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FOREWORD

This digital simulation study is a continuation of Contract NAS2-7395 and
the previous study report (NASA CR-114739) and was performed under the auspices
of the NASA Ames Research Center. The first study concentrated on accurately
modeling the communications equipment of relay 1ink and the atmospheric scintil-
lation characteristics of an outer planet. This study optimizes the modulation/
demodulation link of the previous study and investigates the impact of various
scintillation models. For completeness, this report summarizes the results of
the previous report. Both the mean error rate and the acquisition properties
of the link are explored. The design of simulated equipment was formulated by
the TRW Systems Group under subcontract to McDonnell Douglas Astronautics
Company-East. Under both studies maghetic tapes of bit error histories were
delivered to the Ames Research Center for evaluation of candidate convolutional
code structures.

The author expresses his appreciation for the assistance provided by
Mr. T. Grant of ARC who performed the decoding analysis and provided the pre-
liminary decoding results for this report.
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DIGITAL SIMULATION OF A COMMUNICATION LINK
FOR PIONEER SATURN URANUS ATMOSPHERIC ENTRY PROBE

SUMMARY

A digital simulation study is presented for a candidate modulator/
demodulator design in an atmospheric scintillation environment with Doppler,
Doppler rate and signal attenuation typical of the conditions of an outer
planet atmospheric probe, The simulation results indicate that the mean
channel error rate with and without scintillation are similar to theoretical
characterizations of the link. In addition the simulation gives information
for calculating other channel statistics and generates a quantized symbol stream
on magnetic tape from which error correction decoding can be analyzed. Some
results from the magnetic tape data analyses are also contained herein.

The receiver and bit synchronizer are modeled in the simulation at the
level of hardware component parameters rather than at the loop equation level
and individual hardware parameters are identified. The atmospheric scintilla-
tion amplitude and phase are modeled independentiy. Both normal and Tog normal
amplitude processes are studied. In each case the scintillations are low pass
filtered.

The receiver performance is given for a range of signal to noise ratios
with and without the effects of scintillation. The performance is also
reviewed for critical receiver parameter variations.

Part I of this report is the body of the study and is bound. Part II of
this report contains the appendices and is unbound.

vii
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APPENDIX I
COMPLEX AMPLITUDE NOTATION

Complex amplitude notation is a convenient way to normalize the notation
to a reference frequency. The signal waveform is thus

x(t) = Re' {X(t) exp (i w,t)3,
where the reference fraquency is W and the complex amplitude is

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

x(t) = Re { Aexp (J0) exp (3 w,t)}

= A cos (wot + 8).

When multiplying in complex amplitudes

z(t) = x(t} y(t)
or z(t) = Re {¥(t) exp(Fwiyt)y Re (¥(t) exp (§ wyt) b

Using the identity

Re €% (£)3 Re (J(t)} = zRe (X(£) ¥(8) + X(t) Px(t)1,
the star denoting the complex conjugate, we have

2(t) = 7 R (X(t) (&) exp (3 (wghuy)t)

+ X(t) ¥*(t) exp (3 (wy-wq)t)}.
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(t) h(t-t)d .
In complex amplitude notation

¥(t)

12 RelX(t) exp (3 wyT)Y Re {R(t~1) exp (§ wy(t=t))} dr
%-Re{{:k(f) R(t-1) exp(j(wo-wl)r)exp (i w1t) dr }

+

%-Re{{i%(T) f*(t-r) exp (J(wytwydr) exp(=d wyt)dr 1,

I-1



Normally, x(t) and h(t) are referenced to the same frequency, so that :”)
y(t) = %-Re fexp (wt) 12 X(x) R(t~r) d 1}
+ L Re fexp(-gut) 17 X(x) Wx(t-r) exp (2jwt) d <},

When the bandwidths of the signal and the filter are narrow compared to the
center frequency, one may neglect the second term, so
¥(t) = %—__{': X(t) B(tw) d .

Finally, when the carrier is zero, to represent baseband signals,
Yty = £0 %(t) Bit-q) dw

Figure I-1 illustrates the usage of complex amplitudes in the simulation.
The input has the signal amplitude M0 and phase 9, plus noise B 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
INPUT
BPF CAD > FyfS)
2
~Jge 1 €1+8y =8
w/2
Lo
7 /—- fﬂisiﬂ (91 -Bz"‘ﬂ
o h 4 —»{ Fi(S)
281 2 . J PD
— B -0yt
K/S
FIGURE I-1 COMPLEX AMPLITUDE USAGE
I-2
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APPENDIX IT
SCINTILLATION FILTERING

ABSTRACT: A tapped delay line filter is presented to represent atmospherie
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 amplitude 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 effeects
can be adequately modeled by assuming the amplitude effects of the form

ACe) = A (1+ x (£))

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 £-4/3 roll off (mote
herein the signal is a woltage term). Similarly, the phase effects could be

modeled as
2
8(t) = 90+ elt + Gzt + 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
4/3

F(s) = (a/(st+a)) ’

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

By simple algebra, the corner is then

3/4 1/2
w/a = (2 -1 = 8257074727,
or for amplitude & = 15.21891351
and for phase a, = 1.521891351 ,

I1-1




The Laplace transform of the impulse response from Ref (A2-2), is
ne) = [a*/3/r /3 16 e -any
and T(4/3) = .892879511 ,
For t of zero or infinity of course
n(t) |
t

t

0
0

o

nna

The function has a2 maxima at

dn(t)/dt | = 0

=1
3a

The impulse response is shown in Figure II-1l.

3. _Z Transform - The quickest computational form of a filter is generally the

Z transform (Bef (A2-3)), This is just the Laplace transform with -the substitution:

2 = exp(sT)
Utilizing the simplest interpolator, zeroc order hold, the discrete transform is
- i
a-2"h 2z ).

Since for the case in question
zf((a/(s+a))4/3) = a4/3 F_l(4/3) ¢L/3 et ,
2 = rt - - -
then &ﬂ(BF(s)) g 34/3 r-t (4/3) t 1/3 e 3t g = £(t)

and by definition

ZRGe)) = ¢ £z ™
8 n=0

I1-2
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Thus
2Ere)= = 12*3 17473y rEamy Y3yt 32
n=0 °

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

Z(%F(s)) = I

{P(2ant |%) Yz ,
n=0

Then the complete transform is

(1-z1) z (%F(s))= (1-2H{ 3 P(Zan'l'"g")z—n}
n=0

-1

= P(Ol%)z"o + P(ZaT{g)z + P(AaTlgoz'2+. ..

- 1?(2aT|%)z"’2 - P(4a'l‘|§') 2 3., .
=0+ P(ZaTl%) z 1+ {P(43T|~g-) - P(2aT|-g)}z—2
+ {p(6ar|d) - p(sar|DH1

+l - -
The output ¢ for the input I is then

¢ = aT|DH 11D + Uard - rardHi(@-2T)
+ (2(6ar B - p(4ar| DI

+o . v

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, g_+ a

Nk

2 -1 >
P(x7|v) =T T(v/2) L
| n ni (% + n

0

the conventional delay line vrepresentation appears preferable.

I1-3
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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. e

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

£ = al(2y) = be/Y

Therein T = v/a,

£, is the corner frequency, and for the 4/3 £iiter
K = 3.804728378.

The latter describes the fold over aliasing, and effectively defines the lowese¢
frequency (excluding zerso) represented,

fL = 1/{NT)

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

0.133Y3 reas3y /a3y

T

I

.179740828/a .

Similarly, the "length" should sum to 0.95 to 0.99, i.e., for the filter in
question

4/3 2 1

8y _ i
P(2aNT|3) = & 2a dr,

e o G

where T =0T = ¢#(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 II-3 and 1I-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 showvn 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, ¥ = 32 appears quite reasonable to an octave beyond the corner, after

which the phase respouse 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 commer.

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

has twice the length. It shows wery little improvement over the second filter.

1I-4
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5. Conelusion - A model for turbulence effects on propagation has been reviewed,
and a digital representation designed. The design is summarized in Figure II-6.

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

Reference

A2-1 - V, I. Tatarski, "The Effects of Turbulent Atmosphere on Wave Propagation",
NSF TT-68-50464, 1971,

AZ-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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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
s 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 1ikely state sequence
of the encoded data from the set of possibie 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 setect the maximum 1ikelyhood
state sequence, based on a set of obseprvations. The path metric, is formally
defined as =1n Pr{X|Z}, where X is the set of observations, and Z 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. 1In simpler terms, if M(= *1) is the expected symbol at a given point
in time, then Vk(i) = Vk(i-1)-XiM1, where Vk(i) is the Kth path metric at time

i. The state sequence with the smallest path metric is the maximum likely-
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, . .
1f one of these state sequences is the correct state sequence, then Dk j(1)=‘"k(1)-"j(1)
wiTl be Tess than zero unless 1ZX1M1<0, where the set, i, includes ?

only those observations where the state sequences differ in interpretation.
For the correct path, E{XiMi} = n.

Clearly, if X is a normal random vam‘ab1e5 then2AK J(1’) is also a normal

3
random variable, with a mean ny = Nnx, and o, = ch , where N is the number of
observations contributing to the decision. Then, at any point, an error is
committed only if 4y J(i)>0, which would occur with probability Q(nXJNVGX)
]

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.

I11-1




3. Quantization

When the symbols are quantized prior to decoding, the X's are no longer
normaily 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+2a)-0(nx+3a)

Pr{Z = -3} = Q(nx+a)-0(nx+2a)
Pr{Z = +5} = Q(n -3a)-Q(nx-Za)
Pr{Z = +7} = 1-Q nx-3a)

} ® a2, 2 ot N
where Q(X) 1 fx exp-{t nx) /Zcx dt and "a" is the quantization level.

c_ven
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. Ir this case, we derive these
bounds using the Laplace transform of the probability distribution of Z, pro-
ceeding as follows:

0,(5) = 5(23-9)

18 pr{z = 2J-9}e
J=1

Since convelution in normal space is simply a product in transform space,
the transform of the probability distribution of 4 is,

$,(8) = [¢Z(S)]N
Let WA(S) = 1n ¢A(S)

¥Ya(S) = NIn[ 2? Pr{Z = 2J-93e3(29-9)q
J:

v,(s) = dv,(s) N z8(20-9)Pr(z=20-93e%(21-%)

"3 J=1

£8ppz=20-91e5(29-9)
J=1
Now, the Chernov bound can be expressed,
YA(S)

Pr{a>o} < e
¥,'(8)=0
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Thus, we need to solve for the value of 3 such that,

z? (23-0)Pr{z-20-01e529-8) = g
J:

This can be solved numerically, and a value for Pr{a>o} found for any N. Note,
however, that

y,'(S) =0
Z

Thus, we need only solve for the case N=1, and find the value of "a" which
minimized Pr{a>o} N=1" For the case n_ = ZUX, which is one of the conditions of

interest, the variation of Pr{a>o} with "a" is 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 = '62°x'

Figure III-3 illustrates the sauie 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 conciusions were at significant variance with
emperical data, {t 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>c} leads to a choice of quantization level of r\:().Gclrx, which is halfway

between the emperically determined values of 0.5 to 0.7ax.
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AKAGC
AKEG
ASOFT
BIF
BL2
BL2B
DELF
DYNR
ENODB
FBAMP
FBPHA
FQDPRT
FRQDOP
ICLLN
NACQT
NRUNS
PMFILT
SDAMP
SDPHA
SVRHZ
SWNM

SUMX
TAU3

TAUS
TAUB
TL

APPENDIX IV
LIST OF SYMBOLS

(Input Symbols)
AGC Gain constant

AGC offset

Soft decision quantization reference
IF Bandwidth

2 BLO {(AFC)

2 B, (Bit sync)

Delta frequency

Dynamic range of AGC below “minimum" signal
Energy to noise density in decibels
AmpTlitude scintillation corner frequency
Phase scintillation corner frequency
Frequency Doppler rate

Frequency Doppler

Control variable for scintillation
Number of acquisitions, each problem
Number of bits, each problem
Premoduiation filter corner frequency
Gain of amplitude scintillation

Gain of phase scintillation

Sweep slope in Hertz

Sweep minimum

Sweep maximum

AGC time constant

Baseband time constant

Doppler time constant

Threshold

IV-1
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A
AAMP
ACOR
ACQ
ACTHY
AFAL
ADB
ADOA
ADOS
AERR
AERRI
AGC
AK
AKAGC
AROU
AKBMIN
AKEG
ALCOS
ALSIN
AMIN
AMISS
APHA
APM
ARGU
ASOFT
ASOFTI
ASTHI
AVEES
AVEEV
A1, A2
A5
BIF

V-2

(A11 Symbols)

Signal voltage

Normalized amplitude scintiilation
Scintillation normatization

Number of true acquisitions

A cos (TH1)

Number of false acquisitions

A dropped bit

Average number of bits in a dropout
Standard deviation of number of hits per dropout
Printout form of AERRI

Errors in a internal of bits

AGC gain furction

AFC loop gain

AGC gain constant

KDATA at acquisition

Bit synchronizer AK minimum

AGC gain offset

List cosine

List sine

Minimum A to AFC

Number of missed acquisitions
Normalized phase scintillations
PremoduTation fiTter constant
Argument

Soft decision quantization reference
Soft decision quantization slope
Asin (THT)

Average ES

Average EV

IF filter constants

Baseline connection filter gain

IF Bandwidth
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BL2
BLZB
BPER

BPM
BRATE

B1, B2,
B3, B4

CAMP
CBINT
CBINZ
CBIN3
CBINA
CB1
cB2
CB3
CFILT
CORAMP
CORPHA
CPM
CTH1
CTHZ
Co0
Cl
C11
c2
c22
€3

C4

€5
CS5AMP
C5DP
C5MH
C5PHA
Co
CoAMP

2 B g (AFC)

2 B {(bit synchronizer)

Bit peried

Premodulation filter constant
Bit rate

IF filter constants

Complex amplitude into BIF
Hits in SBINSI
Hits in SBINSZ
Hits in SBINS3
Hits in SBINS4

Bit synchronizer Z transform constant 1
Bit synchronizer Z transform constant 2
Bit synchronizer Z transform constant 3

IF filter output

RC Amplitude normalization

RC Phase normalization
Premodulation filter constant

Cos (TH1)

Cos (TH2)

Gaussian polynominal coefficient
AFC filter Z Transform constant 1
Gaussian polynominal coefficient
AFC filter Z transform constant 2
Gaussian polynominal coefficient
AFC filter Z transform constant 3
Normalized AFC VCO gain

AGC Z transform constant 1

RC Amplitude scintillation factor
Doppler Z transform constant 1
Baseline Z transform constant 1
RC Phase scintillation factor

AGC Z transform constant 2

RF Amplitude scintillation factor

iv-3
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C6DP
C6MH
C6PHA
DELF
DPM
DES

DT
DTHI
DYNR
D11,22,33
E

EDOP
EBOPR
EDOPRX
ENO
ENODB
ENOM
ENOMIN
EPULL
ERRDMP
ERRI
ERRDMP
ERRM
ES

EV
EVMAX
EVMIN
EVO
EV1
EVIC
EV10
EV10C
EQ
FBAMP

V-4

Doppler Z transform constant 2

Baseline Z transform constant 2

RC Phase scintillation factor

Delta frequency

Premodulation filter Z transform constant
DT*SVYR

Delta time

Delta THI

Dynamic range of AGC below "minimum" signal
Gaussian polynominal coefficients

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

AFC pull in range

Error count

Running count of errors in an interval
Error count

Error spacing matrix

Sweep voltage

Vo'ltage from AFC filter

Maximum sweep voltage

Minimum sweep voltage

Last EV

Voltage after Doppler addition
Voltage into bit synchronizer
Last EVI1

Last EVIC

Last E

Amplitude scintiilation filter corner




FBPHA
FBTAU3
FBTAUS
FBTAUG
FDIFF
FOIFFB
FIDO
FLO
FQDPRT
FRQDQP
FYCOB
F1, F2
GAM43
GAM43A
GAM4 3P
Gl
GILIM
HDRI

I
TAERRI
IAMP
IAMPC
IBIT
ICAMP
ICCLRC
I1cDC
ICLLN
ICPHA
IDATA
IDATAQ
IDATAU
IDLBIT
100
IDON

Phase scintillation filter corner
Corner frequency of TAU3

Corner frequency of TAUS

Corner frequency of TAUG

AFC pull in

Bit synchronizer pull 1in

Float (1IDO)

Lo detune

Frequency Doppler rate

Frequency Doppler

Frequency VCO bit synchronizer

Dummy print variables

Scintillation filter tap spacing target
GAM43 for amplitude

GAM43 for phase

IF amplifier gain

Maximum G1

Truncated ASCII Header

Dummy 1index

Index of AERRI

AmpTitude scintillation counter
Phase scintillation counter

Phase of bit synchronizer

RC amplitude filter counter

Control variable for RC scintillation
Octal bit counter

Control variable for log normal scintillation
RC Phase filter counter

Current bit

Last IDATA

Last IDATAO

Number of output bits before error count
Number of dropouts

ID0 counter

IV-5




IDTS
IDUM
IERRSP
IFILT
IFRAME
IHOLD
IHOLD1
ILoC
ILOCF
INCREC
INCTIM
IPHA
IPHAC
IRCD
IREC
IRECB
IRECO
IRECT
IRUN
ITAPE
ITHI
ITH2
ITIMI
ITIM2
IWORDI
IX

IXD
IXM
I, I
12, 122
15,155
16,166
J

dd

Iv-6

Dummy Tine index

Dummy counter

Error space

Dummy 1ine index

Counter to NFRAME

In phase bit synchronizer level
Last IHOLD

Counter, bits to lock

Final 1LOC

Tape record increment

Tape time increment

Phase scintillation counter
Amplitude scintillation counter
Register contents data generator
Record number

Bit number in record

Dummy record number

Total number of records

Number of tape problems plus 1
Counter of words in the record
Integer of THI

Integer of THZ

Tape time initial

Tape time final

Bit packed word of symbol decisions

Bin of soft decision

Data bit in the ship register
Last IX

Random generator number
Random generator number
Random generator number
Random generator number
Counter for samples per bit
Dummy counter

et S



NS

1, J11
J2, J22
35, J55
J6, J66
K

KB

KKK
KDATA
KOUNT
K1, K11
K2, K22
K5, K55
K6, K66
MACQ
NACQT
NBIT
NBIT2
NC
HFRAME
NN
NNOUT
NOUT
NRUNS
NS

NSPB
NO

N43
oMC

OMT
0OTH1
OTH]
OTH11T
OTH12
PACQ

Random generator number
Random generator number
Random generator number
Random generator number
AFC YCO gain

Bit synchronizer VCO gain
Total bits of the measurement
Counter of IDATA

Counter of IMS

Random generator number
Random generator number
Random generator number
Random generator number
Counter of NACQT trials
Number of acquisition

Phase of IBIT to dump in phase integrator
Phase of IBIT to dump guadraphase integrator

Quadrature noise

Bit length to define error history
N43-1

NOUT/10

Rounded value of IAERRI

Number of bits per run

Quadrature noise

Number of samples per bit

Noise density

Number of scintillation filter taps
Baseband equivalent of IF in radians
Incremental OMC

Filtered THT plus YP

Filtered TH]

Filtered TH1 back one time

Filtered THT back two times
Probability of acquisition

V-7




PFAL
PEI
PHIB
PHIDEG
PHISS
PHISSB
PI

P12
PMFILT
PRNO
PROB
PROBI
PROBT
PMISS
QERR
QERRO
Qv

RCA
RCP
REMTX
R1
SBINST
SBINS2
SBINS3
SBINS4
SB1
SB2
SB3
SB4
SDAMP
SDPHA
SENRT
SHFTH
SIG

Iv-8

Probability of false acquisition
Probability of error

Steady state bit synchronizer phase error

Steady state AFC phase error

PHIB in radians

PHIDEG in radians

Pi

2*pq

Premodulation filter corner

Noise 1ist

Probability list

Incremental probability

Dummy for probability Tist
Probability of missed acquisition
Yoltage to bit synchronizer filter
Last QERR

Voltage from bit synchronizer filter
Register contents amplqtude
Register contents phase
Trignometric routine number
Random number

Probability matrix for -1-1 input
Probability matrix for +1-1 input
Probability matrix for -1+1 input
Probability matrix for +1+1 input
Hard decisions SBINST

Hard decisions SBINS2

Hard decisions SBINS3

Hard decisions SBINS4

Gajn of amplitude scintillation
Gain of phase scintillation

Sign Doppler re

THT mod PI2

Normalized noise



Y,

SKoU
STDAQ
STDES
STDEV
SPEI
STH1
STH2
SUYAT,2
SUYP1,2
S2A,P
S22A,P
SVR
SVRHZ
SHMN
SWMX
S2A
S2p
S22A
s22p
TAUB1
TAUB2
TAUPM
TAU
TAUZ
TAU3
TAU4
TAUS
TAUG
TGA
TGP
TH1
TH11
THi2
TH2
TL

Standard deviation of acquisition at KDATA

Standard deviation of acquisitions
Standard deviation of ES
Standard deviation of EV
Standard deviation of PEI

Sin {TH1)

Sin (TH2)

RC amplitude filter statistics
RC Phase filter statistics
AmpTlitude, phase gain squared
Amplitude, phase gain sum
Sweep slope

SYR 1in hertz

Sweep minimum

Sweep maximum

Ampiitude tap gain squared
Phase tap gain squared
Amplitude tap gain sum

Phase tap gain sum

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

AFC filter constant 2

AGC filter constant

Sample filter constant
Baseline filter constant
Doppler filter constant

Tap gain amplitude

Tap gain phase

Signal phase

Th1 back one time

TH12 back two times

Phase angle from AFC YCO
Threshold

iv-9




e e

TSYNC
TSYNC2
U

UMH

v
VA

VD

VDP
VMH
VP
VAQ
VXqc
WN
WNB
X1
XIHOLD
X10
X100
XISIG
XISUM
XQ
XQCOR
XQ0

Y

YA
YAPO
YAPOA
YAX
YAXX
YP
YPX
YPXX
ZETA
ZETAB

IvV-10

Period of bit synchronizer VCO
Half TSYNC

Yoltage into AGC filter
Voltage into baseline filter
Voltage from AGC filter

Normalized corner frequency of amplitude scintillation filter

Absolute version of V

Voltage from doppler filter
Voltage from baseline filter

Normalized corner frequency of phase scintillation filter

Voltage at XQ
VXQ corrected
AFC Toop natural frequency

Bit synchronizer natural frequency

In phase integrator voltage
Last XI

Last XI

Last XI0

Standard deviation of in-phase integrator voltage
Mean of in phase integrator volitage magnitude

Quadraphase integrator voltage
Voltage XQ corrected

Last XQ

Absolute value of YA
Scintillation amplitude

One plus YA

YAPO in volts

Normalized RC amplitude
Unnormalized RC amplitude
Scintillation phase

Normalized RC amplitude
Normalized RC amplitude

AFC damping factor

Bit synchronizer damping factor

D
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ERROR RATE
i) COMPUTER SOFTWARE
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APPENDIX VII
MISCELLANEOUS 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 SURV which is a voltmeter. It gives the mean and staindard
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.

A subroutine, used to cut the magnetic tapes, which is not include. “arein
is BUFFLT. This is a bit manipulation routine to transfer the 60 bit w.- s of
the CDC 6600 to the ARC magnetic tape format. The subroutine is peculiar to the
Kronos 2.0 operating system, and is very system oriented, e.g., it is not
compatible with the Kronous 2.1, The call statement has 5 arguments: a)
jdentifier of particular tape number, b) read/vrite/rewind/end-of-file command,
¢) first and d) last word to be written and e) a number from the subroutine

indicating the record number.

VII-1



SUERQUTINE OSCILLILLLsX,4Y,2)

C XYZ PLCTTED vS LLL
- guuag7 DIMENSTION OUT(E6Y,X(90),Y(90),2(30)
1900087 DATA BLANK,STAR)XXsYY, 22,2/
“"%+1H ,1P¥’iyx,iHY,1H2;iHﬁ/
gaoanaz L=LiL~1
' ) c i ST MAX+VIN

Jgooio XMAX=-1.E40

gooaiz ¥MIN=1,.E1C

jgoniy DO 10 I=1.L
CTTOUTIST 7T T T TIF{2ITIY LW GTLXMAY) XMAX=Z (D)
gcoanzz IF(Y{I)GT4XMAXY XMAX=Y (D)
genc27 IF(ZIT) LT XMINY XMIN=Z(T)
$00034 IF{Y(T) aL T XMINY XMIN=Y(I)
1c00&1 IF(XCI)aGT.XHMANY XMAY=X{T)

2000486 10

Ululbo
0Ga060
I
004064
002067
£eg101 99
Jouing
fpoiin
N0E115 24
100117 20
npo123
go013a
n01136
gogisyg
060150
ngoiss
000159

TUUTe% ee

J001iv4
0g0ie6
agoirz2
§usL”3 28
100477

IFIX{I)oL TaXMIN) XMIN=X(I)

- SLU=65,/ (XHAX=-N¥HINY "

Bz=B5 J¥XMARF(XMAX-XFIN) +66.

- THEN SCALE

XINT= (XMAX~XMIN) /65 ,
PRINT 99,XMAY ,XMIN, XINT
FORMAT {1X ;¥ MAX= %,G1lh¢6,% MIN= *,GLh 46,

T A¥TINT= %,G14.6)

STEEP=0,

a0 2¢ I=1,EE

MUTLI)=STAR

TF (XM AY eGT a0 a ANDLXNENLSLT S 06) CUTCIYZ)=AZ

T IF{RTEER.EG.L 4} 60 YO 2%

QUT (INT(SLO*X (1) 4B} )=XX
QUTIINT(SLO*Y{1)+B))I=YY
OUTCINT(SLO*Z(1)+B))}=22
tt=1

PRINT 22,LL,0UT

"FORWAT(iX,I3,66A1)

LENC=L~-1

DO 23 LL=2,LEND
nn 28 I=1,E6
QUT (T)=RALANK
NUT{1y=STAR

ouuz2o0
100230
aggziz
000221
{00230
000237 23

OUT{6BY=STAR -

IF(XMAX eGTel0a o ANDSXMINLJLT 0} OQUT(IYZI=STAR
QUT (INT (SLO*X{LL) +B))=XX
OUT(INT(SLO*Y (LL) +B)) =YY

OUT (INT(SLC*2 (LL)+B)) =22

PRINT E2,LL,0UT

V00253 STEER:=], T

fgaz25% 25
Jifzes
o027y
400302

SLEEES U

100312

VIii-2

GN TN 24
QUTCINT(SLO*X(L) +B) ) =X¥
DUT(INT{SLO*Y (L)+B))=¥YY
OUT(INT(SLO*¥Z{LY+B))=22
PRINT 22,L,0U0T7

“BETURN e

END
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SUBROLTINE SURVICX,V,VS)

acacae DIMENSION VS(B)
109006 TF{CX«EQe1.43G0 TG 1
gfao1o US{1)=vS(i)+i.
GUUUIT T T VS(2)=VS(2) +V
ngoog1L3 VS (L) =S (4) +ABS (V)
otoais VS(6}=NVS{B6) +V*y
agagzo Go 70 2
1C702D 1 CONTINUE
q00020 IF(VS{1).EQ.0.)YG0TO3
g67921 VS (2} =VS(2Y/7YS (D)
109023 VS (4)=VS{4) 7YS (1)
600825 DUM=VS(6) /VS(1}-VS{2) *¥V5(2)
Jo0a30 IFtDUNM.LT..0.) GCTOL
qogo3e ¥S{3)=3SQRT (NUM)
200836 CUM=VES(6) Z7VS(L) =VS(4) ¥VS{4L)
goouEFeE IF{DUF.LT.0.3G0T05
100044 VS {5) =SQRY (DUM)
alipif i PPINT 20, VS
Jaeos7 20 FORMAT(BELZ.4)
131057 RETURN
Jdn0s60 3 PRINT 10
190088 19 FORMAT{1X,*MISSED CCUNT¥)
NCEn6y RETURN
103085 L PRINT 11
169071 11 FORMAT{1X,*SQRT PBLM 1%)
Jnga7i RETURN
egno72 S PRINT 12
n0J076 12 FORNMATILX,*SORT PBLY 2%3
1g0076 2 RETURM
jogao7v ENN
OF Poumcehon 8
o OO’R‘QH}XLI’IY /
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% SUBROUTINE CHNEM(SH,

103003 DIMENSION SRr(8,8)
aogue 3 A=l

f 000004 auL=n,

; T0J005 ADR=Q,

| £coongs ALL=0,

: 00007 ALR=D,

- JC0010 S=0.

i 300011 NN 416 T=1,4

: J0go12 N0 20 J=1,4

i geoa13 V=SB(I,J)+S8(9-T,9-)-SE(T,9-1)-SB(9-T,0)

{ n80033 A=A +Y

| 10a03% AUL=AUL +SB{I,J}

: jcodst AUR=ALR+SR(I, 9-J)

i I00046 ALL=ALL+SBE(9-T,J)
Jgaes2 BLR=ALR4SE(9~T,9=J)

! TOOUS7?™ 2T S=SHU¥y
. DO0C63 10  CONTINUE

| 000055 A=A/16,

J Joaae? S=SORT(S/16.~4%1)

g n33874 PRINT 30,4,S

! . 100143 30 FORMAT(1X,*M+SD MEMORY ¥,ZEi2.4)

1 ‘ fecoio3 PRINT J1,AUL, AUR,ALL,ALR

" ' J00147 31 FORMAT(1X,*BY GQUADRENTS*,2E12.44/,13X,2E1244)
gcoi117 RETURN
13429 NN
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APPENDIX VIII
RECEIVER OPTIMIZATION PRINTOUTS
Title Page
Premoduiation Filter Parametric

PMFILT = .3, DELF = 44 VIlI-6
.5 7
.7 8
1. 9
2. i0
11
PMFILT = .3, DELF = 62 12
.5 13
o7 14
1. 15
2. 16
17
PMFILT = .3, DELF = 88 18
.5 19
o7 20
1. 21
2. 22
23
AFC Bandwidth Parametric
BL2 = 176, DELF = 44, PMFILT = 1 24
205 25
235 26
262 27
323 28
352 29
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APPENDIX VIII
RECEIVER OPTIMIZATION PRINTOUTS (CONT)

Title Page
AFC Bandwidth Parametric (continued)
BL2= 176, DELF = 62, PMFILT = .7 VIII-30
205 31
235 32
264 33
323 34
352 35
BL2 = 176, DELF = 88, PMFILT = .5 36
205 37
235 38
264 39
323 40
352 41
Dynamic Range Parametric
DYNR = 0, No Scintillation a2
3 43
6 44
20 45
DYNR = 0, Gaussian Scintillation 46
3 a7
6 48
20 49
DYNR = 0, Log Normal Scintillation 50
3 51
6 52
20 53
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RECEIVER OPTIMIZATION PRINTOUTS (CONT)

Title
TAU3 Parametric

APPENDIX VIII

FBTAU3 = .5, AKAGC = ,034, Scintillation

.75

FBTAU3 = .5, No scintillation

FBTAU3 = .38, AKAGC = .106, Scintillation

FBTAU3 = .5, AKAGC =

1.3
5
1.3
FBTAU3 = .75, AKAGC

FBTAU3 = 1, AKAGC =
2.6
1.
2.6

g :‘”.Ti’:;::j.: g

016

.106, No Scintillation
.016

.106, Scintillation
016

.106, No Scintillation
o016

= ,106, Scintillation

,016
.106, No Scintillation
.016
.106, Scintillation
.016
.106, No Scintillation
016

Page

VIII-54
5b
56
87
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
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APPENDIX VIII
RECEIVER OPTIMIZATION PRINTOUTS (CONT)

Title Page
Dopplew Filter Parametric
FBTAU6 = 3, FQDPRT = 5.4 VIII-84
10.8 85
21.6 86
FBTAU6 = 1,5, FQDPRT = 5.4 87
21.6 88
FBTAU6 = .75, FQDPRT = 5.4 89
10.8 90
21.6 91
BaseTline Filter Parametric
FBTAUS = 17.6 FQDPRT = 5.4 92
~10.8 93
21.6 94
FBTAU5 = 8.8, FQDPRT = 5.4 95
21.6 96
FBTAUS = 4.4, FQDPRT = 5.4 97
10.8 98
21.6 99
E/N, Parametric
ENODB = 6, No Scintillation 100
7 101
8 102
9 103
6, Scintillation 104
7 105
8 106
9 107
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Title

APPENDIX VIII
RECEIVER OPTIMIZATION PRINTOUTS (CONT)

Acquisition Threshold Parametric

TL = -6
-8
-9
-11
-13
-15
-17
~19
~21
~23

.5

.5

Acquisition Parametric

ENGDB =

ENODB =

4, TL = -17
5

6

8

9
10

5, TL = 21
9

Page

VIII-108
109
110
[k
112
113
114
115
116
117

118
119
120
121
122
123
124
125
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