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Scintillation model for a satellite communication
link at large zenith angles

Larry C. Andrews Abstract. A scintillation model is developed for uplink-downlink optical
University of Central Florida communication channels applicable in moderate to strong fluctuation
Department of Mathematics and School of conditions that may arise under large zenith angles between transmitter
Optics/CREOL and receiver. The model developed here is an extension of a recently
Orlando, Florida 32816 published theory that treats irradiance fluctuations along a horizontal
E-mail: landrews@pegasus.cc.ucf.edu path as a modulation of small-scale scintillation by large-scale scintilla-
tion. For a downlink path the scintillation index is modeled like that of an
Ronald L. Phillips infinite plane wave, and for an uplink path we consider a spherical wave
University of Central Florida model. In both cases the scintillation index agrees with conventional
Department of Electrical and Computer weak-fluctuation-theory results out to zenith angles of 45 to 60 deg. The
Engineering covariance function of irradiance fluctuations is also developed under the
and same conditions as assumed for the scintillation index. On a downlink
Florida Space Institute path under small zenith angles the implied correlation length is propor-
Orlando, Florida 32816 tional to the Fresnel-zone scale. For zenith angles exceeding 85 deg, the
downlink correlation length varies directly with the spatial coherence ra-
Cynthia Young Hopen dius weighted by a factor that depends on changes in C? the refractive
University of Central Florida index structural parameter with altitude. © 2000 Society of Photo-Optical Instru-
Department of Mathematics mentation Engineers. [S0091-3286(00)02412-0]
and
Florida Space Institute Subject terms: atmospheric optics; scintillation; optical wave propagation; laser
Orlando, Florida 32816 satellite communication.

Paper 990315 received Aug. 10, 1999; revised manuscript received July 7, 2000;
accepted for publication July 28, 2000.

1 Introduction oretical models are all based on conditions of weak fluctua-
For more than three decades the scientific community hastions: which generally limits the assumed zenith angle to 45

expressed interest in the possibility of using high-data-rate 10 60 deg or less. For greater zenith angles, moderate to
optical transmitters for satellite communicatidng? This ~ Strong-fluctuation theory must generally be used to predict

interest stems from the advantages offered by optical WaVeoptical scintillation, bu} thus far no tractable models have
systems over conventional rf systems, such as smaller an_been devglqped .fof th'.s case. :
A heuristic scintillation model was introduced recently

tennas; less mass, power, and volume; and the intrinsic nar- . . X .
row beam and high gain of lasers. Developmental programsthat.IS applicable under moderate to strong irradiance fluc-
in the USA involving optical communications started in the tuations, butll|m|te.d to atmosphenq channels along hori-
1960s with the development of a G@ystem by NASA zontal paths in which the refractive-index structure param-
and a Nd:YAG direct detection system by the Air Force. In eter Cy, is assumed _to be const&ﬁt.‘l’h!s new model is .

the 1970s and 1980s there were a number of follow-on Paseéd on a modulation process in which small-scale scin-
developmental programs like the Space Flight Test Systemt'”at'_on is quulated by Iarge—scale_ scintillation. In particu-

(SFTS, Airborne Flight Test System(AFTS), Laser lar, it takes into account the continued loss of transverse
Crosslink SubsysterfLCS), and Follow-on Early Warning spatial coherence of th_e optlcal wave as it propagates from
System(FEWS. Unfortunately, most of these government weak to strong fluctuation regimes. The loss of spatial co-

developmental programs were terminated due to funding herence S alloyved for by_ the form.al mtrog:luctmn qf a spa-
cutbacks: tial amplitude filter that eliminates ineffective cell sizes be-

During the 1990s there has been renewed interest in thetween the correlation length and scattering disk in multiple-

use of high-data-rate optical transmitters for satellite com- SCaltering regimes. In this paper we build upon that model
munication channels connecting ground/airborne—to-spaceby introducing a mpdlzflcat|on of the filter f””C“OF‘ to ac-
or space-to-ground/airborne data links. Although optical count for changes i€, as a function of propagation dis-
communication systems offer several advantages as stated@nce. our analysis includes models for scintillation and the
above, laser-satellite communication systems are subject tocovariance function of irradiance fluctuations on both up-
severe signal fading below a prescribed threshold vaIue,"”k and downlink laser-satellite communication channels.
owing primarily to optical scintillations associated with the
received signal. Several papers have dealt with actual mea- .
surements of atmospherically induced scintillation and/or 2 The Modulation Process

the development of theoretical models for predicting scin- In this section we first briefly review the theory of scintil-
tillation levels®~12However, the previously developed the- lation developed in Ref. 13 for horizontal paths with con-
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Andrews, Phillips, and Hopen: Scintillation model . . .

stant refractive index structure parameter. Building on that K2 K113
theory, we then extend the results to vertical or slant paths. G(«,z)~G,(k)+Gy(k)=exg — —|+ (2t 12) T
To begin, we assume the received irradiance of the op- Kx TRy

tical wave can be modeled as a modulation process in (4)
which small-scalgdiffractive) fluctuations are multiplica-
tively modulated by large-scaléefractive fluctuations.
Thus, similarly to previous treatmenits,;®the received ir-
radiance can be expressed as a produeky, where x
arises from large-scale turbulent cells, or eddies,yaindm
small-scale cells. If we further assume thatindy are
statistically independent and thét)=1, the scintillation

in which there is no explicit dependence on the propagation
variablez. (Inner-scale effects were taken into account in
Ref. 13 but are neglected in the present analysitie

quantityG,( «) is the large-scale filter function, argl,(«)

is the small-scale filter function, both of which are selected
on the basis of mathematical tractability. Other functional
forms for these filter functions may be just as appropriate

index of = (12)/(1)?~ 1 takes the form and can lead to similar results to those presented below.
The parametel, is a large-scalgor refractive spatial-

o7=(ENy?) —1=(1+03)(1+ o)) — 1= 05+ o+ 0b0), frequency cutoff much like an inner-scale parameter, and
(1) Ky is a small-scaléor diffractive) spatial-frequency cutoff

similar to an outer-scale parameter. In this fashi®(x,z)
acts like an amplitudéor irradiance spatial filter function
that only permits low-pass spatial frequencies «, and
high-pass spatial frequencies> «, at a given propagation

where() denotes an ensemble average and wherand
a§ are the variances ofandy, respectively. Moreover, we
can express- and cr§ in terms of log-irradiance variances

/ 3 > 5 distance.
of x and y according t&° of=expf,)—1 and o The low-pass and high-pass spatial-frequency cutoffs
=exp(a|2n y)—1, which permits us to rewrite E¢l) equiva- appearing in the filter functiofd) are directly related to the
lently as correlation length and scattering disk of the fluctuating ir-
radiance. Hence, at any distanteinto the random me-
o?=expod + o2 )1 ) dium, we assume the existence of an effective scattering

disk L/kl, and an effective correlation lengtly related,

Small-scale scintillation is caused by diffractive turbu- respectively, to the cutoff wave numbers according to

lence cells on the order of the correlation length of the 2

irradiance fluctuations, and large-scale scint?llation is L: i~ WLk, Llkpg=1, 5)
caused by refractive cells on the order of the scattering kl, L/kpg, L/kp§>1,

disk. The scattering disk is defined by the refractive cell

size| at which the focusing anglé-~1/L is equal to the 1 JUIK, L/kpc2)<1,

average diffraction angl@y, where 6,~1/\kL in weak Iy=—~| 2 (6)
fluctuations anddp~ 1/kp, in strong fluctuations. The cor- Ky (Po Likpo>1.

relation length and scattering disk of an optical wave in 2 . "
weak irradiance fluctuations are both on the order of the Here;L/kpg<1 represents weak fluctuation conditions and

first Fresnel zonel(/k)“2 whereas in strong fluctuations L/kp§>1 represents strong fluctuations wheg is con-

the correlation length is on the order of the transverse spa-Stant.

tial coherence radiup, and the scattering disk is charac-

i[enzed byL/kpo. The _parameteL represents total _path 2.2 Spatial Filter Function: Variable-C? Model

ength between transmitter and receiver, &nslthe optical n

wave number. Propagation along a vertical or slant path require?¢h)
profile model to describe properly the varying strength of
optical turbulence as a function of altitudie One of the

2.1 Spatial Filter Function: Constant-C% Model most widely used models is the Hufnagel-ValléyV)

; VA
The assumed model for the power spectrum of refractive Model described by
index fluctuations is the conventional Kolmogorov spec-

2 _ 2 — 51,110 _
trum @ ,(x,2)=0.0332(z) k', wherez represents the Ch(h)=0.00594v/27)%(10"*h) " exp( —h/1000

propagation distance from the transmitter. Because of the +2.7x 10 ¥ exp —h/1500 + A exp( —h/100),
assumed modulation process, we formally repl&qéx,z) )
with the effectivespectrum model

5 1 whereh is in meters(m), v is the rms windspeepseudo-
D, o(k,2)=0.03L7(2) kG (k,2), () wind) in meters per secon@n/s), andA is a nominal value

of C2(0) at the ground in m?3. In the following analysis,
whereG(«,z) is a spatial filter induced by the propagation y=21m/s, A=1.7x10 ** or 3x10 ¥m~23 h, is the
process and is a propagation distance that varies between height above ground of an optical transmitter/receiteis

z=0 andz=L. For propagation environments Wheﬁé is the altitude of the satellitéreceiver/transmitter { is the
essentially constant, the induced filter function can be ap- zenith angle, and the total propagation distance to the sat-
proximated by? ellite is L= (H—hg)sect.
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Andrews, Phillips, and Hopen: Scintillation model . . .

For an uplink/downlink communication channel, the 1 Lk
spatial-frequency filter function adopted here exhibits the GX(K,Z:L,O)ZGXD{ —f D\ w(n.2) dT]- (13
modified form
G(k,z;H,hg) = Gx(x,Z;H,hg) + Gy(x;H,hg) (We shou[d point out that in a recent simulation experi-
ment, Flatteand Gerbet' showed that their simulation data
—A(H.h )eXp[ _ le Kpo W(r.2) dr] for the saturation regime give a somewhat different power-
o 0 Ky ' law behavior than that predicted by the asymptotic
theory*®29 Under strong fluctuations, the high-pass filter
B(H,ho) k™ g function G,(«x;H,hy) depends mostly on small turbulent
(k%+ Ks)llfﬁ ' (8) cells near the receiver and thus exhibits essentially no ex-

plicit dependence on the distance variabkdong the path.
where x, and k, are defined similarly to Eq¢5) and (6), We tacitly assume that this is true of the high-pass filter

and A(H,h,) and B(H,ho) are weighting constants that fun_ctlo_n even in weak qu_ctuatlops. L|k¢_\(l_-|,h0), th_e
allow for altitude variations of the structure parameter Weighting constanB(H,ho) " the high-pass filter function
C2(h) on the large-scale and small-scale scintillations. @S0 reduces to unity whe@, is constant.
Once again, these particular choices of large-scale and
small-scale filter functions are based on mathematical con- .
venience rather than on a rigorous physical basis. The func-3 Downlink Channel
tion D(p) that appears in Eq8) is the plane-wave phase- For a downlink path from a satellite, it is well known that
structure function defined by the ground-level scintillation near the center of the received
wave can be accurately modeled by a plane wA®ased
H on weak-scintillation theory and the Kolmogorov spectrum
D(p)=2.914k?*p*sec?) f C2(h)dh [Eq. (3) with G(k,z)=1], the scintillation index for a
ho plane wave is simply the Rytov variance defined5y>2

=2.914u0k?p*3sec;=2(plp)>>, (9)
H ©
the functionw(7,z) depends on propagation distance ac- ‘7%:2-60&2 secgfh Cﬁ(h)fo K88
cording to 0 ,
(h—hg)k*sec
) {T(l—fz/L), r<zl/L, 10 X 1_00{—k dx dh
W(T,2)= 1
( (zIL)(1—€7), 7>1Z/L =2.25u,K"8(H — hy)5®sed¥s¢, (14)
(e=0 for a plane wave ané=1 for a spherical wayeand where
JH 2 ( 5/6
mo= | Ci(h)dh. 11 H h—h
U M:f C2(h) °1 dh. (15)
ho H—ho

Although it is not obvious, the low-pasdarge-scalg
filter function G,(«,z;H,hg) in Eq. (8) takes into account ~ We see from the form of Eq15) that the Rytov variance
that large-scale effects are strongest near the transmitten14) depends mostly on high-altitude turbulence. Hence, we
and that a phase variation at propagation distancé generally expect values of the Rytov variance consistent
induces an amplitude effect at the receiver located at dis-with weak-fluctuation theory except for the case of large
tancelL from the transmitter. Moreover, it is chosen in such zenith angles. In the following analysis it is sometimes use-
a way that it leads to results consistent with those devel- ful to express the Rytov varian¢g4) in terms of the plane-
oped in Ref. 13 and also agrees with the low-pass filter wave transverse spatial coherence radits p,
function in the asymptotic theory for the saturation =(1.45u,k?) ~3°cos’5; which leads to
regime®=2°In this regard, the weighting constai(H , ho)

reduces to unity in the limiting case of constﬂﬁt and we L \56.u,
find the scintillation index in the saturation regime takes the 5= 1.55{ —2) —. (16)
form?° kpg/ Mo

b o[t (" _ For constantC2, Eqs. (14) and (16) reduce to o2
g (L) =1+327°k o Jo K(Dn(K)GX(K,Z, L,0) — 1.2$%k7/6|_11/6: 08474_”([)3)5/6

K2
xsirf ZxW(z.2)| dx dz, (12) 3.1 Scintillation Index
By following the approach in Ref. 13, the small-scale log-

where irradiance scintillation takes the form
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H o0 K
0’% y= 2.608B(H ,ho)k2 SecgthCﬁ(h) fo WB
(h—hg) k% sect

1—00{ K

~1.563B(H, hO)Mok7/6( H-— h0)5/65861/6§] 7];5/6'

X

Jdeh

17)
or, by the use of Eq(14),
o2 =0.69B(H,hg) 2 525 (18)
Iny— “- Y Ml‘flﬂy !
where
Ly 12/
7y=—c = 3(1+0.69; 5. (19

The proper choice of weighting constant in E#8) is not
clear, but by selectind(H,hg)=1.83(x1/xo), We note
that Eg. (18) reduces to the expressionaﬁ]y
=1.2727% 7, ¥ given in Ref. 13. This choice of weighting
constantB(H,hg) also minimizes low-altitude effects in
oﬁw and reduces appropriately to unity in the limiting case
of constantcﬁ. Consequently, Eq.18) becomes

0.510%

%iny = {1+ 0,60, 755 20

To find a comparable expression for the large-scale log-
irradiance variance, we first use E9) and (10) with €
=0 to simplify the low-pass spatial filter, i.e.,
dT]

K 5/3 5
=A(H,h0)exp{ —2(K—X) g5f3< 1- 55”,

(21)

Kpo

Kx

w(7,2)

1
GX(K,Z;H,hO)=A(H,hO)exp{ —J D{
0

where é=z/L=(h—hg)/(H—hg) on a downlink channel.
Thus, using the geometrical-optics approximatiae., 1
—cosx~x%2), the large-scale log-irradiance variance be-
comes

H oo
ot . =2.606¢ secgfh Cﬁ(h)fo Kk 83G,(k,z;H,ho)
0
(h—hg) k% sect

1—005{ K

~1.303A(H,hg)(H—hg)?secd?
K 5/3
_) 55/3

H 2 2 [7 s F{— (
xthCn(h)f fOK exg —2 ~

o
1-g5¢

X

]deh

X dx dh

~0.263A(H, ho) uok™(H—ho)¥®sec %] %, (22)
wheré?
HCy(h)g 13
= —/——=—dh, 23
M2 jho(l—gg)ws (23
CLkg 1 04
S et o (24)

The scaling constants; andc, in Eq. (24) will be deter-
mined below on the basis of asymptotic behavior under
weak and strong fluctuations. In terms of the Rytov vari-
ance(14), we can rewrite Eq(22) as

716
X

aﬁxzo.llm(H,ho)(ﬂ) o2y (25)
M1

Through arguments analogous to those for the small-
scale log-variance, here we s&tH,hg)=4.68u./u,, in
which A(H,hg)=1 with constantCﬁ. Also, we setc,
=1.09, so that Eq(25) reduces tos? ,~0.4%7 under
weak fluctuations ¢7<1), giving us of, +of, =07 In
the saturation regime, we impose the asymptotic r&sult
A(H, ho) 77/%~ (kpg/L) "= 1.7 (w1 / o) ¥°0ry 27",
where we are recalling/kp3=0.59(uq/ 1) ¥°01*® from
Eq. (16). These results enable us to deduce that

- 0.92
1+2(pyl ) ¥ (ol py) 82012

7x (26)

and the large-scale log-irradiance variari2b) becomes

0.4%2

[1+ 2(#1/,“2)6/7(,“«0/M1)6/50%2/5]7/6‘

(27)

Tlnx

It is an interesting observation that the coefficient of
o12% in the denominators of Eq$26) and (27) is nearly
constant, regardless of the ground-level turbulence strength,
upper atmospheric wind speed, and so forth. That is, using
the Hufnagle-Valley mode(7), we find that(on average

2(p /1) (ol pq)®®~1 to 1.5. (28

Optical Engineering, Vol. 39 No. 12, December 2000 3275
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14 S 3.2 Covariance Function
12} Downlink Based on results given in Ref. 13, the covariance function
—— New Theory of irradiance fluctuations for a downlink propagation path
1o L Weak Theory can be expressed as
2 | A=106m
= 0.8 Bi(p)=exd B x(p)+Bi y(P)]_la (31
2 4=3x10"13 m?3
S 06y where p denotes the distance between two points on the
fg 04| X ' | phaseT front, an®,, .(p) and B, ,(p) are the Iog-irradiance
L I g covariances of large-scale and small-scale fluctuations, re-
02 spectively, which reduce tof,, and o, , whenp=0.
I A=17x10™ 2 Following Ref. 13, the small-scale log-irradiance covari-
eor ] ance leads to
0 10 20 30 40 50 60 70 80 90 2
Zenith Angle (degrees) Biny(p)=2.608B(H,ho)k* secs
Fig. 1 Scintillation index (solid curves) of a downlink optical wave to 5¢ HCZ(h) = KkJo(xp)
a receiver on the ground as a function of zenith angle and two val- ho n 0 (K2+ K)2/)11/6

ues of ground-level C%(0). The wavelength is A=1.06 um, and the
dotted curves correspond to Eq. (14). (h— ho)K2 sect
Xil—-co§——————

k
~1.303B(H,hg) ok”8(H—hg)*6sed¥6 /]

] dx dh

Hence, if we take the nominal value of 1.{ike., the value

that arises wherﬁ:f1 is constant for the expression on the = Jo(pVkn/L)
left-hand side in Eq(28), we arrive at X o (7+ 77y)1176 7 (32
0.4%7% from which we obtair(similarly to the constanG?2 expres-
Th= 12/5,7/6" (29 sion given in Ref. 18 "
(1+1.11532576 9 :

. . o p277y 5/12 kP27]y 1/2
Note that Eq.(29) is a minor variation of the large-scale g, y(p)zo_ggdgﬁ1 y(_> K%[(_) } (33
log-amplitude variance derived in Ref. 13. L L

Finally, we conclude from the above resu(®, (20), ) _
and(29) that over a downlink optical communication chan- Where K, (x) is a Bessel function, B(H,h)
nel in whichH is greater than the effective atmospheric =1.83(u1/uo), 7y is defined by Eq(19), andaﬁy by Eq.
layer, the received optical wave is approximately a plane (20).
wave in which scintillation index for arbitrary zenith angle If we use the filter function defined by E¢(R1) for the
and ground-level strength of turbulence is described by  large-scale fluctuations and impose the geometrical-optics

approximation, we obtain the expression

p[ 0.4%7 0.510% .
ex + -1, H °
(1+1.11077)™  (1+0.6%77)°"° B, (p) = 2.6062 sect J C(h) J Kk 8335(xp)
ho 0
O<of<e, (30) h—hg)«? se
XGX(K,Z)[l—COS{(O)% ] dk dh

where the Rytov variance? is defined by Eq(14). At
zenith angles exceeding 45 to 60 deg the Rytov variance ~1.303A(H,hg)(H—hg)*sec ¢
can be much larger than unity, corresponding to moderate H "
to strong irradiance fluctuations predicted by E2D). Xf Cﬁ(h)ng «*330(kp)

For a satellite positioned in either a low Earth orbit ho 0
(LEO) or a geostationary orbilGEO) with receiver on the 53 5
ground hp=0), the scintillation index30) varies with ze- xexp{ —2(—) B 1- —g) dk dh, (34
nith angle as shown in Fig. 1 for a downlink optical wave Kx 8

with wavelength A=1.06um. Weak-fluctuation theory )

(dotted curvesas predicted by Eq(14) is valid only for ~ Where é=(h—hg)/(H—ho) and once againA(H,ho)
zenith angles less than 60 deg when ground-level turbu- =4.68u;/u,. An exact evaluation of the inner integral in
lence is on the order oA=1.7X10"*m~23 however, Eq. (34) is unknown. However, through approximation
when A=3x10"1¥m~23, weak-fluctuation theory is re- Mmethods it can be shown that

stricted to zenith angles less than 40 deg. For shorter wave-

lengths, weak-fluctuation theory is limited to even smaller g (p)~a? t2(p) (35)
zenith angles. I PI= i, (0)
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—— New Theory
Weak Theory

A=17x1014n23 |

4= 3x1013m2 |

Y

Correlation Length (cm)

Downlink

20 30 40 50 60 70 80 90
Zenith Angle (degrees)

0 10

Fig. 2 Correlation length as determined by the 1/e point of the co-
variance function (37), scaled by the scintillation index (30), and
shown as a function of zenith angle for a downlink optical wave from
a satellite in orbit. The dotted curve is based on standard Rytov
theory valid under weak-fluctuation conditions.

where

fH Ca(hy¢g 13
ma(p)= o (1- 367"

—kp®ny

><1F1 —;1;—
STUBLEN1- 59

(36)

|an

7=0.92/(1+ 111519, o2, is defined by Eq(29), and

1F1(a;c;x) is a confluent hypergeometric functiéhCom-

bining the results of Eqs(33) and (35), the covariance
function (31) can be written as

2 5/12
B , M2(p) » [kp“ny
B,(p)—exp{0|nxm+0.994r,ny(T)
kp277 1/2
><K5,6[< i y) —1. (37)

In Fig. 2 we show the implied correlation lengtbolid
curves of a ground-based receiver associated with a down-
link communication path from a satellite in orbit. The cor-
relation lengthp, is defined by the ® point of the covari-
ance function(37) scaled by the scintillation indet30).
Notice that the two dotted curves, correspondingAto
=1.7x10" ¥m 2% and A=3x10 **m~?3, coincide un-
der weak-fluctuation conditionenith angles not exceed-
ing 50 deg. In fact, we found that the correlation lengip
for such conditions is roughly determined by the empirical
relation

45% 10° sect

K (39

12
P~ ) , O'i< 1.

Also shown in Fig. 2 for comparison is the implied corre-
lation length(dotted curve derived from standard Rytov

results are in reasonably good agreement with conventional
weak-fluctuation theory for zenith angles less than 50 deg.

Under strong fluctuation&enith angles greater than 50
deg, the implied correlation length illustrated in Fig. 2 is
more sensitive to ground level-turbulence. In the saturation
regime, for example, the correlation length is roughly char-
acterized by

pc~0.53 o/ 1)*%o, 3>10. (39

Last, we caution the reader that the results shown in Fig.
2 for the present theory are based on a LEO satellite using
the 1k point of the normalized covariance function. For a
GEO satellite, the same results are deduced from the half-
power point of the normalized correlation function rather
than the 1¢ point. This particular sensitivity to the height
of the satellite is a peculiarity of the current model and does
not exist in conventional weak-fluctuation models.

4 Uplink Channel

For an uplink optical wave model, we consider the case of
a diverged beam that acts like a point source or spherical
wave. Under weak scintillations, the normalized variance
of irradiance is described By

05=2.25u3k"%(H —hy)>®sed /¢, (40)
where
H
U3= fh C2(h)&5%(1—¢)%8dh, (41)
0

and, for an uplink pathé=1—(h—hg)/(H—hg). Note that
the functional form of the integral in E@¢41) suggests that
it can be closely approximated by

h—h 5/6
O) dh.

H—h, “3

H
Mawﬂljh Cﬁ(h)<

Consequently, the scintillation indefd0) for an uplink
spherical wave in the weak-fluctuation regime is equivalent
to the Rytov variancerf for a downlink plane wave given
by Eq. (14).8 Thus, o is considered a measure of the
strength of turbulence when it exceeds unity, similar to our
interpretation ofaf However, in the limiting case of a
horizontal path with constai@?, we find thato'3 is equiva-
lent to the conventional spherical-wave result= 33
=0.4073.

4.1 Scintillation Index
To begin our analysis for an uplink channel, we follow the

weak-fluctuation theory, based on the zero-crossing point downlink analysis for the small-scale log-irradiance vari-

of the normalized covariance function. Clearly, the new

ance, which leads to

Optical Engineering, Vol. 39 No. 12, December 2000 3277

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 10 Sep 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Andrews, Phillips, and Hopen: Scintillation model . . .

) or, using Eq.(40),
ofhy=2.608B(H,hg)k secgf C (h)f Tz)n/e

P o2 = 0.462A(H ,ho)(%) a2yl (49)
% 1—00{75(1—5) ]dxdh *
where
~1.563 B(H,hg) uok "(H — h)*®sec® ], >
H
(43 fg= fh Cﬁ(h)fil/g(l— g)*l/Sdh_ (50)
0

or, equivalently,

Here, we setA(H,hy)=9.31u3/ 1,4 and, by assuming the
parameten;, is defined analogously to E(R4) and enforc-
ing the weak-fluctuation asymptotic resuif, ,~0.4%5,
we find thatc,=6.41. Also, in the saturation regime, we
where the weighting constaB{(H,h,) and nondimensional  have A(H,h) 7//%~ (kp3/L) "®=[1.7(u3/ o) ¥%0, 1275,
parameterrn, are not the same as those for the downlink which leads to

case. In particular, to ensure that the weighting constant in

Eq. (44) reduces to unity WhelCﬁ is constant, we select 0.156
B(H,hg)=4.535u3/uq. For the nondimensional param-  7x~ 67 /5 _12/5"
eter 7, we set 1+0.62 g/ pg)” (ol m3)> 0

aﬁw=0.6953(H,h0)(%) o2y, 5, (44)

(5

Thus, the large-scale log-irradiance variai48 becomes

7,=8.921+0.6%37), (45)
. : 0.4%5
which reduces Eq44) to a form comparable with Eq20), 2 = _ (52)
viz., 1+ 0.62 g/ 1a)® o/ pa) 5 i% 710
0.51a§ 46 Becauseuz~uq andu,~ u,, it follows from Eq.(28) that
Iy~ (1+0.69022550 Eq. (52) can be replaced by
2
For an uplink spherical wave, we must recalculate the _ 0.493 (53)
large-scale filter function comparable to E@J). In this X (1+0.560525) 77"

case we seé=1 in Eq.(10) and obtain
From these results we see that the scintillation index for an

1 p uplink spherical wave under weak to strong fluctuations is
Gy(k,z;H,hg)=A(H,hg) ex —j D w(7,2)|dr given by
0
3 k) 513 5/3 0.4%7 0.51a -1
=A(H,hy) exp — Z(K—X) EN(1- €))7, (1+0_5®_%2/5)7/6 (1+0. 6%12/5)5/6 )

(47)

where k, is the low-pass cutoff spatial frequency and ) )
A(H,ho) is the weighting constant for the uplink path. Whereo? is defined by Eq(40).
From Eq(47)’ we deduce that We note that Eq(54) differs from Eq (30) for the
downlink case under moderate to strong fluctuations, but
H w agrees with Eq(30) for weak fluctuations. This difference
ot = (2.606> secg)f Cﬁ(h)f k8B3G,(k,z;H,hg) in behavior at large zenith angles is illustrated in Fig. 3 for
ho 0 the same ground-level values of the structure paranfeter

L k2 as considered in Fig. 1. Notice that for zenith angles ex-
X 1—005{—5(1— &) ] dk dh ceeding 60 deg the scintillation index predicted by &)
k is somewhat greatéby more than 30%6than that shown in
~130%(H,h0)(H _ h0)2 Seég Flg 1 for the downlink case.
H o0
X fh Cﬁ(h)§2(1—§)2f0 K3 4.2 Covariance Function
0

53 Although the scintillation index for an uplink spherical
xexq — E K £55(1— £)53 wave is similar to that for a downlink plane wave, the same
4\ Ky is not true of the corresponding covariance function. In
particular, for a spherical wave on an uplink path the small-
~[1.04A(H,ho) sk ”(H—ho) ¥ sec?®¢]5[°,  (48) scale log-irradiance covariance is defined by

dx dh
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20 T T
181  Uplink
16 |—— New Theory
E 14F Lo Weak Theory
E 12 A=1.06 ym
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g sl A=3x10Bm?3
Z o6}
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02} ) \
oot 4=17x1014m??

» % % 0 0 1 & o
Zenith Angle (degrees)

0 10

Fig. 3 Scintillation index (solid curves) of an uplink optical wave to a
receiver on the ground as a function of zenith angle and two values
of ground-level C2(0). The wavelength is A=1.06 um, and the dot-
ted curves correspond to Eq. (14).

Biny(p) =2.608(H,ho)k? secs
"2 ok _
thocn(h)jo (K2+K§)11/6JO[KP(1 8]
{LKZ
X{l—co Tf(l—g) ]deh
~1.30B(H,ho)k™8(H—hy)*Csed6 ¢
1-&)VkgylL

xf c <h>f 0[”( f))n/é? Linen, (8

where &=1—(h—hg)/(H—hg) and B(H,hg)

=4.535u3/uq. The evaluation of these integrals yields

s (p)’ (56)
Mo

kp“ny
L

2 5/12
Bin y(p) ~0. 944Tln y( )

where aﬁw is defined by Eq(46), 7, is defined by Eq.

(45), and

5(p)= fC(h)( h)
B

1.30A(H,hg)(H—hg)?sec ¢

H ©
2 21 _ &£\2 4/3
XJhocnm)g (1-9) foK

5/3
% ex;{ _ ;(Kix) 5931 — 5)5/3}

XJol kp(1—¢&)] dx dh

Binx(p)=

~O0nx ) (58)

whereA(H,hg) =9.31u3/w, and

H
pato)= | CEme -

—kp?n,(1- 6B
3L§5/3

7
1F1[5 1; dh. (59

The nondimensional parametex=0.156/(1+0.5603°"),

and the large-scale log-irradiance scintillatiof),, is de-
fined by Eq.(53). By summing the result$b6) and(58), we
have the irradiance covariance function for an uplink
spherical wave given by

kpzﬁy) 12 g (p)}
L o
—1. (60)

ta(p)
Bl(P):eXF{‘T%x s +09447Iny(

Unlike the downlink path, here we find the correlation
length at a satellite in either LEO or GEO to be on the order
of a hundred meters or more, much greater than the prob-
able size of any satellite.

5 Summary

In this paper we have extended the heuristic theory devel-
oped by Andrews et & for moderate to strong optical
scintillation along a horizontal path with constaﬁﬁ to
uplink/downlink propagation paths applicable to satellite
communication systems. The scintillation model developed
for a downlink path from a satellite has the same functional
form as that for horizontal-path propagation of an infinite
plane wave, except here the Rytov variance is described by
Eqg. (14). Under weak fluctuationemall zenith anglesthe
same model is also valid for an uplink diverged or spherical
wave; however, our results suggest that greater scintilla-
tions occur for an uplink path with large zenith angles than
for the downlink case. In addition to the scintillation model,
we have also developed expressions for the corresponding
covariance function of irradiance for uplink/downlink
paths. In all cases, the new results are in good agreement
with conventional weak-scintillation theory for zenith

In a similar manner, the large-scale log-irradiance co- angles less than 45 to 60 deg, but departures from weak-
variance under the geometrical optics approximation leadsscintillation theory are predicted by the new models for

to

larger zenith angles.

Optical Engineering, Vol. 39 No. 12, December 2000 3279

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 10 Sep 2019

Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Andrews, Phillips, and Hopen: Scintillation model . . .

Acknowledgment

Funding for this work was partly provided by the Ballistic
Missile Defense Organization’s Innovative Science and

Technology Directorate and administrated by the Space andyg.
Naval Warfare Systems Center, San Diego, CA, under con-

tract No. N66001-97-C-8644.

References

1

o o0 A~ W

~

10.

11.

12.
13.

14.
15.

16.

17.

18.

19.
20.

21.

S. G. Lambert and W. L. Caseliaser Communications in Space
Artech House, Boston1995.

. B. L. Edelson and G. Hyde, “A report of the IEEE-USA Aerospace

Policy Committee on Laser Satellite Communications, Programs
Technology and Applications,(1996.

. D. L. Fried, “Scintillation of a ground-to-space laser illuminatod.’

Opt. Soc. Am57, 980—983(1967).

. P. O. Minott, “Scintillation in an earth-to-space propagation path,”

Opt. Soc. Am62, 885—888(1972.

. P. J. Titterton, “Scintillation and transmitter-aperture averaging over

vertical paths,”J. Opt. Soc. Am63, 439—-444(1972.

. J. L. Bufton, R. S. Tyler, and L. S. Taylor, “Scintillation statistics

22. V. |. Tatarskii,Wave Propagation in a Turbulent Mediufimansl. by
R. A. Silverman, McGraw-Hill, New York (1961).

23. L. C. Andrews and R. L. Phillipd,aser Beam Propagation through

Random Media SPIE Optical Engineering Press, Bellingham, WA

(1998.
L. C. AndrewsSpecial Functions of Mathematics for Engineezad

ed., SPIE Optical Engineering Press, Bellingham, WA, and Oxford

University Press, Oxford1998 [previously published as 2nd ed. by
McGraw-Hill, New York (1992].

Larry C. Andrews is a professor of mathematics at the University of
Central Florida and a member of the Department of Electrical and
Computer Engineering. Dr. Andrews is also an associate member of
the School of OpticssfCREOL and an associate member of the
Florida Space Institute (FSI). Previously, he held a faculty position at
Tri-State University and was a staff mathematician with the Mag-
navox Company antisubmarine warfare operation. He received a
doctoral degree in theoretical mechanics in 1970 from Michigan
State University. Dr. Andrews has been an active researcher in op-
tical wave propagation through random media for 20 years and is
the author of several textbooks on differential equations, boundary-

caused by atmospheric turbulence and speckle in satellite laser rang-value problems, special functions, and integral transforms. Along

ing,” Appl. Opt.16, 2408—24131977.

. J. L. Bufton, “Scintillation statistics measured in an earth-space-earth

retro-reflected link,”Appl. Opt.16, 2654—2660(1977).

. H. T. Yura and W. G. McKinley, “Optical scintillation statistics for

IR ground-to-space laser communication system&ppl. Opt. 22,
3353-33581983.

. P. A. Lightsey, “Scintillation in ground-to-space and retroreflected

laser beams,'Opt. Eng.33(8), 2535—-25431994).

L. C. Andrews, R. L. Phillips, and P. T. Yu, “Optical scintillations
and fade statistics for a satellite-communication systeAppl. Opt.

34, 7742—-7751(1995; Errata,36, 6068(1997).

J. D. Shelton, “Turbulence-induced scintillation on Gaussian-beam
waves: theoretical predictions and observations from a laser-
illuminated satellite,”J. Opt. Soc. Am. A2, 2172-2181(1995.

R. K. Tyson, “Adaptive optics and ground-to-space laser communi-
cations,” Appl. Opt.35, 3640—36461996.

L. C. Andrews, R. L. Phillips, C. Y. Hopen, and M. A. Al-Habash,
‘(‘Theé)ry of optical scintillation,” J. Opt. Soc. Am. A6, 1417-1429
1999.

E. Jakeman and P. N. Pusey, “A model for non-Rayleigh sea echo,”
IEEE Trans. Antennas Propa@P-24, 806—814(1976.

L. C. Andrews and R. L. Phillips, “Mathematical genesis of tie
distribution for random optical fields,J. Opt. Soc. Am. &8, 1912—
1919(1986.

J. H. Churnside and S. F. Clifford, “Log-normal Rician probability-
density function of optical scintillations in the turbulent atmosphere,”
J. Opt. Soc. Am. A, 1923-193(0(1987).

R. R. Beland, “Propagation through atmospheric optical turbulence,”
Chap. 2 inThe Infrared and ElectroOptical Systems HandhdokG.
Smith, Ed., SPIE Optical Engineering Press, Bellingham, W293.

K. S. Gochelashvili and V. I. Shishov, “Saturated fluctuations in the
laser radiation intensity in a turbulent mediunov. Phys. JETBY,
605-609(1974.

R. L. Fante, “Inner-scale size effect on the scintillations of light in the
turbulent atmosphere,J. Opt. Soc. Am73, 277-281(1983.

R. G. Frehlich, “Intensity covariance of a point source in a random
medium with a Kolmogorov spectrum and an inner scale of turbu-
lence,” J. Opt. Soc. Am. A, 360—366(1987); Errata,4, 1324(1987.

S. M. Flatteand J. S. Gerber, “Irradiance-variance behavior by nu-
merical simulation for plane-wave and spherical-wave optical propa-
?atiog through strong turbulenceJ: Opt. Soc. Am. A7, 1092—-1097
2000.

3280 Optical Engineering, Vol. 39 No. 12, December 2000
Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 10 Sep 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

with wave propagation through random media, his research inter-
ests include special functions, random variables, atmospheric turbu-
lence, and signal processing.

Ronald L. Phillips is director of the Florida Space Institute (FSI)
and a professor in the Department of Electrical and Computer En-
gineering at the University of Central Florida. Dr. Phillips is also a
member of the Department of Mathematics and an associate mem-
ber of the School of Optics/CREOL. He has held positions on the
faculties at Arizona State University and the University of California,
San Diego. He received a doctoral degree in electrical engineering
in 1970 from Arizona State University. Dr. Phillips has been an ac-
tive researcher in wave propagation through random media for more
than 25 years. He was awarded a Senior NATO Postdoctoral Fellow
in 1977 and the American Society for Engineering Education 1983
Medal for outstanding contributions in research. In addition to optical
wave propagation, his research interests include optical communi-
cations and imaging through atmospheric turbulence.

Cynthia Young Hopen is an assistant professor of mathematics
and a research scientist for the Florida Space Institute at the Uni-
versity of Central Florida. She holds a BA in mathematics education
from the University of North Carolina, an MS in mathematical sci-
ence from the University of Central Florida, and an MS in electrical
engineering and a PhD in applied mathematics from the University
of Washington, Seattle. Dr. Hopen was awarded a National Physical
Science Consortium doctoral fellowship with Kennedy Space Center
(KSC) as her sponsor. She has worked with chemists in the Material
Science Division and physicists in the Optics Lab at KSC. In 1997
she joined the faculty at FSI/UCF, where she presently is doing
research in the area of laser communications and laser radar. She
has worked on laser satellite communication projects through the
Navy and laser radar projects for the Air Force. She has published
fifteen papers in the area of laser propagation through atmospheric
turbulence.



	Scintillation model for a satellite communication link at large zenith angles
	Recommended Citation

	tmp.1568133950.pdf.sBSGB

