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SYSTEM ISSUES RELATED TO SATELLITE
COMMUNICATIONS IN A NUCLEAR ENVIRONMENT

Per A. Kullstam
PAIRCOM, Inc.
8508 Shadeway Place
Springfield, va. 22153,

N

\\\ﬂ ABSTRACT

Nuclear induced signal scintillation effects are of great importance in
design and deployment of military satellite systems that must provide surviv-
able and enduring communications service. The induced scintillation will re-
sult in Rayleigh signal fading with limited signal decorrelation time and co~
herent bandwidth of the transmission channel as well as reduced signal power
due to terminal antenna scattering loss.

In this snvironment the coherent bandwidth and signal decorrelation time
are most important design parameters for modulation subsystem design. The an-
tenna srattering loss is important for link power budgets and satellite net-
work 1oad1nq.\
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1. BACKGROUND

A high altitude nuclear detonation emits atomic particles and high ener-
gy photons, x-rays and y-rays, that cause strong ionization of the gas in at-
mcaphere and ionosphure. At lower altitudes the gas pressure is sufficiently
high to cause very rapid recombining and annihilation of the charged parti-
cles while in the ionosphere, at the altitudes of about 100 to 1000 Km, the
ionization will persist for substantial periods of time and affect signal
propagation from minutes to hours and even days.

A hostile adversary may therefore elect to greatly increase the number
of electrons and charged particles (ions) in the ionosphere to such a degree
that it will cause multipath scattering effects of satellite communications
signals passing through it. Strong ionization levels will affect and may
even completely disrupt the satellite communications signal if this situation
is not guarded against by proper design of the modulation subsystems and suf-
ficient link power budget margins are used in engineering the communications
networks.

The net result of the induced signal multipath propagation effects is
that the signal power does no'. reach the terminal from the axial direction of
the satellite but within an anqaler distribution about this "line of sight"
direction. The angular distribution of signal components making up the com-
posite signal has been determined to be approximately Gaussian (1]. That is,
the probability consity

POy, 0y) = [l/(Zwaxoy)]exp[~(ex/cx)z/2'(ey/cy)z/zl: 1-1

where 0y, 6y represent the angular deviation from the direct path and c;, a§
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are the variances of the angular deviations. The probability density is nor-
malized to unit "mass" which is very appropriate to a direct description of
the forward scattering situation since there is no loss of average signal po-
wer through the scintillation medium but rather an angular re-distribution
of the total signal power into components by the multipath scattering pro-
cess, Simply, forward scattering implies that the transmitted signal from a
satellite will "sooner or later" reach the earth but not necessary through
the direct path. Therefore, we may determine the average signal power at an
earth terminal by first determining the power level in the case of no signal
scintillation (the normal case) and apply the angular distribution of (1-1)
to this power and determine the signal power level received at the earth ter-
minal when signal scintillation is present. Note, even though we have refer-
red to a satellite downlink in developing the rationale for the probabilistic
description of the nuclear induced signal scintillation channel, it applies
equally well to an uplink signal by the virtue of the general law of trans-
mission reciprocity between transmit and receive terminals.

The angular distribution of signal components from the scintillation
mgdium will generally not be rotationally symmetric. That is, the variances
Oy o2 may not be equal. It is due to the influence of the earth's magnetic
field on the moving charged particles which cause them "gyrate" about the
nagnetic field lines. Thus, the scattering effect will be accentuated in the
direction along these lines and less so perpendicular to them. The x and y
axes in (1-1) are chosen in such a way that they line up with the major and
minor axes of the angular signal distvibution. From theoretical considera-
tions the two variances are related t. the maximum medium angular scattering
variance o} as

o = od/K(®), oy = 0a/K3(#), 1-2
where K2(¢®) = cos2(#)+225%in2(®) = 1+224sin2(¢), and thus
oy = ox/K2(#), 1-3

where ¢ is the signal penetration angle through the scintillation medium re-~
lative to the nmagnetic field. (The angle & = 0 i{f the propagation path is
parallel to the magnetic field lines.] As 1 < K(é#) < 15 with K(¢) = 1 for
¢ = 0, we have in this case o2 = ai = og and a symmetric angular scattering
distribution. This case is af&ost possible for a terminal located due north
or south of a geosynchronous satellite., For a terminal at the equator the
penetration angle & = n/2 (90 degrees) and we have the most nonsymmetric case
with of = 03/225 and o} = 03/15, which shows that the angular scattering dis-
persion is strongly reduced, by a factor of 15, from the maximum medium angu-
lar scattering in the scintillating volume,

2. RECEIVED SIGNAL FADE CHARACTERISTICS

There are several important factors to consider for satellite communica-
tions network design and link power budget determination to achieve the re-
quired communications performance under nuclear stressed situations. Speci-

.fically, the effects of Rayleigh signal fading, signal decorrelation time,

channel coherent bandwidth and terminal antenna scattering loss wil}! be con-
sidered.

The well developed multipath situation caused by nuclear induced signal
scintillation implies that both the inphase [vSx(t)] and quadrature phase
[vSy(t)] components of a signal will be uncorrelated Gaussian distributed
random processes with zero mean and equal variance. This situation is refer-
red to as Rayleigh fading which is alternatively characterized by a uniform
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phase distribution and an exponential received power probability density
p(s(t)|I8) = (1/8)exp[~8(t)/8], 2-1

where §(t) = §{x2(t)+y2(t)] is the instantaneous received power level and S
denotes the average received signal power level over time. ({Generally, the
anplitude probability density p(aiS) = (2a/8)exp(-a2/8) is referred to as the
Rayleigh distribution which is equivalent to (2-1) with a = v§(t).] In other
words, instead of raceiving the power level S(t) = S at all times, the re-
ceive power level will be random at any given time instant governed by (2-1)
and also varying with time. 1he time varying nature of the signal is fully
defined statistically by the sigmal auto-correlation function which from the
Gaussian nature of the angular scattering distribution as well as from the
gain pattern of a circular antenna cun be expressed as

R(t) = E[x(t)x(t')]+E[y(t)y(t")] 2-2
= exp[-(1/15)?], = t-t',

where also E[x(t)x(t')] = E[y(t)y(t')]. The parameter t, ig referred to as
the decorrelation time and signifies that the signal values separated in time
by t = 1, for sach of the quadrature components have a corrslation equal to
expi-l). The Rayleigh fading situation is completely characterized by the
average received power level, the exponential distribution of the instantan-
eous power and its covariance function.

Associated with a wide sense stationary process, whose autocorrelation
function R(1) only depends time displacement t = t-t', is its power spectral
density

§'(f) = Vatgexp[-(n1of)?] 2-3

obtained as the Fourier transform of (2~2), that physically represents the
power spsctral density of a received CW signal undergoing signal fading. If
we define the signai bandwidth B = 1/4"10, then only erf(m1,B/2) = 0.79 or
about 80 percent of the power will be received within this bandwidth for a
transmitted CW tone. This tone spectral spreading places a lower bound on
the minimum detection bandwidth and the maximum modulation symbol period for
which the received signal can be efficiently received.

The effects of angular scattering defined by °§ and °§' or alternatively
by the corresponding equivalent "antenna gains” G, , = 2/0: and Ggy = 2/05,
adjusted by the influsnce of terminal antenna gain Gp, will affect the decor-
relation, the channel coherent bandwidth and the antenna scattering loss.
Specifically, we have the result for the signal decorrelation time

To = 1/[(vy/tox) +(Vyre0y) 312, 2-4

where L, = (3/21)VGy, Roy = (A/2%)VGy wWith Gy = G+Ggyx, Gy = G+ Ggy, and
where ) is the free space wavelength of the tranamitted signal and Vx‘ﬂnd"vy
are the velocity cosponents associated with the scattering medium motion re-
lative to the terminal. Under strong nuclear scintillation conditions the
terminal antenna gain Gy is typically much larger than Ggy and G,y and then
tox and loy approach their common minimum value (A/2w)J/Gp that leads to the
minimum decorrelation time t, = (A/2wv)vGr = D/2v, where v = J(v§+v;) is the
relative wmedium velocity. The last equality holds for a circular dish an-
tenna having the gain Gp = (wD/))2, where D is the antenna diameter. Thus,
the minimum decorrelation time of the signal is governed by the antenna size
and not by the antenna gain and angular scattering of the medium. 1In Table
2-1 the minimum signal decorrelstion time is given for the various antenna
gains.
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Jable 2-1 Minimup Signal Decorrelation Time in o
Strong Nuclear Induced Scintillation Environment,

Terminal Antenna Relative Velocity, v
Gain (Size at 7/8 GHz) 100 /s 300 m/s 1000 /s
Gp = 62 dB (60') 19 = 91.4 ms = 30.5m8 = 9.1 ma
= 58 (40') = 61.0 = 20.3 = 6.1
= 52 {20*) = 30.5 = 10.2 = 3,1
= 44 (8") = 12,2 = 4.1 = 1.2
= 35 (33") = 4.2 = 1.4 = 0.4

The signal decorrelation time is directly related to the fade rate of
the signal defined as the average number of times per second the signal power
is less than a certain threshold level S;. Specifically, the fade rate and
the averages fade duration [2)}

R = (1/15)v(26~/n8)exp(-Eq/8), Hz 2-5
Teade = 1oV (n5/287) (exp(Syp/S)~1], seconds.

If vwe consider the threshold 84/8 = 1/4 — that is, Sp is 6 dB below the
average power level § -- the fade rate becomes 0.311/1, and the averags fade
duration is 0.712t,. fThe maximum fade rate is 1/1ov/(ve) = 0.34z/10, which
occurs for Sq/8 = 1/2, or for a 3 dB margin threshold. We see that the fade
rate is about 1/3 of 1/t, and not equal to 1/1o as commonly thought. Between
the deep fades the signal is above this threshold and we can determine the
average "strong" signal period

Tsignal = 1/Re-Trade 2-6
= 14 (nS/287), seconds,

associated with the fading signal process. In Table 2-2 we have dete mined
the fade rate and average duration for various signal decorrelation Limes.

In the technical development above we tacitly assumed single link fad-
ing, 1.e., uplink or downlink fading. However, if we do experience simultan-
ecus uplink and downlink fading and we use a transponder satellite, the com-
bined signal variation will not constitute Rayleigh fading. It can be shown
that the received signal has a uniform phase ditribution and a "Bessel" power
probability density [2}

P(B(t)IS) = (2/8)K,[2/(5(t)/8)], 2-7

*:Mo'( ¥ hr“the modified Bessel function—of “sevond-kind and-S(t) rstxﬁt‘)
+Y1(t)][x2(t)+y2(t)] with subscripts 1 and 2 refering to the uplink and down-
link, respectively. This distribution leads to Laplace distributed inphase
and quadrature components

pix{t)] = exp[-2]1x(t)|] 2-8
ply(t)) = exp[-2|y(t)|],

where x(€)+iy(t) = [(X)(t)+1y)(t)JIx2(t)+iy2(t)] is the normalized received
signal. (It should be noted that since the two quadrature components x(t)
and y(t) are not Gaussian distributed, they are not uncorrelated and statis-
tically independent even if the signal phase ¢ = argix(t)+iy(t)] is still
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8ignal Decorrelation Average
Time Fade Rate Fade Duration Signal Period
Yo Re Tfade Tsignel
1lns '311.0 Hz 0.7 ms 2.5 ms
10 31.1 7.1 25.1
100 3.1 71.2 251
1,000 0.3 712.0 2,510

uniformly distributed {0,2w).] The signal correlation function

R(t) = Ry (<)R32(x) 2-9
= exp[-(t/14)?%], T = t-t',

where (1/15) = (1/74,)*+(1/1,;)? relates the resulting signal decorreistion
time 1, with those of the uplink (15]1) and downlink (tg2), respectively.

3. RECEIVED SIGNAL COHERENT BANDWIDTH

Closely associated with the decorrelation time of the signal is the co-
herent bhandwidth (f,) of the transmission channel. This performance parame-
ter determines the maximum (approx.) bandwidth that allows for non distorted
digital signal transmissions and is directly tied to the multi-path delay
spread in the channel. The erffective coherent bandwidth is also governed by
0: ard a; and the terminal antenna gain Gp, or equivalently Gy = Gp+Ggy and
Gy = Gr+ Ggy. From geomertic considerations {2], we have the result

fo = (c/anh)[(1/Gx+1/Gy)/21'' %, Hz, 3-1

where c denotes the speed of propagation and h is the effective height (dis-
tance) to the scattering volume from the terminal. For strong scintillation
conditions both G, and G, approach and fo = (c/4vh)Gp. Thus the minimum
coherant bandwidth is determined by the terminal antenna gain and the effec-
tive scattering volume height. This cbservation is most important from a
systems engineering point of view; a satellite network with a certain minimum
size of earth terminals can be ensured a significantly larger coherent band-
width than that which the scintillation medium itself defines to a very small
(omni directional) antenna. (Tha is, if we let Gy approach zero above}. In
Table 3-1 the ainimum coherent bandwidth has been determined for various size
terminal antennas. .

The important observation to be made is that the mindimum signal decorre-
lation time and coherent bandwidth are lower bounded by the terminal antenna
gain, the terminal-satelite geometry and the velocity of the scattering me-
dium. The results are not dependent on the angular sattering variances which
are strongly dependent on the nuclear senario. This i{mplies that if the mi-
nimum decorrelation and coherent bandwidth results sre used as design criter-
ia for the modulation subsystem developments the resulting design will meet
operational requirements for all nuclear senarios.

Again we have tacitly only considereed a single link. If we consider
both uplink and downlink fading, the resultant channel coherent bandwidth £o
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Terminal Antenna Effsctive Height, h

Gain  (Size at 7/8 Gix) 300 km 1000 km 3000 km
Gp = 62 AB (60°) fo=126MHx = 3B MHz = 13 MHx
= 88 (40') = 50 x 1% = 5.0
= 52 (20*) = 13 = 3.8 = 1.3
= 44 (8 = 2.0 = 600 kHz = 200 kHz
= 35 (33") =25 ke = 75 = 25
is given by
(L/E)2 = (/€513 +(1/F o) 3-2

in terms of the uplink (f;;) and downlink (fo2) cchersnt bandwidths, respec-
tively [2].

4. ANTENNA SCATITERING LOSS

Even if the =ntsnns gcattering loss doss not affect the modulation sub-
system design we will briefly mention its eftect. The average receive power
lsvel is also affected by the angular xcattering of the medium and the termi-
nal gain as the limited beam width of an antenna will reject signal component
with large scattering angles, Specifically, the net received (average) sig-~
nal power level

B = 8o/[(14G7/Gay) (14G7/Goy)1° /%, 4-1

where 8, g the tnceivcdapawcr level before the rucles- =vent and as befors
Gyx = 2/0x and Ggy = 2/0y are the eguivalent tersinal 9.ins associated with
the angular scattering provess [2]). Thus, the terminal antenna scatiering

loss

Lg = 10lop({6a/8) g8 4-2
= S10g(146r/Ggy ) +510g (1 461/ Goy)

egpresgeﬂzin decig?ls, It is important to recognize that since typically
oy = 9y/K () (< oy or equivalently Ggy = GoxK2(#) >> Ggy, where K (#) = 1+
stain (#) with 4 being the signal penetration angle through the scattering
volume, the antenna scattering loss will be dominated by the first term of
{(4-2). In Table 4-1 we have illustrated the antenna scattering loss as it

deponds on the varjous terminal sizes.

. UPLINK AND DOWNLINK FADING

with respect to simuitaneocus uplink arnd downlink fading using & trans-
ponder sateliits the 1esulting signal fading characteristics may be viewsd
ag "the product® Gf twc Rayleigh fading varisbles rssulting in the Bessel
type raceived powér or signsl amplitude probabilivy Aisyributions. ‘This
model assumes that the downiinit is received by s verminal that it thermal
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Teble 4-1 Terminal Antenna Scattering Loss
IJustrative Example.

Penetration Angle: ¢ = 27.9 Degrees, [K2(3) = 15 dB.)
Equivalent Antenns Gains: G, = 40 dB, Ggy = 55 dB.

Terminal Antenna Terninal Antenna
Gain (8ize at 7/8 GHz) Scattering Loss

Gr = 62 dB (60') Ls = 11.043.9 =« 14.9 dB
= 58 (40') - 900"‘2-‘ = 110‘
= 52 {20°) = 6.140.9 = 7.0
= 44 (8" = 2.740.2 = 2.9
= 3% (33") = 0.640.0 = 0.6

front-end noise limited. 7That is by a small, low gain, earth terminal. Now
if the signal 1is received by a large sarth terminal for which the thermal
front-end "noise floor" is insignificant relative to the noise level estab-
lished by all other signals, the multiple access or interference signals,
received from the satellite this noise level will also experience the sane
downl ink fading as the desired signal. This implies that the effective re-
ceived signal-to-noise ratio will not vary due to downlink fading and gener-
ally the automatic gain control (AGC) in the receiver will maintain an almost
congtant detection signal level with respect to downlink fading. However,
downlink fading will result in phase modulation which can not be removed by
the AGC and therefore downlink fading will affect the receiver demodulation
performance.

Even if the receiver performance degradstion from phase variations alone
does not lend itself to analytical solutions we may be justified by using the
saall terminal model to bound the problem while we recognize that we need not
account for antenna scattering loss for the downlink as long as the receive
terninal noise level is set by the “"other" revcecived signals from the satel-
lite. We know that the average fade rate is about 1/31, and thus the "deep”
fades are separated in average by At = 31, for which the normalized signal
sutocorrelation function R(At) = exp[-(8t/14)*] ®» 1x10-4. 1In other words,
the signal is virtually uncorrelated within a fraction of the average fade
separation in time. Thus, we may attribute the signal decorrelation to the
randos phase process associated with the fading process and base the modula-
tion subsystem designs not only on Rayleigh signal fading but on the Bessel
type fading as well.

6. SYSTEMS ENGINEERING IMPLICATIONS

Hoie importantly than the actual expressions for the signal decorrelation
tine (1), coherent bandwidth (f;) and the terminal antenna scattering loss
{Ly) is the fact that these characteristics are all governed by the angular
scattering distribution and in particular the angular scattering variances
°§ and o§, or equivalently the equivalent antenna gains Ggy and Ggy. This
isplies that as the angular scattering distribution changes over !ine the
three characteristics also change together in time. Specifically, the mini-
aum correlation time (fast signal fading), the ainimum coherent bandwicth and
the maximum antenna scattering loss are tied together and when we experience
long signal decorrelation times (siow signal fading) the coherent bandwidth
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ix generally extremely large and the sntenna scattering loss is negligible.

The question often raised is: how is it possible to mitigate against nu-
clear induced signal scintillstions that will cause Fryleigh fading and asso-
ciated signal decorrelation time and coherent baridwidth limitations? First,
it is necessary not to employ a larger instantanscus transmission bandwidth
+pan the minimum channel coherent bamiwidth for an ECCM modulation subsystem
whe..yver the Aigital transmission ratss are comparable and lower than the
& .imuR receivel] signal fade cate. However, the total transaission band-
width, or spread spectrim modulation bandwidth, may be sade wmuch larger than
the coherent bandwidth by using frequency hopping since the bandwidth asso-
ciated with each hop is the instantaneous bandwidth of the signal and much
saall=s., At the receiver it is necessary to restrict the demodulation co-
herence (integration) time to a value comparable or less than the minimum
signal 3acorrelation time. This constraint still allows for non-~coherent
combininy of many signal elements (chips) corresponding to a bit or trans-
mission aymbol.
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