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1 INTRODUCT [ON

The ROSCOE Communication Model is a computer program that combines
the ROSCOE nuclear phenomenology and propagation modules with a package
that simulates a communication link and computations specific to four
types of digital modulation. These are: binary frequency shift keying
(FSK), both coherent and non-coherent, and binarv phase shift keying
(PSK), both coherent and differentially coherent. These four were
selected because they are applicable to a large number of satellite com-
munication systems, both current and future, and because mathematical

models of these processes are readily available in the literature.

In addition to the choice of modulation, the user has a wide range
of options in setting up the link parameters. He may select antenna
types, beam patterns and gains, RF frequencies, bandwidths, transmitter
powers, receiver noise factors, line losses, and bit rates. He may
select either plain amplification or regeneration (i.e., demodulation
and retransmission) of the signal at the satellite transponder. The
"ground" stations may be either stationary or mobile, and may be air-
borne. If (as is usually the case) the receiver filters are not per-
fectly matched to the signals, the appropriate mismatch losses will be
calculated. |If one or more of the antennas are phased arrays, the off-
boresight scanning loss will be computed. All of these are applicable
individually to the uplink and downlink and separately to each antenna,

transmitter, and receiver in the system.

The environmental effects which are modeled include losses due to
absorption (both nuclear-induced and ambient), refractive beam-spreading,
and dispersion (additional filter mismatch at the receivers), external
noise due to nuclear sources, atmospheric absorptive effects, galactic
sources, the earth, and the sun. Also included are correlated amplitude
and phase scintillations due to striations. The amplitude scintillations
(fades) affect all types of signal modulation through the signal-to-noise

ratios at the receivers; the specific effects of the phase scintillations
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on demodulator performance are considered in detail for the PSK modula-
tions. The most complete model is available for the case of DPSK, where

the user can also choose either to average the effect of the instantaneous
phase scintillations over the ensemble of possible phase errors or to

select a (correlated) random sample from this ensemble at each calculation.

This memorandum briefly describes the mathematical models contained
in the ROSCOE Communication Model. Although the sources are indicated
whenever possible, no attempt has been made to derive or justify these
formulae and algorithms. To do so would have multiplied the length of

this document several fold.
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2 THE FUNDAMENTAL PARAMETER

The fundamental parameter which can be used to determine the pro-
perties of a digital communication link is  , the ratio of the total
average received energy per signal element to the noise power per unit

bandwidth:

= E/N (1)
O

This can also be expressed in terms of other important properties of the

link bv noting that

S\ . S\B :
(= (N) B (\) Log, M (2)
S ; ; - :
where (N) = received signal-to-noise ratio

= length of a signal element, seconds
B = receiver IF bandwidth, Hz
= data transmission rate, bits/second

M

number of possible waveforms per transmission: for an

M-ary system,

log M

The dependence of y on the basic system and propagation param-

eters can be made explicit by recalling that

&
PG G )
S t t
¥y = g " + T
(4n) R llllzkﬂ(fn _lx)
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where P = total average radiated RF power at transmitting antenna

t
(IL = gain of transmitting antenna
(}r = gain of receiving antenna
= wavelength of transmitted carrier
R = distance between transmitting and receiving antennas
. = total propagation loss between transmitting and receiv-
ing antennas
Ll = system loss between transmitter and transmitting antenna
L2 = line loss between receiving antenna and receiver
k = Boltzmann's constant
B = receiver IF bandwidth
Tn = nominal system noise temperature
Tx = receiver noise temperature due to all external noise

sources

The two temperatures appearing in this equation are further defined

by
L, = 1 = L=l
T M G L (8F = 3je #4-—=—1I0 (5)
n 9 p [¢) 9 p
and
"
R s
2
where TR = receiver noise temperature
T = physical temperature of antenna
p
6
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NF = receiver noise figure

T = reference temperature (T = 290°K)
Q QO

T, = antenna noise temperature due to all external noise

sources

Finally, it is assumed that both link antennas are steerable
reflectors pointing directly at one another. [f either of the antennas
is a phased array, thun‘i{q. 4 must be altered by replacing the appro-
priate gain factor, G , by ﬁ” cos 6 , where U” is the boresight gain

of the phased array antenna and ¢ is the current off-boresight beam

pointing angle.

All of this excruciating detail has been given here because this
set of equations determines how the communication system and the propa-
gation environment interact to produce the fundamental parameter. All
propagation effects can be described by stating how they affect either
L or 'l‘A , and any additional losses caused by demodulator performance

in an imperfect environment are functions of the received value of

before demodulation.

The present version of the ROSCOE Communication Model considers
binary systems only. Thus M 2 and g 1/t . Furthermore, it
might be worth noting that the time-bandwidth product is generally a

number of the order of unity: B » 1.
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3 PROBABILITY OF ELEMENT ERROR
The measure of overall system performance used in the ROSCOE Com-
munication Model is Pv , the probability of element error. Recall that
a digital signal consists of a sequence of symbols, each of which is made
up of a sequence of elements. For each received element (including
spaces) in the message the receiver makes a judgment, based on tests
which are specific to the particular signaling mode being used, as to
which element was transmitted. The probability that the receiver will
make a wrong judgment on a given element is P‘ . If M > 2 each ele-
ment conveyvs more than one bit of information, so in general P(. is not

the same thing as the probability of bit error. For M = 2 the distinc-

tion vanishes.

Of course, appropriate coding can be used to reduce the incidence
of message errors even when PU is not insignificant, but coding is a
complex subject with which we shall not be concerned here. The element
error probability, Pc , is the final output of each calculation in the

Communication Model.
For each of the binary digital modulation modes contained in the
present ROSCOE model, there is a simple closed-form expression for P
e
as a function of y alone, which can be found in standard texts on com-

munication theory such as Ref. 1. These are:

Coherent Phase-Shift Keying (CPSK)

Differentially Coherent FPhase-Shift Keying (DPSK)

p = ; exp(-y) (7b)
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Coherent Frequency-Shift Keyi

Non-Coherent Frequency-Shi

l’l‘ ) (':‘:p(— :'?)

where erfc(x) 1 = exf(x)

Since these simple expressions

cannot account for any possible dep
As such they are strictly valid onl
environment which is changing very
the element length. For more rapid
tude variations (slow fading) theyv
the probability distribution funct
expressions would then represent
compassing many fades, and would 1
ministic single-pulse model. Wh
as is usually the case when propa;
even more complicated moditicatis
appropriate modifications have b
porated into the ROSCOE model. r

available and are not included

[t should be emphasized that
further analysis, and provide good

fied form.

™ gy ————

(/l)

(/7d)

involve only ¢ , they obviously
endence of P on other variables.
&

v isolated single elements in an
slowlly (or not at all) relative to
ufticiently slow, ampli-

in be modified by integrating over

m in y , if known. The resulting
average P over a time period en-

t

longer be appropriate for a deter-
phase fluctuations become significant,
ion through a striated medium occurs,
ire necessary. For PSK systems the
found in the literature and incor-

FSK, such modifications have not been

Eqs. 7 are useful starting points for

baseline computations even in unmodi-




- AMPLIFICATION OR REGENERAT LON

Satellite communication is almost alwa a process in which two
different stations on (or near) earth contact one another by way of a
satellite station as intermediary. The complete path of communication,

then, involves both an uplink a 1 downlink, each affected by its indi-

vidual propagation environment. Each link therefore will have its own
value of P which will, however, have only a potential existence unless
&

the signal is actually demodulated upon reception at the link terminus.

Fhe ROSCOE Communication Model calculates the values of I’L' for
the uplink and the downlink and also for the total up-and-down communica-
tion path. The way in which the total P for the received signal is

&
determined depends on how the uplink signal is processed at the satellite
before retransmission to earth. There are fundamentally two ways this
can be done: amplification or regeneration. he ROSCOE model permits

the user to select one or the other of these alternatives; they are, of

course, mutually exclusive in any given transmission.

The satellite transponder can amplify and retransmit the incoming
signal without ever demodulating it. In that case, neither the poten-
tial P(‘(up) nor the potential i'“(dnwn) have an actual existence; only
the f’(‘(lt)!.’ll) exists and is calculated by means of an appropriate equa-
tion (e.g., Egqs. 7) as a function of y(total) . Letting Ry and 'd
be the fundamental parameters for the uplink and downlink, respectively,

it is not difficult to show that

B &
v (total) = B“'“ : + : (8)
dd "u "d
where B r and Hi y are the respective time-bandwidth products.
u u d ¢
10
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On the other hand, it regeneration is used, then the satellite

transponder first demodulates the incoming signal, then imposes an equi-

valent modulation on a new signal which is transmitted down to earth.

Now, both P (up) and P (down) have concrete existence and meaning,
e 2

and the value of P (total) must be caleulated by carefully combining
e

them in proper fashion. The correct

M for the system; since we are concerned at present only with binary

systems, it is easily seen that

P (total) = P (up) + P (down) - 2P (up)-+P (down) (9)
e e e e e

(L

11
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5 PROPAGATION AND THE ENVIRONMENT

On its way from transmitter to receiver the signal is affected or
acted upon by the environment through which it propagates. These effects
show up as loss factors to be multiplied into L , as antenna tempera-
tures to be added to 1 y » Aan I as phase fluctuations which affect some
types of communication systems in more complicated ways. Some are spe-
cifically related to the nuclear bursts and associated phenomena: smoothly-
varyving absorption (appearing as a loss factor LA), fluctuating absorp-

tion due to striations (appearing as correlated fades changing the value

of y), beam-spreading loss (L. ), dispersive loss (L”), fireball noise

)
B *
(TF). and phase scintillations with variance 1§~ and decorrelation time
D Some are related to the natural environment: tropospheric absorp-

tion (lq‘), ionospheric absorption (included as part of L,), noise due to

A
atmospheric oxygen and water vapor (lT)' solar radiation (Tg)’ galactic
radiation (T(), and the earth's effective radiating temperature (TF)'

All of these will be described briefly in the following subsections.

5.k NUCLEAR AND IONUSPHERIC EFFECTS

A stochastic calculation of the effects of the ionosphere and any
nuclear fireballs or debris regions on signals propagating through them
may be thought of as the pivotal element in the ROSCOE Communication
Model, comprising as it does the meeting place of the nuclear phenomeno-
logy, signal propagation, and system aspects of the model. This is not
the place, however, to discuss the details of these calculations, which
may be found clscwhvre.z ROSCOE contains modules that calculate the
electron density along the path; the locations, directions, size and
density distributions, and motions of striated regions; and refractive
propagation through smooth or striated media. Combining these data with
the locations, properties, and motions of the transmitting and receiving
antennas, it is possible to compute values tor the simple absorption
(LA), beam-spreading loss (L“), RMS phase scintillations (1), scintilla-
tion decorrelation time ('D), and integrated electron density (IE) along

the path between these antennas at any given time. It should be noted

12
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that this calculation includes the efftects of hoth dispersive time delays
and dog-leg multipaths on the phase error variations, and therefore dif-
fers from some of the simpler models found in the literature, which

include only the former.

Another calculation based on the nuclear phenomenology provides a
value for the effective integrated ftireball thermal noise temperature

(']’F) as seen by the receiving antenna for the given link. This model

involves the sizes, shapes, temperatures, emissivities, motions, and loca-

tions of all contributing tireballs, the attenuation along the paths con-
necting them to the receivers, and the appropriate beam-filling factors

related to the size, shape, and location of the antenna beam.

5.2 DISPERSIVE LOSSES

When propagating through an ionized medium, a time-Iimited signal
experiences dispersion, which alters its spectral content. If such a
signal is then put through a receiver filter which is matched to the ori-
ginal transmitted form, there will be a mismatch and consequent energy
decrease which we can express as a dispersive loss. Two distinct losses
of this type are included in ROSCOE by means of simplified but generally

adequate models.

The original signal element is idealized as a rectangular pulse of
length , and the receiver filter is idealized as a rectangular band-
pass filter of bandwidth B . Even if there is no dispersion, such a
filter is not really a match to the signal, so there will always be some
mismatch loss, L_ . For PSK modulations this primary mismatch loss is

¥

represented by I.F = l/wU , where Ny is defined by Eq. 20' in Sec. 6.1.

The analysis leading up to the definition of 1 presented in that section

is pretty complicated. For FSK modulations, a simpler form of analysis
is used which in effect considers isolated single signal elements and

ignores the alterations due to coupling of quasi-random trains of such
pulses in real signals. The primary mismatch loss can then be shown to

be given by

13




% (10)

where

It is well known that the loss function of Eq. 10 has a broad minimum at

X 2.2 (equivalent to 1B 1.4), at which point the mismatch loss is
approximately ],}, 1.2 (0.8 dB). If the filter bandwidth differs from
this optimum value the loss factor will be accordingly greater.

If in addition the signal experiences dispersion through traversal
of an ionized region characterized by a total integrated electron density
of lF , then there is an additional dispersive loss. By making a qua-
dratic approximation to the dispersion function, it is not difficult to

find an expression for this dispersive loss factor; it turns out to be

A (12)

where
S 2,2\ |
G(a,x) f ""]?”A expli l,‘ ds (13)
0
and
0.06];/2
A pstisin S8 (14)
'(fj/z
14
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f being the carrier frequency (Hz). This approximation is used in the

ROSCOE model.

5.3 TROPOSPHERIC AND CELESTIAL EFFECTS

As the signal traverses the troposphere, it is subject to a loss,
["I , due to absorption bv oxygen and water vapor. The downlink antenna
also receives a noise component, designated by T‘I , due to reradiation *
by oxygen and water vapor. The calculation of these two effects is based
on curve fits to empirical data on these two phenomena, as functions of
antenna elevation angle and carrier frequency. These models were taken

= 3
directly from the SATL code, and will not be reproduced here.

There are also noise components, in one or the other receiving
antenna, due to 'celestial" sources, namelv the sun, the galactic back-
ground, and the earth as a radiator. For most frequencies of interest
to satellite communication systems these are relatively small temperature
increments, and their values can only be approximated since conditions
vary with time and location. Nevertheless, approximations to these three
antenna temperatures have been included in ROSCOE in the interest of

completeness.

The uplink receiving antenna, looking down upon the earth, does
not see the sun or the galaxy. It sees the earth's surface, radiating a
noise whose power can be related to an antenna temperature, 'l'[: . This
noise, which comes originally from the surface but is transferred to the
satellite antenna by way of reradiation through the atmosphere, should
be a function of frequency f . However, we have not been able to find
data on this phenomenon, so in the present ROSCOE model we have substi-
tuted a constant temperature, approximately that of the upper atmosphere,
'l"r 250° . If a more realistic model should come to our atten-
tion it can easily be substituted for this approximation, which in the

namely

meanwhile we retain.

15
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the general galactic background, and from the sun if some portion
antenna's mainlobe intersects the solar disk. The ROSCOE models f

4
these phenomena are taken from a paper by Hogg and Mumford.

The received cosmic noise from the galaxy appears as from a

which varies with angular distance from the galactic center as wel

with the carrier frequency. There are also, of course, localized
include a map of their locations in the ROSCCE model, so they are
latitude and longitude involve more calculational complexity than

imate average temperature which is a function only of the frequenc

the sunspot cycle, as well as localized phenomena such as flares.

ing this, we will use the mean temperature of the quiet sun, which

function only of frequency. Empirical data are well fitted by the

ing approximations:

_ For £ < 2350 MHz or £ > 35 GHz
; 14
Tg = 22107 o
t
16

T A e

he downlink receiving antenna, looking up, receives radiation

of the

or

contin-

uous source covering a large area of the sky, but having an intensity

1l as

cosmic
sources (radio stars, quasars, etc.), but it would not be practical to
ignored.

Similarly, the variations in galactic noise temperature with celestial

is

y:

lgnor-

is a

follow-

(16a)

B

from

warranted by the importance of the result. This is replaced by an approx-

The noise temperature of the sun depends somewhat on the time within



——

For 250 MHz < £ < 35 GHz ,

the fre

2 x 30 2y 4 1‘ sin|2s log 2.6(f - 1077 U.IH)|= (16b)

quency t being given in Hz.

Unless the solar disk completely fills the radar beam, however,

this is

find T,

depends
It the
factor
forward

here.

not the antenna temperature seen by the receiver. In order to

it is necessary to multiply T, by a beam-filling factor which
on the size and location of the antenna beam relative to the sun.
solar disk is completely outside the mainlobe, the beam-filling
is approximated by zero; otherwise, it is computed by a straight-

but complicated little algorithm which need not be reproduced

17



b SCINTILLATIONS AND STRIATIONS

It the environment remains constant or varies slowly in a smooth
manner, the computations already described are sufficient to complete
the model. The presence of striations and the attendant scintillations
introduces new difficulties which must be dealt with. Propagation
through a region of field-aligned striations is known to introduce phase
f luctuations, often of considerable magnitude. At a sufficient distance
from the striated region ("phase screen') these can add up to produce
signiticant amplitude fluctuations as well, although it is not uncommon
to find little or no amplitude fluctuation at a place where the phase

is scintillating greatly.

This is not the place to go into the extensive literature on the
origins and properties of these scintillations. In any case there is
not vet a general consensus on this subject, and the debate in the litera-
ture continues to be sometimes heated. What is needed for ROSCOE is a
model which is in good agreement with experimental data or theoretical
findings for such cases as are widely acceptable by the community, which
produces reasonable resuits for cases where understanding remains obscure,
and which passes smoothly from one regime to the other. It is desirable

to make as few ad hoc assumptions as possible.

Let us consider now the modeling of the effects of phase and ampli-

tude scintillations on the digital communication systems.

6.1 PHASE SCINTILLATIONS

The ROSCOE propagation model produces a description of phase scin-
tillations which is stochastic rather than deterministic. The corre-
lated phase fluctuations at the receiving antenna are represented by a
zero-mean, stationary Gaussian process with variance ..2 and decorrela-
tion time ™ ° From these two quantities it is possible to build up a
picture of how a PSK communication system will be affected by the phase

scintillations. This analysis has been very well described in two ESL

18




3,6 . " .
reports, upon which this part of the ROSCOE model is primarily based.

Although we will quote the needed results in this subsection, the reader

is referred to the original reports for details.

As far as FSK communications svstems are concerned, we have no in-
formation on possible effects of phase scintillations on them, and the

ROSCOE model does not contain any such effects.

Returning to the statistical model presented in the ESL reports,
it is assumed that the phase scintillation process is represented by a

first-order Butterworth power spectral density (PSD) function:

SR
“/i)

) )

el (l/~“)‘

corresponding to an exponential autocorrelation function of the form

B ) & ye (18)

The two-sided PSD of the PSK modulated signal with the random
phase scintillations imposed on it is called S‘\_(t') and is given by a
complicated expression which we shall not attempt to reproduce here.
When the signal is passed through the receiver's band-pass filter (of
bandwidth B), it can be shown that the signal-to-noise ratio after fil-
tering is reduced by a factor n as compared to its value prior to the

filter. The factor is defined by

f +B/2
(8]
0GBt/ = S f s (0 af (19)
Y, I ;
f -B/2
O
19




where A is the amplitude and f the frequency of the signal carrier.
O

Ihis factor 1 is quite important for the rest of this analysis. In

addition to expressing the SNR loss due to [F filtering prior to demodu-

lation, we shall also see it appear in the analysis oif the performance

of a CPSK demodulator.

With a considerable amount of effort, the integral in Eq. 19 can be

reduced to a series whose form, however, is not particularly transparent.

It 1&¢
; 2
AR 2n
n(tB, T/t ,u) == ¢ P E U (20a)
D 1 T fn(rB,T/TD)
n=0
where
nt _”'/‘U
[HB! cos(mBt) + - Hin(nlf:)lv ¥ = 7B
D
tn .
-
n
- (-l)mrm sin(m8 )
+ E 2T (20b)
mem!
m=1
with
5 I 2 A2
r (rB1)" + [n : (20c¢)
g D
and
: =1 )
o - tan BB v (20d)
n nt
20
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A\ i1 ¢ imapined, the creation of a computer subroutine to eval-
uate thi tunct ion wa 1 rather delicate matter.
t should be noted that when there are no scintillations () 0
) the function do not become unity, but takes on the value
- os(nB1) '
3, (1B , (20175
i B
We have just seen that when PSK modulation is being used the signal-
to-noise ratio, and hence also the fundamental parameter y , prior to
demodulation is reduced by the factor Theretore, when regeneration
is being emploved, the values of Y and 4 (the subscripts standing
1 (
for "uplink" and "downlink," respectively) must be replaced by n j and
u'u
N4¥q when evaluating the error probabilities P (up) and P (down).
( ( { L
When regeneration is not being emploved, we must first determine
the values of and D1 for the total composite path consisting of
|
uplink and downlink (the subscript T standing for "total"). For the
varianc the correct formulation is obvious:
) ' | )
g (21)
i il \!
For the decorrelation time, however, the appropriate combination can only
be estimated; we use the dapproximation
-1
] ] 55
D1 + (22)
) Du Dd
We can now use these values to compute the factor oy for the combined
two-way path. Finally, it can be shown that the total received vy before
demodulation at the ground receiver is given by
23
s G - - - —— o — I -




which may be compared to Eq. 8 where the efte

£t of the loss factor

was not vet known. 'he probability of element error, P (total) , is
e

omputed using thi o

l'he calculation of P , however, i 10t now done by means of Egs.

t

’a and 7b for PSK modulations. These are replaced by more complicated
forms taking into account the effects of the phase scintillations on the
demodulator performance. Again, the complete analyses are found in the

ESL documents previously referenced; here only the results are stated.

For DPSK we first define the amplitude

parameter,

and the variance of the phase difference between successive elements,

From this point there are two ways we can goj

both and allows the user to select the one he
tion is desired to be as deterministic a PO

are chosen from the zero-mean Gaussian di

and substituted directly into the formula tor

form

ro
rS

the ROSCOE model contains
prefers. If the calcula-

sible, successive value ol

stribution of variance

P , which now has the
e

(26a)




Floa,bd) - ‘)(< CO8E = ¢ O Sin ') t l'(‘ N = 0 eos ")

(26b)

F'he successive values of b used in this expression are computed
in such a way as to remain approximately correlated, with a decorrelation
time ~ « This is done by the usual two-point approximation, as follows:

let the first value in this sequence, be chosen directly from the

fl.

Gaussian distribution. 'he second member of the sequence is found by

choosing a new bt from the Gaussian distribution and computing the

where

-t/
D
F o (28)
‘t being the time interval between sample 1 and sample 2. Succeeding
values of } are found by iterating this procedure:
¥1 - 7
F¢ +V1l - F~ ¢' (27%)
n n-1
with a new b’ (and F 1if necessary) each time.

If this quasi-deterministic model is not required, a mean value

for P can be calculated instead by integrating the conditional

~No
[
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probability of ervor, P (¢) , over the en semble of all possible values
&
ot 4 with their appropriate probabilities, i.e.,
1 .
P Flo,d) expl- = | d¢ (29)
L
J9
9]

For CPSK svstems the problem is more complicated because it is

necessarv to consider the phase-locked loop (PLL) in the demodulator.
The phase error variance at the demodulator is the sum of two terms:
) ) )
- g (30)
n s
A 3
where o is the variance due to noise alone in the PLL, and 0 is
tn ]
the variance due to the phase scintillations in the PLL. It can be shown
that
B
2 2 B
v 1 + (31)
n 2y
where Bl is the noise bandwidth of the PLL.
This loop noise bandwidth can be an input quantity, but it is also
possible to compute its value in terms of other constants which detine
the desired operating characteristics of the communication link. Thus,

suppose the link has to have a probability of e¢lement error given by P

O

and that the RMS phase error in the locp due to noise alone cannot be

reduced below (typically 5"=10°). in an ideal environment, the

fundamental parameter,  , which would be needed in order to achieve
(8]
the given error rate could be calculated by inverting Eq. 7a in the form
P =2 erfeyf (32)
5} 2 e a
24
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Then we can use Eq. 31 to find the desired loop noise bandwidth.

i ‘1" n 1 (33)
L 2 B
k o0 Bk

where 1 is the value of n(Bt,1/ [),4) when there are no scintilla-
O

tions, i.e., as u > 0 and

9
Now we must find “ , which can be expressed as an integral in
s

the form

where H(s) is the transfer funcrion of the PLL and S (w) is the PSD

of the random phase modulation process. “The ftorm ot H(s) , and thus of

2 8
(J’s‘ , depends on the order of the PLL. In the ROSCOE model the

Y

user may
specify either a first-order loop or a second-order loop with damping

factor ¢ . It can then be shown that for a first-order PLL

¢,

2 T

: kel b B (34)
4 Q 4 1

bs 1 + 4B]’ b

and for a second-order PLL with damping factor

2
5 e (L +ab 1)
v1:%=""' S A < (35)
X + 2 b
1 + bBLID lb(BLll))
25
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where

a = (36a)
Gc° 4+ 1
and
)
7 X .
b e (36b)
b + 1

It ought to be mentioned that the most commonly employed compromise be-
tween stability and speed of response in a second-order PLL is to make

the damping factor
1//2

Having found now the total variance of the PLL phase error, we can
relate it to the probability of element error in the following way. It
can be shown that the probability density distribution for the phase error

of a PLL is

where

y 2 Lo’ (37b)

b

and 1 (x) 1is the modified Bessel function of the first kind and zero

O
order. This equation is strictly correct only tor a first-order PLL when
the input is white noise plus a sine wave with Gaussian random phase

q
modulation having the PSD shown in Eq. 17. However, Lindsey has suggested

26
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r
that this probability density should be adequate to represent second-
order loops, also, in the region where thev are usually operated, and
uses Eq. 37 for the PLL of either order; we hall do likewise.
Now we can find the probability of element error by combining this
with the formula for P for a CPSK system, as modified to take into
&
10
account a phase error, , namely
l bl
Pocd) = =lerfic y cos ¢ (38)
| - .
Averaged over the ensemble ot possible phase errors, the mean element
error probability is given by
= 1 2 t cos ¢ )
P 8T ertc Y COS 9 /e di (‘())
e 2ME Gy
)
) 0
7

If a quasi-deterministic, single-element value were desired, we could
take correlated samples from the distribution of Eq. 37 for substitution
into Eq. 38. This option is not available in the present version, but

can be added without much difficulty.

6.2 AMPLITUDE SCINTILLATIONS

With respect to the amplitude scintillations caused by a striated
medium, a more heuristic approach is untortunately necessary, because no
single theory or explanation is accepted as correct over the whole range
of expected conditions. What we are seeking, tor the ROSCOE model, is a
simple computational algorithm which yields reasonable statistics for
the fluctuating signal amplitude at all distances from the near field to
the far field (relative to the striated region), and for all values of
the phase error variance ”i) . We find that a great number of research

papers have been published on aspects of this problem over the past 20

27
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vears. They are very definitely not in complete agreement, often are

contradictory. Yet certain results, valid under specific different con-

ditions, do seem to find gencral acceptance. We have proceeded from

these benchmarks to induce an algorithm which agrees with them where they
are valid and produces reasonable results when extended to regions where

they are invalid. There is no contention here that the algorithm is

' justified, only that it is reasonable

‘correct" or could be rigorously
and has the right values in limiting cases. Since the experimental mea-
surements themselves have not generally been very precisc, we see no

need at this time to try for any more rigorous formulation.

The heuristic induction process, while interesting, does not belong

to this memorandum and will not be described here. We will present only

the necessary preliminaries and quote the conclusions. [t may be worth

tor this work
)

indicating, however, that the sources and starting places

are to he found in papers by Mercier, Briggs and Parkin, Lawrence,

4 ’ g Bl i !
Little, and Chivers, Singleton, Rino and Fremouw, and Valley.

Consider, now, a geometry where the transmitter is located on one
side of a striated region (sometimes representable by a “phase screen'”)

at a distance Rl from it, and the receiver is located on the other

side at a distance R, . We define a new variable

s

&N
R, * K, e

We also define a parameter

L
4] O (101)

B )
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wvhere r is the transverse scale size of the striations. This Z_ is

(8} I

approximately equal to the "Fresnel distance" for these striations. When
the striations are represented as having Chesnut's size distribution with

n = 6 and parameter o , then it can be shown that r s o P
O (8] (8]

The quantity

X '/./7.‘, (42)
determines whether we are in the far field (x - 1), the near field
(x << 1), or as is very often the case, the transition region. In order

to make this transition in a smooth manner we introduce the function

(not to be confused with Marcum's "Q Function')

2
Q) =~ (43)
1 + x°

Now suppose that in the absence of striations the signal would have
had a fundamental parameter = N at the receiver. When the stria-
tions are present the value of | will be increased and decreased in a

time-correlated manner as the line of sight moves across the striations.

To begin the computation of y we define a normalized amplitude,

in the absence of striations.

Given that the striations produce phase scintillations with variance

2
v, we next define the parameter

A= expl- ; Q(x)n‘2 (45)
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This is the heart of the heuristic algorithm. The strength of the scin-
)
tillartions is essentially contained in the tactor 7 , while the factor

Q(x) takes care of the dependence on near-field/far-field distance. We

introduce the normalized amplitudes
P = AR (4ba)
and
d 5
= ¥1 - A" R (46b)

Here, P  is the amplitude of that portion of the signal which remains

in the "specular" component and lp represents the "diffracted" compo-
nent in the sense that f is the variance of this interference term.
It will be noted that conservation of energy is satisfied, since
P‘) + £ RJ.

T O

Now another complexity enters the picture. It is generally
accepted that in the tar field the in-phase component (‘x) and the quad-
rature component ("y ) of the "scintillation noise” are equal, i.e., as

X *

17 T ; . » :
and Rician statistics are valid. At closer distances, there is evi-

dence that more of the energy goes into the quadrature component at the

5 5
expense of the in-phase component, i.c., for x - I, nv > O

5 16
To represent this phenomenon we make use of a result due to Valley,

Let it be stated at the outset that we do not suppose this theory to be
a "correct" representation of the real situation, but only that it pro-
vides a convenient approximation which accounts for the transition and

is probably as good as the current state of data measurement warrants.
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Following Valley, then, we write

VH(x) i (47a)
and
e /1 - H(x) o, (47b)
where
H(x) xf (x) (48)
and

o sin t
f(x) f W dt (49)

0

This function f(x) is related to the Sine and Cosine Integrals, and its
properties are discussed in Sec. 5.2 of the Handbook of Mathematical

Functions.

Finally, using these values of P, o | g * e compute the normal-
) % -
ized output amplitude R and thence the output fundamental parameter
y . If we can ignore the time correlation of successive samples, this

is easily done as follows: select random numbers SX and Sv from

2 g
zero-mean Gaussian distributions with variances ; and \v , respectively.
Then compute

2 . N8 .
R =XP 48 ) 48 (50)
X y
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and

LE8 (51)

In order to include the effects of time correlation, we proceed as pre-

viously described for the correlated phase samples (page 23). The first

samples; S ., 8 , are selected as above. Succeeding samples, S .
x1 vl . Xxn
S g 3 are computed from the formula
vi
\/ 2
S = F§ 2 I (52)
Xxn x(n-1) X
where \;‘ = the new sample from the Gaussian distribution
5 the prior computed value
x(n-1) E f
and

F cxp(-‘l/:n)

and its counterpart for S >
y
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7 INPUTS

The satellite communications model can be run by setting up the
proper FLEXRED "tree" structure in the input stream. The user starts by
putting a communication event dataset on the event list, and then satis-
fies the data input requirements that emanate from this dataset by
inputting five further datasets: (1) the uplink dataset, which defines
the parameters for the uplink transmitter-receciver pair; (2) the downlink
dataset, which contains similar parameters for the downlink; (3) the
transmitter platform dataset, which gives the position of the ground
transmitter; (4) the satellite platform dataset, which gives the satel-
lite's starting position and orbital parameters (if appropriate); and (5)
the receiver platform dataset, which gives the position of the ground
receiver. The contents of these datasets are defined in detail in

Appendix A.

An example data deck for the communication model was set up to test the
code. It was generated by modifying the nominal HIGHALT data deck des-
cribed in Volume 1. The listing beginning on the next page shows the set
of UPDATE change directives used on the ROSCOE DATDEK file to produce the

example input deck.

Card 4 introduces a new scale factor for converting inputs in watts
to the internally used ergs/second. Cards 6-8 are flags for diagnostic
output in the new communications event overlays, and cards 10-12 denote

overlay number as a function of event number.

The changes included in cards 13-32 establish the communications
outputs and their formats, discussed in Sec. 8. Card 34 is a dataset
pointer to the communications event, which places the first communications
event on the input event list. Subsequent communications events will be
generated by the program, using the time step in the communications event

dataset (Card 44).
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BEST AVAILABLE COPY

naTh DECH

~ 0 S A e

<>

MCDS
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«COMPILE wIGHALT
o] mIGHALT,YD
~ATTS T ERGS/SEC
o] =IGHALTY T4
EVENT 22 CUYRIY
EVENT 23 rcuTteT
EVENT 24 CuTPIIT
el ~IGRALT Q7
EvErT 22 CALLS NVEwW_ Y
EVENT 29y CALLS NVERLAY
EVENT 24 Ca((8 OVERLAY
ol HIGHALT, 114
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ol mIGRALT, 127
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UC CUTPUT F(umaT
O0C 0VTPUY FrAmAY
ol FIGHALT 344
(o CTRPLUT FlkmaY
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Communications Event Datasect (Cards 37-56)

39 Event type (always 22 with current model)
40 Fvent time for first communication event
41-43 Pointers to ground transmitter, satellite, and ground

receiver platform datasets

44 Time step between subsequent communication events

45 Modulation type (CPSK for coherent phase shift keying,
DPSK for differential phase shift keying, or FSK for
frequency shift keying)

46 Regeneration flag (YES for signal regeneration at satellite,
NO if not)

47 Coherent FSK flag (YES for coherent FSK modulation, NO
otherwise)

43 Fully deterministic mode flag (YES for fully deterministic
simulation, NO otherwise--see Section 6)

49 Constant zeta (a constant used in the second-order PLL
mode, currently set to 0.707)

50 Order of PLL (FIRST for tirst-order phase-locked loop,
SECOND for second-order)

51-52 Pointers to the uplink and downlink datasets

) Space for six variables computed internally (input 6.0
zZeros)

*

54 Initial value of Tl (set to -10 on input for initialization)

55 Initial value of T2 (set to -=10)

56 Space for nine internal variables (input 9.0 zeros)

Uplink Dataset (Cards 57-81)

58 Transmitter power

59 Transmitter frequency

60 Transmitter gain

61 Receiver gain

62 Transmitter loss factor (between transmitter and its

antenna)

i . ;
T1 and T2 are used internally for keeping track of the times at which
data samples are taken (for time correlation purposes).
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|

H swvstem 1ine twe tellite antenna and stellite
I!llp-v:v‘n" ! ¢

64 Phased arr t Y 1 tor phased arr » NO
otherwise)

H5-6bH Azimuth and Pt t transmitter
nta 14

t pace for ti itter ant: i ht (enter 3.0 zeros)

68 Phased array receiver flag (YI for phased array, NO
otherwise)

H9-70 Azimuth and elevation pointing I receiver antenna

3 Space for receiver antenna bore t (enter 3.0 zeros)

Bit period for uplint

73 IF tilter bandwidth

74 Bandwidth tor phase locked

5 Beamwidth of transmitter nte 1

76 Signal-to-noise threshold tor eptin ignal

77 Receiver idelobe level

78 Space for bit error and phase error computed internally
(input 2.0 zeros)

79 Receiver noise temperature (enter value here or enter noise
figure and physical temperature of receiver in the next two
words)

30 Spaces for noise figure and physical temperature (enter
2.0 zeros if noise temperature is input above)

81 Spaces for internal calculations (enter 32.0 zeros)

Downlink Dataset (Cards 82-106)

Same type of data as for the uplink dataset

Transmitter Platform Dataset (Cards 108-110)

109 Type of platform (enter FIXED for a platform fixed with
respect to the earth. Other options are CIRCULAR for

circular orbits, ORBITAL or ELLIPTICAL for elliptic orbits)

Note: other types I‘«'(((lil‘t'

Pl, Pi; P3q

110 Position of the fixed plattform (1

i”i!ll(ﬂ (see descriptions ol datasets

additional
and P4 in Appendix A)

37




1

rmo1at

e of pl
ftion «
'rn )it
e ot {
ital

2 itude

rererence ;n\iv

Ch=Cent

ending

Orbitail pe

cred

node

'y
pla

ird 14-1
(f (. 111 3

t=01 1nter
AT X

I LT ence
! el Lt
satellite

38

!
) )
»ry
)())
rbit
C O
'
¢
el
int
¢ 1

no

le at time of arrival

itellite past it

interest

rence point-of-interest




8 OUTPUT

A sing

S

le output table has been constructed to display the communi-

cation results. The OUTCOL format described in Volume 1 of this manual

is used; it

sets up a maximum of ten column headings and displays any

variables the user specifies, in the format defined in the input deck.

For the communication model these outputs are given:

Column I

ro

Column

Column 3

oy

Column

w

Column

Column 6

Column 7

Column 8

Column 9

I'ype of Output. Program prints the message COM-RECEVD if
the communications are received, or UP-LIMITED or DN-
LIMITED if the signal noise drops below a specified
threshold in either the uplink or downlink direction.

Time of Output. The engagement time for this line of output.

Uplink Loss Factor. Uplink propagation loss factor (dB)

Uplink Scintillation. Standard deviation of phase scintil-

lations affecting uplink (rad)

Downlink Loss Factor. Downlink propagation loss factor (dB)
Downlink Scintillation. Standard deviation of phase scin-
tillations atfecting downlink (rad)

Probability of Error Satellite. Probability of element error
in received signal demodulated at the satellite (for regenera-
tive systems only)

Probability of Error Ground. Probability of element error

in received signal demodulated at the ground after regeneration
at the satellite

Probability of Error. Probability of element error in received
signal

The output produced by running the HIGHALT data deck (Vol. 1) with

the modifications described in the preceding section is shown on the next

page. The s

fmulation starts at a time 1612 seconds with the first communi-

cations cvent. A large burst goes off at 1620 seconds, directly above the

transmitter,

Forty seconds later, the satellite passes over the transmitter.
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APPENDIX A

COMMUNICATIONS DATASETS

The tollowing pages contain the "DSCRIP" cards for datasets which
are of direct use tor communications cases. DSCRIP cards are discussed
in Vol. 3 of this manual. The C3, CU, CD, 0C, and P4 datasets are new,
having been added to the basic ROSCOE DSCRIP file for the communications
version of the code. The Pl, P2, and P3 datasets are not new; they are
included here only because they represent alternate modes ot platform

input for communications cases.
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URSCRIFPY Ny CF MaTa

SETS

TN COMMUNICATIONS CASES

L A e T e e P L P P T X T T T e

c3y

DATASET (COMMUNICATINNG EVENT)

LR T TR peppepappepa P T P TR T Y TR Y T TR T P PR T L PR .

COMMUNICATIONS EVENT DATABET

EVENT TYPF (m22)

TIME CF THIS EVENTY

PNINTER TO TRANSMITTYER o ATFURN DATASBET
POINTER TO SATELLITE PLATFORM CATABET
POINTER YO RECEIVER PLATFURM DATASEY

TIME STEP FOR COMMUNICATICN EVENTS
ENTERewCPBK,DPBN ,FSxeafP R COMMUNICATIONS TYPE
PLAGeeYFSeeF(OR REGENERATION AT SATELLITE
FLAGeoYESeeFCOR FBK CUMERENT mOQE
FLAGeaYFSeeFCR FU(LY DETFAMINISTIC MODE

A CONSTANT

ENTERmeS JRST, SECONDes? R DOWKNER OF PHABE LCCXED LUOP
POINTER TO UPLINK DATABETY

POINTER TC DOWNLINK OATABET

POINTER YO CUTBUY DATAgETY

EVENY PLAG (S8ET mo INITIALLY)

OFFaAX]S BORESIGHMY ANGLES

STORED MEASUREMENY TIME

LAST MEASUREMENT YIME

UPLINK PHASE AT | AST MEASUREMENT TImE
DOWNLINK PeASE AT [ A8T MEASURKEMENT TIME
TATAL PATH PHASE AT LASY MEASUREMENTY T]wg
UPLINK 8IGHA IN X AT LABT TIME

UPLINK S1GMA IN v AT LagT TIME

DNWNLINK SIGMA IN X AT [ ABY TIME

DOWNLINK SIGMA TN v AT (ABT TIME

NEw (MEASUREMENT o 1) TIME

NEWw (MEASUREMENT e p) TIME

c

DATASET (UPLINK DATASEY)

L A T e e T T e e P R Y PR T R Y L R L L R R AL R Y )

./

./

./

NEr 3

! «TYPE

R TIME

D8P PLATY

08P PLATS

08P PLATR

R TOTEP

- TYPE

L] REGEN

L) (e}

e DETY

R AR

M PLL

08P DBPCU

08P DSPCC

D8P DSPOC

1 IFLAG

RU CTH

R T

R T2

Q pPHIU

R PHIC

R L8

R sSxy

R svu

R 8xD

L) LAY

R TNEW]

R TNEwQ

./

./

n/

./

o/

o/

NEn CU

Q PrwER

R FREC

R GY

-] GR

Ld Lyl

R xLu2

L] ARRAT

R TAZER
o —

COMMUNICATIONS UPLINK DATASET

TRANSMITTED POWER

PREQUENCY

ONeAX]S GAIN OF TRANBMITTER

ONeAXIS GAIN OF RPFCEJVER

TRANSMITTER 088 FACTOR

SYSTEM (LINE) (088 BETWEEN BATELLITE ANTENNA AND AMPLIFIER
ENTFReeYESeeP(OR PHABED ARRAY TRANSMITTER

TRANSMITTER BORESBIGHT A2IMUTH ERROR
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i DPSCRIPTION CF DATASETS USED TN COMMUNICATIONS CaSES

R TELER TRANSHITTER HORESTGWHTY E(EVATION ERROR
| H3 HvECT BNRESIGHT VECTUR NF TRANSMITTER
| L) ARQAR ENTENowYEBueF UK PHARED ARRAY RFECEIVER
| Q KAZER RECEIVER RNRESIGHT AZIMITH ERRCR
| R CFLER HECEIVER RORESIGHY FLEVATION ERROR
| Ry KvECe HORESIGHT VECTCR OF RECF]IVER
1 Q TAuU WIT PERIND FOR UPLIN®
R L1V IF FILTER BANOWIDTYH NF SaTELLITE RECEIVER
R BLS NOJSE BANDWIDTH OF SATELLITE RECEIVER (PLL MUDE)
Q BEAMK RKECEJVER BEAMMIDTHW
R a~ SIGNAL=TQeNOISE TWREBWOLD
Q L 18 STDELOBE LEVEL
R PO DEBIRED BIT ERRUR RATE AT SATELLITE [F REGENERATION UBED
® SIGNS RM8 PWaBE ERROR DUFE TO NOISE IN THE SATELLITE
P (ENTER EITHER BLS OR PO AND BIGNS)
Q TRS RECEJVER NOISE TEMPFRATURE
R NS RPECEIVER NOISE FIGURE
W LT PuYSICAL TEMPERATURE OF SATELLITE
-] ([N\'Qﬂ FITHER TRS (R NFS, TPS CPTIONAL)
Q sou SIGAN| PARAMETER FNR UP| INK
a TNU NOMINAL SYSTEM NOTISF TEMPERATURE POR UPLINK
R & RANGE TO BATELLITE
Ry x_0Ob6U UPLINK LINE OF SIGwmY
R Gaml UPLINK SIGNAL PARAMFTER
RY POS PNSITIUN OF TRANSMITTER
RIO0 STaATY TRANSHMITTER STATE(GROUND)
R10 §TaATR RECEIVER STATE(BATELLITE)
R XU UBLINK BANDWIOTK ,sTIME PRODUCTY
L] XLFU UPLINK MISMATCHW (088 FACTOR
./
*/
} ./ ..-..........-.ﬂ-...-.........-I.I-...-.I..-I-."........-...-.....-.
»/
o/ CO DAYASEY (DOWNLINK DATASET)
./
A T T e T T Y P e L P R P P L R L DY Y
NEw €D COMMUNICATIONS DOWNLINK pATASEY
R POWER TRANSMITTED PUwWER
R PREQ FRPEQUENCY
R GY ONeAXTS GAIN OF TRANSMITTER
R GR ONeAX1S GAIN OF RPCFIVER
R xLD1} TRANBMITTER LO8S PaCTOR
9 x o2 8YSTE~ L0OSS ON GROUND
- ARRAT ENTERee YPSee PFOR PHASED ARRAY TRANSMITTER
" TAZER TRANSMITTER BURESBIGHMT AZIMUTH ERROR
3 TELER TRANSMITYER BRORESIGHT ELEVATION ERROR
RY pgvecT AORESIGHY VECTCOR OF TRANSMITYER
- ARRAR ENTEReeYESeelPOR PHABED ARRAY RECEIVER
[ RAZER RECEIVER BORESIGHY AZIMUTH ERRCR
R RELER RECEIVER RORESIGHY FLEVATION ERRQR




DPSCRIPYYNN UF CATASETS USED TN (COMMUNICATIONS CASES

RY BvECR BNRESILHY VECTCR NF WE(EIVER

L Taud A1Y PERTON FOR DQWNL INK

Q an IP PILYER BANCRIDY~ OF GRUUNU KECPIVER

R “L6 NNIBE BANDWIDTr QOF GROUND RECEIVER (PLL MCDE)

? BEaAMK HECEIVER REAMA]DTHW

Q LY TGNALeTUNC I 8E TWWESKLLD

Ll L 1% SIDELCHE LEVEL

R PO DEQIAE. WIT FAROR RATE 4T GRULUND

- s1GN HMB PwA8F FRECR DUE TN NLISE IN THE GROUND RECEIVER

P (ENTFR FITHER BLG OR PO aAND SIGMN)

? TR6 RECEIVER NOJSE TEwWPFRATRE

~ NEG RECEIvER NDISE FIGURE

& AL PuySBICAL TEMPERAY RF OF GRUUND RECEIVER

» (PNTER FITwENM TPG ('R NBG, TRG CPTIONAL)

? $0p SIGNAL PARAMETER FOR DOWNLINK

~ IND NOMINAL SYSTYEM NOLISF TEVPEWATURFE FOR OOwNL INK

R 2 RANGE TO GROUND RECEIVER

Ry x(08N ONwANLINK LINE COF SIGHY

9 GamD DOWNLINK SIGNAL PaARAMETFR

Ry PDys PRYITICN NF TRANSMITTER

R10 STarTy TRANSHITTER STATE(SATELLITE)

Q10 8TATR RPCEIVER BTATE(GHRNUND)

~ xn DOWNLINK BANDWIDYH /TIME PROOUCT

Q X, r0 DOWNLINK MISMATCH LOSS FACTOR

s/

./

L A L R L L e e e T T R P Y DL R LR L R L LY )

./

./ 0C CAYASET (UUTPUT DATASET FOR CUMMUNICATIONS)

./

'/ L e L R e e L P R L T D R R R L R R R R R A A A A Al L Y )

NEw OC OUTPUY DATASETY FOR cOMMUNICATICNS

-  TYPE FLAG PUR MEASUREMENT TYPE (UPeLIMITED,ONeLIMITED,

L4 COMeRECEVD)

Q TimE TimME OF OUTPUTY

R ™ UPLINK OK DOWNLINK SYSTEM TEMPERATURE

R x_PL UPLINK PROPAGATION L 088 FACTOR

Q XL 0L UPLINK DISPERSIVE (N8S FaCTOR

R TAy UPLINK ANTENNA NOTBF TEMPERAURE

R Xy DFVIATION OF PHASF BCINTILLATICNS IN UPLINK

R TOU DPCORRELATION TIME FOR BCINTILLATICONS IN UPLINK

R XLPOD DOWNLINK PROPAGATION LUBS FACTOR

R xALD0 DOWNLINK DISPERSIVE _L0OB8 FACTOR

R TAD DOWNLINK ANTENNA NOISE TEMPERATURE

] XMD OFVIATION DF PraSE SCINTILLATICANS IN DOWNLINK

R T0D DECORRELATICN YIMg SOR SCINTILLATIONS IN DQWNLINK

R PES PANRARILITY CF ELEMENT FRHUR IN SIGNAL AT SATELLITE

R PEG PROBARILITY CF ELEMFNT FRROR IN SIGNAL AT GROUND

Q 44 PROBARILITY CF ELFMENT FRRUR IN SIGNAL FCR TOTAL PATH

[ XMy DFVIATION UF PrHASE SCINTILLATICNS FPOR TCTAL PATH
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DRSCRIPYION OF DATASETS USED TN COMMUNICATIUNS CARES

Cl T07Y DECORRELATION YIME FOR SCINTILLATIUNS FCR TYOTAL PATH
“/
./
A L T T I L e Y Y P P R R P R R R L T Y
“/
./ Py DATASET (FIXED PLATFNRM)
./
./ I--...-.-.-....'-..‘I-.".--...--l.-.-...-..--.....-....-..-.......-.
NEm P PLATFCORM TyPgey (FIXED) DATASEY
~ KTYPE PLATFDORM TYPE (ALwAYS oF[XEDe FOR A FIXED PLATPFORM
Ry PCS PLATFOR™ POSITION
./
e/
A I I L T T T T L P P T T T T e e T P T Y P PR R P LY T Y
o/
./ P2 DAYASET (ELLIPTIC ORBIT PLATFURM)
o/
./ LI L L T Y P PR A R T T R A AL R R R R AR R R RS R R R R D R A L R A R P R A A L A A A LX)
NEn P2 PLATFQORM TYPE 2 es TRAID ORBITAL ELEMENTS
L] KTYPE PLATFORM MODEL TYPE ( ® THORBITAL )
R10 QRBEL A TRAID 10eVECTOR OF CRBITAL ELEMENTS
w/
w/
'/ .....--’-..-....'..'-.'..-..'..-..--...........-...-'..'.I......--...
./
o/ PY DAYARBET (CIRCULAR ORBIT PLATFQORM)
w/
A L e e e e e P P R P PR TR R P DR R R R DA L AL L L Y )
NEw P3 PLATPCRM TYPg 3 FOR CIRCULAR CRBITS
L] KTYPE PLATFORM MODEL TYPE ( s BMCIRCULAR )
L AINC INCLINATION OF ORAITAL PLANE
L} ALONG LONGITUNE OF ASCENDING NODE (A8 CALCULATED AT TIME BELQOw)
" oLoc LNCATION IN CORBIT (AKOUND FRUM ASCENDING NODE)
R TImE TIME CF VALIOITY OF GIVEN DATA
R PERI PERICP OF ORBIT
e/
°/ -
A T L e ey e e L e L e T R R R DL DR D LA Ll LA L L L
./
e/ Pu DATABET (CRBITAL PLATPORM e CONVERTED TU P2 DATABET INTERNALLY)
./
AR LT e e e e e P R P R R R R R R L PR A A A A L L L L )
NEW Pu POSITIUN DATASEY FOR BATELLITES (ELLIPTICAL QRBITS)
W KTYPE TYPE CF POSITION CALCULATIUN ( ® ELLIPTICAL IN THIS CABE)
R PERD NRBITAL PERIOD OF SATELLITE
R AINC INCLINATION ANGLE QF ORRITAL PLANE
Q ASCH LONGITUDE OF ABCENDING NCDE (AT T @& ()
& ARGP ARGUMENT OF PERIGEE
[} PERAL PERIGEE ALTITUDE
R TMPER TIME COF PERIGEE PASSAGE
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Devel opment

fications to
REFRCT, REFI1S,
three new overlays were required.
are described

detinitions

nine

and

in Appendix A.

symbols

routines:

1

APPENDIX B

communications version of

COLLF, EVPROC, FUZINC,

MODIFICATIONS TO PROGRAM STRUCTURE

ROSCOE r«

OUTRTN,

PLTFRM,

quired modi-

In addition, 27 new routines were added and

the kev routines of the
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This appendix contains flow charts and

communication model.

POTSOL

,




INTIR
y 1 [0 RCYR P A
RS ! 1
” <~ NOISE FIGURE > - MODULATION - ———— RETURN
| SVEN | ) T
| N |
ITeg * T 6 ] . |
L { ‘nn i
1 r PR~
i ENTER RECEIVER | ¥ J |ENTER DESIHED BIT ERROR
| NOISE TEMPERATURES | S rd RATE, P__. AND RMS LOOP
Toc AND T | ™1 no1e s 0
{ | 'ms RG 1 | NOISE PHASE ERROR, .
| " ; i | | FOR THE SATELLITE nuuvca_l
:’ , ‘i : 0 TR
| |sEv bl ENTLR DESIRED BIT ERROR ] i
| PHYSICAL { e | DIEIERE SRS sl CoMPUTE
= - TEMPERATURES y RATE, P_. AND RMS LOOP .
GIVEN [Ty, = 290° NOISE PHASE FRROR, { | Yoo ™ {lNV[PCIZFDS:)
o ' FOR GROUND RCVR |
" | f & :
{ | - = "
1 | r - NeTr “ETAT TH
COMPUTE NOMINAL SYSTEM ‘ MOUTS { ;':,L.;.;[M”m it
NOTSE TEMPERATURES | ) il
3 | { [InvERC(2P ) )¢ | n, * n(8 1 .0,0)
T T8 1 iy 0 c u'u
N F L, 'ps ) L Aol L
U2 i {
2 I T | [ : o
| ™" h Lo PG Al | compuTE
8 J T | 1 27 1
{ 5 B .0 ‘ L voons [ Bty ]
i F ; [ D o e L e i A o
COMPUTE | | T | o 'u N
* W ! A ( rewn )
I ‘o07n" | 0o i e
| o 8o Buat i e =F { i 5
B TIbiE 1 S S ; 4 Zoo” |
“ & i 1 L J
W) fp toyoy K Typ | |sET | *
b ; ‘ cos &, ~ cos 8, |
I 1 os 3 T Cos "“ ES
St 5 ‘ < REGENERATION e
| ll) = ": u | p ’ g E
I s 5.1} i
lb 3 BU v | r ‘ i | } e
! 2 ‘_\w: ) { R TURN \,
oo ot
[ compure easic #1ute ] | Soo " Soo’tro i
| MISMATCH LOSSES ; =
| X, NO ]
| Egy * X - = ¥ vE
U [st(x,)1¢ et 2 > =
{ v i lﬂ \
! e 7
[s(x)} i
Figure B.1. Flow Diagram for Subroutine COMIN--Communication
Initialization Routine
! PS— 3= B T . »




Detinition of Symbols in Subroutine COMIN (Communications Initialization)

Ti\‘ﬁ Receiver noise temperature of satellite receiver, °K

TR(; Receiver noise temperature of ground receiver, °K

'I“ Standard reference temperature 290°K

<

NFS Receiver noise figure tor satellite receiver, dB

.\'F" Receiver noise figure for ground receiver, dB

I'pS Physical temperature of satellite receiver front end and
transmission lines (default value = 250°K)

TP(' Physical temperature of ground receiver front end and trans-
mission lines (default value = 290°K)

‘IANL? Nominal system noise temperature for uplink (satellite

receiver)

T Nominal svstem noise temperature tor downlink (ground
receiver)

o System (line) loss between satellite receiving antenna and
satellite transponder's IF amplifier

L System (line) loss between ground receiving antenna and

ground receiver's IF amplifier

S()U Precomputable signal parameter for the uplink signal
received at satellite

S()I) Precomputable signal parameter for the downlink signal
received at ground terminal

y "Gamma,'" a fundamental parameter for digital communications
systems, defined as “l /N , the ratio of total average
g ) O
received energy per signal element (bit) to noise power per
unit bandwidth

C Speed of light

P’[‘U Total average radiated RF power at ground-terminal trans-

mitting antenna
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I'D

- ~~~..,fﬁ;a~-mw- -

Fotal average radiated RF power at satellite transmitting

antenna f(corrected for any “backoff" which may be required
bv a Frequency Division Multiple Access (FDMA) system to

prevent serious intermodulation distortion)

On~axis pain of ground transmitting antenna beam

On-axis gain of satellite receiving antenna beam

On-axis gain of satellite transmitting antenna beam
On-axis gain of ground receiving antenna beam

Bit period (element length) for uplink, s

Bit period (element length) for downlink, s

Frequency of ground-transmitted (uplink) RF signal, Hz
Frequency of satellite-transmitted (downlink) RF signal, Hz
System loss between ground transmitter and its antenna
System loss between satellite transmitter and its antenna
Boltzmann's constant = 1.380622 < 10 by ) 2

IF filter bandwidth of satellite receiver

If tilter bandwidth of ground receiver

Filter mismatch loss at satellite receiver, due to using

a (rectangular) bandpass filter rather than a matched one

Filter mismatch loss at ground receiver

X
Integral function | (sin t)/t dt i
0]
Antenna pointing angle off{ boresight for antenna type ]
(initialized to zero here)
» o4 0 always for steered dish antennas
. J =1, ground transmitting antenna; J = 2, satellite
receiving antenna; J = 3, satellite transmitting antenna;
J = 4, ground receiving antenna
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OO

ns

"Coherent phase-shitt keyving'" modulation
"Phase locked loop" used in demodulating

Desired bit error rate for communication

at the ground receiver

a

wv
5Y

CPSK signal

stem, evaluated

RMS  phase error due to noise in ground receiver's PLL, rad

"Gamma" (measured just prior to the receiver's demodulator

in the absence of scintillations) required

eYror rate l‘) for the CPSK system
C

to produce bit

Parameter computed by Function ETA, evaluated here in the

absence of scintillations

Noise bandwidth of ground receiver's PLL, Hz

Desired bit error rate at the satellite

tion is being employed

RMS phase error due to noise in satellite

regenerat ion is beinp emploved, rad

Noise bandwidth of satellite receiver's

is being emploved, Hz
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Definition of Symbols in Program COMLINK

t Simulated time of this communications event

I\'\; Position vector of satelllite at time t

l.\'l\, Velocity vector of satellite at time t

K,] Position vector of ground transmitting antenna at time t
l.:l_ Velocity vector of ground transmitting antenna at time t
RR Position vector of ground receiving antenna at time t

l.\‘f\_ Velocity vector of ground receiving antenna at time t

Rl' Uplink pointing vector from grecund transmitter to satellite

at time t

R Downlink pointing vector from satellite to ground receiver

at time ¢

J Antenna designator:
‘< J =1, ground transmitting antenna; J = 2, satellite
receiving antenna; J = 3, satellite transmitting antenna;
J = 4, ground receiving antenna
l"“l,\'(” Sine-space coordinates of current axis of antenna beam

pattern for antenna J (= (0,0) for non-phased array antennas)

See definitions for Subroutine COMIN

J
U Ratio of bit energy to noise power density for uplink
D Ratio of bit energy to noise power density for downlink

SUU’S()I) Precomputed constants; see definitions for Subroutine COMIN

Rl' Uplink range from ground transmitter to satellite = .RVU
D Downlink range from satellite to ground receiver = Rl)
LPD Downlink propagation loss factor (ratio)

Downlink dispersive loss factor (ratio)
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AD

T
AU

Downlink antenna noise temperature, "K (measured in ground

receiving antenna)

Standard deviation of phase scintillations aftecting down-

1.

link, rad (assum zero-mean, Gaussian random phase process)

Decorrelation time for scintillations affecting downlink, s
See definitions for Subroutine COMIN
Uplink propagation loss factor (ratio)

Uplink dispersive loss factor (ratio)

Uplink antenna noise temperature, “K (measured in satellite

receiving antenna)

Standard deviation of phase scintillations affecting uplink,

rad
Decorrelation time for scintillations affecting uplink, s
See definitions for Subroutine COMIN

Parameter 1 (see below) computed for uplink path:

1By ! oy
Parameter  (see below) computed for downlink path:
1By pr y/ Tppr iy’

Parameter ' (see below) computed for total path:
1Byt Tppo )

Phase-shift keying

Standard deviation of phase scintillations atfecting total

path, rad
Decorrelation time for scintillations affecting total path, s

Fundamental factor relating to phase scintillations affecting
PSK modulated signals; defined to be proportional to the in-
tegral of the power spectral! density function of phase-

distorted signal after passing through the IF filter
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G

Ratio of bit energy to noise power density for total path,
computed just prior to ground receiver's detector
Probability of element error in received signal

Ratio of bit energy to noise power density computed just
prior to satellite receiver's detector (regenerative systems
only)

Ratio of bit energy to noise power density for downlink path,
computed just prior to ground receiver's detector (regenera-
tive systems only)

Probability of element error in received signal demodulated
at the satellite (regenerative systems only)

Probability of element error in received signal demodulated

at the ground after regeneration at the satellite
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Figure B.3. Flow Diagram for Subroutine FADE--Computes Correlated Fades
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Standard deviation of phase scintillations affecting this
link, rad

Wavelength of uplink

U

‘b Wavelength of downlink

I

Rl\' Slant range from ground transmitting antenna to striated
region

R\_a Slant range from ground receiving antenna to striated region

R Uplink range, from ground transmitting antenna to satellite

I\‘” Downlink range, ftrom satellite to ground receiving antenna

0 Parameter appearing in striation size distribution; currently
set equal to 1 km in a DATA statement

H(X) Function HFUN (see subprogram flow diagram)
", - " - A

t time" of this event

G(m,0) Gaussian probability distribution; notation S(' G(0, ‘\,)
means ''draw a random number S\, from a zero-mean Gaussian
distribution with standard deviation f-\, oo

T Stored measurement time for time correlation calculations

1

'I',) Last measurement time for time correlation calculations
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'

( RETURN )

A=[y+ tnx-y(1- % )] sin x
=] % = g xy (1 - 0.12y)] cos x
\
H=¢t[A+ B]
\
( RETURN ’
WHERE : a = 7.241163 a2 = 2.463936
b1 = 9,068580 b2 = 7.157433

Figure B.4.

y = 0.5772156649

Flow Diagram for Function HFUN
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Figure B.5.

CALL INTRP TO INTERPOLATE 1
PHENOMENOLOGY REGION DATA
TO CURRENT TIME

BN

{-¥ CALL ABSORB TO COMPUTE

——)

ONE-WAY ABSORPTION, Ly
CALL NOISE TO COMPUTE
EFFECTIVE INTEGRATED

THERMAL NOISE
TEMPERATURE TF'

|

CALL TROP TO COMPUTE
TROPOSPHERIC ABSORPTION, L.,

AND THERMAL NOISE TEMP., TT,

DUE TO OXYGEN AND WATER
VAPOR

'

Lp = Laly

CALL NOISY TO COMPUTE TYPICAL
ANTENNA NOISE TEMPERATURES
DUE TO GALACTIC (TG). EARTH

RADIATION (TE)' AND SOLAR
RADIATION (TS) AS APPLICABLE

T S

TA = TF + TT + TG + TE + TS

{

( RETURN )

Flow Diagram for Program LNKLOS--Computes Absorption and

Noise Losses
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CALL INTRP TO INTERPOLATE

PHENOMENOLOGY REGION DATA
TO CURRENT TIME

Y
CALL REFRCT TO COMPUTE
RMS PHASE SCINTILLATION, wu,

PHASE SCINTILLATION
DECORRELATION TIME, 1,

AND INTEGRATED ELECTRON
DENSITY, IE

'

l RETURN )

Figure B.6. Flow Diagram for Program LNKSCNT--Computes Scintillation
Effects
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| 1, = 250° ]
L J
(K RETURN

e B

SET ] =
LINK - DOWK Te =0 ] =
? T. =0 i
/ v} ,_,_J 3

s = Teo (]

[ Compure R, UNIT VECTOR |
| FROM GROUND RECE IVER
| ANTENNA TO SUN CENTER

i
COMPUTE
C = '(-] .
S cos (RD PU),
ANGLE BETWEEN SUN

AND SATELLITE AT
GND RCV ANTENNA

- S/ X - R sin ‘( )0 R s1n]( 9= S

]

4A < >
n{dv

Figure B.7. Flow Diagram for Subroutine NOISY--Computes Antenna Noise

Temperatures




'1", Antenna noise temperature due to (mean) galactic sources, °K

'l'}: Antenna noise temperature due to (estimated) earth radiation,
i

'I'\_ Antenna noise temperature due to solar radiation, °K

Beamvidth of the ground receiving antenna

o Angular diameter of the sun = 0.5
; a * 19 2
T('() Average galactic noise temperature, °K = 2.6 10 /t“
where 1[') = downlink RF frequency, Hz
2
T Equivalent noise temperature of the quiet sun
(C)
/,
1.0 % 10"
f
D
§E i foa2. 5 x 107 or 3.5 % 1070 Wz
D D
"o 14 1o 6(f 1077 - 0.10)
Og - ,
LR bt R S SRR e T el S o
t P T 2.3
D
{f 2.5% 30 . 235 1010 u2
e

Precomputed during "initialization" and stored in a list.

- S m—— — . I———
S—— - - - P S 1




r A t(c1 +C, )
R e e S s
p
T & (d] L - (d2 + d3t))
'
INVERC = xp/J 2
RETURN
CONSTANTS
C0 = 2.515517 d.I = 1.432788
C] = (0.802853 d2 = 0.189269
C2 = 0.010328 d3 = (0.001308

Source: Abramowitz & Stegun, 26.2.23.

Figure B.8. Flow Diagram for Function INVERC--Inverts the Error Function
ERFC (Z)
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1R023
oo

(: ENTERW :)
.

SET iy
iy DONN_~7" S '
L e Rl
- 1/2 >
A= Agple up
( SET *
X = X,
L ke
: 1/2
= he
COMPUTE X
{ G (A,X) = L]b 3, (&)Exp(in:2/4) de )
|
COMPUTE
L = 1!. l. ]
D 2L G[AX
\
RETURN
XU’ XD’ LFU’ LFD are real quantities which were computed in "INITIALIZATION".
A = 0.0585 _ 0.0585
3/2 . * 0D
ou f,3/2 1, 0 0 0

Figure B.1l.

Flow Diagram for Subroutine XLD--Computes Dispersive Loss
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