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ABSTRACT

The probability of received-power fiuctuation in the turbulent atmosphere is discussed with a simple
and yet reasonable model for a direct—detection optical system.  Good agreement was found between the theore—
tical results and the field experiment. Thus the analysis in this paper may be taken as a guide for the
design of atmospheric optical system.

I. INTRODUCTICN

Considering the laser application through atmosphéric channel, the influence of atmos—
pheric turbulence must be taken into account. For a dimsct—detection optical system, the
main effects of turbulent atmosphere are intensity fluctuation, beam wander and system error.
Many authors discussed them individually, but for a practical system we have to consider
the combined effect which has been discussed in Ref, [I] except the system error, Ref. [2]
deals with probability disttibution only. Tn this paper, we first solve the probability density
of received—power fluctuation under the influences mentioned above, and then derive the prob-
ability distribution and variance. The results are expressed in an approximate form with
good accuracy. Comparing it with our field experimental results, we find them in good

agreement.
II. SYSTEM MODEL

Suppose a system transmits a stationary Gaussian beam passing through the atmosphere
at a distance of L. The beam centre deviates (caused by system error) from the receiver

centre by a distance p, (see Fig. 1). The intensity distribution at the receiver plane can be
written as

I(Ly 5o )= L g — 2T 25T, (1)

where I, is the intensity of beam centre at the transmitter; W, the initial beam radius;
and W, the beam radius at the receiver planc. Because of system symmetry, the orientation
of p, in Eq. {1} has no influence on our later discussions.

1) This kind of error may be a system alignment error, or beam deviation caused by dxily changes of
atmoapheric temperature gradient.
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Fig. 1. Scheme of receiver plane coordinate.

For a system with an arbitrary receiving aperture denoted by ®(x,y), the received power
is given by

-
P={{" (L% )0 )5 d. (2)
For a circular aperture with radius R, we have
1, 0<p<R, 0<<0=<2x
D%, 5) =Pl p:0)=1 - (3)
0. others
Substituting Eqs. (1) and (3) into Eq. {2), we have
P ‘—'2”W°.foj exp[— +’°"] ( W )Pdp (47

where I (x) is the zeroth-order imaginary variable Bessel function. OCbviously, Eq. (4) is
too complex to calculate further. For simplicity, we use the Gussian weighting aperture, ie.

$o(p,8) =expl—2p'/R*], 0<p<+oo, 0<f<2gm, (5)
and obtain

p.— SR
TR 2

Eq. (6) is simpler than Eq. (4). The error of such replacerment is given by

exp[— pi/(R*+W*)1. (8)

A= ch—PG] . (7)

An analysis shows that A depends on the “relative aperture’” R/W and ‘‘relative deviation™
oo/ W. For RIF<0.3 and p,{W<0.2, the error is only 3%. Thus it is negligible if the sta-
tistical correlation of intensity on the receiver aperture is neglocted.

Because of intensity fluctuation and beam wander, the received power will be a random
variable. For the weak fluctuation condition (o? ~0.2—0.5, where o1 is logarithm ampli-
tude variance of plane wave), the intensify fluctiation is described by log-norrial distribu-
tion'®), which may also exist under middle or very strong turbulent conditionst. Therefore,
if the roceiver aperture of system has a radins less than the correlation distance of arrived beam,
the power fluctuation caused by intensity fluctuation, P, would also follow the Jog~onarmal

o —
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law, i.e.

— 1 p (0P — )
FrPO= g xa| ! (8)

Under the conditions mentioned above, . we have
gi-p,* =405 5Ly 0l (g8)

where o2 , (L, p) is the variance of logarithm amplitude of beam wave given in Ref. [4].
From the probability theorem we know that the Kth moment of P, is

(PXy=expl K p+ Kot /2], K=1,2,3,--. {10)
The symbol { » denotes ensemble average, When K=1, we have
- il — 1 3 = ﬂWéIpR’
=" UL, p)rexpL~ 20"/ R10dpds et i an
Then, we have
p=In{P,y—olap /2. (12)

In Eg. (11), <f(L,p)> is the average distribution of intensity and ¥, is the broadened beam
size at the receiver plane, both of which are given in Ref. [4].

Several experiments and analyses show that beam wander follows normal distribution and
the wander in x direction is independent of y directiont®). By taking account of the sysiem
error p,, the probability density of beam centre at a point {x, ) on the receiver plane can be
written as

1 _(x—p.)‘+y’] X
fes(ats y)mgmsexp o ’ co<y<eo, (13)

Then, we have

Folpy=[" Funrlrr y)d8

. L) + 2 X
=a—%e"p[_(pzaf '-?']“‘"( ‘;? )’ (14)
which is the probability density of beam centre at a distance p, from the origin, where g was
given by Ref. [6l
From Eq. {7) it can be seen that the received power is a single—value fusction of beam cen-
tre coordinates, so that the power fluctuation caused by beam wander is given by

, (15)

p=9{Pg)

ép
2P,

where g(P_) is the inverse function of P{p). Defining the received power modulation index
caused by beam wander as

FrolPo)=foLp(Pa)]

mmEPm/Pnp 0“<-mw‘<—1! (16)
we have
- 90
frm(mo)=folp(ma)] Oal e (17)

In Eq. (16), P, is the received power of system through frec space,
From Egs. (6), {12), (16) and (17), we obiain
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(Gt j 1 f (i) i

R+

P N —_ i ] 1 ]
- Kol + R+ expl Kpu/(2K0.+R +W )- (18)

III. THE PROBABILITY DENSITY AND DISTRIBUTION OF RECEIVED POWER FLUCTUATION

It has been mentioned that the received power can be considered as a randomly modula—
ted variable caused by the intensity fluctuation and beam wander, and written as

P=Pg'm;'mﬂ (lg)

where m,=P,/P, is the modulation index caused by the intensity fluctuation. These two
random modulations are independent, because the intensity fluctuation is induced by smaller—
scale turbulent eddies while the beam drift is induced by larger-scale ones (here the smaller
and larger are concerned as compared with the beam size). According to this argument and
the probability theorem, the probability density of received power is given by

iey={hein (£ )fmm(m-)dma- (20)

Substituting Eqs. (9) and (16) into Eq. (20) and makmg use of some variable replacements,
we obtain .

f(PY~ expl— po/202] rexp{v[ lnP—InlP, >+Ulupl + s —i'-ng’]}

(22015 ) 70 2P 3 Zcrf.ps
% exp(— p*/202)s (pp")pdp | (21)
By letting
A=exp(—p3/208)/(2rcius )" (22-1)
B=—1n(P,5+0lan/2 (22-2)
C=dol/(R*+W?), (22-3)
D= «/—2_.00/0'» » . - (22—4)
i=p*/20Z, (22-5)
Eq. (21) can be written as
Py =B o] - EEBRCN | (D Prexp(—ndt.  (39)

One of the methods for carrying out the integration in Eq. (23) is to expand Fo(D./ ¢ ) in
power series, but the result may be very complex. However, the result may be very accurate
and simple by using the Laguerre approximate integration formulat. Thus we have

A, (InP+ B+ Cgl —_
Fo(PY= 5 o] ~UnELBXCELY | Dy, (24)
where Ai7’and £§7’ are the Kth integral coefficient of n-order mterpolanon and Kth root of

n-order Laguerre polynomials respectively. :
From Eqg. (23) the probability distribution can be mmzn L R .
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P . ]
Fp(PéP,)=A[ %i exp) —(lipgégﬂ]ln(D\/T)e"dfdP. (25)
[ ° Tap,
Exchanging the integration order in Eq. (25) and noting that
(e (inP+B+Ct)'1
L Pexp( T
1 InP,+B+Ct )] -
5 ~ o Ulnl",l: 1+9ff( V3 Orer, (25-1)
S R Narn )e"‘dt—exp(zp“) (25-2)
wg obtain
FUP<Py=14a re ELM"'GJI (Dy/ T e, (26)
L]

~ 2 Our

where A'=A./ 2z0%.,,
is given by

FiP<Py=1+dr ZA&“‘eri[M—cg—w]Ioiﬂ\/F).
K=1

& 2 TP,

erf (x) is the error function. Similarly, the probability distribution

(27)

Figs. 2—4 show the calculated results from Eqs. (23) and (27) for different parameters. In
our calculations the order of Laguerre approximate intergration is nine, transmitted power is

IW, and ol.,, (L,p) is taken to be of.,(L,0) as an approximation.
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Fig. 2. fe(P) and Fp(P<P)as a function of
C:. The parameters are L=35 km, W, =

0.028m, R=0.1 m, p,=0.05 m, A=10.6 ym.,

Curves 15 are respectively for €% equal
‘b0 @5, 1, 3, 5, Hyx 0 mm, o =

Fig. 3. fa»{P)and F,(P<P,} asa function of L
(solid lines for L=3 km, dashed for-

L=5 km). The parameters are C.’.:

5$X 1071 m 4%, R=l.1m, Wy=0028m,
AwlQ6 gy pem005m: 1. . L
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Fig. 4. fp(P)and Fp(P<P:}asafunction of p, icurves | for 5,=00 m and 2 for p,=0.25 m). The
paramcters are L=3 km, R=0.lm, ¥,=0.028 m, 1=106 um, Ci=5x10"1* m-2/,

IV. THE YARIANCE

As the intensity fluctuation and the fluctuation due to beam wander are indspendent, the
moments of received power fluctuation should be

{PEy = {PEr{m&> (28)
From Eqs. (10) and {18} we obtain

pry .. AW K gy s, K p}
(P = e e P e K(K-1) Ty K

Thus the variance is

(PHY=LPY _ {203+ R +W)

=Ty (ol t R+ WO ) XPLolen)
| 4piol ]_
x exp| GoitR+Whdsi vR+wo 1 (30)

¥. DISCUSSION AND COMPARISON WITH FIELD EXPERIMENT

The calculated results show that, generally speaking, the distribution is not log-normal
because of the interference of beam wander. The significant difference is that in small value
range the probability value is larger. This can be explained by the fact that beam
wander generally gives rise to slight fluctuation. When the turbulence is very weak, the
distribution is still close to log~normal (see dashed lines 1 and 2 in Fig, 2).

Fig. 4 shows that the influence of system error on the distribution is not important.
Thus we conclude that the main factor that determines the power fluctuation is the inten—
sity fluctuation, It should be pointed out that the extent of influence of beam wander can
not be measured by o,, For instance, for a 5 km path, g2, is 0,050 when Ci!=
5x 107" m~*3, the distribution is very close to log-normal (see dash line 1 in Fig. 2).
But for a 800m path, o2, is 0.0177 when C2=5x10""* m—/3, the distribution deviates
from log-normal (see curve 1 in Fig. 5).

Our field experiment was carried out in April, 1984 in-the Tengger Besert, northern China,
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with a 800 m optical path. The beam was transmitted from a 10.6 um CO, laser with 10 W
output. The transmitter of three-channel CO, Laser Communication System with an aperture
diameter of i00 mm was used, which was placed 1.3 m above the ground. The beam had a
divergent angle of 0.2 mrad and a depression angle of 2°, The terrain under the propagation
path was dunes and pebbles. The detectors were two LiTaO, pyroelectric detectars which
had 1 mm diameter of sensitive area and were placed 8 cm apart. The detected signal, after
amplification, filteration and demodulation, were recorded on tape separately. At the same
time, a two-probe platium fine-wire microtemperature meter was used tc measure the
strength of atmospheric turbulence. Recorded data were processed by PDP-11/24 com-
puter, some of which are given in Figs. 5 and 6, Fig. 5 shows a good agreement between
the theoretical and experimental results, in which curves 3 and 4 are close to log-normal
distribution (they are moved by some distance in P,/ <P> axis). This verifies our conclusion
that the power fluctuation is mainly determined by the intensity fluctvation under very weak
turbulent conditions.

As the diameter of sensitive area of the detector was only 1 mm, the detection could be
considered as a point detection comparing with the beam width (about 160 mm}). Therefore
it is inferred that the intensity fluctuation at a point of receiver plane is not log-normal,

Fig. 6 shows the comparison between variances, where the solid line and dashed line depict
o} and gi.p, Tespectively, The difference between them can be explained by the use of
Eq. 29). If ol W* and o}, 5«1, Eq. (29) approximates to

O0i=0lup, +apiod/ (R +H7), (30)
which means that beam drift and system error make o} increase.

'99.99 _2,1
C3107*m %) 1,
9.5 42 i f
o b3 :H'(
- - I
X A7 I3
g © 5.5 ("
3 1.3 If i
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Fig. 6. Comparison between the theoretical and experimental variance.

VI. CONCLUSIONS

 We have discussed the statistical properties of received power fluctuation for a dirsct-
detection systemn which was interfered with intensity fluctuation, beam wander and system error
simultaneously. The intensity fluctuation is proposed to be in log-normal law and beam drift
im normal distribution. A feld experiment was carried out to validate the theoretical results.
It showed that the distributions of received power fluctuation of the system and the intensity
fluctuation. of a point on the receiver plane are not log-normal, but under very weak turbulent
conditions the distributions are log-normal.
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