pi

PI2 2*Pi

PMISS Probability of missed acquisition
PKAV Average of IBIT when PEAK occurs
PKSD Standard deviation of IBIT when PEAK occurs
QERR Voltage to bit synchronizer filter
QERROQ Last QERR

Qv Voitage from bit synchronizer filter
SBINS1  Probability matrix for -1-1 input
SBINS2  Probability matrix for +1-1 input
SBINS3  Probability matrix for -1+41 input
SBINS4  Probability matrix for +1+1 input
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SDAMP
SDPHA
SDTHX
SDTHO
SDTH1
SIG
SKOU
SLOA
SLOP
SLSIG
SLSUM
SSCIN
STDEV
STHX
STH1
STH2
SVR
SVRRZ
SWMN
SWMX
TAUB1
TAUBZ
TAUT
TAU2
TAU3
TAU4
TAUS
TAUG
TEMP
THZ
TL
TSYNC
u

UMH

Gain of amplitude scintillation

Gain of phase scintillation

Sin {DTHX)

Sin (DTHO)

Sin (DTH1)

Normalized noise

Standard deviation of acquisition at KDATA
Amplitude scintillation approximation slope
Phase scintillation approximation slope
Standard deviation of sampling output
Mean of sampling output

Sin (YP)

Standard deviation of measurement

Sin (THX)

Sin (TH1)

Sin (TH2}

Sweep slope

SYR in hertz

Sweep minimum

Sweep maximum

Bit synchronizer filter constant 1
Bit synchronizer filter constant 2
AFC filter constant 1

AFC filter constant 2

AGC filter constant

Sample filter constant

Baseline filter constant

Doppler filter constant

Temporary dummy

Phase angle from AFC VCO

Threshold

Period of bit synchronizer VCO
Voltage into AGC filter

Voltage into baseline filter

1v-7



VO
VDP
VHIST
VMH
VMS
YMSS
YMSO
VSQRT
WN
WHB

X1
XIBIT
X10
X100
XISIG
XISUM
XQ
XQO
YA

YP
ZETA
ZETAB

Iv-8

Yoltage from AGC filter

Limited version of V

Yoltage from doppler filter

V histogram

Voltage from baseline filter
voltage from sampling filter
YMS at sampling time

Last VMS '

Square root of VD

AFC loop natural frequency

Bit synchronizer natural frequency
Dummy

In phase integrator voltage
Random starter for IBIT

Last XI

Last XIO

Standard deviation of in phase integrator
Mean of in phase integrator
Quadraphase integrator voltage
Last XQ

Scintillation amplitude
Scintillation phase

AFC damping factor

Bit synchronizer damping factor
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030##1-—-2&3_—EDRMAILil+—IL"rF602+——+0V”°"-F5-1-
+* ,SDAMP=%*,FH.3,* , SDPHA=¥, FHe3s® 311,12,111,122%,4108)

00041 DRINY 206y HN, K, TAUL ,TAUZ,WNB, JB2

00U4W6S FORPMAT(1X 4, *HWN=*,F6,14% K= *,FB 1% sTAUL=Y,E12.4,4" s TAU2=%,E12.4
+¥ -HNB‘*,Eénif—ﬂ,KB",EG 4| TAUBLI=® E12 bs® ,TAUB2=E,EL2.4)

Jilass IERRSF=y

0004b6 .. 00220 I=1,100

gopLre ADB(XY=0.

30047 Rt Y=l

000474 =0 .

poou7s V=0

088476 THZ2=0.

9 =1

000540 STHE=a.

3300504 LCIHY=1.

goosoe STHX=J.

000543 £4=0.

000534 EV=Ge

-3049505 *I=0.

g0o05a6 XQq=0,

2000502 Qy=0.

003510 QERRDO=0.

- =1

gugs1e G2z1.

200543 ¥z ol

000514 ES=0.
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JO0uB1E . . SIHi=zy.

100516 CTHiz1,
104547 — . _ DES=DTASYR .. . . e
000521 ER®=(, :
080522 E£R20MP=Q, ... - e e e e e
900523 KOUNT==1
J0US24 oo . IHOLDSG. ... —
330525 THOLN 1=¢
Q00526 . YMSTEV=ENOP
806530 £Y10= YMS
330838 . — e EMIOCSUMS. oo
200532 VMH=( .
303533 . __ . _ UMH=3.
330534 yne=g,
394535.__... . XIO0=g.
310536 XT0=§ .
J0IS37 .. e . JENSPB et e e e
03L5LC PKAV= .
303544 oo ... PKSDzy. .

r TURRULENGE IMITIALTZATION
300542 . ACOR:=SQRT(2.%%,75-i.) -~
"04i551 AAMP=PI2*F QAMP /ACOR
308553 o . - _AFHASBI2*FBOHA/ZACOR ..
130555 IAMP=INT (,5¢GAML3/ ( AAMPADT))
IJuSbL. .. IPHAZINT (.5 +GAMG3/ (APHA®DT))
000564 GAMGIA=DT*FLOAT (TAMP) #AAMD
JOUS67 . GAMWLIPSNTSFLOAT(IPHA) *APHA
310572 cri=7.
330573 cvime . _CALL BLORALNL 3, GAMG 34, SLAMP,CLL, IAMP, SLOA,BAMP,I11,122)
10064ub CALL BLOBF(Nu3,GAMG 3P, SDPHA GCL,IPHA,SLOD,BPHA,Ill,IZ&)
434618 ... .. CCL=1..
030617 TAMFC=]
030620 . ... __IFHAC=] . ,

r SELFCY DATA (IDATA)
B9620. o KOATASI. . . .. .
000622 4 RONTINUE
00622 ... .. IAMEC=IAMEN#]
203620 TFHAC=IFYAC +1
040625 .. _. _. IF(IAMPC.GT.IAMF) GO TO 10
3946 3C 13 IF(IPHAC.GT,IPHA) GO TO 11
038063« - — —— GO TO 12 . _ e .
N006 3u 10 IAMFr=1
030635 .. . CALL ALOBA(N:3,GAMU3A,SDAMP,CCL,IAMP,SLOA,RAMP,T11,122)
3005+6 GN TN 13
320667 11. IPHMAC=1
000652 CALL 3LO3F(N3,G8M43P,SNPHA,CCL,IPHA, SLO’,BPHA I11,122)
wd0661 . 312 ... CONTINUE . . ____ e
000651 YA=SLOASFLOAT (TAMEC) + BAMP
3J0665 ——— .. .. ¥YE=SLOP*FLOAT{TPHAC) +BPHA
JJU67N TALL TRIG(CCLT,YP,SSCIN,CSCINY
330673 . .. .IFLJ.LI.NSPRYGO TO 1 . . -
100676 1=3
06676 o IDATAMWEINATAL oo e
0U7450 IDATAG=INATA
000704 . - - —.. LALL- DATAS(INATA) , -
w0742 SOTHL=SNTHO*IDATA
A80765 . - IFELMGGTLTLIGN.. . TO 4
30u71C DKAV=PKAY +PEAK
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03712
104714
J0u7il

Jdue?ie .

ddu?ls
§oav22
Jgn?2i

d05725.

339731
467 33
3007 34
0374
Qai754
+u3id7%0
JUa7HN

Lagrss.

Gd0735
8GL67R7

334774
3131047
pg13i?
Jil1gs2?
Jd01v22

021026
gg1a27

041333 -

foinase
J01id4w
Duld el

Jutie®

001333 -

001,51
vullhl
J010866
d01a72
101674

S Jetd?2 . . .-

Jiiiae
JulluFr
Jull .7
gdtite
Qul12n

001124

wulld?
841130
gaiize
081133
Jullie
dd14 36
J01l-~2

Ouild

Bditun

VI B i
V-6

~

PRSE=PKSD+PEAKTPEAK . .
PEAK=(,

- KDATA=KDATASL ... .
NFEFINE IMPUTS (TH1, NS NC)

CLONTINUE e - o o

TEMF= QTHY‘CDTHX¢CTHX‘SDTHX
- CTHXY=CTHX*CDNTHX=STHX*SDTHX
STHX=TcHMP
- TEME=STHi*CDIH1+CTH1*SDTH1-
CTHL1=CTH1*COTHL-STH1* SNTH1
“SlH1-IEMEw.M e e 4 o e

STHL=1.+142%A%11, +YA)‘(STHi‘GSCIN*CTHi‘:SCIN)

JCTH1 1e31b2%0% (1 +YA)R(CTHI*CSCIN-STHL*SSCINY— .

CALL NRANDMI(I1,TIZ,X)
NO=Y*STG =
CALL MRANDM(I1,I2, X)

NeS=X2 516 e e e

I3IT=TI2T7+1
J=J+l
LOOF fRUATINMNS

CAMF (L) =CMPLX (ASTHL NGy =ACTHL =NS)Y*CMPLX (S TH2, «STH2I2G1
cAaLL Q1FTLT(FAWP,CFILT cMC, DT,INIT)

S GUAUT =62 2GFTLTLL) oo . -
TouT=CCouT
V=CEe*Y+lH*U
AGC
Y=V
IF(AAS(VN) LT AMIN3 ) VO=AMING

o IEAVDWNE e o3 CALL ASORTF.LUDyYSQRTY oo —. .

Gl=ARCAVSORT

Ge=ly

U=a IMAG("OUT!'CTHX-REAL(CDUT)‘STHX

AFC

~'3EAL(CﬁUT)‘PTHX+AIMA (COUT)'STHX+t§

b ML RFEVeG24E 03 ¥ER - - -
cVI=EVI=-EDOPPYX

- IR e GT.eVMAX) DES==DES
IFTEVLLTLEVMTN) DES=-NES
ENQFRY=ENOPRX+ENQOPR
TH2=THZ+ L+

un-THgvﬂMUD(THéanE) -
All TPIG(CNLT4THZ,5THZ, CTHZ)

44SO-VM5
VMS=CEMS* YMS+ COMS*EVLOC

- IF(EBS(YMS) 6T ABS(YMSO)) PEAK=FLOAT(IRIT)

YDP=CHIP*VDP+CSNE*E VL0

e E AL E L m M YR e e

XI=XT+EYLr
XQ=XN+EVLT
V=
Cust
cVib=EV)
IR e GT- o TLIES=ES+DE S —
SwiAnC =EVLC
R1IT SYNG -TIMING
IFIIAITNELNSLICE)GOTNSY
- IME=—1
TE(UMS 6T, 0. IMS=1

v e e e — o ——————




WO4164 . YMSS=NMS .
0g1152 81  CONTINUE

091162 TF{IBIT MNELNRIT2IG0-TO 2 e

0u1154 XQ0=XQ/FLOATINBIT)

4157 —— . xD=4,

du1157 2 IF(IRIT.LT.NBITIGO TO &

893162~ TFLKGUNTLT-I0L BIT)-COTO94-— e
Jo1164 XISUHM=XISUM#A BS(XI)

et X ISTC=UISTGA NI - ——- e

001171 CONTINUE

S THOLDI=IHOLD
THOLD=~-1

001173

Aot IF (T 5T 0.3 THGLD=L -

001176

a0t202

XIDO=XID
DJ1200 M TO=XY/ELOAT(NBRIT) — ——

VMH= (CHOMH¥VYMH +C5MH* UMH) *AS

T E B-2: T -———— L

081266 IF(IHOLD NE.,IHOLD1) UMH=XIOO+XIO

Bpi21e %XI=0~ - —
001213 QERR=XQU* ({IHOLD~- IHULDI)IZ]

444217  ——— QV=CB1¥QV4CAXQERR-CRIFQERRY

god224 QERRU=QERR

491226— —JRIT=0

801226 FVCOB=BRATE+KB*QV

404231 TSYNC=TSYNC-NBIT¥DTe31./FEVCDSH
NBIT=TSYNC/DT#*.5

ppi236

004241 NBIT2-NBITL2

001243 IF (V.G6T.TLIGO T0 95
Bo4246— ILOCFE=I410C
991247 462 CONTINUE

001251

IF(KOUNT, LT.IULBIT)GOT093

881253 TF{INS.NE,IDATAQIERR=ERA+L,

001257 IF({IHOLDNELIDATAG) ERROMP=ERRDMP#+1.
5 __EERQP QQAPTMP
001263 IF{IMS.EQ. IUATAB)GUTDZZI

IF CTERRSP, Gr.iouyxeaasp'iao

981270
9013:3 ERRH‘IE&RSP' EQQ"‘T:DDED\LQ
001276 IERRSP=0

Sete?e—— GOT0222—

001277 IERRSP=IERRSP#1
$04301 222 - CONTINUE

001301 SLSUM=SLSUMAABS (VMSS)

S0430—  —  SLSTIG=SLSIGHAYHSSEYMES

C SOFT DECISION
494306 IX=INTLASORTIE VNS oale bt
001312 IF(IX.6T.8) IX=8
004315 TF{IxeiFridIxeg
801320 IF(IXM.EQ.0)GOT096
001334 IF(IDATAW.EQ. -1 AND.IDATAD.EQ.=1) CBINL=C3IN1+1,
001360 TF(INATAN.EQ.-1.AND.IDATAG.EQ.+1)CBIN2=CBIN2+1,
001404 TF(IDATAM.EQ. +1,AND ,IDATAO.EQ.-1) CBIN3I=CBIN3+1,
B94445—— -

8d1427

IF(IDATAN.EQ«+1.ANDJIDATADLEQ.+1)CBIN4=COINL+1l.
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f‘!\ll?‘l‘tlll:
'&%-&4—3?—-——96 TN

001437 IXM=IX
5 T.EFAN] 601093
001461 95  CONTINUE

& LOCKAINEOBK
001441 IF(ILOCF,EQ.ILOCIGOTOLDD
8Ot 4F——— — FLOG=TLOCHL
01444 TF(TLOC.GT +NRUNS) GOTO408

A 6oTna3
801447 400 TIF(IDO.EQ.IDON)GOTO4]1
001454 1DO0=IDOML
01452 IF(ID0.6T 1066070402
804455 . INON=IDO
001455 ADB(IUGN) 0.
N}-+1+

0014561 GOTO402

M,_m DD IMNT L ﬂﬂ

001465 Lus FORMAT(iX,‘AGQUISITION FAILURE®)
_g% rn-rn- -|n f

0diu60 93 CONTINUE

c ERROR RATE CALCULATION

471 92 CONTINUE
0g1471 PESERR/{KOUNT-IDLBIT)
B01428 — STOEV=SQRT{LRER{L~P-E) /L KOUNF~TDLBIT )
001505 SLSUM=SLSUM/(KOUNT-IDLBIT)
91534 —  SLSIC=SQRI(SLSIG/ (KOUNT=-IDL 8T 1) ~SLSUMESLEUM)
001517 KKK=KOUNT-INLARTT

394524 —  PRINT- 301 ,PEL,STOEV,SLIUM,SLETI G4 KKK

041536 301 FORMAT(AX ,*PE=*,E12 o444* ,STDEV=*,E12.49% ,V MEAN=%,E12.4,

—— 4%y STN NEY=®,E412. .4y % LBITS=2,I6)

081536 PEI=ERROMP/ {KQUNT~IDLSIT)

Giasaz2 . SPET=SQRATLREI#{i.-PEL}/{KOUNT-ILBIT)V}—— " — —

01562 XISUM=XISUMZ{KOUNT-IDLBIT)

L84556—— XISIG=SORTAXISIGAKOUNT-IOLAIT}=XISUMEXISJH)

301564 PRINT 411,PET,SPEL, XISUM, XISIGyKKK

B31601L— il  FORMAT(IX ,¥PEI=2,EL2¢hy? STOEN=®yEddwtiyt—yI-HEAN=E B 2w lty——
+* T STD NEV=*,E12..4 % HBITS=%,E12.4)

fo1e0y  ADOA=g. e — -

g016432 ADDS=4d.,
1683 IELI00. 500 60T 0635
00164k 50 453 I=1,100

004805 ADOA=ABDASAORLIY.. .. -
001627 403 ADOS=ANOS+ADR(II*ADB(TI)
004644 FIDO=FLOATLIOON. ..

001615 ADOA=ADOA/FINO
B04646 . ADDS=SQRT (ADNNSZEIDO-ADQAXADCA)
001623 PRINT &0%,ILOCF,I00,AN0A,AD0S J

BOL636 40L  FORMAT(AX,2LOOCKIN=*,16,% ,DROPOUTS=%,16,%  AVEZ® E32.4,
4% ,STD DEV=*,E12.4)

001636 GOTORDE e o -
801637 405 PRINT 457 ,ILOCF

DU4645 . 407 CORMAT (AN, ¥LOCKIN=®,16,%.,DROPOUTS=HE)
001645 WGE CONTINUE
801645 RRINT 223 yERRM
001653 225 FORMAT (1X,%ERRM¥ 5/, 10 (1%, 10E424597))
981653 pRINT 343,CRINL,CAINE —
001663 313 FORMAT(L1X,%=1y=1 P(B/AYTIMES¥ yF6.0,37Xy%=1,41 P(3/A)TIMES*,F5, 2y
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004663 00 314 I=1,8
001665 D0 315 J=1,8

001672 315 F2 (J) =SBINS2AI, N

004676 314 PRINT 345, F1,F2
001719 3i6 FORMAT(1X,8F6.0,6X,8F6,.0)

-034l43uuu-—_m——BRINI_341+CBLN31QSINk
0g1720 317 FORMAT(1X,*+1,-1 P(B/A)TIMES*,F6.0,37Xs*+1y¢+1 P(B/AITINES*,F6.0)

£84720 00 318 I=1,.,8
gg1v7a2 DO 319 J=1,48
001723 EL LN ZSATNSICI,N)

001727 319 F2(J) =SRINS4{I,J)
004733 338 PRINT 316,F1,F2

801745 PRINT 304,I1,I2,1I11,I22
' : » *,415)
001761 PKAV=PKAV/KDATA
001763 PKSNz SNPT (PKSN/KNAT A-PKAYSPKAYY
go0i771 PRINT 305,PKAV,PKSD
2932900 513 CONTINUE
g42040 3407 PRINT 104
002004 104 FORMATUiH1y//77/)
0020064 GO YN 3
062u05 END

SUBROUTINE NRANDM{(IYN,IZN,RDMN)

-803046 ROMN= =6,
000007 D0 1 N=1,12
008945 CALL RANDMLIYN,IZN,ROM
800011 1 RDMN=RDMN+RDM
08847 QETURN
000017 END

SUBROUTINE RANOMA{IYN,IZN,RDM)

-3g-84-46- o ———BAT A T A, TR 120, 1/

goaLae DATA T,TIRTA4195304%.520487

_e.&_a_ssf, TML!-T AlI!'lhil,_.’l'. fTDA._T_ﬂ.‘_T'?\Il lTﬂT

040015 IYN=MOD{IYN,IRT)

2 ————_%%N-399%§I8¢§A1}Zn,yIDT‘ e e
poog 26 ROM=FLOAT (IYN*IRPT+IZN}/T

H8d3It———RET o e e e - e

000032 END




SUBROUTINE BLFILT(X,Y,0MCyT,INIT)
i =

FIRST ORDER INTERFOLATION

408040 COMBLEX XL ¥ L0

000610
000411

IF(INIT.NE.U?GO TO 1

=1

OMT=OMC*T

DogOL2 - SA=((OMT#+8. ) 0OMT/20L %1 ) #0MT#4L,

000020 B2= ({{11.,%0MT 724,41 ,) *OMT-1,) *OMT-3,) /81
£8804.22 B3z 1 ({11 SOMI /20 =3 J¥OMT=4 3 40MT 23,3 /8]
000035 Bu=( ((OMT=8,) ¥OMT 724,41 . ) *0MT=1,) /84

- * » }
900046 AZ=11 %A1

PR - 4
000050 1 Y(BI=AL* (X(4) +X(1)) #A2% (X3} +X(2)) =B2¥Y (3) ~B3I*Y (2) -B4*Y (1)
Liiizs A 2 Tzi,3
600126 X (I)=X(I41)
0004134 2 Y{Ty=¥{T#1)
00014k RETURN
0001 Lte END
SUBROUTINE BLOBA(NyGAM, VAL,CCLyIL,S,8,IYN,IZN)

090014 DATA G43/.892979511/ '
200044 TELVALLED .04} GO--F0-38
p00O15 IF(CCL.EQs1s) GO TO 10
000047 _EX=i.43e
000020 YN=0.
950428 $2=0,
000022 00 11 I=1,N
000023 U-FLOAT(Twi)EGAM
000025 TG(I)=GAM/G4I*Y*PEX*EXP (V)
00U8W3 . $2=S2sTGLIIETG(I)
020046 CALL NRANDMITYN,IZN,RC{I))
000852 14 ¥N-WNTGLI}*RC(I)
000064 S22=SQRT (52)
000066 ¥N=YN/S223yj)|
00074 GO TO 20
200075 10 YN=¥T
000077 20  NN=N-1
800402 =1, NN
000102 12 RC(N+1=J)=RC(N=J)
000411 CALL NRANDM{IYN,IZN,RC(I)}
000115 YT=0.
000123 13 YT=YT+TG(JII*RC (I

00430 vT-VT/S22%yAL

800132

800433 S INTAYMILFILM

FILM=FLOAY (IL-1)

000136 B=-S*FLOAT (ILI #YT
142 6070 34

000142 30  S=0.

300143 =g,

000144 31 RETURN

7Y PUN ~END—
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SUBROUTINE BLOBP(NyGAMyVAL,CCL,IL,S,8,IYN,IZN)
88844 DIMENSTION-T6(128)yRC(428)-

700014 DATA G43/.892979511/

GB0844— IFAVAL vEQvivi—G0—$0—30

000015 IF(CCLJEQ.1.) GO TO 10

4000847 — EX= i s d e e
gguaao YN=Q. -

304020 S 25 - —

0g0022 DO 41 I=1,N

BG082F oL DAY { L 4 A2 G AN

6a002% TGAIY =GAM/GL3 ¥YF*EXREXP (~V)

380043 e § 22824 TGATIAT T

123046 CALL NRANOM(IYN,IZN,RC(I))

0065231 YNYNATHLTIAREAT) o
109064 $22=SORT(S2)

m& VM—!‘MLQ??_&UH{

000674 60 YO 2§

39887510 ¥YN=YT e

000077 20 NN=N-i

500284 DO~ 42 Ly NN - i s e
080192 12 RC(N#1=JI=RC(N=J) :
GO F AL NRANDMAT ¥ N TZN ARG — _

004115 YT=y.
084416 05 43--Jdziy N e s e
20u123 13 YT=YT+TG(JIHI*REC(IN)

3036 — NPT AS22EAL o e
060132 FILM=FLOAT(IL~1)

088133 S (NTWLREILM

300136 3=-SPFLOAT(IL) ¢YT

Y PP ST U 7 W P — A
ETELY- 31 S=0.

-308+43 SURUSIONS - 7Y HROSSOR S S - S
006164 31 RETURN

300445 END -

————————— e . - R —— e -

SUARNUTINE TRIG (CCLT,ANGR;S,C)
.300007 NIMENSION SINE(QY) e

130407 NI=,01745 329256

400015 IELCCLT  E0ele) GO TO 15

w3dfo12 NT=9i ,
300013 D g fei.NT. e
Judois 9 SINE(IY=SINIFLANAT(I-1)*0R)

5908272 . 10  IR=INT(AMNGR/OR*,.8) . . .
100032 IM=ABS (ANGR/DR: .5} '
040036 IELIM . GT .. 270 S0 T0 LA

004042 IF(IM.GT.183Y GO TO 3

A030Hs 0 TF(IM.GT.90) GO YO 2 . L
000as0 S=SINE(IM+1)

0a0usyL L C=SINF(-IM+S(wil)y . . R
204053 G0 TO 3¢

405053 2 S=SINE{-TMs1A0 1) -
0030855 C==SINE(TM=9;#1)

«Qoab?z GO YO 30 e e
003057 3 S==SINE(TM-180¢1)

4303484-— Cx=SINE(=IM4270%1) _ ... S
000063 G0 TO 30

433063 L SzaSINE{=IM2360¢1) ' -
050065 C=SINE (IM=27(+1)

00U067 380 TF(IRAT.0) S==S . .. .
00u072 RETUPN v-T1

480073 BN e



SUSFOUTINE ASQRTF (XU, S)

3004065 .. X=ABSOXUY. .

336006 IFtx.GT, 1&3.? GU Tﬂ i
630042 ——— ——LELX.GT.BLa) .60 TD-2Z.
punoas TF(X.GTe32.) 60 TO 3
300020 —— o IFIX.GT.164) 6O TO &
200423 IF(Y.GT.9,) GO TO &
200026 o TR UYL GTL40) GO TO 6
000u3L IF(X.GT.24) 50 TO 7
‘&n4a3ku____nm~_IF1¥451.iﬁlwﬁﬂ 10-3.
306y 37 IF(X.G6T..73G0 TN 9
000842 .- - IF(XeGT..2%)G0 TD 110
J87045 TF(Xe6T..125%760 TO 11
Jaudsn. e . BE.3R3R

130051 PCTURM

B80¢95L e d—. . - 52110 3037 . -
334052 RETUPY

JngIs3d — 2 - 2, 05147, *(X-128.) +11.3137
3049057 2ETURIN

3&&95;"- -3 - ':=.1}7--322‘(¥'f}-+.)+8.
Jud063 RETUPH

80663 e = ST30353F (X=32.) +5.,6568
3349867 IETURH

903567 - B -S=f14b#§‘{!'150‘*4t
JGJ073 RFTURPN

187073 - -6 S=,20712(X~8.142.8284
334077 RETURN

300677 e B2, 2828% (X=1ee) + 20
3a7133 RETUDYN

434133 - - A Sebhlul2®(X=2. ) #1chitil
300107 2ETURN
004487 —G - S=,E857*{X-1.)+1,
Jouile IETUON

9—93 1‘*3"" '—--N -——3=-r5384§~(¥--.§ ;*v? G? i
ulull? RETUYRN

JUG117- —1t. - S=1.17157*(X-.25) &5
330123 ITUN

3604323 I Nis IS

SURFNUTIME NATAS(IXU)

008493 ——— —DIMENSTION TR0 (5)-

00u333 ANaTR IDC/LQayBy.gU’ll
295333 Ix=f— —

Jadgga3 IF(IQF(llaNq.IRr(ﬁ)}IX b
360607 - — 00 1 -T=1,%

fugu1l i TRC(?-1)=I2C(6-T)
338847 — -IRC{1I=TX

gagaeal Ixu=1

2330824 —— TFLTNvEQ SHINYT L~ -
200023 RETUSN

400824 ————-EHD. :
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PROGRAM CARL(

INP
COMPLEX CANP(4
N

T.0UTPUT,.TRPES=INPUT . TAPEG=0UTPUT )
FILTC4).C0UT.CCOUT
REAL NS .NC.NO
OIRENBION 681 8.
1

{18.8).6BING2(6.6).561N63(0.B1.5BIN54(8.8)
DIMENSION ADB(10
DIMENSION F1(8).F2(8)

DIMENGION ERRMI100)
OATA FBAHP .FBPHA .S0AMP .SOPHA.NO/2..,.2,.23..47.1./

NPU
1.C
K .KB
11
100

DATA CAN43.N43/.09.64/

DATA ENCDB.BRATE.ENONIN/B..88..9./

OATA QELF .NEPB.NRUNS.BIF/62.,40.10.1000./
DATA BLZ.PHIDEG.FDiFF/175..10-,342.433/
DATA BL2B.PHIB.FOIFFB/1..10..5./

DATA 11.12.111.122.NSLICE/L.1.1.1.24/
DATA FREOOP.FOQOPRT.TL.AGC/D..0..,-2.6.]-/
DATA TAU3I.ASOFT/.07957..2474/

v
PATA TAU4.TAUS.TAUG.AS.FLO/.001B0B..-01808..10603,..5.0./
DATR SVRHZ .,GHMX.SWMN/2.2E3.268.15E3.6.85E3/
DATR 10LB1T1/20/
DATA DYNR/O./

v

NAMELIST/IN1/NRUNS .NSPB .ENODB.OELF .BIF .ENOMIN
.BL2.PHIDEG.FOIFF .BL2B.PHIB.FOIFFB
.FBANP .FAPHA,S0AMP ,SOPHR .GAM43 .N43 .NSLICE
.FLO.FROOOP.FAOPRT .ABOFT.11.12.111.122
.SVRHZ.SHHX.SHHN.TL.RGC
SIBIT.TEYNC.IDLBLIT.DYNR
TAUA

v

L “RERD_INPUTS |

REAQ(S.IN1)
OYNR=3.
NEL ICE=26
CBIN1=0.




NRUNS=2000
TL=~6.5
BVRHI=0.
AS0FT=.
IDLBIT
RAGOFTI

v
----- < B0 198 J=1.8 >
v
S§BINSL([.J)=0.
6BINSZ(1.J1=0.
§BINS3(1.J)=0.
§BING41].J)=0.

Vv
[CALL RANOM{Il. '~ .XIBLT} |
et t—

[IBIT=INT{39.=XIBIT+1.] |

[ €

CONVERT INPUTS (ENO.BPER.PHISS.PHISS581 |

v
ENQ=10 .aa(ENJDB/10.)
ENOM=10.=sa[ENOHIN/10.]
BPER=1./8RATE
DTzBPER/NSPB

v

CONT. DN PG 3

PR 2 OF

23




|

PHISS=PHIDEG=P1/180.
PH1660=PHIB=PL/180.
AMIN=GART(ENGMaNO=HRATE )
AMINZ=AMIN/1.4142

¢

ARGC=SORTIANINZ)
AMIN3=AMINZ2/SQRT
A=5ORTENOwNOwER

(10.ww(DYNR/10.)}
ATE )

v

CALZULATE LOOP PARAMETERS (TAUL,.TAUZ.K.TAUBL.TAUBZ.KB) |

WN=BL2/({Z2ETR+0.
AK=P12aFDIFF/S1
TAUL1=AK/ ( HN=HN)
TAU2=2.=(ZETA-0
K=AK/AMIN

EDQOP=P12aFRODOP
EDOPR=P1Z=FQJPR
EQOPRX<EQOP+EDD

2s/2E1Y T
N(PHISS)
-5/ {WNRTAUL) }/UWN

/K
TuDT/K
PR

v

EVHAX=P[2mGHML/HK

EVMIN=-PIZaSUMN/K
SYR=PI2ZaSYRHZ/K

HNB=BLZB/(ZETAB~+0O.
AK=PIZuwfOIFFB/SIN(
TAUB1=AX/{WNE=aWNB]
TAUBZ2=2 .=(ZETARB-T.

AKBMINC-PIZ2{0ELF/2.1/1Kel 41251

25/ZETAR)
PH1658)

S/(WNBeTALA1Y]1/HNE

| KB=AK/AKBNIN |

[c OEF IN

E CONSTANTG |

v

£4=0T=K

Ci=1.-07/TAUL
C2=TAb2/TAU1
C3=C1+C2-1.

C5=0T/TALI3
C6=1.-C5
OTHI=P1=wOELF=0T
50THO=SIN{OTHL)

Y

OTH1=COS(OTH])

THX=P[2wFLO=DT
GOTHX=GIN(OTHX)
COTHX=CDG(DTHX}
CB1=z1.-BPER/TAUBI
CB2=TRUBZ2/TAUB! .
cB3=CB1+CB2-1.
CSHs=0T/TRUY

v

CENg=1 .-L5HS
CSMH=0T/TAUS
CEMH=1 .-C5MH
C50P=0T/TRUG
C60P=1.-L50P
§10=0.5«50RTIND/OT)

v

CONT. ON

PG 4
PG 3 OF

23




fc INITIALI1ZE LOOPS (IH2.EQ.XI.X0.QV.QERRQ.ERR) |

6L&8UM=0.
&LSIG=0.
X16UM=0.
XIS16=0.
NBIT=8PER/DT+.5
NBIT2=NBIT/2
TSYNC=BPER
CAMPL1)=(0..0.)

L

[0ATA=-1

&

[PRINT 201 .ENOD8B.0ELF ,BIF .BL2.NSLICE .ASQFT |

- q_——-

201
FORMAT{ LX . eEN3DI=m.F5.|.a . DELFze,F5.1,n .B8|F=n,.FB6.0.
s JBL?zm.F5.0.% .NSLICEzw.IB.® ASOFT=zw.FS5.4]

v

[FRINT 202.SVRHZ.5WRX.SHAN.FLO.FRAIOOP FAOPRT |

202
FARMAT( I1X.nSYRAZ=w,.E12.5.8 .5HHXzw . E1Z2.4.8 ,SWMNza E12.4.
s ,FLOzw.,Fl172.4.8 .FRGODPzw.Ei2.4.,= .FOCOPRTzw.E12.4)

[PRINT 203.1L.DYNR.SOAMP.5CPRA.IL1.12.111.122 |

203
FORMAT(1X.nTLzn.F6.2.0 .OYNRzw.F6.1.
s .5DAMP==.F6.3.n .SOPHAz=.FG.3.w ,[1.12.111.122«.4]6)

%

LfRINT 204 .WN.H.TAU1l.TRUZ .HNB.KB.TRUB1 .TAJBZ

204

FORMATI 1X . .wWNz=m .F§.1.w .K=w.F6.1.s ,TAUl=e.E12.4.s .TAUZ=#.£12.4.
. 4

s .WNBzw.F§.].,w .K@=w.FE.1.s ,TAUBL==.E12.4.n .TAUBZz=.E12 }

\/
IERRSP=0

¥,

CONT. ON PG §
PG 4 OF

23




(=R N
.o oa

U L U T I =X =]

[E]
—a NOOO0D

« a4

]
"
(=}

CQRDD XXM
11 Rd e M) o D o o

s AN

b H

oo;mm
—4 —4 CN
xIxn

0

1

1=1.
DES=0TmSVR

-

ROUNT=-1
THOLO=0

v

THOLO1=0
VH5=EV-EODP
EViB=VNE
EVIOC=VHE
VYMH=0.
UtH=0.
YOP=0.
X100=0-

v
X10=0.
J=NBEFB
PRAV=D.
PK&0=0.

v

(€ TURBULENCE INITIALIZATION |

ACOR=SART(Z .vm.75-1.1}

AANF =P 12=FBAMP/ACOR
APHA=F | 2nFBPHA/ALOR
1AMP=INT( .5+GAN43/{RANP=OT )}

v

CONT. DN PG &

PG 5 QOF

23




J,

IPHA=[NTL .5+GRAM43/ (APHA=(T )]
GAM43A=0T«FLORTI LAMF )wRARF
GAN43P=0T=FLORT( LPHA)=APHA

cCL=0.
v
[CALL BLOBAIN43.GAM43A.SORNP.CCL.IANP.SLOA.BAMP.111.122) |
‘ >
[CALL BLOBP{N43.GAM43P ,.50PHA.CCL .IPHQ.5L0P . BPHA.111.122) |
‘ - H
CCL=1.
LAMPC=0
IPHAC=0
(c SELECT OATA (1DATAL |
KOATA=0
4
LAMPC= 1ANPL 1
IPHAC= IPHAC+ 1
CONT. ON PO 7
BG 6 OF 23




A4

GO0 TO0 12

(CALL BLOBACN43.CAM43A.50ANP.CCL , IANP .SLOA.BANP . 111,122] |

— 5
R

[ CALL BLOBP(N43.GAM43P .SOPHA.CCL . [PHA.SLOP . BPHA, 111.122) |
: o

-

1

L/
CONTINUE

YA=SLOR=FLOAT( [AMPC 1 +BAMP
YP=SLOP=FLOAT(IPHAC ) »BPHA

[CALL TRIGICCLT.YP.SSCIN.CSCIN) |
= o

{CALL ORTASIIDATARI |

[ 60TH1=S0THOIGOATA |

CONT. ON PG 8
BQ. 7 OF

23




V-20

IFIV.GT.TL)

Q
| PKAY=FKAV+PEAK |

PKSO=PKSO+FPEAK=PEAK
PEAK=0.
KOATA=KOATA+1!

[c DEFINE INPUTS (TH1.NS.NC) |

E{m
1
CONTINUE

TEMP=5THXaCOTHX+CTHX#SOTHX
CTHX=CTHXMCOTHX~-STHXaSOTHX

STHX=TENP

TEMP=STHImCOTHI+CTH1aSOTHI
CTH1=CTH1mCOTH1-STH1a50THL

BTH1=TEHP
AGTH1=1.4142uRa(] . .+YAIa(STHI®CSCIN+CTH1aS5CIN)
ACTH1=1.4142=2Aa{].+YA)=u({CTHI®CSCIN-5TH1aSSCIN]

[ CALL NRANOM(I1.I1Z2.X%1 |

¥
NC=XsSIG

[CALL MRANDMIIT.12.X) |

NS=X=u51IG
181T=1BIT+1

NENES
{c LOOP EQURTIANG |
(CAMP (4 1=CAPLX(ASTHI+NC,~ACTHI-NSJ=CHPLX(CTHZ .~5THZ JuG1 |
{CALL BIFILT(CANP.CFILT.ONC.OT.INIT) |
- ™
v

CONT. ON PG g
PG @ QOF

23




CCOUT=GZuCFILT(4]
CouT=£CouT
V=ChmYy+L5ul)

IF(VD.KRE.O.]

\/
[CALL RSARTF(VD.VSGRT) |

=

[81=RAGC/VSART |

1
MAGICOUT JaCTHX-REAL (COUT 1=5THX

c AFC

\/

E=REAL(COUT ImCTHX+RIMAG{COUT 1uSTHX+ES
EV=CImEV+LZ2aE-CInED
EY1=EVO-EDOPRX

[FLEV.GT.EVNAX)

CONT. ON FG 10

v-21



0E&=-DES

v,
[EDOPRX=EOCPRX+EDGPR |

v

TH2=THZ+C4wEV]
THZ=AMODITHZ .P2)

4

[CALL TRIG(CCLT.TH2.STH2.CTHZ) |
|

v
VHS0=VYMS
VHE=CBMSeVMG+LSMSeEV10E

LFIABS(VHMS ) -GT .ABSIYMS0) )

| PEAK=FLOATIIBIT) |

| ¥DP=C60P=VOP+CSOP=EV10 |

EVIC=EVI-VYHH-VOP
XI=X1+EVIC
XA=XA+EVIC
EVO=zEY

EQ=E

EViO=zEV)

CONT. DN PG 11

PG 100F 23




IFIV.GT.TL)

EVi0L=EVIC

[c BIT SYNC TINING |

IFEIBIT.NE.NSLICE)

gaT081

v
CONT. ON PG 12

FO 110F

23

V-23



-4

IFCIBIT.NE.NB1T21}

[ x00=XQ/FLOAT(NBIT} |

F
'F‘"GU"T‘Li;lEEEiil””'
T
G0 1091
P —

2
IX16UA=X15UN+ABSIXT) ]

[XT181G=X1S1G+X1aX] |

&

| CONT INUE

[1H0L01=[HOLO |

CONT. DN PG 13

PG 12 OF

23




) \/
1HOLD=-1

X10=X1/FLORTINBIT)
VHH:[CEHHIVHH#CSHH'UHH]Iﬂs
UMH=0 . .

IFCTHOLO .NE . THOLDL )

(unp=x100+X10 |

\J

GERR=XA0= ([ IHOLO-1HOLO11/2)
OV=CB1=0V+CB82a0FRR-CB3sQERRD
QERRO=QERR

I1B11=0

FVCOB=BRATE+KBeQV
TSYNC=TEYNC-NBITwDT+1./FVCOA
NBIT=TSYNC/OT+.5
NBIT2=NBIT/2

CONT. ON PO 14

¥-25



¥
| KOUNT=KOUNT #1 |

IFIROUNT .LT. 10817

IF{ IHOLC .&E . IDATAD)

¥
[ERROMP=ERROMP+1. |

{c ERROR SPACING |

CONT . DN PG 15




83

0070221

[ERRSF=100

[ERRM(TERRSP )=ERRA( [ERRSFPI~1 . |

IERRSF=0

0070222

221
[TERRSP=I1ERRSP+1 |

222 Y,
CORTINUE

\/

SL&UM=SLSUM+ABS({VHSES)
SLEIG=BLE1G+VMS5uVHES

L S§O0FT OECISION |

[1X=INT(ASOFTIaVHS5«4.)+1 |

CONT. ON PG 16
PO 15 OF

23

v-27



V-28

IF{IX.LT. 1)

PG 16 OF

23




BS

[CBIN1=CBINTI+1. |

LFUIOATAK .EQ.-1 .AND.IORTAD.E@.+1)

[6BINEZ(IX.I1XM)=6BINSZ( [X. IXMI+1. |

IFC10ATAW.EQ--1 -AND . 1DATAD.EG.+1]

[CBINZ=CAINGI L. |

IF(1DATAW.EQ@.+1 .AND.ICATRO.EQ.-1}

IFCIDATAR .EQ.+1.AKD . IOATAD .EQ.- 1]

L/
(CBIN3=CLAINI+1. |

CONT. ON PO i8
eD _170F

23

V-29



IF{IDATAK .EQ .+ 1 .AND . 10RTRO.EQ .+ 1)

[€BTNGAT IX . IXM)I=EBINS4CIX IXM)I+1. |

IFUI0ATAW .EQ.+1 .ANO . IOATRN.EQG .+ 1)

BS
5 :
| LORTINUE |
r 2
c LACK nLDIR |
_— " “'---..___._‘_‘-_h_‘F
L A F S [ I PR At P B
“--.__\h //

ILOC=ILOC+1

CONT. ON PG 19

v-30



IF(100.EG.100N)

GOT0401

\/
100=100+1

[rDBC100N)I=0. |

401
[@ADB11DON1=ROB( 10ON)+1 - |

CONT. ON PG 20

PG 1QOF __ 23

V-31



¥-32

O .
PRINT 40%

[fDRHﬂT[lX.-RCGUlS!TlON FHILURE[_J

[c ERROR RATE CALCULATION |
g,

CONTINUE
PE=ERR/(KOUNT-IOLBIT]
STOEV=SGRT(PEw(1.-PE)/(KOUNT-IDLBIT))
SLEUN=5LSUN/ (KOUNT-TOLBIT)

SLS10=50RT(SLS10/ (KOUNT-10LBTT)-5LSUMRSLEUN)
KKK=KOUNT-1OLBIT
PRINT 301.PE.STOEY.SLEUN.SLEIG. KKK

30

FORHRT(IX.IPE:I.EIZJ.I ISTDEV=-.El2'4I- ¥ HERN:I-EIZ-‘-

Y- 570 ODEv=w.E12.4.9 .BITS==.[6)

v

PEI=ERRONP/(MOUNT-IOLB!
GPEI=SQRT(PEIm(1.-PEI}/

T
LK

BUNT-TOLBIT)]

CONT. ON PG 21



|

M/UKOUNT-10LBIT}
(XISIG/(HDUNT-10LBITI-X15UN
PEI.SPE!.XISUN.XIE1G KKK

eX15UM)

411
FORMAT(1X .sPEl=w ,E12 .4.8 .S5TOEV=w.E12.4.w .] MEAN=u.E12.4.
m 1 ST0 DEV=w . .E12.4,.,2 ,BITS=w.E12.4)
v
ROCA=0.
RDDS5=0.

R N R {00 403 I=1.100 >

[ ADD0A=AGOA+AEBI L) |

----------------- 403
[AD05=A005+ADB( 11sADBI 1) |

F100=FLOAT(100)
ADOA=RAO0A/F100
ADDE=SGRT(RODS/F100-ADORRRO0A )
PRINT 404.IL0CF.100.AD0A.RO0S

_404
FORMAT(1X.aLOCHIN=#.16.% ,DROPOUTE=zn.l6.s .AVE=zw.E12.4.
s .6T0 DEV=w,.E12.4)
| 0OT0406 %
CONT. ON PG 22
PG 21 0F

23

V-33



V-34

--------------- NS«

--------------- 314

PRINT 407.1L0CF

Q7
[FORNATC 1X.sLOCKINzw,16 .2 ,OROPOUTE=0=) |

€5

4
CONT INUE

[PRINT 223.ERRA |

223
[FORMATI1X.«ERRN=./ . 101X 10€12.4.7)) |

v
FPRINT 313.CBIN1.CAINZ |

313
FFORMAT(1X.a=1.-) P(B/A}TINESe.FE.0,37) . .u-1.41 PLB/AITINES .FE.O] |

P
.............. { oo 31151=1.8 >
-------------- {08 315 J=1.8 >

[Fiid)=6BINE1T{1.d) |

[Feear=sBINE211.J) |

[PrRINT 316.F1.F2 |

316
[FORMATU1X.8F6.0.6X.8F6.0) |

[PRINT 317.CBIN3.CBING |

CONT. ON PO 23
G 22 0f

23




b

[ FORMAT(1X . .u+1.,-1 P{B/AITIMESH.FE.0.,37X #x1.+1 PIB/A)ITIMES=.F6. UlJ

-

--------------- < 00 318 1=1.8 >

k3

——————————————— {00 318 J=1.8B >

[F1ca)=581IN5311.J) |

------------------ 318y
[F2tJ1=50ING4(1.J) |

................ 318
[PRINT 315 F1.F2 |

[PRINT 304.11.12.111.122 |

304
[FORMRT(1X.»11.12.111,122#.416] |

PHAY=PKAY/KOATA
PHSD=SARTIPKSO/KDATA-PKRVaPKAV ]
PRINT 305.PKAV.FKSD

05
| FORRMAT(1X .eREC SLICE=w.E12.4,s .5T0 QEV=w.E12.4) |

PTce
N T

30

(?nﬂnnT(1H1 //!/)]

0o TU E

PG 23 FINAL

¥-35



V-36

SUARAUTINE NRANOMCIYN.IZN.ROHN)
ROMN=~5 . .

g
N {00 1 N=1.12 >

[CALL RANOMIIYN.IZN.RON) |

1
[ ROMN=ROHN+RON |
RETURN

PQ 1 FINAL



GUBROUTINE RANDM(IYN,.IZN.RDH}
ORTA IA.IB’129.1/

CATA T.IRT/4194304..2048/
IYN=[Ra[YN+[IB«1A=[ZN]/IRT
[YN=MOOCIYN.IRT)
[IN=NOO((IB+1A=IZN].IRT)
ROM=FLORT{ IYN.[RT+[2ZN)/T

\J

V-37



[ SUBROUT INE

BIFILT(X.Y,OMC.T.INIT) |

?:UT INTO X[4). QUT

l
c FIRST ORDER INTERPOL

FUT FRON Y(4), INITz0 FOR NEW OMC OR T
ATION

| COMPLEX X(41.Y(4) |

IFthlT.NE;Ei’#,—,

\/
[INIT=1 ]

CauT

MT+8.)=D
11.=0MT/
11.20MT/
OMT-B. 1=
aNT=0NT
+.#RA1

NT/Z4.+1.180MT+1.

24 .+1.1=0N7-1.)eMT-3.)/81
24 .-1.)e0MT-1.=(QNT+3.)/81
ONT/24.+1.1a0MT~1.3/81
/(24.uB11

[C OUTPY

T Oni.A1.A2.81.82.83.84 |

1

(Yta1=A1s(X(a1-X( 1) 1+R2=

(X(3)+X(2))-B2mY[31-B3uY(2)-A4n¥(]) |

V-38

\/

Yill=Y{]+1)

v,

RETURN

PO 1 FINAL



SUBROUTINE BLOBAR(N.GAM.VAL.CCL.IL.6.8.1YN.LZN)
DIMENGION TG{128),RC(128)
OATA G43/.882379511/

YN=0.
§2=0.

e T R {00 11 I=1.N >

V=FLOAT{ I-1)1w(GAN
TO([)=CAN/GA3uVuaEXuEXP(-V)
62=62+TG(1)aTG(I)

{ CALL_NRANOM(IYN.IZN.RC(1)) |
L
H

11
[YN=YR-TGI [JmRCI D)

822=BART{E2)
YNzYN/G5228VAL

G0 _T0 2¢ >

CONT. DN PO 2

PG 1 OF

V-39



R TR U 12
LRC(N+1-JI=RCIN-J) |

{CALL NRANODM(IYN.IZN.RCi1)) |

[Y7=0. |

e R N e <00 13 Jd=1.N >

----------------- 13

V-40

LYT=¥T+TGtUJImRCEIIY |

YT=YT/5822aVAL
FILM=FLOAT[IL-1)
e=(YT-YN}/FILM
==5aFLOATLIL )+YT

|00 10 31 >




SUBROUTINE BLOBP{N.GAM.VAL.CCL.IL.5.B.IYN,IZN)
CIMENSION TG(12B).RCL1ZB]}
DATA G43/.892979511/

IFwnL-Eg'U/

00 10 30_>0{Z-]

R R R R B {00 11 I=1.8N >

V=FLOAT(I-1)=GAN
TG 1)=0AM/G43nVuuEXREXFI~V]
62=82+TGL 1 InTGI]])

(CALL NRANDM{IYN.IZN.RCILJ] |
— H

----------------- 11
[ YN=YN«TGIIIsRCL] |

622=50QRT(52)
YN=YN/EZ2uVAL

)/
00 10 20 b

CONT. ON PG 2
BO ) _OF 2

V-41



[CALL NRANDM{IYN.IZN.RCO1)) |
k
%]

- - - - seSs ST s {00 13 Jd=1.N >

----------------- 13

YI=YT/622uVAL
FILH=FLOAT(IL=-11]
B={YT=-YNI/FILH
B=-GsFLOARATEIL)YT

|GU 0 31 >

\/

V-42



SUBROUTINE TRIG(CCLLT.ANGR.5.C)
DIMENGION GINE{S1)
DR=.0174532325

F

IFtCCLT;Si;i;l’fff,

1

|GC1 io 10 >=
<t

\/
---------------- (00 9 I=1.NT >

_______ -__..._..‘..--_.-9_
[SINECT)=SINCFLOAT(I~1)=0R) |

10
[1R=INT(ANGR/DR+.5) |

[TM=ABS(ANGR/OR+.5) |

CONT. ON PO 2
: ec_1 OF K|

V-43



V-44

Al

G0 T0 3

IFEINM.GT .90])

(S=6iINECIM+1) |

[C=SINE(-IM+80+1) |

-l

[6=SINE(-IH+1B0+1] |

[C=-BINECIM-30+1) |

00 10 30 >

2l

[

3
(8=~6INE(IN-180+1) |

[C=-BINE(-IM+270+11 |

(o 10 30 >
]R3 ‘
4

{6=-GINE(-1M+360+1) |

[C=6INECIR-270+1) |

CONT. ON PO 3

fQ 2 _OF




IF([R-y

T

§==-5
<>

V-45



V-46

SUBRDOUTINE RSGRTF(XU.5)

IN
¥=ABS(XU)

IF(X.GT7.64.)

T
(00 10 2 _>ofie;
[AD ]
<}
F

1FIX.0T.32.]

CONT. ON PO 4

BQ_i OF




F

1th.cy

T

RIS

-

F

Im.oy

T

%

‘CONT. ON PO 3

FQ_2 OF 8

V-47



V-48

35

=11. 3137

RETURN

=

[6=.05177=(X-128.)+11.3137 |

[s-.mazz-(x ~64-1+8. |

CONT. DN PG 4

eg 3 CoF




f’le

4 o
[6=-103550(%-32.1+5.6568 |

3

J_ .
RETURN

A8

kN

[6=.14644R(%-16.1+4. |

RETURN

g

[§=.2071e(X-8.)+2.8264 |

g

1
[6=.292Bw(X-4.1¢2. |

82

[6=.4142m(X~2.0+1.4142 |

g

-

[RETURN

i183

9
[6=.5857»(X-1.1+1. |

Q_J

r

it
o)
F

0 ~
[6=.82R4=(X-.51+.7071 |

CONT. CN PO 8

¥-49



\/

BS

11 ,
[(6=1.171578(X-.251+.5 |

e

ky

V-50



BROUTINE ORATAS( 1XU)
MENSION LRCI6)
Tg [RCsC.0.0.0.0.1/

u
[
R
X

]
0
0
1

F
IFIIRC(1).NE.IRC(E))
¥
iXz1
&
""""""""""" 00 1 i=1.5
----------------- 1 v)
[TRC(7-T)=IRCI(6-1) |
IRCC1)=1X
1XU=1

\/

RETURN

V-51



APPENDIX VI
ACQUISITION
COMPUTER SOFTWARE

VI-1



DENGRAM MﬁRK{TNPUT,CU?PUT,TA°EG=INPUT,TdpEﬁ:OUTPUT)

100093 REAL NS, NPy ND,K,KR

n0goo3 ROMELFYX CAMPA4) ,CFTILT (4),00UT,CrouT

300003 NATA FIAME,FREHA, SDAMP, SDEHAS NG/ 2ay o« 29023y 47410/
ngann3 OATA NGAMLIGNL3/ (09,647

790003 NATA ENONP,APATE,ENCMTIN/B.,88,,9./

100003 NATA DELF,NSP3,MACOT,3IF/62.,40,100,13(0./
gaunas3 DATA RL2,PHINEG, FOIFF /17645104342, 433/
100093 NATA T1,72,111,122/14151,1/

uneon3 AATA FRQOCP ,FONPPT, TL/12.E3,10.Ry =645/

£00003 DATA TAU3/.0T957/

LDk VATE FLN/18.7

000002 NATA SVRHZ, SHMX,SWMN/2.2E3,28.15E3,H.R8FE3/
n99353 NATA DYNRSI ./

J0023n3 NAMEL TST/INL/NACOT 4 NSPR,ENGDN,NELF, AIF,EMEMIN

+,2L2,PHINEG,FNIFF
4+, FRAMF ,FAPHA, SNAME, SDFHA, FAML 3, NG3
+,FLO,FRQNCP ,FNDPRT, 11,12, T11,122
. +,SYOHZ ,SWMY ySHMN, TL ,NYNFR
nono93 PT=t, *ATANM{L.)

DoognNFR LI2=2.*P1
0199010 TETA=SNRT {{ .5
an31z rALL TRIG(CTLT,PI4SSCINLCSAIN)
eooga1ep CeLT=4,
onoQa2d 3 FONTINUF
n OFAN INPUTS
jcanpen 2EAD(S ,TN1Y
Jpaonzz? NSPPRz200
canNg2u MACOTY=310
gagn2r TWMX=2500.
Goonze ronhoP=41900.
Ira038 Ti=1
009431 I12=1
anan 3z T11=1
udlo3r T2Z=1
nnonas, T1S=711
Y060 35 I2s=12
100037 T11=T11
gooaun 122c=T22
C AONVERT TNFUTS (EN] ,BPER,OHTISE,PHISSY)
aonna? FNO=t 0, *™ (ENEDR/1G. !}
0nonsl ENCM=10 . **(EMOMIN/LE,)
1190056 ACFP=1,/2PATE
Jannso DTz FRPEP /MSPR
300062 DHISS=PHTOEG*PT/Z1R0 .,
Jd0asL AMIM=SQRT (END M*N[*RRATE)
agaqg7d AMTNZ=AMTNS 4, 4142
10Gn?3 A=SORT(EMD®N(; *2DATE)
0631230 AGC=SCT(AMTM2Y
J0610¢ AMTIMIZAMTNZZSNRYT (10 2 ¥ (NYNP/15.)Y
T CALCILATE LONP PARAMETESS (TAUL1,TAUZ.K,TAUBL,TAUR2,KD)
990113 WN=R 2/(7ETA+Q,25/72ETA)
T0ui1? AK=FIZ2®*ENTFF/SINIPHISS)
300123 TAUL=AK/ (WNTWN)
oonize TAURZ= 2 *{ZETA-0.5/{WN*TAU1) )}/ WM
07132 K= AR/ BOMIN
300134 EROP=FIZ2*FRMNOP/K

vI-2



300137
300162
UL RN
J0014m

000450

gop1s2
040155
D0g156
q0u161
g001R3
an0164
100155
f00617¢
090172
o017y
000477

Ly

890201
890213
000204
agoz20s
upe206

000237

a0021cC
009214

. SKOU=8,

nog212

00y213
035221

400236

00n23L
004254

Dao2z5n

000390 _

eoo030¢0
100314
000314
000314

900322

gos322
ngasas
nN00 347
LILEEYS
J00347
000351
000354
100356
020361

207

- o
400

x99

797

396

010363 .

100366
cap 370
0003”3
100373
naa3vrs

EDOPR=PIZ2#FQDPRT*DY /K
EVMRY=PIZ*SHMX/K
EVMIN==PT2% SWMN/K
SVR=PIZ2¥*SYRHZ/K
DES=NT¥SYR .

NEFTNE CONSTANTS
f1=1.-0T/7TAUL
C2=TAL2/T8U14
n3=ri1+C2-1,
CL=0T#K
_L5=0T/TAU3

Ce=1, =TS
NTHI=DT*NELFeDT
SNTHE=SIN(DTH1)
CDTHI=CNS(NTH1)
NTHY=PI2*FLO*DT
SOTHX=STMN(DTHX)Y
CNTHX=CNS (NTHX)
NACQ=[

ACn=6,

AVEES=],
STOES=0.
AKOU=U.‘L

AMIS<S=g0,

AFAL=U.‘_ . )

SIG=0,.,5*SCRTIND/DT)

PRINT 2D02,ENODR,DELF,FIF,PL2

FORMAT (1Y y*ENONR=*3 FRa14* oDELF=*,FBely _
+3 G RIFS%, FE04% ,BL2=%,F6,0)

PRINT 204, SVQHZ,SHHX SWMN,FLO, FRQDOP, FODPRT
FORMAT (41X y* SURHZ=® ,E12,4,* gSRHX“,Ei? Ly¥* ,S
% ZFLO=» ’512 G9* SsFRODOP=*,FE12.,4,*% ,FODPRTz*® ’
PRINT 206,TL,DYNR,SDAMP ,SOPHA, IIS 12S,T11S,12
FORMAT (X, *TL=% ,FR,24* 1HYNR-”JFG 1,% ,SRAMP=
+% LSOPHA=® oFB .3, ,IigIZ,Iii,Izz‘,klﬁi
PRIMY 207 3WN,KyTAUL,TAU2

FORMAT (L1X,®WNx®,FH,1,%* ,K=¥,FB.1,

+F G TAUL=¥,E12.4,% 2TAUZ=*,E12.5)
CINITTALTZE LOOPS (THZ,EO,XI,XO,QV,QERRD,ERR)
CONTINUE

IF(NATQ.EQ.1) PRINT3 99

FORMAT (1X ,*NACQ,AMISS, AFAL,KUﬁTA ESSEV4EVI™)
IF{(NACQ.EQ. D) GNTO396

PRIMY 797 ,NACG, AMISS AFAL,ACQ;KDATA,ES,E“:EVI
FORMHT(iX,IG,JEIZah:IG.EEiZ L)
NTONTINUE e —_

NACG=NACN+1
IFINACQ.GT.NACQTIGOTO4D 2
CAMP(1!=IU.,D.)
CAHP(2)=IU.,B.!
CAHP(3)=(D-gD.)
LFILY(19=(0.,0.)
CFILT123=(B-,U.)
CFILT(3)=10,,0.)
INIT=0
OMC=PT*BIF
TOATA==]

WMN=%,E12,4,
E12.4)

2s

*yFE o3y
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3N037K
d0377
923600
JO0L01
I03LJ3
309433
LR R
INQuJE
20406k
J304°7
1056412
ijout?
OC0414
1IMJgLis
103617
JnJL17
Jun420
100422

ganaz?
n304632
73046 3%
130637
J204LL
IINELT
300L352
J07 45"
1004%7
JCtaue”
702070
199511
308522

dudbn?
narsar
n2N831%
anaen7
100 1r°
100513
G RMTL I
J09%17
aogszr
310531
d06522
110833
100546
190544
1910547
Jurs==
309556
1C0%61
0105/
400567
IRgRAF

100567
110567
JgLgR?7x

Vi-4

-3

10

11

12

=g,

TYd=.

TH?={ .

nTU2=1,

STHZ=0,

TTHY=1.

STHY=(,.

FGo=0,

cty=_,

EOQNFERY=ENCRRFANER
EVi=EV+ENCFOY

F1=1.

n?2=1.

I §

£e=(.

eTH1=0,

fTHY=1,

gz NERE

TURBULENTF IMITTALTIZATTCN
ACOR=SGRT(Z2.+%,76=1,)
AAMP=FI2*FRAMPALNR
ATHA-DI2*COPUA/ALOR
TAME=INT( S+ AMLIZ{AAVPEDY))
TEHAZ THT (L,S+GAMLI/ (APHAYOTY)
GAMLIA=NTH*FLNAT(IAMP) YAAMP
GAMLIC=DT*FLOAT(IPHA) *AFHA
erL=0.

~ALL PLC3AINL 3, GAML3A,STAMP ,CCL,IAMP,SLOA,BAMP,T11,122)
CALL PLN3F(NLI,GAML 3P STPHA ,COL,IPHA,SLOP,BPHA,T11,T722)
cri=1.

TAMFA=]

ICHAT =)

SELFCT NATA (INDATAY

KOATR =1

FONYTNUE

TAMEr =T AMET gy

TPHAC=TIFHACHL
TFCIAVPC . GT,.TAME) GO TO 10
IF(IPHAC,GY ,TPHA)Y GO TN 11
GO TN 12

TAMPEr=y

FALL 3L 09ACMsT,GAMGIA,SNANP,CRL, TAMF, SLOA,BAMP,T11,122)
no YN 13

IedAC=q

CAtL SLOAT(NGI,GAML3IP , SNPHA,CCL,IPHA,SLOP,8PHA,TI11,122)
FONYTNUE
YASSLNA®FLNAT (TAMPC )+ RAMP
YO=SL CP¥FLOAT (IPHAC Y+ BPEA
“ALL TRTGICTLT,YP,SSCIN,CSCIN)
ITFTJ, LT NSPRYRED TO 1

1=0

CALL TATAS(INATA)
SNTHLI=SOTHA*TNATA
KNATA=KNATARY

NEFTNE TNFUTS (TH1,NS,NC)
TONTTNUE
TEME-STHY*CDTHX+CTHX* SOTHY
CTYHY=CTHY¥TNTHY-STHX*SDTHY



gonszs STHX=TEMD

100576 TEMP=STH1®*COTH1+CTH1#SDTHY

080602 CTH1=CTHL{*COTHL1~STH1*SOTH1

N006DL STH1=TEMP :

400604  _ _ ASTHi=1.4162%A%(1 . +YA) *(STHI®CSCIN¢CTHI¥SSCINY

300614 ACTHL1=1,4142%A% (1, +YA)* (CTH1*CSCIN-STH1*SSCIN)

000625 CALL NRANOM(I1,I2,X)

nQg6 27 NC=X*ST6

100631 FALL NRANOM(T1,12,X)

900636 NS=X*SIG

0006836 . =gt S e
r LOOP £AUATIONS

008640 CAMP (4) =CHPLXC(ASTHL #NC, -ACTHL-NS) *CHPLX (CTH2, -STH2) *61

000657 CALL RIFILTATCAMP,CFILT,CMC,DT,INIT)

noges? CCOUT=G2*CFILT{A)

000670 rOUT=CCONT

180672 _ _ __ . _V=CE*VaCR*Y . - - _

110676 VD=V

300675 IF(ARS (VN AT AMINIIYD=AMINS

n00783 IF(YNDLNE, 0. YCALL ASORTF (V04 VSART)

9007196 Gi=AGC/VSQRT

000740 G2=r1

000711 ___ U=ATMAGICOUT) *CTHX=-REAL (CCUT)*STHX _

300716 E=REAL {COUTI*CTHX+AIMAG (CCUTY *STHX+ES

100723 EV=CL1*EV+N2*E -C3*EQ

900730 EV1=EVQ-EDOPRYX

000”32 IF{FV.GT.EVMAX) GOTOS00

100736 IF(V. LT, TLI GOTOLOL

_ T IF(EV.GT.EVMEX)DES=-DES _ .
T TFUEV.LT. EVMINYDES=~NES

800740 EDOPRX=EDOPRY +ENOPR

900741 TH2=TH24C 4% ER Y

00074l THZ=AMOD(THZ, PT2)

090750 CALL TRIGICCLY,TH2,STHZ,CTH2)

200753 EVO=EV

000754 EC=f

108756 EVIP=EVL

300757 IF(V.GY.TLYES=ES4NES

200764 GOTO.

BOn76S w01 CONTINUE

] e MAYRE AN ACOUISITION

000765 TFT1ES.LTL.EDNPRX) GOTO501

100770 ACO=ATO+1

000772 AVEES= AYEESHES

0007?73 STDES=STDESEE S¥ES

290776  AKOU=AKDUSFLOAT (KDATA)

001000 SKNU=SKOUSFLOAT (KDATA)*FLOAT(KNATA)

201332 GNTOL 00

n01093 402 PACO=ACQ/FLNAT(NACQT)

n01005 IF(ACQ.EQ.Q.)GOTOS04

601606 STDEV=SORT(PATQ* (1. -PACQ) /FLOATINACQT))

001013 AVEES=AVEES/ACQ

gy111% STHES=SQRT{STOES/ACC-AVEESYAVEES)

001622 AKOU=AKOU/ACO

a01024 SKNU=SQRT (SKOUZAT Q= AK OU*AKOU)

091032 POINT 403,PACQ,STDEV

d01061 403 FORMAT(1X,*PACO=%,E12.4,* ,STDEV=*,F12,4)

001041 ORINT LOL,AVEES,STNES



0N1Gs1 L0L FORMBT{IX,AYFES=#,F12.bLy* pSTNES=*,E12.4)

0019351 TRIMT LOFAKNY, SKOU
301071 LS FOPMAT(1iX,*AVE KDATA=%,E1Z2,4,% ,STO NEV=%,E12.4)
aninsi 596  FONYTNUE
101561 PMISS=AMTISS/FLOAT (N ACAOT)
"N135k DETNT BJ2,PHTSS
di1a7d 502 FORMAT(iY,*PR MISSEDR ACO=%,E12.4)
0g10™1 PEAL=AFAL/FLOAT (NACOT)
01074 POINT BG3,FFAL
001191 53 FOPMAT(1X,*P? FALSE ACO=*,E12.4)
0g11n1 oRTMT 3IrL,T1,T12,711,122
g00111* 3L FNRMAT{1Y¥,*T1,72,711,7122%,576)
031115 367 ©PPINT 106
npg1121 1¢4 FNARMAT (1H1)
901421 GO TN 3
gg1122 500 CONTINUF

r MTSSEN AN
naoiiz2e AMISS=AMTCS%+1 .,
Jdlics GOTNG 0N
onr112+k 501 MOAMTINUE

r FALTE ACNH
go412°% AFAL=RFAL +1,
101127 GATrLGO0
890113¢ ik PRINT 50%
1134 505 FNRWMAT (1Y ,*ND ACQUISITICNS*)
0113 GNTNE06
30113 EM0

SURPNUTINE NP ANDMITIYN,TIM,ROMN)

A00nNJk PAMN=-B,

7003717 N1 N=i,.12

jade1r rALL PANDOMETYN,TZM,ROM)
ng0G1L 1 RNMM=RNMA 4R M

100017 RETURPNM

130017 FMD

SURPNUTTINE 28 KAMTIY N, T78,2NM)

17104086 NATA TA,TR/129,1/

03901k NATE T,T°v76:134304L, 2048/
130096 IYN=TA*IYNs (TA:TA®TIZN) /IRT
1a011L IYN=MAN{TYMN,TRPT)

093020 TZN=MOD((TReTASTIZN) 4IRT)
a0anNze ANM=FLOAT (IYN*TIRT+TZNY/T
inno® RETURN

Jigagnre Enn
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SURRNUTTINE BLFILT(X,Y,0MC,T,INIT)

r INPUT INTO ¥14), OUTPUT FROM Y{4), INIT=0 FOR NEW OMC OR T
T FIRST CRNER INTERPOLATICN
goonae 0 COMPLEX XLy, YE&) . L e e S
039010 IF(INIT.NE.OYGO TO 1
100011 INTT=1
n00011 OMT=0MC*T
230012 B1= ({OMT B, Y ONT /204 ,#1,1%OMTHL,
000420 B2=T({11.%0MT /724 ,%1,) %0OMT-1,) *CMT-3,.) /81
008027 . B3S (0041 J*OMT 24 ,=1,) *OMT-1,)%0NTe3 0 /80 .. . . -
n06003% AL= (C{OMT=8,) POMT /24, +1 ) ¥0MT~1,) /B1
300044 AL=OMTR*OMT2OMT/ (24.¥81)
330046 A2=11.%A1
C QUTPUT OMT,A1,A2,B1,832,83,84
090050 1 Y{LYSA1* (X(4)Y X (1)) $A2% (X(3)+X(2))=-B2*Y(3)-BI*Y (2)-B4*Y (1)
Lagoags_ . D0 2 I=1,3 . S — — -
jau12e X(IY=X{I+1)
000134 2 Y(IY=Y(T+1Y
000164 IETIRN
0001464 END

SURPOLUTINE ALORA (N, GAM, VAL ,CCL 4 TL 4S8, TYN,IZN)

Bo0G1L DIMENSION TGL128),RC(128)

geogLen NATA G437 .8B929795117/
00016 . . . TF(VAL.EN.0,4)..GO TO_30_ o
330015 TFACTL,EQ.1.}Y GO TO 10

goonLv EX=1.73

a00020 YN=10,

008320 s2=C.

gdgo022 nn 11 I=i4,N

_01p0022 - . VYSFLDAT{I-11*GAM L T,
goaneas TEUTY=GAN/GLIFYHREXSEXP (~V)

doangux S2=S2+T6{IV*TG(T)

030046 CALL NRANNMIIYN,IZN,RC(I))

ppaose 11 YN=YN+TG(TI)*PCL])

J000KL S22=SQRT(S2)

000066 ¥YN=YM/S22%yAL . e
3030074 GO TN 20

geog”s 10 YN=YT

Doog”7 20 NN=M-1

100131 N0 12 J=1,NN

gnnio? 12 RCIN+1=N=RO{N=-])

110111 CALL NRANDMIIVYN,IZN,RC(1}) N
108115 yT=0,

00011k DN 13 JI=1.M

000122 13 YT=YT+TGI{JII*REJI)

100130 YT=YT/R22*% VAL

000132 FTILM=FLOAT{IL-1}

nnoi33 . S={YT=-YN)/FILM ~
0004134 A=z=S*FLOATCIL) 8YT

00Ni42 0 TO 3%

000142 T0 S=0.

N09143 8=0.

300144 31 RFTURN

gooi4% . END

VI?Z



993001l 4s
10001L
160014
inel1E
130017
N1CA02E
DETRI Bgs
pronze
ggarz?
jnpn 2k
JngnLz
JlanLF
JJge2
1899454
Nganeq
139074
in9gTe
SRR B iadad
7031C1
Inx1a2
173111
"0I11F
J0u116
ing122
171313¢
nY2132
gon13
1o isF
J001a4?
334462
177163
A1k
PRARLE B8

12330~
JJiynv
nagLn
3372017
373u13
1nanis
arn3ev
nanngz
23333k
110042
Jd 145
ageasn
110051
31019052
¢n3353
31717158
1044857
3d12R7
0324m1
J3J763
Mu352
00015
1737587
dC0772
Jguam=

VI-38

11

10
79

12

13

31

LI

30

UIMEnS10ON Yoe12Y ,RE(L20y—— — T T

AATA GL3I/.B02970841/
IFTYrL.EN.OL) GO TD 30
TFICrL ENL1.Y R0 TN 10
EX=1.73,

YM:G ]

S2=0.

N0 11 T=1,N

V=FLNAY [T-1)%AM
TOIT)=GAM/CLIFYSSEX*EYD {=Y)
S2=52+TGITY*T(T)

CRLL NRAMPM{TYNLIZN,RCTT))
‘(M-:YP“-'.T(‘,(I)-‘I‘F(I’
CZ22=SNRT(S2Y

YN=VYR/S228y AL

N TN 20

YF]:V"

(AR A |

N0 12 Jd=1,NM
PE{NeL - =27 (N= ]}

CALL NRANMMATYN,IZN,RC (1))
YY:U L

neo13 dd=steM
¥T=¥THTLLJII*RT (D)
YT=YT/S22%yat
FTLM=FLOAT(TL -1
ST{Y¥YT=-¥MY/FILM
A==3*FLCATCTILY &7

50 TN 2y

RETUIN
cHn

SURRDUYINF TOYGITCLT, ANGR,S,T)
DTMENSION SIME(91)

nR= ,N4745320075
TE(CPLT,FCL1.) (RO YO 19
MT=GY

70 9 T=1,MT
STNF(TY=SINI{FLNAT(I=1)%CR)
IP=INT (AMGR /TR F)
TY=ANC[AMGR/NR+ ,5)
TF{T¥ ,GT,.270) GO TO &
TE(TM,GT,1RM GO Tn 3
IF(IM.GT,290) GO T0 2
S=SINEITIY4+1)
P=STNETL-TM+A0 1)

N TR 39
TrSIMET-T™e iR 0+ 1)
F==STMECTH=20#1)

GO Tn 3D
S==CTKNE(T¥=-1R¢1)
PaCINE(-THe27041)

LN ¥n 30
Sz=-8IKNE(-TH435] 1)
FzSTNFITIY=-270¢1)
TF(IR.LT,0) €==-¢

DF ?[_fD I\

EMP



SUBPAUTINE ASQRTF (XU, S?

T MAX TNTERP EPRz1.46 ($31.LE.XLE.128

500095 X=AB< {XUY
000006 IFIX. GT.128,) 6O T0 1
000012 TF(X.GTo.64sY GO YO 2
000015 IF(X.6T+32,) GO T0O 3
guT0 20 IF(X.GT.16.) GO TO &
900023 IFIX.CT,R,) GO O 5
700026 IFIX.6T.4.) GO T0 6
n00a31 .. IF{X.CT.2,) GO TO 7
300034 IFIY.6T.1.) GO 7O 8
n00037 IF(Y,6T,..5)G0 Th 9
000042 IF{X.GT..25)G0 TO 10
100045 IF(¥.67..125)60 TO 11
gogasn $=,3535
9p00S4  RFTURN )
006051 1 S=11.3137
n00052 RETUDN
900053 2 S=.05177%(X-128.) ¢11,3137
800057 RETURN
n00057 3 Sz, 07 222% (X—64.) +8.
n00063 _ QETURN
200063 4 S=,1(0355% (¥-32,)+5.6568
006067 RETURN
800067 5 Sz, 10 ELb® (X=16.) ¢4,
060073 RETURN
000073 6 $=,2071%(¥~8.) +2.8284
000077 RETURN
0077 4 G2 ,2928% (X=4.) 42,
300103 RETUDN
800103 a Sz lLih2% (X-2.)%1.4142
20017 RE TURN
003107 9 Sz FRR7H(X=1.)+1,
000112 RETURN
000117 18 S=.82RL¥(X=,5)3.70714
00117 RETURN
800117 11 S=1.17157%*(X=-.25) +.5
000123 RETU®N
0123 END

SUBROUTINE NATASCIXU)
nGo003 NIMENSIOM TRC(6)
n18%003 NATA IRC/G,Ba0,0,0,17
peoon3 .. Ix=e ,
000003 TFC(IRC 1) .NELTRCIHY VI X=1
000007 : no 1 I=1,%
pooniL 1 IPC17-1)=1IRC(6-1)
260017 IRTH1 )= IX
980620 Ixu=1
paoR2y . _TF(I¥.EQ.0VIYU=-1 _
300023 RETUPN
090024 ENN

VI-9



vI1-10

PROGRAM HRRK[INPUT-OUTFUT.TRPES:INPUT.THFEG:DUTPU?]
REAL N5.NC.NO.K.KB

COMPLEX CAMP{4).CFILT{4).COUT.CLOUT

ORTA FBHHP.FBPHR.SDRHP.SDPHH.ND/Z...2..23..47.1-/
DATA GAM43.N43/.09.64/

DATA ENODB.BRATE.ENJMIN/B..B88..9./

DRTA DELF .NSPB.NACOT.BIF/62..40.100.1000./

OATA BLZ .PHIDEG.FOIFF/176..10..342.433/

DATA 11.12.111.122/1.1.1.1/

DATA FROOOP.FROPRT.TL/13.E3.10.8.-6.5/
0ATA TRU3/.07957/

pgates FLOs10.7

DATA SVRHZ .SHMX ,SHHN/2 .2E3.28.15E3.6 -85E3/
DATA DYNR/3./

NHHELIST/INl/NRCGT.NBPB.ENUDB.DELF-BIF.ENOHIN
.BLZ .PHIOEG.FOIFF

.FBANP .FBPHA .SOAMP .SOPHA . GAMA3 . N43
.FLO.FRADOP .FROPRT.EL1.12.111.122

,EVRHZ .SHNX .SHHN . TL LOYNR

v
Fl=4.eATANI1.]
P1222.0P1
ZETA=SORTI0.5)

[CALL TRIG(CCLT.P1.6SCIN.CSCIN) |
L
nk|

\/
[ECLT=1. |

\/
CONTINUE

v,
[c READ INPUTE |
v

READIS.IN1)
NEPB=200
NACOT=30

{ gunx=25%00.
FROODOP=1000.
11=1

12=1

111=1

A1 e [
gt N

™~

-

i furd e b

P B = N

enanir hh i
2

LC CONVERT INPUTS (END.BPER.PH156.PHISSB} |

CONT. ON PG 2

PG 1 OF

12




END=10.=u(ENODB/10.)
ENCH=10 .= (ENOHIN/10.)
BPER=1./BRATE
OT=BPER/NEPH
PHIGSG=PHIODEG=PL/180.
AMIN=BQRTIENOMaNO=BRATE)
AMINZ=ANIN/]1.4142
A=SORTC(ENOsNOmBRATE }

' v
AGC=8ART(AMIN2)
ANIN3=AMINZ2/SQRTC10.aw(DYNR/10.))

[€ " "CALCULATE LOOP PRRAHETERS (TAU1.[AUZ.K.TRUB1.TAUBZ BT |

v

WN=BL2/(2ETR+0.25/ZETA)
AK=P12aFDIFF/SINIPHISES)
TAUL=AK/(WN=HN]

TADZ=2 .x(ZETA-0.5/CHNuTAYL ) J/HN
K=AK/AMIN

EDOP=P12=FRODOP/K
EDOPR=PIZ2=FQOPRT=OT/K

EVHAX=P [2n8HMY /K

v

EVHIN=-PI2aGKHN/K
GVR=P12wGVYRHZ /K
DES=0T=5VR

Lc DEFINE CONSTRNTS

Cl=1.-0T/TAU1
C2=TAUZ2/TAU1
C3=C1+C2-1.
C4a=DT=K
C5=DT1/TRAU3
L6=1--C5
OTH1zP1=DELFuDT
S§DTHO=5IN(DOTHI )

v

COTH1=COSC(OTHL)
OTHX=P12FLOuDT
SDTHX=5IN(OTHYX]
COTHX=LO0BI0THX)

NALCOA=0
ALQ=0.
AVEES=0.
8TOES=D .
v
AKOU=D .
BKOU=D0.
AMlSE=0.
AFRAL=0.
B10=0.5=53RTINQ/DT}
PRINT 202 .ENODB.DELF.BIF.BLZ
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VI-12

o |

FORMAT(1X.eENODB=zn.F6E.1.x .QELF=m.F5.1.
m BlF==2.F6.0.n ,BLZ2zn.FGK.01

¥

[PRINT 204.5VRHZ .5HNX EHMN.FLO.FRQDOP .FGDPRT |

204

FCRMAT(1X .mGVRHZ=2,E12.4.0 ,SHMXz=.E12.4.= ,SHMN:=n,E12.4,

s FLO=x=.E12.4.= .FROODP:z=.E12.4.x .FGOPRTz=w,.E12.4)

[PRINT 206.TL.0OYNR.SORMP.SOPHA, 116.125,1115.1225 |

206

FORMATI1IX .mfL=w . F6.2, ,0YNR=w,F§.1.,8 .SOAMP=m.FH.3
a .§0PHRA=%.F6.3.s ,11,12.111.]122=.416)

v

[PRINT 207.WN.K.TAUT.TAUZ |

eag7?
FORMATL 1X .mWNz=
» TAULlz=w.F}]2.4.

E.1.» .K=m.FB.1.
+TRUZ=w ,E12 .4}

Q_,I;\q—

ic INITIALIZE LOOPS (THZ.£0.X1.XG.0Y.QERRO.ERR) |
&
39 v
[ FORMAT(1X . wNACG,AN16S  AFAL KOATA.ES.EV.EVLa] |
v
CONT. ON PG 4
PG 3 OF 12




IF(NACG .EQ.D)

00810386

[PRINT 797.NACG.ANIGS.AFAL .ACA . KDATA.ES.EV.EVL |

L A v
[FORMATLIX.16.3E12.4.16.3E12.4) |

<}
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EVY=0.
EDOPRX=EDOP«EDOPR
EVI=EV+EDOPRX
Gl=1.
0D2=1-
V=.1
EE=0.
5¥iz0.-

9

CTH1=z1 -
J=N&PB

v

[ TURBULENCE INLTIALIZATION |

¥

RCOR=SORT(2 .ws.75-1.)
ARANP=PL2=FBAMP/ACOR
APHA=P12«FBPHA/ACOR
IANP=INTL -S+GAN43/ IRANP =T
[PHA=INTCL -S+GAN43/ {APHANOT )]
GAM4IAR=0T=FLOAT{ IAMP IwAANF
ggﬂ43P=DTIFLUHT(IPHR)!RPHR
L=0.

[CALL BLOBR(NA43.GAMA43A,SORNP.CCL . LAMP,SLOABANP. 111.122) |
T
+

| cALL BLOBP(N43.0AM43P.50PHA.CCL ., IPHA.SLOP.BPHA.L111.122) |
L —

9
cct=1.

1AMPC=0
1PHAC=0

LC GELECT ORTA [IDATA} |

\/

KOARTA=0

v,

CONTINUE
v,
TAXNPC=1RMPC~1
IPHRAC=IPHAC+1

CONT. ON PO ]
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IF(1ANPC .CBT . 1ANP)

Go 10 10

1F( IPHAC .GT - 1PHA)

00 T0 11

IDO 6 12 >

10___¢
[ TAMPC=1 |

[CALL BLOBA(N43.GAN43A,SDAMP .CCL . IAMP .S
1

L0A.BANP.111.122) |
)

Iﬂﬂ 70 13 >—

11 Y

W/ * [t ]
{CALL BLBBP[N43.GHHASP.SOPHR-CEL.IPHR.SLOP-BPHR.Ill.122)]
L1

_ —
12
| CONTINUE
YA=SLOASFLOAT( LAMPC1+BANRP
YP:SLOP-FLOHT[IFHHCI’BPHH
CONT. ON PG 1
PG 6 OF 12
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[CALL TRIG(CELT.YP.SSCIN.CSCIN] |
. —0

IF[J.LT.NSFB)

\J
[ CALL DATAS(IDATR) |

éﬁ

60TH1=50THO=IORTA
KORTA=KDATA+1

'c DEFINE INPUTS (THL.NS.NC) |

CONTINUE

TEHP=STHXWCDTHX+CTHXmSOTHY

CTHX=CTHXaCOTHX~-S THXsSDTHX

STHX=TEMP

TEMP=5TH1aCDTHL«CTHI=SOTHI
CTHI=CTH1=COTH!-GTH1aS0TH]

BTH1=TENP
AGTH1z1.4142eAu{].+YAI=[STHIMCSCIN+CTH1aGELIN)
ACTH1=1.4142=Anil.+YAIW{THI=CSCIN-5THIuSSLIN)

[CALL NRANCHII1.12.X3 ]

V/
NC=Xwg 10

\/
LCALL NRANDHC(I1.12.X7 |

NG=X=510
Jd=de1

v

[c LOOP EQUATIONS |

CONT. ON PO |




fiﬂﬂ?tdl:CHPLX(RSTHlvNC.-HCTHI—NS)ICHPLX[CTHZ.-STHZ)-GLJ

[cALL BIFILT(CANP.CFILT.ONC.OT.INLT) |
L
-

CCOUT=0ZsCFILTL4)
cout=Cccout
V=CEmY+L5wl)

Vo=V

IF(RBEIVD)-LT.ANINI)

IF(vVD.NE.O.)

[CALL ASGRTF(VO.VEART) |

[G1=AGC/VEART |

ERL[CUUT)-CTHX+RIHHG(CDUTHISTHX+ES
ClsEV+C2sE-CInED
1zEVO-EQQPRX

2=01
EIHHG(CDUTI-CIHX—RERL[CUUT]-STHX

1]
U=
E=
EV
EV

CONT. ON PO 9

PG 8 OF 12
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IFtv.LT.TL}

0070401
€ IFIEV.GT.EVMAX JDES=-DES
€ IFLEV.LT -EVMIN)IDES=-DES

LEDOPRX=EQOPRX+EDDPR |

v

TH2=TH2+C4nEV]
THZ=AHQO(TH2.P12)

| CALL TRIG(CCLT.TH2.§THZ.CTHZ ]
. —

v
EVO=EV
0=€

EO0=
EV10=EV1

F

IFLY.GT.TL)

\

|£5=ES¢DES ]

 f
c_
Q0104 &>
<)

8

40
CONTINUE

e MAYBE AN ACRUISITION |

CONT. ON PO 10
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(0070501 >

ACO=RALB+1

7

AVEES=AVEES~ES

ETOEG=BTOLS+ESwES
AKOU=RKOU+FLOATIKDATA?
EKOU=SXOU+FLOAT(KDATAI=FLOAT(KOATA)

B0T0400 01

=

PACA=ACQ/FLOAT(NACAT) |

[

[GTOEV=60RT(PACG=(1.-FACOI/FLORTINACOT Y |

7

AVEES=AVEES/ACO. .
GTDES=G0RT(STDES/ACO-AVEES=AVEES)
AKOU=AKOU/ACA

BKOU=50RT (6KOU/ACO-AKDOU=RKOV)
PRINT 403.PRCO.STOEV

L,
| FORMART(IX.wPACO=m ,E12.4.w .5TOEV=n.E12.4) |

eQ 100F 12
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Vi-20

[PRINT 404.AVEES.GTOES |

404
[FORMAT(LX.wAVEEG=».E12.4.8 ,§TOES=s.E12.4) |

[PRINT 40S.AKOU.SKOU |

405
[FORMATL1X.eAVE KOATR==.E12.4.4 .50 DEV=x.E12.4) |

S06 v,

CONTINUE

PMISS=AHIES/FLOATINARCGT)
PRINT 502.PHIGE

502
[FORMAT(1X .«PR _NIG5ED ACG==.E12.4) |

PFRL=AFAL/FLORTINRLGT]
PRINT 503.PFAL

203
[FORNATI1X.uPR_FALSE ACO==.E12.4) |

[PRINT 304.11.12.111.122 |

KW
[FORMATC1X.»11.12,111.122a.416} ]

PRINT 104

eG_110f




e MISSED ACO |

[AN166=AN18E+1- |

£0T10400 P ]

(] J

CONTINUE

ic FALSE ACG |

RAFAL=AFAL+1. |

Y
0070400 Oy

£l

04 J

PRINT 505

505 W
[FORNATCLX.eNQ ACGUISITLIONEx) |
\/

11
0010506 L
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SUBROUTINE NRANDM(LYN.IZN.ROMN)
ROHN=-6 .

v
R e T T T <00 1 N=1.12 >

LCALL RANDRUIYN.IZN.ROH)

- e o M e e e e e = = m owm e =

1
| POMN=RONN+RON |

vI-22



GUBROUTINE RANOM({IYN.IZN.ROH)
ORTR 1A.18/129.1/
ORTR T.IRT/4194304..2048/

YNz IAm[YN+(1B+IAalZN)/IRT
IYN=MOO(IYN.IRT?

{ZN=HOD(( [B«1AnIZN).IRT)
ROM=FLOATCIYNuIRT+1ZN)I/T
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[ SUBROUTINE BIFILT(X.Y.ONC.T.INIT) |

C CINPUT INTO X(41. QUTPUT FROM Y(41. INLT=0 FOR NEW ONC OR T
C FIRGT ORDER INTERPOLATICN

v
[COMPLEX X(4).Y(4} |

IFCINIT.NE.O!

<
00 10 1

ONMT=0MCs=T

Bla=t(OMT+B. 1u0MT/24.+1.100HT 1.
BZ:(l(11--0H7/24-+l.)-OHT-I.IIDHT~3-]/BI
Ba:l((ll-IUHT/24-—1-]!0HT-1-JIBHT*3.1/BI
B4=l(IOHT-B-}IUHT/24-OI-JIUHT-I-JIBI
Al=0MTmONTuOMT/(24.9B1)

A2=11.sA1

|c DUTPUT ONJ.AL.AZ.B1.B2.83.84 |

1
[Ytdlaﬂlan(41+Xl1))*92!(!(3)*!(2)1-32-*[31-33-?[2]-54-?(li

Xil)=X(1+1)

- wm w 4 m o mm e m wm A m W m om w e

Y(11=Y({+1)
RETURN
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SUBROUTINE BLOBR(N.GAM.VAL.CCL.IL.5.B.1YN,IZN)
DIMENGION TG(12B).RC(128)
DATA G43/.892979511/

1F (VAL -.EQ.D.)

P == === === {00 11 I=1.N >

V=FLOATIL1-1)aGAM
TO(11=CAM/F43uYusEXaEXP(-Y )
B2=62+TCG{[1nT0(1])

| CALL NRANOMUIYN.IZN.RCL1)) |
L
=

[YN=YN+TGE1)=RCC1) |

522=50RT(62)
YN=YN/E22uVAL

. J7
a0 T0 20 VA

PG 1 OF
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[RCIN+1-J)=RCIN-J] |
v

LCALL NRANOWLIYN.IZN.RC(11) |
L ‘q

R {00 13 Ju=1.N >

- m m Em e e e Em e owm m A& e ow om

K]
L¥T=YTT0(JJI=RCT U |

YT1=YT/622=VAL
FILM=FLORTCIL-1)
S=(YT-YN)/FILN
Bz-GeFLOATCIL)+YT

|00 10 31 >—
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SUBROUTINE BLOBPIN.GAM.YAL.CCL.IL.S.B.I¥YN.IZN)
DIRENGION TG(128).RCL 128}
DATA G43/.852979511/

IFIVAL.EQ.D.)

c¢ Toc 39

GAN/GAdaVamEXAEXF(-V ]
(1)aTG0LY}

rs

| CALL NRANDH{IYN.IZN.RCET1) |
= s

----------------- il
[YH=YN+TOC1)mRCLLD ]

622=6B0QRT(E2)
YN=YN/E22aVARL

00 10 20 1]

PO 1 OF 2
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................ 12
[RECN+1-U3=RCIN-J] |

[CALL NRANOM{IYN.IZN.RC{11) |
L_—_.—q

\J

I R A e {00 13 Jd=1.N >

- m wm om m om wm om W e W = o a8 A

3
[Y1=Y1+TGCJJImRC(JJ] |

YT=YT/822eVAL
FILM=FLOARTCIL-1)
E={YT-YNI/FILN
B=-6sFLOARTCIL)+YT

IGO 70 31 >
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GUBROUTINE TRIC(CCLT.ANGR.&.C)
DIMENSION S1INE(I1)
DR=.0174532925

1F(CCLT.EQ.1.)

g
[SINE(1)=GINIFLOATCI-11uDR} |
h}—

10 Lvd
[TR=INT(ANOR/DR+.51 |

[In=ABELANGR/OR+ .5} |

P01 OF 3
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¥I-30

A1

00 10 3

IFCIn.GT.90!

[=8INELIN+11 |

| C=6INE(-IH+80+1) |

r J7 ]
00 _10_30 I8

L

| 6=61INEL-11+180+1) |

| C=-6INE( In-50+1) |

r ST
00 10 30 e

3
[ 6=-6INE({in-180+1) ]

| C=-6INE(-In+270+1) |

o
=y
4

[e=-6INE{-In+360+1) |

| C=8INECIN-270+1) |

PQ 2 OF
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VI-32

[GUBROUTINE AGORTFINU.5) ]

[c_

MAX INTERP ERR=1.46(\1.LE.X.LE.128 |

X=RBS{XU)

1

of




IF(X.GT.4.)

CONT. DN PO 3

go.2 of S
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VI-34

5=11.3137

RETURN

ERS ‘
2

[6=.05177s1X-126.1+11.3137 |

Ens‘!
k]

[6=-07322%(x-64.1-8. ]

L)
-




~J

£

4
| 6=-103550(X-32.1+5.6568 |

AB

g

[6=.14644m(X-16.3+4. ]

RETURN

°F

g
[6=.2071m(X-B.)+2.8284 |

\/
RETURN

g

"
"
"N

928e(X-4.1+2. |

v

B2

o

[8=-4142w(X-2.0+1.4142 |

RETURN

B3

g

| 6=.5657m{X-1.1+1. |

\/
RETURN

g

[6=.8284=(X~.5)+.7071 |

CONT. ON PO 5
PG 4 oF S
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RETURN

-

1l
[6=1.171578(X~.25)+.5 ]

RETURN
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GUBROUTINE DATASCIXU)
DIMENEION IRC(6)
?QTS IRC/0.0.0.0.0.1/

IFCIRC(1).NE.IRCI(E))
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APPENDIX VII
MISCELLANEQUS SUBROUTINES

This appendix presents three subroutines which were found useful in trouble-
shooting the receiver during the software development, but were not used in the
production runs.

The first is OSCILL which is an oscilloscope and plots three inputs. These
are entered into the routine by lists. The routine automatically scales the
output.

The second is SURY which is a voltmeter. It gives the mean and standard
deviation of the input, as well as the mean and standard deviation of the absolute
value of the input.

The third is CHMEM. This was used early in the analysis when there was one
conditional probability matrix which was the position by position summation of
all four of the matrices of this report, i.e., just P{B/A). It generates infor-
mation to determine the skew of the matrix.
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S SUBROUTINE OSCILL{LLL,X,Y,2)

C XYZ PLCTTED VS it

gyona7 — DIMENSTION OUT(E6Y,X(90),Y(90),7¢(90}
200007 CATA ELANKySTARXX,YY,27,A2/
- - T HTH GIPR LR, IHY, 1H2, K07
gaeaar L=LiL~-1

I 1 ST FAX+VMIN
300010 XMAX==-1.E10

600012  XMIN=1.E1¢
100914 DO 10 I=1,L

TIUTVIST 7 7T TUIFA{2(IN JGTLXMAY) XMAX=Z (1)
Qgugze IF(Y(IN 6T XMAXY XMAX=Y(T)
ogooz27 TF{Z(T) LT XMINY XMIN=Z(I)
toac3y IFCYIT) Ll TaXMINY XMIN=Y(I)

- J1C00041% IF(X{I)«GT o XMAX) XMAX=X(I)
300046 io IFIX(TI) LT XMIN) XMIN=X(I)
COOO0%E™ T T USLOEES L/ (XMAX - XHINY T
gguasn Bs=66 4P AMAXZ(XMAX-XNIN) 466,

o C " THEN SCALE
000064 XINT= (XMAX~-XMIN) /865,

000067 PRINT EQ,XHlX,XHIN,XINT

€a0121 99 FORMAT {1X 4*MAX= *,Gik.6,* CMIN= ¥,G14.E,
T o +¥ INT= #,614.6) '

Jou1n1 IF(XMAX, GT Do e ANDXMINLLTL0.) IVZ=INT (R}
noQ1tn - STEERP=0.

fNto11s 2h D0 20 I=1,€%&

100117 28 OUT (I )=STAR

ngo123 TF(XMAX . GTale e AND.XFINSJLT o 0W) OUT (IYZy=AZ
D EE ' T TFUSTEERLEC.1.) GO TO 2¢
100136 OUY (INT(SLO*X (1)+B))=XX
10014 T OUT(INT(SLO*Y (4)+BY =YY
200150 OQUTCINT(SLC*Z(1)+8))=272
agaisy Li=1
000155 PRINT 22,LL,0UTY
”UEUIGK__““zz“““FURHAT(iifra,66#1)
300164 LEND=L~1
00166 DO 23 LL=2,LENT
000172 nn 28 I=1,66
0004173 ~ 28 OUT(I)=RLANK
1004177 OUT (1)=STAR
T ounenn - DUY{G6EY=STAR ~
ng0230 IF (XMAX.GTu0e s ANDLXMINGLT 0.} CQUTIIYZ)=STAR
300212  DUT{INT(SLO®X(LL) +B))=XX
gaez21 CUTCINT(SLO*Y (LL) +B)) =YY
cega3y  OUT({INT(SLC*Z (LL)Y+B))=27
qag23? 23 PRINT ¢2,LL,OUT
R D FER T STEERE=T, T
g0025% GN TO 24
L bFiLE r-i] QUTCINT(SLO*X (L) #+B) ) =XX
509264 OUT (INT(SLO*Y(L}+B))=YY
“ge 2Tyt OUTLINT(SLO®Z¢LYeB))=27
00302 PRINT 22,L,00T
I REroRN. -
0Cg312 END
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T SUBROLTINE SURVICX,V,VS)
pcogos DIMENSION VS(8)

CUTE00006 0 T 7T IF(CXL.EQ.1.)G0 T0 1
gcooie VS{1)=vS{1)+1.
B LR TR VSTR2YSVS(2Y+Y -~ 77
000013 VS (L) =VS{4) +ARS V)
ougeels " VS({B)=VS(B)+V*Y
503020 GO T0O 2
TuTsezs 0 10 CONTINUE
900020 IF(VS(1).EQ.4.)COTO3
TTTRYNUZYT T T T T VS =VS(2Y7VS(L)
a00023 VS (L) =VS{4) /VS (1)
900725 NUH=VS{B)Y 7VSTL) -VS (2) ¥*VS(2)
300830 IF(DUF.LT.0.Y GCTOL
joge3e T ¥S {31=SQRT (DUWM)
300036 DUM=VS (B /VS(1) =VS(4) *VS(4)
CETooEe T T IF(OUWL LT 0. GUT0S T
300044 VS{5) =SORT (DUM)
TTYRO00S0T 77 7 PRINT 20, VS
Jooaos? 20 FORMAT(BELZ.4H)
1330%7 ° RETURN

jano6d 3 PRINY 10
T I0UURh 17 T FORWAT(1X,¥MISSED CCUNTH)

100964 RETURN

3000865 7 & PRINT 11

100071 i1 FORMAT(1X, *SQART PBLM 1%)
B 31 1 A RETURN

gooe72 5 PRINT 12

TUUTIU7E I FORBATULX, ¥SORY PBLM 2%}
00476 2 RETURN
jogaoTy T END
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SURROUTINE CHMER(SE)

N03003 DIMENSINN SR8, 8)
Cggeguy - T T A=0.
000004 auL=0.
~CTITOS T RURE
ceooos ALL=0.
‘Je0007 ALR=0.,
Jfoa10 S=0.
Jtu011 00 10 I=1,4
294012 No 20 J=1,L
GOUTII T T VESEIT,, JY#S0(9-T,9-0) -SE(I,3-1)-5B(2-T, /)
093033 A=A 4V
700035 AUL=AUL+SEI(I, )
Jcooey AUR=AUR+SE(I,9-))
100046 ALL=ALL+SE(9-T,J)
gegese ALR=ALR+SE(I-1,9-0)

THQUOST T 20 T SETIVEY
fooced ic CONTINUE

asutes " A=A/4i6.

300067 S=SQRT(S/16,.-A%A)

nggo7L " PRINT 30,4A,5

J0ol1a3 30 FORMAT(1X,*MeSD MEMORY *,2E12.4)"
“ERUI0T T T PRINT T 11, UL, AUR,ALL, ALK o '

000117 31 FORMAT(LX,*BY QUADRENTS*,ZE12.4,/,13X,2E12.4)
080117 RETURN -
009120 END

VII-4



APPENDIX VIII
NOMINAL RUN PRINTOUTS
TITLE
ENODB-7,  Fading

"oo-9.4, " "
"1, "M
o1y, v
9.4dB Acquisition, Fading
" " No Fade
12.4dB Acquisition, Fading
. " No Fade
Probability of V, 6dB, No Fade
" ", 9,.4dB, No Fade
" ", -20dB, Fade
" ", 6dB, Fade
" "y 9.4dB, Fade
9.4dB, DYNR = 0, Fading

", DYNR = 3, Fading
" , DYNR = 6, Fading
", DYNR = 0, No Fade
", DYNR = 3, No Fade
", DYNR = 6, No Fade

PAGE
VIII-2

o ~N o O s W

1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
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¢-1LIA

ENODD= 748 +DELF= 628 +BIFf= 1000 ,8L2= 176 HNSLICE= . 26 +ASOFY=_3000- — —_——

SVRHZ= 1. s SHHX= 2.815DE+04 ,SWMN= 6.8500E+03 ,FLO= 1.0000E+01 ,FRGDOP= 0. +FADPRY= 1.0800E+03
TL= -6.50 4OYNR= - 3.0 ,SDAMP=_ 230 ,SDPMA= .4T0 ,1i,12,111,122 4129 430 1 4 S
WN= 165.9 ,K= 468.6 ,TAVI= 4.5000E-01 ,TAUZ= B.4420E-03 ,NNB= «3 JKB= Hi4.9 ,TAUBL= 2.0353E402 ,TAURZ= {.M945E+09
—RE= _ 6,.1053€=-02 ,SIDEY=_ = = = il
LOCKIN= 1 ,DROPOUTS= 1 JAVES  4.4OB00E+01L ,STO DEV= 0.
_ERRM S S e . e e e e S -
4.EOCOE*GL S.CCLOF+00 6€.000CF¢(0 2,0G000F<C0 1,.3G00E+00 2.00G0E+00 G- 1.00CO0E+00 1.0000E+08 &.0008E¢L0
e . 2.3000€#00 2.00006400 —1. 00006400 - 4. 00006400 1. 0Q00E+QD  2.C000E400 - Q. 1.00006+00 2.0000FE+80 0.
S.0000E+00 1.7000F*d0 1.000CE+#00 3I.00GIE+0D 1.0GCEE+DD 1.0000E+D0 Q. 1.0000E+C0 1.0000E+98 1.B30049E+08
—0—— 1.0D00E¢(J 2, 0000EeCy 31.000DE4DD 0. Do G — 9. 1.0000E+80 ¢,
2.CO00GE+0C 1.0000F+00 0. t. . 0. 1.8000E+006 1,0000E+230 0. 8.
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APPENDIX X
ALTERNATE CONTINUQUS PHASE MODULATORS

Three alternate continuous phase modulators, a three step upconverter,
an indirect FM modulator and a single step upconverter were considered during
the course of this study. The latter was finally selected because of its
simplicity and minimum parts count. This appendix discusses these alternate
designs.
Three Step Upconverter

Figure 1 shows the block diagram for the modulator and upconverter. The
400 MHz FSK signal is synthesized by generating a 1 MHz signal in a voltage
controlled crystal oscillator and up-converting this signal by mixing it with
higher frequencies derived from a 23 MHz crystal oscillator. The mixing is done
in three steps to make filtering practical at each frequency, FSK is accom-
plished by pulling the 1 MHz VCX0 with a +3.2 volt DC signal amplified from the
TTL data.

The oscillators are specified to have an end-of-1ife long term drift of
+10 ppm. The 1 MHz oscillator is voltage controlled to provide the 64 Hz
frequency shift. A VYCO was chosen over frequency switching to provide phase

continuity between frequencies.

A typical modulation range for a crystal oscillator is 80 ppm (Frequency
Electronics, Inc.). For the needed 64 Hz modulation, this requires a 1 MHz
center frequency and a DC control voltage of +3.2 volts. The freguency will
typically switch in 20 microseconds.

The power losses and gains are indicated in Figure X-1. The criteria for
the design are:

0 An input of 6 dBm into the local oscillator port of the mixer.

o O dBm or less into the signal port to maintain at least a 6 dB ratio

to minimize spurs.

o Limit amplifier gain to approximately 10 dB due to environmental

constraints.

The mixers have a loss of approximately 6 dB at a ratio of 6 dB between

signal and L.0. (per Relcom Co.}.

X-1



Filters are provided in the L.0., lines to eliminate the harmonics of the
square waves generated by multiplying and dividing. This application is not
critical.

Filters are also provided after each mixing operation to eliminate harmonic
spurs. The filter bandwidths were chosen to have a -60 dB bandwidth at less
than the separation of the closest low order spurs.

The spurs of the first mixer were the closest and a crystal filter is
required, The crystal filter is specified by Crystal Network Products. The
2nd and 3rd mixer filters are designed according to Texscan tubular filter
specifications and are summarized in Figure 1. The main objection to the
Figure 1 design* is its overall hardware complexity, high parts count, and con-
sequently, its lower reliability, higher power consumption, and added weight.
Based on information obtained from a crystal oscillator manufacturer alternate
designs are possible.

The following are the constraints which dictated the design parameters:

1. The modulation index is .7 radians +5% over the temperature range

of -40°F to +160°F.

2. Over the temperature range, an ovenized oscillator can be pulled a
minimum of +1 ppm and a maximum of +100 ppm. The minimum value 1is
indicated by a crystal oscillator vendor as being the value one could
pull an oscillator to an accuracy of <5%. The maximum is constrained
by the phase noise of an oscillator which should be »>76 dBc at 100 Hz
from the carrier in a 1 Hz bandwidth. To deviate +31 Hz, this implies
a VCX0 may be centered between 300 KHz and 30 MHz, However, due to
the limitations of practical crystal cuts, the best oscillators are
constructed in the 5 to 20 MHz range.

3. The minimum two-sided bandpass filter 3 dB bandwidth is to be 3%.

The filter attenuation of the closest spur should be at least 40 dB
down at the modulator output. This is because the non-linear power
amplifiers will enhance the spurs approximately 15 dB and also create
intermodulation products. Because of the extreme temperature range
and associated filter drift problems, 60 dB will be used as the design

*M, D. Saferstain, "SAEP Modulator", TRW 10C 7322.4-15, November 19, 1973,
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constraint. The filter will have a maximum of 5 poles to minimize
filter size and number of elements and maximize reliability.
Given these constraints, two alternate modulator configurrations are real-
izable as shown in Figures X-2 and X-3.
Indirect FM Modulator
The indirect FM modulator design based on the narrowband phase modulator
concept conceived by Armstrong, integrates the data, linearly phase modulates
the resultant waveform with a modulation index of 0.0775, and multiplies the
modulated carrier 8 times to achieve an output freguency of 400 MHz at a modu-
Tation index of 0.7. Linear phase modulation is achieved by summing the
carrier in quadrature with the double sideband suppressed carrier modulated
signal; i.e., the output Y(t) as a function of the input signal X(t} is,
Y(t) = cos {wu.t) + X(t)sin(u t)

= cos(ut + tan”'X(t)) = cos{u t + X(t))
for |X{t)|<<1. 1In this case, X{t) = gr¢(t)dt where g is the modulation index

2.461538 HHz 399.999553 HHz + 32 Hz

25.846153 HHZ 3 o dom
aav|  voo 5
3l 1,00tz + BNy Sy Ediin % Z11din 1 gy dlin (o -6dBn 355|ﬂ 9de P 118
32 Iz y - K -
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4 b I_ e |
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FIGURE X-1
THREE STEP UPCONVERTER MODULATOR
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FIGURE X-2
INDIRECT FM MODULATOR

and ¢(t) is the digital data. The one fundamental drawback to this concept is
the practical implementation of the integrator and mixer. For long strings of
marks or spaces, or where the average number of marks and spaces are not equal,
the integrator and mixer must have sufficient dynamic range to operate over the
entire period of data transmission. Furthermore, the phase modulation apprgx1-
mation holds only for the range where |X(t)|<<1. Since tan o= q- E§-+ = eees
if we modulate one bit at a modulation index of .0775, a string of data where
the marks outnumber the spaces by 10 bits would increase the distortion from
.2% to 20%**, clearly an unacceptable situation. Lower modulation indices may
be possible by decreasing the 50 MHz LO and increasing the multiplication fac-
tor. AHowever, in view of the simplicity of the single conversion direct FM
design discussed below, this design is untenabie,

*% The desired signal at the output of an FM modulator is:
Y(t) = cos(mct + gre(t)dt).
The actual signal out of the narrowband FM modulator is:

Y(t) = cos [w t + tan (BI¢(t)dt)]

- cos [ugt + sra(t)dt - B3 (ra(t)at)3 -,; ()7 -+]
where the higher power terms in the expansion are the distortion terms. If for
one bit, 8s¢(t)dt = .0775 radians, then the distortion is in the order of
(.0775)%/3 = .2%. Where the data is such that ; ¢(t)dt = 10 fe(t)dt, the dis-
tortion increases to (.775)2/3 = 20%.

5
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Single Conversion FM Modulator
The single conversion direct FM.modulator shown in Figure 3 takes the 0
dBm output of a FCXO at 20 MHz and upconverts in one step to the output

frequency of 400 MHz. The nearest mixer sideband in the upconversion is 40 MHz
away using a doubly balanced mixer which also suppresses the 380 MHz LO a
minimum of 25 dB, This implies a 3% bandwidth, 5 pele Chebyshev filter may

be used at 400 MHz which would result in the 380 MHz LO being attenuated an
additional 40 dB to a total level of 65 dB and the 40 MHz sideband attenuated

to 68 dB. The total loss in the filter is approximately 5 dB, thus an 11 dB
gain amplifier is needed to bring the output to O dBm. This modulation techni-
que is simple and straightforward, requiring a minimum of parts, meets all the
design constraints and, based on the new oscillator data, is the TRW recommended
design.

VexXo | o dB -6 dBm BPF | 400 MHz
DATA 88 BPS >_.)‘20 ol "‘)(? )‘402 iz ——)'—< OdBm

LOCAL
OSCILLATOR
386 Miz

FIGURE X~3
SINGLE CONVERSION DIRECT FM MODULATOR

X-5



