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PREFACE

The development of this signal structure specification grew out
of discussions between the author and Major Nick Alexandrow, then of the

Air Force Nuciear Criteria Group Secrotariate. 1 would like to acknowledge
his contributions and the assistance of Dr. Donnis Knepp, Mission Research

Corporation and Dr. Clifford Prettio, derkeley Research Associates in

preparation of this report.
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A TRANS~IONOSPHERIC3SIGNAL SPECIFICATION {
FOR SATELLITE C” APPLICATIONS

1. INTRODUCTION

Proper design of rudio frequency systems that must operate
through structured or varying plasmas vequire an accurate and easily
implementable signal specification. The specification should be a
"reasonable worst case” in that any system which operates witl the
specified signal can also operate under any likely disturbed condition.

the following specification is the vesuit of a dedicated
program sponsoved by the Defense Nuelear Agency and the Ay boree
Weapons Laberatory. Othey major contributors were the Naval Reseavch
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taboratory and the Air Farce Ceophysics Laberatery. The pregram included

o,
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ey i

investigations in the mechanisms that cause structuved plasmasz, in the
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propagation of electramagnetic signals through structuved plasmas, and

in the effects of seintillated or otherwise distorted <ignals on typical
satellite c? links. Field experviments and measuvcment programs were
executed to verify theovetical plassa strueture and radio prepagatien
predictions and to charactervize the morpholegy of the natural ionesphere.
teplicit in the pesulting specification ave s¢veral coasidevations and 5

assugptiens ., Rather tham discuss all of the supporting logie leadinp to
this specifieation, a selected hibliography is included. Other suppovting
information i3 available in the classified lirerature. It is noted,
hewevey, thst this specification sheuld be adequate for sll =arellite CS
and data liak applications.
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2. SIGNAL EFFECTS FORMALISM
4 f% The effects of a disturbed iomospheric channel are reprasented

by the channel impulse response function.

R(t) =fdt h(t,t) S(t-t) (1)
o

S(t) = transmitted signal

R(t) = received signal (complex number representation)

h(t,t) = channel impulse response function

The specification channel impulse respoase function is

@

f z(t)  ev N(t) N
h(t.t) = A{t)expy i~ e | [ d6AS) B (t,06)
e fc s
N(e)ag N(t)
ey Nt e ¢y N(
exp .i,.?_.g..,-, «§22Af f-"-.(fl-Jq,-m) (2}
fc ¢ Zﬁt’;
wiere £ @ carrier frequency (hz)

Lo

light speed (3x16° m/sec)

Ll
']

2(t) = propagstien path leagth (@)

L=

¥ @ ¢lassical electyon vadius (2.82x10 "“m)

L]

Kl
Nt} « tota} electron coateat (B )

For ather than civeular pelavization, Equarion ! should be applied to each
polarization swate and N(t) used to calculate the Faraday votation effects.
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") da 02 oxp(-0 /209) (3)
e

A(t) = exp(-O.liSKA)

KA = absoyption (dB)

G(@) = antenna gain function

ag = energy angle of arrival variance (radz)

Rsft,m =fdr[df hy(£,7)exp(iZragreiznse) (4)

Equation 3 assumes that the transmicter is on the antonna axis and that
the antenna pattern is cylindrically symmetric about that axis. If the
threat has ampliitude fluctuations (always assumed Rayleigh), then hsft‘,f)
is a zero mean novmally distributed random variable with an adtocovariance
defined by

R (B (T777) = S(F-0)8(rav '), (£,7) (5a)

hs(f:ﬂhs‘&".;ﬁ‘ w0 (Sb}

where I, (f,t) is the genecralized power spectrum ard d(x-x') is the Dirac
delta function defined fow any functisn £(x) by

Idx d(x=x")F(x) = £{x'}

The generalized powey speetvusm is pavamotevized by  , the scintillated
signal decorrelation time, and £, the frequency seléetive bandwidth.
Theve ar2 two fovme for the gencralized power spectrusm depending on the
praduct € 1 wheve T is the ainisum symbol period. For £, 11
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This represents the flat fade condition with respect to the symbol period,
T. For £ 151

e 1 |
F(€,1) = 23/4u1/2—;;30xpz- -—7[(1:610)2.2“"1]24»& )2£
y ¢, 2] °

¢
ax expl’ .25 —%(1»}(&& )Z-Zwt"f)) (7
2*\ ¢ °
I, !
2.4
wheve £ = £ (1ech"

€y = delay pavametey (=0.25}

Bay both equation 6 aad 7

N

[
[df J de £ (€,7)%1 (8)

Equation T provides for scintillation vandem delay or, equivalently,
frequency selective effacts,

If the seintillation theeat consists of phase effects ealy or
if theve ave mo scimtillat’/ons at all, thee
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h‘(.‘.r) = §{£)5(7) (9)

If there are scintillations of any kind, then there i< a rundon
time varying component in N{t) in addition to the very large s le
(slow) variatioas.

The total electron content is

N{t) = NL(t)t df g(fexp(-infr) (10)

-

where Nl(t) is the lavge scale (slow) component and g(f) is a zevo mean
noraally distributed variable vepresenting the randow component. The
autocovariance of g{f) is

?
B — t (f /v )" ,
G
[;'*(Zﬁffbi:] -

20, By (i)

where glf) = g¥(~6)

_ 3
s [F.eN (OIN T
- 2 i

N

( 4

(S
€a = Rayleigh feequeney
3
Bith the speeification of K . 57, N(r). =, Ego ¥ . and z(E),
we abtain & esmplete deseription of the distusded sigasl a2s determined by
the prepagatien cavivenment and systew peemetwy. G(e) ia supplied by the
user independent of the eavivousment sad pesmetyy.
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3. SIGNAL SPECIFICATION CEFINITION

\
S

S
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In principle, a complete signal structure specification would
include all of the time/space variations possible for the parameters and
functions in Equatioa 2. In practice, it is sometimes sufficient to
specify extremum values or simple functions for the propagation quantities
or their derivatives accompanied by application rules. The following table

lists a minimum set of specification parameters.

TABLE 1. SIGNAL SPECIFICATION PARAMETERS

SPECIFICATION PARAMETERS

Maximum Values

Absorption, KA

Energy Angle of Arrival Variance, cg

Transmitter/Receiver Vehicle
f . dnz

! Dynamics, — n=0,3

; dt

Signal Decorrelation Time, T,

a"N

"

, n=0,3

Rayleigh Frequency, fR

Minimum Values

Signal Decorrelation Time, T,

Frequency Selective Bandwidth, fo

10
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Two nearly universal application rules apply to T, and f@‘ For L
where both a minimum and maximum is specified, the system must operate
over all intermediate values. Similarly, when a ainimum fo is
specified, the system must handle all fb from the minimum to the carrier
frequency. Exercising these ranges are necessary because the maximum
performance degradation may not occur at the extreme values of either

T, or f;.

The parameters to be specified arc functions of the carrier
frequency, the propagation scenario, the link geometries, and the
velocities of the system segments. If possible, the specification
should cover all of the possible signal variations realized by exercising
the above factors over their entire range. Meeting this specification
with each link independently would provide the utlimate in survivability,
that is, a system that can survive any scenario or civcumstance. 1f this
specification cannot be met, then a less severe specification may be
possible at some acceptable loss of performance. For example, in nuclear
environments, signal specifications are a strong function of the maximum
acceptable outage time. Accepting longer outages can often provide
significant specification relief. Additional relief might be possible
for systems that have multiple links that penetrate the ionosphere at
widely dispersed points. Because of tho inherent space diversity,
the specification would not have to cover the most severe case for
any link, but some reduced level of threat. Regardless of the reason,
however, any reduction in the specification vesults in some loss of
systom applicability.

Methods to calculate the propagation parameters are described
in roference 1, excluding absorption, which is covered in veference 2.
Calculations based on these methods sevve as the basis for developing
signal specifications. The first step in the specification development
process is to choose the threat environments. For natural envivopments,

N
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the threat might be either the equatorial or polar ionosphere during the
solar maximum depending on the lecation of the system links., Nuclear
threat environments would be calculated by computer codes spoecifically
designed for that purpose from plausible burst yield, altitude, and
location combinations. The next step is to find the possible link
geometries that maximize the system degradation effects., This usually
wmeans minimiziang the angle botween the link line of sight and the carth's
magnetic field whore the environment is most severe and muximizing the
link path length through the disturbed propagation medium. These two
criteria can usually be satisfied cimultaneously but, if not, the first
almost always takes precedence. The propagation methods in references

1 and 2 are then used to calculate the required propagation qu..“ties

as a function of carrier frequency, area coverage, and time. The system
segment velocities are chosun to pravide maximun and minimum values of
the signal decorvelation time. Area coverage is typically represented

in contour maps projected on the carth of the propagation quantities
which simultaneously show the area coverage for multiple values of those
quantities. In ambient environments, contour map sets might be genevated
for different probabilities of occurrence or diffevent times. The nuclear
ervironzment contour sets would corvespond to discrete times relative

to the times of buvst.

These contours, whether ambient or nuclear, provide a Jata base
for the final specification development. The preferred specification
would reflect the most severe cenditions. If this is not feasible, then
the propagation data would pewmit the necesiaary trade offs bhetween the
threat severity, the applicability and practicalivy of the system.

The final result should be a specification thar, if met, would provide
adequate system pevformance at acceptable cest aad technical risk.

12
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4. SIGNAL SPECIFICATION IMPLEMENTATION

The disturbed signal cffects represonted by Equation 2 and
the specification parameters are applied twice during a typical system
acquisition. First, the signal specification is used during system
design to evaluate candidate design solutions. This evaluation is
frequently done using computer digital simulation and modeling techniques
which provide both simulated degraded signals and detailed descriptions
of the dynamic behavior of the candidate designs over all the specified

signal conditions rapidly and economically.

The signal specification is also applied during testing and
evaluation. At a minimum, the specification dotermines the range of
effects over which the system must be tested. At the other extreme,
the specification may define not only the parameter ranges but also
the exact form of the signuls. This latter circumstance oceurs when
a system, in its full operational configuration, cannot be exercised in
the maximum threat environments. For example, the most severe natural
scintillations are coincideat with the solar sunspot maximum which
occurs only ance every eloven years. Systems that must operate in nucleavr
degrades environments cannot be tested at all because of the 1963
Armaspheric Test ®in Troaty. In these instances, the best remaining
method is to degrad. the sateilite signals artificially by apprepriately
designed link simulaters. By placiag a simulator at one or more points
in the onerational system, tusting can be done limited only by the
accuracy of and ~enfidence in thv signal specification.

¥hen link simulators are necessayry for testing and evaluation,
questieng arise over what cohstitutes 3 necessavy and sufficient test
prograa. Fer example, is it necessary to include all of the effects
reprosented by Equation 2 in every test sisultancously? Is it necessary

13

PRV

e AT e i




i
g
|

to test simultaneously every link in a system or even every link
individually? How do you test a system to include the responses of the ;
operators as they react to degradation on system links from propagation !
or other simultaneous threats? On a longer term, is repeated testing

necessary to insure that the system hardware, the operational procedures,

and the operator responses remain adequate to maintain the required

performance? These and other similar issues need consideration for
cach system tested. The unswers to these questions, broadly known as
"compliance standards,” should accompany the signal specification for

each system to provide a completely defined test and evaluation program.
5, SUMMARY

The preceding sections have detailed the form of a signal
structure specification for application to satellite C3 systews. The
specification is intended as a design tool as well as a definition of :
the signal conditions in which the system must aperate. Adequate
techniques exist to apply the specification both in computer simulation
during design and by a link simulator for test and evaluation.

Appendix A describes methods to implement spec¢ific realizations
of the channel impulse response function. Appendix D provides a brief
description of link simulaters,

L
3
e v
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APPENDIX A
THE GENERATION OF DIGITAL REALIZATIONS
OF THE CHANNEL IMPULSE RESPONSE FUNCTION

The channel impulse vesponse function is

£

2nf 2(t) ey N(t) . %

h(t,1)sA(t)explim—tmm - i |} d(a6) B rt,06) ;

/ | ;

er_N(tIE ey SN ]

exp -i~—~7;w—~ -i2nmaf kt‘v-‘m - 5 (A-1) 3

£ anke J ;

where A(t) = absorption and antenna loss §

i

f. = carrior frequency i

{

; ¢ = light speed ?
i z(t) = propagation path length §
{ .
% v, * classical electvon radius )
H i

N(t) = NL(t)*NR(t)
NL(t) = slow trend total electrom conteut

Na (el

L1}

random total electron content

The gereration of digital realizations of Equation A-}, in
geneval, has thre? steps.  Firest, A(r), N (t), and p(t) ave discretized.
Next, samples of h5€t.Af) and Ng(t) ave cateulated using Mente Lavle
techniques. Finally, the integral over Af is evaluated. Most of the
cemplexity in genevating these digital representations Jies in the randoa
sampliag of hs(t.df) and Noltl. Most of this appendix will cencentrate

17




on these sampling techniques.
by
The statistical properties of hs(t,Af) are defined by

o 3

?is(t,At')e‘f dt f df hq(f,t)exp(iZnAfﬁizuft) (A-2)

- -

where hg(f,r) is a zevo mean novmally distributed random variable with

its autocovaviance defined by

h;(f.f)'hs(f',r'j = §(F-F*)8(r-e") I (F,T1) fA~3a)
hytfr) h (£0,7') =0 (A-3h)
whevre §(f) = Divac delta function

F,{f,t) = generalized powey spectyum

There are two distinct cases to be ceonsidered. First, fop
flat fading defined by f6T>1 where f@ is the frequency selective band-
width and T is the symbol peried, the genevalized pouey spectrum is

1.863t £(%)

3

I',ff,f) I s (A=4)
- [1*5.5?2€Ff y° F

wheve t  is the sipgnal decereelation time. Becayse of the delta
3
covrelation in delay, 5‘{€.£€) is not 4 function of 2f and the problem

is veduced to penerating a sequence that iy ealy 3 function of time.

18
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For any Af, let

" oo . 2.4
hs“i"”) = phs(ti_l,l&f)*(l-p ) w, (A=5)
2y 6
ui 2 p ui_! « (1-p7) gi (A-6)
wheve p = oxp(-2.146 AU/t )
At =ti-ti'1

g; = zevo mean normally distributed complex sample

g;gi = tanh (2.1464¢/+ )

The sequence can be initiated by cheesing an initizl value for fasui.AF)

of ovder unity and a value for LF of ordey E“i‘;:;é . Appeundix B deseribes
a simple algori hm for sampling zere meun normally distributed complex
variables. The samples from Equation A-3 pepresent instantaneous samples
and no filtering is implied. Also, the following canditions should be
Y10

¢ fhtx}o {A=7a)
M 100% fax {R<Th)

wheve M is the minizym aumber of pulRts in any sequence generated by
Equatiea As5.

A

VAL Hp——rvt o in w4 = na

12 ST
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The second case, defined by foTﬁl, is frequency selective fading.

Equation A-2, in finite difference form, is

M

b A - te » v - 14 -

haa“i’“k) At‘nHZ.MAt § hs(f“,Tj)pr(iZntntin‘.nAfkrj)(A 8)
where AfY = 1/(2Mat)

At = tiet,

f = pAf!

n

t, v o, Pil<M

IAt‘k[ < 1/(2a%)

From Equations A-3a and A-3b, the statistics of hsifn,fj) can
be written as

P e, eAtf2
Y7 Y i B "‘L"W‘ ,
t.-AYF2
€n*A€'f3
[é? Falf,e) {A~2a)
2 AV 4D
fﬂ Af /2
bﬁ(%a.fj)ss(fm.fi) = @ {A-9b)
B {f e 0 (A-9¢)
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where, for t‘o <1,

2
- '
I',(f,T)HZ.’/d"llz : 0 cxp ..--l-a-- (ﬂ't' f)Z-ZVf'T '(WT t‘-12
2 L °
1

4 ¢
[dx cxp{-x“-sz[——;L(!o »}((ﬂrof’)z-z’rf'r))]} {A-10)
P P €

.y . 234
f' = fo(l-v(.l)

€, = delay pavameter (+0.25)

Equation A-10 and related quantities are evaluated in Appendix (.
Ganevating the ?{s {ti'Afk) consists of evaluating the hs(f’n.fj) using
Equations A-9, A-10, and Appendix B and then evaluating Fquation A-§,
For adequate statistical sampling and numervical resolution, it is

necessary that

fe/AtﬂO (A-11a}
&750%{‘“ (A-11b)
AT<TAS (A=11e)
Maf)ci/max(1. 1/, 167) (A-ild)
It £]s0.75 (A-11e)
-0.2532@%‘5%;3.45 (A1)
belgst {A-$1g)
4|
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where (Af)’Afk'Afk-l' Condition A-11b is a bare minimum. Larger M or
multiple sequences ave advisable. Equations A-1le and A-11f prescribe
the ranges of © and £ in Equation A-10 that include 93 percent 5f the
total energy. The coefficients, hs(fn,tj). are not necessary outside
those ranges. Equation A-11g and the T dependent tem in Equation A-itd
reflect an ostimate of tho required delay range to handle dispersion.
The integral in Equation A-9 can be evaluated to one percent with
trapezoidal integration with frequency and delay increments less than or
equal to 0.03/1o and U.OSIﬂ). vespectively.

The vepresentation used for the vandom portion of the total
electron content depends on the application. ‘The first use of NR(t) in
Equation A-1 is in the carrvier phase where it can degrade phase or
frequoncy acquisition and tracking. For phase effects

M
¢ 1 *o4 ¥ . ] Tu&? <12
&R(ti);at ﬂg-q.g(tn)expti.ﬂtnti) (A-12)

wheve AF™ = JALIM AR

Ae? ot
“ tz i-1

ey,
-
L

1505 A

Bart, il

”
At

g(£) 15 s zero “ean nevmally disteibuted vaviable wshese remaining
statisties ave Jdefined by
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Ay

g £reatr/2
grENg(f!) » ==,
H] m (AF™) 2

fé-A?"/Z
T (fc/VA‘) .
[;Qi;;;;;‘;éjgyv , 'ful.fn (A-13a)
.0 ML (A-13b)
where g(f’_n) a 2‘(2"1) :

¥

2 [rosrtt) o
I
¢ !

ER = Rayieigh frequency
Initial estimates fov At' and M* aye

tetsl/(44p) (A-145)

M*2510 {A-14b)

For feequency trackhing, Equation A+}2 c¢annot be used. lastesd, et

”0
NE(ti) = a§én'l€ﬁ gtfg)efp(i3vfé:i) {A-13)
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Also,
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R S LA I 2

& 2
& 8 To(fc/roc)

A Skl FINATEIT. n
. (a£ ) a’+(2nfr )
£117%

To(fc/roc)2

377 » lfﬁlffR’"*O

df =

-AfO/Z

3 ' where g(fin)zg*(fﬁ)

f'=0
0

[ a 2.n-1
fn‘Slgn(n)(ﬁﬁﬁ?;)(K ) , n#0

Af°=2fi/K

Afn=[fél (K-1/K), n#0

- e /M
5 K=(£p/f))

tig -ty <1/ (26))

M'>512

It 51/ (2£y)

24

, |f]<f,,n=0
E2+(2"f%0)2]3/2 n'="R

!
> 115y

(A-16a)

(A-16b)

(A-16¢)
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The second use of N(t) in Equation A-1 is in the dispersive
phase. NR(t) can usually be omitted becausc the dispersive effects are

primarily determined by the magnitude of N(t) and not the time dependence.

The last use of NR(t) determines the group delay and group delay
rate which can degrade time synchronization if sufficiently large.
Equations A-15 and A-16 should be used with f; replaced by £oe

- ¥ 2 }(j
ety [1o0108 Fr, 1] (A-17)

If simultaneous handling of the total electron content effects is
necessary, then Equations A-15 and A-16 are necessary. The substitution
of fT should not be used. Unfortunately, the number of time increments
necessary to span the time range can be very large. Exercising the range
of time may not be necessary in all cases. Some experimentation is often
indicated. Another problem with Equation A-15 is that the sum cannot be
evaluated with fast fourier transforms. Finally, multiplo sequences of
NR(ti) should be used to test the adequacy of the samnling for either
Equation A-12 or A-15.

The entire channel impulse response function is

ancz(ti) croN(ti) L N
= i - z
h(ti,rj) A(ti)exp i S i fc A(Af) k=~th(ti’Afk)
cr N(t.)Af2 Z(ti) croN(ti)
o L ko . - o A-18
exp | -i 3 12nAfk F < s (A-18)
f C
c
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where L=1/(2814 (4fF))

'1 ) z(ti). croN(ti)i
J ¢ waz
C

<lbv

In principle, one only needs to insert the proper quantities
discretized to the smallest increment in time, delay, or Afk and sum
over Afk. In practice, however, the wide range of the delay and time
necessary to adequately sample the various functions make this impractical,
It is usually necessary to handle some of the terms independently,
particularly the total electron content and path length determined effects.
The channel impulse function is theveby greatly simplified.

where for f 731

M
Z: » . N ‘, (n .
ng;mhs(*n"j}e*p("“*atz)

=AFf"
hs(ti,fj) A¥
or for £,Tr1
Py 5 g
hs(tinfj)ghs(ti.Af)n Tj;o
=0 . 1,80
T)ﬁ

A fortvan program for genevating hs(ti.fj) can be found in Appendix E.
Equation A-19 is implementable in a link simulatoy as described in Appendix D.

An important consideration for implomenting Equatijon A-18 oy A-19
is the dynamic range requived to vesolve the amplitude fluctuations, if
present. The amplitude of the channel impulse response function at each
discrete delay is a Rayleigh distributed vaviable. Let the amplitude of

26
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h(ti,rj) be Rij' The distribution function for Rij is
2R, .,
. i 2,2 (A-20)
P(l\ij)'-‘*-—z—*"— Oxp(-Rij/Oj
[» 29
J
) - 'rj*A't/Z
where n}a fdt‘ dr f'z(f'.'r)
fe rj-L\TIZ

Equation A-20 is casily invertable to form probability statements about

RiJ' Thus,
Y -
l-exp | - (,T =probability that Rijsgij
J
o |
expl- 3 = probability that Rithij

We vequire that the amplitude not exceed the dynamic range 99.8 percent
of the time. The upper and lower bounds en the amplitude ave,
respectively

- gi
(Rijlsj)u % [-111(0.001) = 2,63

"t
!, .2
(Rijfﬁjll # [-15(0.999)- = 3.16xl10

27




where the probability that the amplitude exceeds the dynamic range, 0.002,
is equally split between the limits. In decibels

R,.
-30dB520 log, ;‘«-l <8.4dB
)

Thus, 38.4 dB of dymamic range is required. If this is not feasible, then
the loss of accuracy should be at the lavgest amplitudes. This is
because system performance is much move sensitive to amplitude fades than

to amplitude enhancements.

The resolution in the amplitude and phase is a fungtion of the
resolution of the real and imaginary components of h(ti.rj). The poorest
vesolution occurs in deep fades at the smallest amplitude. The maximum
increment is defined by vequiring that successive values of either
component of h(ti.fj) not vary by move than ten pevcent. This gives
adequate accuracy on the amplitude and reselves the phase to within six
degrees. If the compenent increment is fixed, then the smallest value must
be used. The fixed increment fov either compounent can be expressed as
one tenth of (Rijfej)l. Variable increments ave meve desivable
because they permit move efficient storage of cemponent data. They alse
permit the use of logarithmic digital to analog ceaverters in }ink
simulators as Jdescribed in Appendix D,

The total electren vontent effects neglected inm Equatien A.19
car be bounded te detevmine necessary but aot sufficient conditions fay
suevessful system operation, The total electren content and its
derivatives are gaussian Jdistributed random vaviables with the following
means and standard deviations.
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d™(t) d'Ny (1)
de® de®
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Nm

[nzt(Zufro)z]slz

o

(A-21a)

(A-21hk)

These statistical moments, when converted to moments of phase, doppler,

doppler rate, jerk, etc., allow performance degradation estimates.

These

statistics also determine the amount of time that any of the derivatives

exceed some value. As such, they provide the means for specifying varvious

system parameters consistent with some performance requirement.

The total electron content drives the dispersive distortion of

the signal waveform. As a measure of this distortien, we use the expec-

tation value of the absolute valuec of the delay coordinate.

3

L}

3
-l -ip fc
creN(t)

<

% >
——— cyGN(t)Af.
le dr [e] f d(afexp | - i ===z -i2nAfr

{A-224)

(A=22b}

Since the statistical moments of the measuve of distortien are propertional

to the maments ef the total electron conteat, perfovmance eriteria can
The

be developed as a function of modulation and other system details.
eriteria should puavantee that the vatio of T?T to T be sEall.
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The finite difference equations have been written in the lowest
order. This was done for simplicity awd to be consistont with fast
fourier transform algerithms. These algorithms can evaluate Equations
A-8, A-12, A-18, and A-19 much morc efficiently than convontional methods.
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APPENDIX B
A RANDOM NUMBER GENERATOR FOR
NORMALLY DISTRIBUTED COMPLEX NUMBERS

Let g be a normally distributed complex number defined by

R (B-1a) |
g =0 (B-1b) |
T =0 (B-1c¢) g
+ 3 L4
Plgh = %&lexp(-igl'/a‘) (8-1d)
[\

where P(|gl) is the probability distribution for the amplitude of g. Let
R, be a uniformly distributed random variable on the intevval, 043121-
A sample of ¢ is caleulated by

]
g = o[‘.lt!(Ri)] Zexp(izﬁf{id) (B-2)
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wheve

APPENDIX C
EVALUATION OF THE GENERALIZED, DELAY,
AND FREQUENCY POWER SPECTRUMS FOR F T

The generalized power spectrum is

. 2
£':
. y ,
NTRI LAY ~prtmoxp |- ~b5 [f"f f)z-zwf'{] - (e f)-‘
- c 3 7Cb ] [¢]
1 1

s

e
J;x exp -l fét *—%T f"tﬁf)z-zwf't (€-1)
R NN

3 1,
¢ touﬁ:l) ’

u

—
"t

1 delay parameter (=0,25)

-
L]

frequency selective bandwideh

-
M

signal decovrelation time

A fir o Equatien (.}, good to ene pevcent, is

f'fﬁ Cf
f){t‘sf) = :;gslﬂ.f': ex 3 =3"‘f'f
- C 3 -

g ‘
== = v {iee_ )" 2p0e -2
2 i, ’
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3
- 2 .
whore G(x) = (3,) exple” )GOM 191 ,0.197 9,112 ;12), 221
R z z z 2

y .
G(2) = 1.St.‘sexp(uo.m.%z-u.7292"-0.1092”00.03124), <l<z¢l

S"

. N 0.290 0,178 0,004

(z) = L—Y. 1+ b?..... - T nn .-—_.,.‘), Z<e}
[z]¢ z 4 2°

The delay power spectyus is defined as

t‘sz) i[df I‘z(f.f) (€=3)

Ll

¢ = ~E WA _L_ 3 ,zﬁf. _}_ 28 F %t
t‘z(r) = wflexg ;,(1 ‘c,_zm) 2(?—.,:)
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Then
i("nf’t)z
Iy(t) = nf'expl=—s—=s IF(t) , 220 (C-5a}
) 2(‘.I
L
-'2
“ 2
I'y(t) = nf'exp 5 S2nfrr 2-F(t)exp(-27)] , 20 (C=5h)
where F(t) :((().7478556t-0.0958798)t . 0.3480242):
Equation (-5 is accurate to about five figures. The frequency pawer

spectrum is defined as

“

¥, () E!d'fl'z[f.'f) (C-6)
Y .2 .
PZ(f) T 'faexp[‘(ﬂet) ] (€7
The nermalization integrals for the abeve speetrutis sve
I‘%fjdf ra(go?) = 1 66’5)
Idff,h) 2 (C=9)
[df‘?‘{‘t’) = {C=10)
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Frequently, integrals over the various power spectrums are
necessary as, for example, in Equation A9, Trapezoidal integration with
the following integration increments is accurate to approximately one
percent.

é,f't ] 0.03/10 (C<1la)

a7y 5 0.03/ (C-11b)
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APPENDIX D
PROPAGATION EFFECTS LINK SIMULATORS

Figure D-1 shows a general implementation of a link simulater
which is the hardwire analog of the channel impulse response fupction
defined by

{
!
]
{
- 4
R(t) =fdth(t.t)8(t-v) {b-1)
o
where S${t) = transmitted (input) signal
Rit) s received (output) signal !
kit,t} = chawnel, impuise response function
the link simulator vepresents a discretized version ef 0-1 wheve
t
iatt) ¢ ﬁfA%ﬁeal[Mti.faléfR (B-2a) ;
‘) = } ~ {2
f Qﬂ{t} 5 ﬁ/r\ltmg{ﬂ(ti.ﬂealm]t (-2 -
% Bfa{ } 2 digital o analesg convevsio :

Algavithas to ealeulate values of tae chuinsel iepulis vesgoase fusytiea
were Jdetailed in Appeadis A, The sampling vequivescals i Appesdis A

A )
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are sufficient to support the digital to analog operation without any

additional filtering to suppress aliasing.,

FigureD-2 shows a particularly simple link simulator for flat

fading and when all other effects are ignored or simulated separately.

The delay is used to get an independent noise source for the I
channel without an extra noise generator. The filters are single pole
providing in cascade the power spectrum represented by Equation 6. For

a RC filter, the time constant is ;

£ e e s s

RC = TO/2.146 (D-3)

The input/output can be at any frequency level. :
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APPENDIX E
CIRF, A FORTRAN PROGRAM FOR GENERATING SAMPLE DIGITAL
REPRESENTATIONS OF THE CHANNEL IMPULSE RESPONSE FUNCTION

This appendix contains a fortran program to sample digital
representations of the channel impulse response function in Equation A-19
less the absorption and antenna loss terms. The coding is consistent with
Fortran IV with the exception of the dimension declaration in the fast

fourier transform subroutines (see comment in SUBROUTINE SETD list).

The methods used to generate the frequency selective sequences
are also used for the flat fade sequences rather than Equations A-5 and
A-6. The flat fade sequence generation is thus slower, but the sequences
generated are continuous from the last sequence term back around to the
first term, a very useful property for hardware testing applications.

The flat fade sequences are nevertheless consistent with Equation A-4,

The program tests the input for compliance with Equations A-lla,
A-11b, A-1le, and A-11f. The recommended integration increments are also
enforced. The use of fleating point variables for the channel impulse
response function output guarantees compliance with the stated phase and
amplitude resolution requirements on all known computer systems that

support Fortran IV. The user is responsible for satisfying Equation A-lle.

The coede provides time sequences of the impulse respomse function.
The first sequence centers on a delay of -0.04/F0+DD/2 wheve FO is the
frequency selective bandwidth and DD is the delay increment. The main
program loop over delay ends at statement label 70. Just prior to that
statement, the time sequence fer the cureent delay is in the H arvay.
H(I+1-1) and H(I+1) vepresent the in-phase (real) and quadrature (imaginavy)
impulse response function components, respectively. The user is

Fomam ittt

W o i SRR T 3 bl



responsible for providing the extra coding for disposing of the sequence
data. The data must be moved out of the array before the loop returns to
calculate the next sequence.

Any remaining questions should be referred to

Director

Defense Nuclear Agency
RAAE/Major Leon A. Wittwer
Washington, DC 20305

Autovon 221-7028
Commercial 202/325-7028

The program was programmed and debugged on a Heathkit H8Y
Computer system.
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PROGRAM CIRF

THIS PROGRAM CALCULATES RANDOM SAMPLES OF THE SCINTILLATION CHANNEL
IMPULSE RESPONSE FUNCTION A3 DEFINED IN “"A TRANS-IONOSPHERIC 3IGNAL
SPECIFICATION FOR SATELLITE Ce#3 APPLICATIONS,* (ENCLOSING DOCUMENT)

THE PROGRAM INPUTS ARE
TAUY, SIGNAL DECORRELATION TIME(SEC)
FO, FREQUENCY SELECTIVE EBANDWIDTH(HZ)
DYs TIME INCREMENT(SEC)
(THE TIME INCREMENT MUSY BE LESS THAN OR EQUAL TO TAUO DIVIDED
BY TEN)
DDs DELAY INCREMENT(SEC)
(THE DELAY INCREMENT SHOULD BE LESS THAN QF EQUAL TCO THE
RELEVANT SYSTEM SYMBOL DIVIDED BY FIVE. IF DD IS GREATER THAN
OR EQUAL TQ SIX TENTHS DIVIDED BY FO, THEN ND(SEE BELOW) 15
SET TQ DOMF AND THE FLAT FADE SPECTRUM IS USED)
NT. NUMBER OF DISCRETE TIMES
(NT MUST BE A POWER OF TWO, NT MUSY BE SUFFICIENTLY LARGE SUCH
THAT NT TIMES DT 13 GREATER THAN OR EQUAL TO ONE HUNDRED TIMES
TAUO)
ND.  NUMBER OF DISCRETE DELAYS
{ND MUST EE SUFFICIENTLY LARGE SUCH THAT ND TIMES DD IS OREATER
THAN OR EQUAL TD SIX TENTH3 RIVIDED BY FO)
SEED. SEED FOR RANDOM NUMEER JENERATOR
(SEED MUST BE AN OUDD REAL NUMBER)
REOUIRED FUNCTIONS/SUBROLITINES
FLOAT (FIXED To FLOATING POEINT CONVERIIOND
SEYD (CINITIALIZES FAST FOURIUR TRANIFORM TABLE)
IFIX  (FLOATING T FIXED POINT CONVERSIUN)
DINT (DELAY INTEGRATOR)
NEAM  (DF e (STANDARD BEVIATION OF FOURIER COEFFICIENT))
RANCOF  (RANDOM DF e (FIIRIER COEFFICIENT) GENERATOR)
FFT AND PDE  (FAST FOURIER TRANTFORM)
POWMER  (STONAL POWER DENSITY A3 A FUNCTION OF DELAY)
TCOR (COMPLEX SIONAL TIME DECORRELATION FUNCTION)

DOUELE PRECTISION SEED

THE FOLLOMING DIMENIION LIMITS ARE MINIMUM VALUES
DIMENSICON HI2eNT) JDINTY

OOANO QOO0 CODOHOOOOOOO0O00

DIMENIION HEA098), DEXO4T)

COMMON ADAT/ANFR.DFP JNDP  DOP ND.BD
COMMIN £PSD/CY . TAUDL.FO

COmMMaN ZRAMLIEED

COMMUEN  AfFH/DFMY

SEY OELAY PARAMETER
bava ¢37,24¢2

o oOonn
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C READ AND TEST DATA
c
C INPUT 1$ ON LOGICAL UNIT &
C OUTPUT 1S ON LOGICAL UNIT 2
C OUTPUT(CRTY 13 ON LOGICAL UNIT 1
c
CALL CPEN(&,°SY1: INPUT,DAT )
CALL OPEN(2, “SY1:1QUTPUT,DAT )
READ(&, 1000) TALDLFO, BT, DD NT +ND. SEED
1000 FORMAT(4E£10.2,215,010.2)
WRITE (2, 1001) TAUO, FO, 0T, DD, NT,ND, SEED
1001 FORMAT(1X, 1P, 27HSIONAL DECORRELATION TIMEw £10.27 1X,31MFREQUENCY
f SELECTIVE BANDWIDTH= ,E10,2/1X.16HTIME INCREMENT= ,E10,2/1Xs 17H0E
$LAY INCREMENT= ,E10.2/3X, 17HNUMBER OF TIMES™ , 15/1%, IGHNUMBER OF D
1ELAYS=a , 15/1X, 6NSEED= ,D20,12)
WRITE(1,1010)
1010 FORMAT € 1X, 2HRUNNING )
IF(DT.LE. TAUO/10,)G0 TO 10
WRITE(Z. 1002)
1002 FORMAT (1Y, 33HERRQR-TIME INCREMENT 1S TOO LARGE )
STOP
10 AMFSFLOAT (NT)
NP=O
20 AMP=AMP /2,
NP=NP+1
IF(AMP.GT.1.)G0 TO 20
IFCAMP.ED. 1,330 YO 30
WRITE(2, 1007)
1003 FORMAT ¢ 1 X, SOHERROR-NT 1S NOT A POWER OF TWO )
STOP
30 IF CFLOATINT) #DT, GE, $00. o TALOICO TO 40
WRITECZ, 1004) ;
1004 FORMAT( 1 X, 3SHERROR=TIME RANGE LESS THAN 100 TAUO ) |
sToP i
40 IF CODeELOAT(ND) . GE. . £/F0)G0 TO %0
WREITECR, 1Qa%)
1005  FORMAT( 11, 2ANERRGR-DELAY RANGE LESS THAN 0.64F0 ) :
STO ;
50 IFCRD. LY, . &/F01GO TO &0 !
Ny
WRITE(2, 1008)
1006 FORMAT(1F, IOWFLAY FADE LIMIT-ONLY ONE DELAY REGUIKED ) !
&0 CONT INUE |

c

g INITIALIZE FAST FOURIER TRANSFORM TABLE 3
CALL SETD(D.NG) i
LENTONT =} !

CALEVLATE FREQUENCY INCKEMENT AND INTEGRATIUN VARIAES
(P =FREGUENCY TNCRENENT

[y X e B gl 4]
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DF =1, 7(FLOAT(NT)«DT)
NFPeNUMEER OF FREQUENCY SUBINCREMENTS
NFPeIF IX{)3. 2TAUORDF Yo}
FPeFRECUENCY 3SUBINCREMENT
DFP=QF /FLOAT(NFP)
NDPsNUMEER OF DELAY SUBRINCREMENTS i
NDP=IFIX (33, oDDeFO) e} !
DDP=DELAY SUBINCREMENT
00P=DD/FLUAT(NDP)

CALCULATE TIME SEQUENCES FOR EACM DELAY

DSTARY 1€ THE BEGINNING OF THE DELAY WINDOW. TWO PER CENTY OF THE ;
SIONAL ENERY ARRIVES BEFORE DSTARY AND THUS IS NEGLECTED WMEN DSTART '
1S INITIALIZED TO -.04/F0.

D3TART*==.04/F0

INITIALIZ2E VARIABLES FOR STATISYICAL TESTING. THE AVERAGE SICNAL
POUER AT £ACH DELAY(THE AVERAGE VARIANCE OF THE FOURICR CUOEFFICIENTS
TIMES DDeal) AND TME TIME UDECORRELATION PROFERYIES OVER ALL SEQUENCES
NEAR TAUQ WiLL BE TESTED.

O0O0OO00 O0OO00OMNO0O0O O O 0O 0O

ICOR®IFIX ¢ TALOLDT)
1COR=1CQRe iC0Re1 _‘
CORR=O, i
CORE=0. ,
W 70 I=1.ND i
T=OSTART+, SeDD i
HRITECL. (012 T ,;
1012 FORMAT (1% LE 2NGENERATING SEQUENCE FOR DELAYE LE£10.2) {
K, H
FSTART=, Sl i
AMP=y :
c !
g TERD DO FREQUENCY COMPONENT YO MAINTAIN ZERD MEAN SECGUENCE

IR R LN
Hi21eQ,

¢
C DFMEaINITIAL UELAY INTEGRATION POINT FOk (WaM
(4

: DEMS=, S+LINT DSTART . FSTART)
.y PO 80 SNV, 2 ]
; IFCAME LE €, 108 ¥ 8% 1
AMPsIE AMIDSTART . FCTART)
Calt RANTOF SHES) M2l ) GMP)
CALi, PAKCOF (htk Y binel ). AND)
FRTART=FITaAET«0F
60 ¥O 2o
€5 [ INIT N

BASITY o G b

sy

S ARLB B P Foh 2e

L]




HiJe1)=0,
M(K)=0.
HiKs1)=0,
a0 KmK-2
AMP=DFAM(DSTARY, FETART)
CALL RANCOF (H{K) sH(K*1)+AMP)

C
C USE FAST FOURIER TRANSFORM TO GENERATE FINAL SEQUENCE

CALL PFT(H,D)
CALL. PRD(H)

TEST SICNAL POUER IN SEQUENCE TERMS AND ACCUMULATE DATA FUR TIME
CORRELATION TEST. USE TRAPEZOIDAL INTEURATION.

TVAR=O0,
PO 90 J=ICOR,L.2
K== TCORe Y
CORR=CORROHIK ) SH(JIoHIKo 1) #H(J+ )
CORImCORI*H (KL ) oM J)~M{K) oH( I+])
0 TVAR=TVAReN( ) oN () »+H{ el ) M ( )+])
AMP=e2, Q8 TVARS[Dw 8 2/ FLOAT (L~ ICOR+2)
PEUM» , SePOUER(DSTART)
T=OSTART
DO 100 J=1.NDP
YoT+00P
SM=PQUERLT)
100 PoUM=F I IM+SM
PEUM= (P3M~ , SelM) o 0DP
T=DSTART«, SeDl
WRITE (2, 132 T, AMP, POLIM
1000 FORMATLA1X. 1P 7THOELAY= JELOL 2210 24NAVERAGE SECUENCE POMER=
139, 2710, ZIRTHEQRETICAL SEGUENCE POMWERS JEL0, )

THE H ARRAY N CONTAINS & SaMPLE DIGITAL REPRESENTATION (F THE

CHANNEL, [MFULSE REGPOMIE FUNCTION FOR A DELAY O DITART« . SelD.  THE
IN-PHASE AND OLABRATURE MULTIPLIERZ(THE REAL AND IMAGINARY FARTS OF
THE CHANNEL IMPULSE RESPUNIE FUNCTION. REIPECTIVELY) ARC DEFINED DY

IN=FHASE COMPONENT MW TIFLIER = Milel-1)
GUADRATURE CONFONENY MULTIPLIER = Wiisl)

WHERE § INOEXES SINCESSIVE VALUES IN TIME., THE UIER MUST DECIDE ON
THE DISPOSITLION OF TME DATA IN TME B ARRAY BEFOERE FROCEEDIMG ON TO
THE NEXT DELAY. UILELLY. THE DATA 3 STORED aND LAGTER YSED IN &N
INTEORAL OVER PELAY. [N THESE INTEORATIONG. D MUST € UKD
EXFLICITLY G THE INTEOGRAT QN [RCEEMENT,

< DL TART=DL TARY « (D
YEST TINE CORMELATION PRNERTIES

ORNANBNOOOA0ANGOOAGAN0
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CORR=2,NeCORRDL##2/FLOAT (L.~ ICOR2)
CORI=2, 0 0R1eDDeel/FLOAT(L=ICOR2)
Te,  SoFLOAT(ICOR-1) DY
AMPaTCOR(Y)
WRITE(2) 1009) T, CORR, CORE s AMP
1009 FORMAT(/1X, 1P JAMTIME DISFLACEMENT TESTEDw JE10.2/ 1%, 26HCALCULAYE
1D DECORRELATINN® 1 2E10,2/71%, SSHTHEORETICAL CALCULATIONS EL10.2)
HRITE(2,1007)
1097 FORMAT (11X, JOHEND OF RUN )
END
FUNCTION DFAM(DSTARTFSTART)

THIS FUNCTION CALCULATES UF TIMES THE STANDARD DEVIATION OF THE RANDOM
FUNRIER CORFFICIENT CORREIPONDING TO A DELAY OF DSTART+,SeDD AND A
FREQUEMCY OF FSTARYe TeDF, THE VARTIANCE OF THIZ FOURIER COEFFICTENT
1S THE OENERALIZED POWER SPECTRAL DEN3IYY INTECGRATED QVER DELAY FRuM
DSTART TO DATART+DD AND OVER FREGUENCY FROM FSTART TO FSTARTSDF,
INTEGRATION IS BY THE TRAPEIZOIDAL RULE.

ARGUMENTS
DSTART=INITIAL DELAY(SEC)
FSTART=INITIAL FREDUENCYINZ)
REQUIRED CUMMON VARIASLES
NFPsNUMBER OF FREDUENCY SUBINCREMENTS
DFPsFRECUENCY SUBINCREMENT (M)
DDPADELAY SUBINICREMENT ¢SEC)
DE=0ELAY INCREMENT
DFME=0. SeBINT(OITART JFITARTY
FUNCTIOMZ REQUIRED
DINT (DELAY INTEGRATOR)
CORT  (FLOATING POINT SOUARE ROOT)

OGO OOONOOOOOO0ONO0

ey o

COMMIN /OAT/NFE, DEP . KIE, DORJNEL 0D
COMMON /LEM/OENS
F«FETARY
DF AM=[F M3
D8 10 [st.NFE
F=F «DFP
EM=0INT(ESTART. N
10 DF eM=0F am=IM
EME=, oM
FAR=CORT ( EF o« {0« ( DFaM=EFMS ¥ DD

AT ey e e

Ry o e

RETURN
END
FURCTION BINT(DSYARY.F)
C
€ THMIS FUNCTION INTEGEAYES InE GEMERAL 266 POUWSR SFECTEUM FEON & BELAY
€ OF DITART TO DLPART=00 AT & FREMMEMNY OF F AND BIVIOES TRE REUNRT by
€ .
¢
¢ ARCLNENTS
C DOTanT=INITIAL DELAVISEDY
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FuFREQUENCY IN2)
REQURED COMMON VARIABLES

NO=FLAT FADE FLAD

NO=1,FLAT FADING

NDL 3T, L FREQUENCY SELECTIVE FADING
NOP=NUMBER OF DELAY IUBINCREMENTS
DOP=DELAY SUBINIREMENY
FUNCTIONS REQUIRED

PSD3 {GENERALIZED POWER SPECTRUM)
PSDFF  (FLAT FADE SPECTRUM)

COMMON /DAT/NFP, DFFPNDP, DOP.ND. DD
TEST FOR FLAY FADING

OO0 QANOONOAGOHNO

IFI(NDL.EQ, 100 TO 100
D=0START

DINT= SePSDI(F. D)

PO 10 I=i.NDP
D=D+DOF

SMaPINI(F. D)

10 DINTaDINTeSM
DINT=DINT~, SeSH
RETURN

100 DINY=PSDFF(F) /008
RETURN
END
FUNCTION PSOICF.D)

THIS FUNCTION [S THE GENCRALIIED POWER SPECTRUM FOR FREQUENCY
SELECTIVE CATES.

BRGUMENTE

FuFRECLENCY (M2}

D=fHELAY (SET)
REGIIRED COMMON VARIABLES

Cl=DELAY FARAMETER

TaD=CIONAL DECOSRELATION TIME
FO=FRECUEMTY SELECTIVE BaniwipTm
FURCTIONT REDUTIRRDR

SORT  (FLOATING FOINT SIJARE ROOT)
AT  (FLOATING POINT ASSSLMTE VALULE?
€AIP (FLOATING FOINT KATURAL EPONENTIAL)

COMMON /FSE/C L TALDLFO

FRRIME=FOSaRT (], +i2lesl)

TEEPLicA, DL IeEERIME «f

= FOM S0 =Y, tA2TALM IO e 2= TREP(II 4CE)
EFIABI(IN LT 2. 000 YO S0

K=}, 4lee?

FF(ZAT.00G0 Te 30

Ol SOTEEFe=Z e 0083, 0 (. 3F9P= SIS0 EI0E =, $ P bR IFSURTC )

ODOOOIOONNLHODOO0

8
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g o it N Ao R,
Botlsasares rRARI AU ARG A )
e en bt a1y Syttt £ e

A e s e Mo a4

s AT

S e e v e et

60 YO %S0

20 GIw), 772e(1,¢0(,00140%-,179)0Xe 29)0X)/SQRT(~2)

6 TO %0
10 028 (¢ .02100~,109)00=,729)02-,675) 02
GZ=1,313IeEXP(CD)
SO PSDAnD, 9O SFPRIMETAUOSEAP( SeC ) 00 2=TPFPD I G2 /SART(LS)
REYURN
END
FUNCTION PSDFF (F)
THIS FUNITION IS THE FLAT FADE POWER SPECTRUM.  THIS FUNCYION 1S NOT
YHE CENERALIZED POWER SPECTYRUM(FUNCTION PSDJ3) INTEOGRATED QVER ALL
DELAY. & CLOZE APPROXIMATION MAS BEEN CHOSEN INSTEAD BECAUSE OF {TC
UTILITY IN SOFTWARE AND HARDWARE AFPLICATIONI, WHITE NJLSE FILTERED
BY TNO GINGLE POLE FILTERS HEPROODUCES THIS SPECTRUM,
ARGLMENTS
F=FREDUENCY(MZ)
REQUIRED COMMON VARIAILES
TAUQeS IONAL DECORRELATION TIME

OOOONOOHCaOON

QOANANOOAOODLONDON

Qae

COMMON  /PSD/C L, YALO,.FO

PSOFE=Y . 3oA%TAUQL (L, #3,572¢(FoTALD ) s02) 882
RETURN

END

SUBROUTINE RANCOF (XR. X1 .AMP)

THIS FLUNCTION RETUENT A COMPLEX RANEOM NUMEER, (XK. X1}, WHERE THE EEQL
AND IMAGINARY PARTS ARE [NOCFENBENT ZERD MEAN NORMALLY DISTRIBUTED
RANDGOM VARIABLES EACM WITH A VARIANCE OF ,SeaMpes,

ARCUMENT S

XRSRETURNED KEAL NONDGM SAMPLE

NP=RETURNED IMASINARY RANDOM SAMPLE

AMPSSIIARE RGDT OF TWO TIMEZ INE VARIANCE oF 2R AND X}
REIIRED FUMCFLONE

CORT (FLOATIMNG PAINT SUOARE RQOIT)

ALD)  EFLOATIMS POINT NATURAL L)

BANE  (SAMPLE GF LMIFORM DISTRIGUTION BETWEEN ITRRG AND (NG
Q02 (FLEATING PSINT COZERE)

I8 FLOATING BOINT SINE)

AM=AMESSORT ( ~aL OG(RaNDGI )
=0, @2 IS RANDEG

IE=GMeCS3CANS

sl=aM+i INLENY

RETUEN

ENB

Fua. TECWN Ranb¢ b

THIS FUNCTEON CERERATES RANDOM KLMBERY tWIFOEW Y CLITRIUTED
CAFFROETMATELY Y IN THE INTERVAL ¢F 680 TO GAf.  THE UHER SHOILD
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REPLACE THIS ALOORITHM WITH THE BETYER ONE (PRESUMABLY) ON MIS OWN
SYSTEM.

ARCUMENTS

P=lLiMMY AROUMENTY
REQUIRED COMMON VARIABLES

SEED=RANDOM NUMBER SEED(INITIAL VALUE MUST BE ODD)
REQUIRED FUNCYIONS

DM3D  (DQUBLE PRECISION MOD FUNCTION)

DOURLE PRETISION SEED

COMMON /RAN/SEED

SEED=DMINC A, 29231 2%0+070SEED, 2, 634354560008)
RAND=(SEED/2, 694354570+00)

END

FUNCTION POUER(D)

AGOOOOOOCOO

THIS FUNCTION CALCULATES THE GENERALIZED PUWER SPECTRUM AT A DELAY OF
D INTEORATED QUER ALL FREQUENCY.

ARGUMENTS

DsDELAY (SECY

REQUIRED COMMON VARIABLES

Ci=LfLAY PARAMETER

FO=FRECQUENCY CELECYIVE BANIWIDTM
REQULIRED FUNCTIONS

SORT  (FLOATING POINT SOUARE ROOT)

A83 (FLOATIN: POINT AB2WMTE VALUE)

EXP  (FLOATING POUINT NATURAL CXPONENTIAL)

COMMON /FERI/CL.TALD. FO
FPRIME=FOeiIMRT (L. xCeed)
TPEPD=L, 22 eFPRIMESD

T 70218 -TEEPD/C L)

Tei, 2¢). =, 470&7=AB5( 32 )

Fra{ (. TATRESL T = 0303793 18T e, 34802421 6T
FFE2.LT.6L 100 TO L0

FOMER=TF, § &L LeFERIMEGENP ¢ = S ETRREDATL ool 1 o8 Y

OO0 O0OON0

RETURN

{4 FOWER= 3, $ 6L LeFFRIMCOEEPC  SoeCleal=TEFFOIN(J. - FT{IF (=304l
BE TURN
EnNg

FUNCFLON TCORCT)

LS FUNCTION CALCWRATES THE COMPLES Slonal FIME DRUOREBELATION
FUNCTEON,

ARGLMENTFS
TP INE BECH ACEMENT {SEC)
RECUHERED CoMMON VaRTABLES

Fawi=S long: DECCRRELAFION FEPECEETH
¢ MDSFLAT FalE FLOD

NN %o 0

3
3
ki
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NOmt, FLAT FroINg

RD,OY. 1+ FREMIENDY SELECTIVE FADING
REQUIRED FUNCTIUNS

EXF  (FLOATING POINT NATURAL EXPONENTIAL)
ABS  (FLOATING POINY ABSOLUIE VALUE)

oaNanNn

COMMON /P3D/CL, TAUD,FO
COMMON /DAT/NFP . DFP . NDP . DS 2, ND . B2

CHECK FOR FLAT FADINg

(e Xely]

IFIND.EQ. 1)C0 TO 1O
TCORE AP (=~ L T/ TAUD w2}
REYURN

1¢ TCOR=2, 1 46«ARSIT I /TRLID
TCORSEXP(~TCOR) 0 ¢}, +TCON)
RETURN
END
SUBROUTINE SETD(TABL.NT)

SUBROUTINES SETD. PFT. AND #OD ACCOMPLIZM THE PAST FOURIER TRANIFORM
ON A COMPLEN ARRAY.C. CR AND (I WiLL BE USED A% O SHORT WAND T
REPRESENT THE REAL AND IMAGINARY PaRTS OF C.  LEY

CR(EY = Ctielal)

€ty = CtleD)
DEFINE THE CORREIPONDENCE BETUEEN . R, AND Of. THE REIULTT ARE
RETURNED IN TME £ ARRAY. ThE NIMBER OF POINTI Y0 BE TRANZFORMED 13
KPsleeNT, TWE FALY FOUNLER TRANSFORM BEIREL & Tabi g KEFREIENTED BY
THE COMPLEX TABL ARKRAY, MINIMUM LIMITE FOR THE C aND TalL ~SRavi Asg

DIMENSEON CiNFeNP), TABL ({NF)

(CRINCLEIY AT THE GUTFUT COUALE THE UM SVES I FROK § TO NF OF

(RIS, sP L eMaN/NE ~C L EnQlEe 3. oP ettaNNF L CREDI OB EIN( S o8 [Ny
WPYeC Pl dal il sF ] sMten NP ) 3

MHERE THE COMPLEx NMTATICN MAT BEEN WEED. (REAL. IMADLNARYE. AND
WMERE Nz=t=! WHEN JouE. LGNl B LT KB/ Jed

K= J-NE=t WHEN . GE KRPLEx) GRD. ML LE NP

Mxfel WEN DLOE. L ANRDOLELTONPAZRY

M f=nfee ) GHEN 3-¢§‘Wf3*!.w.f.&€.ﬂf‘

RVF F NI

LR OADADVANOONOIOAONOHOOCROHONONO0

«

ELBRIIT ENE SETD tmETEALIZES Fof TAR GKEAY AND KESD BE CALLED Gty :
WHEM NT §S CHSNGED.  SUSROUTERES FFT AKD PDO WHEN CALLED N ECUENIR :
AECOREL ESH TRE TRANIFORM,

Catt SFTRITABL.NT2

gaLt PETL, Tap()
tage PobC)

TRy

0 5 €O TO o OB L

st

gt e A gt e R e e et S e
R SO WAPEYIRE - S S R e SRR R SOy
T B e e Saien 42
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IN THE ARQVE SUM, M IS PROPORTIONAL TO THE VARIABLE REPRESENTED BY THE
I INDEX. FOR EXAMPLE, IF (CR(I),CI(I)) I3 A FREONUENCY CQEFFICIENT,
THEN ZERQ FREQUENCY 1S REPRESENTED BY M EQUALTO ZERQ AND I EQUAL TO
ONE. SIMILARLY. N IS PROPORTIONAL TQ THE VARIABLE REPRESENTED BY THE
4 INDEX.

FAST FOURIER TRANSFORMS ASSUME CONTINUITY OF THE FUNCTION TQ BE
TRANSFORMED AND THE RESULT AT I(OR J) EQUAL TO NP/2+1 WHICH REPRESENT3:
THE EXTREMES OF M(OR N). THE FUNCTIONS ARE ALSO CONTINUOUS BETWEEN
(CR(1},CI(1)) AND (CR(NP).CI(NP)).

REGUIRED FUNCTIONS

FLOAT (FIXEDR TQ FLOATING POINT CONVERSION)
MOD  (FIXED POINT MOD)

COS (FLOATING POINT COSINE)

SIN (FLOATING POINT SINE)

I T I3 T30 I 100 J I I 0TI T U660 009000 T 096360 300 0 28
THE ARRAYS IN SETD.PFT, AND PDD HAVE BEEN DIMENSIONEDR T QONE
INTERNALLY. THIS MAY NQT BE ALLOWED ON THE USER SYSTEM., IT MAY BE
NECESSARY TO DIMENSION TO THE LIMITS IN THE MARIN PROGRAM OR TQ USE
VARIABLE ARRAY DECLARATORS,

JHEIE I I AT J0 0 10 30T 0T 3000030 0 0 30063 U000 000 0034000 3 00 0 U0 00 36 3 T 30T 00 00 00 00 03030 90 B 0 420000 0

DIMENSION TARL(1)
COMMON /FFT/N2-NTT.NL
DATA PI/3, 1415926536/
NTI=NT

N2=2##NT

NL=N2-1

NN=N2/2-1

TPI=2, #FI/FLOAT(N2)
TARL(1)=1.

TABL(2)=0,

DO 40 I=1.NN

J=l+l

1I=0

DO 20 N=1.NT
II=1T4 10 +MOD( S 2D

20 J= M2

Kal+le¢t
TARL (K)=COAS(TRISFLOAT(II))

40 TABL (K+1)=SIN(TPI#FLORT(11))

RETURN

END

CUBROUTINE PFT(C. TARL)
DIMENSION C(1).TABL(1)
COMMON /FFT/NZP/NTIWNL
N1=2

N2eNZP

DO 1 IwluNT]

NN=+N2-N2

TR IR
B R
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DO 2 J=2,N1,2
NN=NN+N2+N2
N3=NN+N2
DO 3 K=2,N2,2
N4=aN3+K
STR=C(N4-1)*TABL (J~1)~C(N4)*TABL (J)
STI=C(N4-1)#TABL(J)+C(N4)#TABL (J~1)
NS=NN+K
C(N8~{)=C(NS-1)-8TR
C(N4)=C(NS)-STI
C(NS-1)=C(NS-1)+3TR

3 C(NS)I=C(NS)+STI

2 CONTINUE
NI=N1+N1

1 N2=N2/2
RETURN
END
SUBROUTINE PDD(C)

c

C REQUIRED FUNCTIONS

C MOD (FIXED POINT MOD)

c

DIMENSION C(1)
COMMON /FFT/N2,NTI,NL
DO 1 I=1,NL
J=1
11=0
DO 3 N=1,NTI
II=I1+114MOD(J,2)

3 J=J/2
IF(II-1)1.4.7

7 IN=I+I+1
TIN=11+11+1
DR=C(IN)
DI=C(IN+1)
COINY=C(TIN)
CUIN+1)=C(IIN+1)
C(IIN)=DR
C{IIN+1)=D}

1 CONTINUE
RETURN
END
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