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Abstract: We model the impact of atmospheric turbulence-induced phase
and amplitude fluctuations on free-space optical links using synchronous
detection. We derive exact expressions for the probability density function
of the signal-to-noise ratio in the presence of turbulence. We consider the
effects of log-normal amplitude fluctuations and Gaussian phase
fluctuations, in addition to local oscillator shot noise, for both passive
receivers and those employing active modal compensation of wave-front
phase distortion. We compute error probabilities for M-ary phase-shift
keying, and evaluate the impact of various parameters, including the ratio of
receiver aperture diameter to the wave-front coherence diameter, and the
number of modes compensated.
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1. Introduction

Evaluating the performance of a heterodyne or homodyne receiver in the presence of
atmospheric turbulence is generally difficult because of the complex ways turbulence affects
the coherence of the received signal that is to be mixed with the loca oscillator. The
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downconverted heterodyne or homodyne power is maximized when the spatial field of the
received signal matches that of the local oscillator. Any mismatch of the amplitudes and
phases of the two fields will result in aloss in downconverted power. Adaptive compensation
of atmospheric wave-front phase distortion to improve the performance of atmospheric
systems has been an important field of study for many years. In particular, modal
compensation method involves correction of several modes of an expansion of the total phase
distortion in aset of basis functions.

Here, we study in a unified framework the effects of both wavefront distortion and
amplitude scintillation on the performance of synchronous (coherent) receivers utilizing
wavefront compensation. The effects ascribed to turbulence are random and subsequently
must be described in a gatistical sense. Early works quantified turbulence-induced fading
through its mean and variance [1,2], athough these are not adequate to fully characterize
system performance. Later analyses have attempted to overcome these limitations and fully
characterize the statistics of heterodyne optical systems by assuming a highly simplified
model of atmospheric effects [3,4]. An alternate approach, aimed at overcoming the
limitations of previous work, is based on numerical simulation of heterodyne optical systems
[5,6]. Unfortunately, none of these prior works have resulted in an accurate tatistical
description of the performance of phase-compensated homodyne or heterodyne systems.
Recently, a full-wave simulation of beam propagation has been used to examine the
uncertainty inherent to the process of optical power measurement with a practical heterodyne
receiver because of the presence of refractive turbulence[7].

The remainder of this paper is organized as follows. In Section 2, we define a
mathematical model for the received signal after propagation through the atmosphere. By
noting that the downconverted signal current can be characterized as the sum of many
contributions from different coherent regions within the aperture, we show that the probability
density function (PDF) of this current can be well-approximated by a modified Rice
distribution. In our model, the parameters describing the PDF depend on the turbulence
conditions and the degree of modal compensation applied in the receiver. In Section 3, we
compute the error probability for QPSK modulation in the presence of multiplicative noise
from atmospheric turbulence and additive white Gaussian noise (AWGN). We provide
analytical expressions for the error probability of synchronous communication systems, and
use them to study the effect of various parameters on performance, including turbulence level,
signal strength, receive aperture size, and the extent of wavefront compensation.

2. First-order statisticsin optical homodyne or heterodyne detection

When a received signal experiences atmospheric turbulence during transmission, both its
envelope and its phase fluctuate over time. In the case of coherent modulation, phase
fluctuations can severely degrade performance unless measures are taken to compensate for
them at the receiver. Here, we assume that after homodyne or heterodyne downconversion is
used to obtain an electrical signal, the receiver is able to track any phase fluctuations caused
by turbulence (as well as those caused by laser phase noise), performing ideal coherent
(synchronous) demodulation. Under this assumption, analyzing the receiver performance
requires knowledge of only the envelope statistics of the downconverted electrical signal.

In a coherent receiver, downconversion from the optical domain to the electrical domain
can be achieved using either heterodyne or homodyne methods [8]. The performance
comparison between homodyne and heterodyne depends on the modulation scheme being
considered. This paper anadlyzes QPSK modulation with synchronous homodyne or
heterodyne detection, assuming the dominant noise is loca oscillator shot noise. For
concreteness, equations are given for the heterodyne case, but the signal-to-noise ratio (SNR)
and error-rate performance are the same for the homodyne case. We assume the heterodyne
downconverter uses a 50-50 beamsplitter and a pair of photodetectors, comprising a balanced
receiver. (Using BPSK modulation, it is possible to employ a single-quadrature
downconverter for homodyne but not heterodyne. Hence, for BPSK, homodyne can achieve a
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given error rate a a 3-dB lower signa power than heterodyne in the shot-noise-limited

regime.)
In order to assess the impact of turbulence, both log-amplitude and phase fluctuations
should be considered. As a consequence, the field in the pupil plane is expressed as

A= Acexp x(n)-jg(r)], (1)

where As is the amplitude without the effect of turbulence, and y(r) and ¢(r) represent the log-

amplitude fluctuations (scintillation) and phase variations (aberrations), respectively,
introduced by atmospheric turbulence. In the heterodyne downconverter, the information-
carrying photocurrent i a the output of the balanced receiver is:

iq =n,%A5jde(r)exp[;((r)]cos[ZzzAf t+Ag-9(r)], (2)
where # is the quantum efficiency of the photodetector, A, is the amplitude of the local

oscillator, and Af and A¢ are, respectively, the differences between the frequencies and phases

of the signal and local oscillator. The circular receiving aperture of diameter D is defined by
the aperture function W(r), which equals unity for |r|<D/2, and equals zero for |r|>D/2. We

can rewrite the cosine using €os(u— V) = cosucosv+sinusinv , obtaining
is =AA {COS[ZJZ'Af t+A¢]jer(r)exp[;((r)]cos[¢(r):|+
+8in[ 27 Af t+A¢]jer(r)exp[;g(r)]sin[q)(r)]}.

Taking the time average of the beat frequency Af oscillations of Eqg. (3), the average detected
signal power i2 may be written as

3

=2(n7oAA | [a ] @

where a.; and a; are normalized versions of the integralsin Eq. (3):

o, :(% D?]1fdrw(r)exp[;((r)}cos[qz)(r)j
4 ©)
o; :(%Dzj Ier(r)exp[;((r)]sin[qj(r)].

In this last step, the trigonometric and exponential terms have been considered time-
independent, as the time average is taken over a period that is short compared with the
coherence time associated with atmospheric turbulence. It is important to note that o, and o
represent integrals over the collecting aperture of the real and imaginary parts, respectively, of
the normalized optical field reaching the receiver. These real and imaginary parts can be
considered as the components of acomplex random phasor.

If the noise is dominated by local oscillator shot noise, the average noise power per unit

bandwidth is i’ =e# 7/4D>A?, where e is the eectronic charge. The SNR per unit
bandwidth y = E/ E can be expressed using Eq. (4) as

y:%[%) CLESES (6)

Note that the SNR in the presence of turbulence, v, is proportional to the SNR in the absence
of turbulence, y, = %(n/e) 7/AD? AS:
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V=" o’ (7)
The constant of proportionality is o = a,” + ¢;%, arandom scale factor representing the effect
of both the amplitude and phase fluctuations of the optical field. The statistical properties of

the random variable o2 with mean o® and PDF p.(a). provide a statistical

characterization of the SNR y. Using the average SNR 7 = 7/0; and the Jacobian of the
transformation o = y/y, = 7?/7 , We obtain the PDF of the SNR:

ot o’
=—p.|ly =1 8
P, (¥) > P [y 7} (8)
Turning attention to o, we study how amplitude and phase fluctuations of the optical field
define the statistics of the fading intensity o?= «*+ ¢ We note that the two random
magnitudes «, and «; are expressed in Eq. (5) as integrals over the aperture and, hence, are the
sums of contributions from each point in the aperture. In order to proceed with the analysis,
we consider a statistical model in which these continuous integrals are expressed as finite
sums over N statistically independent cells in the aperture:

N
a = iZexp;(k Cosd,
)

IIl

1 N
=— > X sm@
| N kz ka

where y is the log-amplitude and ¢y is the phase of the kth statistically independent cell. A

similar approach has been used to analyze the statigtics of the Strehl ratio [9]. The mean log-
amplitude can be extracted out of the sums, yielding

N

%=y Z 7 ) Ccosg,
(10

1 .
o = &P Zexp(zk—z) sing, .
k=1

Under the assumption that N, the number of independent cells, is large enough, we can
consider that o, and ¢; asymptotically approach jointly normal random variables:

] ol 8]

270, 0; p i

r=i

where @ ,& and /%, o° are the means and variances of o, a;, which are required to evaluate
the joint PDF. To estimate these means and variances, we recal that « and « can be
considered as the real and imaginary parts of a random phasor. Hence, it is possible to
evaluate the means and variances of «, and « by using the classical statistical model for
speckle with a non-uniform distribution of phases [10]. After some algebraic manipulation,
mean values can be obtained as

a = %exp 7 exp(y [M (-1)]
12

@ = ez exp(z, —z)[w(l)—w(—l)] ,
and the variances are given by
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o2 = exp2y exp2(xn - %)

[2+M,(2)+M,(-2)]

e 4N
_exp2,’{ eXIO X~ :I I: M, 1)+M (]_)+M;(—l):|,
ex Z_W ”
o7 = P2 4r|)\| X —X) [2-M,(2)-M,(-2)]
exp2y m 2 2 2
a [ 4N ] [2M¢(1)M¢(_1)_M¢(1)_M"(_1):|'

M, (@) is the characteristic function of the phase, i.e., the Fourier transform of its PDF . We
point out that because o, o; result from atmospheric turbulence, we can consider phases ¢
that obey zero-mean Gaussian statistics: p, (¢) =1/v27o, exp(-¢?/252) . In this case, the
characteristic function of the phaseis:

M, (@)= exp[— GEZCUZJ : (14)

In [11], the dstatistics of phase aberrations caused by atmospheric turbulence were
characterized, considering a Kolmogorov spectrum of turbulence. In that anaysis, classical

results for the phase variance o¢2 were extended to consider modal compensation of

atmospheric phase distortion. In such modal compensation, Zernike polynomials are widely
used as basis functions because of their simple analytical expressions and their
correspondence to classical aberrations[12]. It is known that the residual phase variance after
modal compensation of J Zernike termsis given by

%
02 =C, [EJ , (15)

where the aperture diameter D is normalized by the wavefront coherence diameter ro, which
describes the spatia correlation of phase fluctuations in the receiver plane [1]. In (15), the
coefficient C; depends on J [11]. For example, aberrations up to tilt, astigmatism, coma and
fifth-order correspond to J = 3, 6, 10 and 20, respectively. Ideadly, it is desirable to choose J
large enough that the residua variance Eq. (15) becomes negligible.

If it is also assumed that the log-amplitudes y, are norma random variables [13], we can
use energy conservation, and the expressions for the mean of exponential functions of
Gaussian variables, to obtain classical results for the log-amplitude and amplitude means:

7=-0,
——— 1,
exp( —Z)=exp(§@}

The irradiance S=exp2(y, —7) has a mean given byexp(2072). The log-amplitude

(16)

variance o,2 is often expressed as a scintillation index o;°= exp(4s,°)-1.
Substitution of Eq. (14) and Eqg. (16) into Eq. (12) and Eqg. (13) yields
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(17)

Q
[

1
2 _ m[u exp(-207 ) - 2exp(—aj)exp(—6§ﬂ

o’ = %[1— exp(-20; )] .

At this point, we still need to determine the number of statistically independent patches or
cells N present in the aperture. An analytical expression to estimate N can be defined by

N:Ejdr W(r)C(r)}l, (18)

where W(r) again characterizes the collecting aperture with area S= (x/4)D?. Here, C(r) isthe
coherence function describing the wavefront distortion introduced by atmospheric turbulence

[1]
C(r)= exp{—%6.88[Lj ] . (19)

r-O
Physical insight into Eq. (18) may be obtained by considering the limiting case in which the
receiver aperture is much greater than the coherence diameter ry, i.e., D»r. In this case,

g = 1 . 537t
[F_([rdr exp{—zass[aj ﬂ . (20)

The integral can be solved in a closed form to obtain N = [1.007 (r¢/D)3 ™. To a good
approximation, the aperture can be considered to consist of (D/ro)? independent cells, each of
diameter r,. In the opposite extreme of an aperture much smaller than the coherence diameter,

D«ro, we have C(r) = 1 and N = 1. This result indicates that as the aperture gets smaller, the

number of cells approaches unity. Values of N < 1 are not possible. An analytical expresson
for N valid for all aperture diametersis given by

% 537
_| 8 leggl D
N{DZ J;rdr exp[ 26.88(%] ﬂ , (21)

which can easily be integrated to yield

N = {1.09(%0)2 r[g ,1.08 [rgj }} . (22)

Here, T'(a,X) is the lower incomplete gamma function. Equation (22) will be used to
estimate the value of N needed to evaluate Eq. (17).
Turning again to the distribution function of interest, ajoint PDF of intensity o and phase

# can be found by substituting a, = Va? cosé, a = Ve? sing into Eq. (11), and multiplying
the resulting expression by the Jacobian of the transformation, 1/2. To obtain the marginal
PDF of the fading intensity o, we integrate with respect to é:

N
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o (az):ii”de exp[_(acose—o_cr) }exp{_(asine) } (23)

4z 0,0 207 207

ri -z

Unfortunately, the integral in Eq. (23) cannot be performed in closed form. Since o, and «; are
jointly normal random variables, it is possible to obtain the mean and variance of the intensity
fadingas o =c?+0’+a, and 02, =2(0}+0)+4c7a; . Itisinstructive to consider the
weak-turbulence, near-field regime, where values of 0¢2 and o> are smal but the log-
amplitude variance ,” can be neglected in comparison to the effect of phase aberrations. From
Eq. (17), we obtain 0> = 0, &, =1- 0, /2, and ¢ =0, /N . In this case, the fading intensity
o is defined as the sum of a constant (coherent) term ¢, with amplitude @ and a random

(incoherent) term «; with zero mean and variance o%. Such a random variable, defined as the
sum of a known dominant phasor plus a random phasor sum, is characterized by a Rice PDF

[20]:
, 1 o’ +a’ ao
L (0?)=—5exp| - |1,| 5 |, 24
Pa (o) =52 p[ o7 |lo| 2 (24)
where a’= Erz and 26° = ¢ The parameter a’ represents the coherent intensity that
dominates over the fluctuating residual halo, whose intensity is represented by 24°. It is
convenient to express the basic Rice PDF (24) in terms of the mean o = 20° +a* and the
contrast parameter 1/r =20°/a*, a measure of the srength of the residual halo to the
coherent component:

p. (%)= 1%r exp(—r)exp{—(ltl%z)az} IO[Za (1+_£)r J (25)

o

which is often referred to as the modified Rician PDF. The variance of the intensity fading
0';2 can be expressed in terms of mean vaue o?and the parameter r as
0%, =a? (2r +1)/(L+1)?.

It is possible to extend this convenient Rice distribution to stronger turbulence regimes, in
which both the phase aberrations %2 and the log-amplitude variance sz need to be considered.
We can expect the genera margina PDF Eq. (23) to behave like the Rice PDF Eq. (25)
provided that we can find a set of equivalent Rice parameters (? and r) that makes Eq. (17)
and Eqg. (19) have identical mean and variance. Comparing the means and variances of the two

distributions, the required values of o and r can be computed as functions of & , o2, and o
through the relations

o’ =cl+ol+a’

(26)
o (2r+1)/(1+1)? =2(0! + 0 )+ 407 ;.
After some algebra, the contrast parameter 1/r can be obtained from Eq. (26) as
2 2 72
1_ o, +o +a 1 27)
b

" |a"+2a’ (ot -0?)~(of 07 |
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where the mean @, and variances o,%, o,” are obtained with the help of Eq. (17).

We have just redefined the Rician model so the dominant component can be a phasor sum
of two or more dominant waves, and can be subject to amplitude fluctuations (scintillation).
The parameter r ranges between 0 and . It can be shown that when the dominant term is very
weak (r—0), intensity fading o becomes negative-exponential-distributed, just asin a speckle
pattern. Likewise, when the dominant term is very strong (r—w), the density function
becomes highly peaked around the mean value ¢ , and there is no fading to be considered.
When r is large, it can be shown that the PDF of o is, except for a skewness factor o,

approximately Gaussian with mean o . Conseguently, the Rice distribution can describe the
entire range of fading that needs to be considered in our analysis.

Using Eq. (25) to express the PDF of the fading intensity o, and applying Eq. (8), we find
that the SNR v is described by a noncentral chi-square distribution with two degrees of

freedom:
L R B el v P P (Gl L4
p,(7)= 7 exp(-r) p[ > }{2 - } (28)

where the mean SNR 7 = 7/0? depends on turbulence-free SNR y, and the parameter

o describing turbulence effects.

While we have a plausible model leading to the Rice and noncentral chi-square
distributions, the choice of the beta distribution in [6] is based on a resemblance of the
observed curves in some humerical simulations, and not on any statistical reasoning. It is not
clear how the parameters of the beta distribution must be (heuristically) fitted. Also, it result
difficult to extent those results to coherent optical receivers using atmospheric compensation
techniques. The framework of our approach is mathematically more robust and leads to results
easily extendable to systems employing active modal compensation.

3. Performance of coherent receivers

In the presence of turbulence, the received power is scaled by the fading intensity o, a

random variable with PDF p_. (ocz), which depends on atmospheric propagation. At the

receiver, the signal is perturbed by AWGN, which is statistically independent of the fading
intensity o®. Hence, the instantaneous SNR 7y is proportiona to @ The symbol-error
probability (SEP) psE) of an ideal coherent receiver is obtained by averaging the SEP
conditioned on the SNR y over the PDF of the instantaneous SNR, p,(y):

ps(E)= [ dy ps(E|7) b, (7). (29)

Although our model can accommodate various modulation/detection schemes, in this
paper, we consider M-ary phase-shift keying (M-PSK) with ideal coherent detection based on
maximum-likelihood principles. In this case, the SEP conditioned on the instantaneous SNR is
given by [14]

sinz =
zl2—-zIM
ps(El7)=[ " do e —y—F|. (30)

Using Egs. (30) and (28) in Eq. (29), after some algebra, we obtain
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Fig. 1. Symbol-error probability (SEP) vs. turbulence-free SNR per symbol v, for QPSK with
coherent detection and additive white Gaussian noise (AWGN). Performance is shown for
different values of: (a) the normalized receiver aperture diameter D/ro, and (b) the number of
modes J removed by adaptive optics. Amplitude fluctuations are neglected by assuming ;=0.
Turbulence is characterized by the phase coherence length ro. In (a), D/ro ranges from 0.1
(weak turbulence) to 10 (strong turbulence). In (b), the compensating phases are expansions up
to tilt (J=3), astigmatism (J=6), and 5th-order aberrations (J=20). The no-correction case (J=0)
isalso considered. The no-turbulence caseisindicated by black lines.

LT
1 rri2-xiM 1+r)sn?@ rysnm -
pS(E):—I de (L+r) exp| — M . (3D

L (1+r)s’n29—7sin2% (1+r)sin26—7sin2%

Although this integral cannot be put in a closed form, we are able to carry out the integration
in Eq. (31) using a simple 30-point Gaussian-Legendre quadrature formula, which yields high
accuracy. It is useful to have a smple closed-form upper bound on the error probability,
which can be obtained by simply noting that sin?@ <1. Theintegral in Eq. (30) isreduced to

M-1 .
ps(E | 7)< v exp(—ysmzﬁj. (32)

By using this upper bound along with the PDF of the ingtantaneous SNR Eqg. (28) in the
symbol error probability Eq. (29), after some algebra, we obtain an upper bound for the SEP
inan M-PSK receiver:

— T

rysin® =
(= P G0 M M__\. (33)
(1+r)—7sin2% (1+r)+7sin2%

Comparison with the exact result Eq. (31) shows that the upper bound Eq. (33) estimates the
SEP with sufficient accuracy to be useful in many practical situations.

Figures 1-3 show the effect of atmospheric turbulence on QPSK with coherent detection
using modal-compensated heterodyne or homodyne receivers. We study the SEP Eq. (31) asa
function of several parameters. the average turbulence-free SNR vy, per symbol, the receiver
aperture diameter D, the number of spatial modes J removed by the compensation system, and
the strength of atmospheric turbulence. Turbulence is quantified by two parameters: the phase
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Fig. 2. SEP vs. coherence diameter r, for QPSK with coherent detection and AWGN. In (a), no
phase compensation is employed, and performance is shown for different values of the
scintillation index &% In (b), the scintillation index is fixed at o;? = 0.3, and performance is
shown for different values of J, the number of modes corrected by adaptive optics. The severity
of atmospheric turbulence increases when ro decreases. In all cases, we assume the turbulence-
free SNR per symbol is yo= 10 dB, and the receiver aperture diameter isD = 10 cm. In (a), the
op? ranges from 0.3 (weaker turbulence) to 1 (stronger turbulence). In (b), the compensating
phases are expansions through tilt (J=3), astigmatism (J=6), and 5th-order aberrations (J=20).
The no-turbulence case is indicated by black lines.

coherence length ry and the scmtlllatlon index oﬁ We consider two nonzero values of the
scmtlllatlon index. The value o> = 0.3 corresponds to relatively low scintillation levels, while
g = 1 corresponds to strong scintillation, but still below the saturation regime. When the
turbulence reaches the saturation regime, wavefront distortion becomes so severe that it would
be unredlistic to consider phase compensation. In most practical free-space links, amplitude
fluctuations are not saturated [15].

Figure 1 presents the SEP vs. turbulence-free SNR vy,. Figure 1(a) shows the performance
for different values of the normalized aperture diameter D/ro, while Fig. 1(b) shows the
performance for different values of J, the number of modes compensated. We assume no
scintillation, ¢,°=0, so the effect of turbulence is simply to reduce the coherence length ro. For
afixed aperture diameter D, asry is reduced, the normalized aperture diameter D/rq increases,
and turbulence reduces the heterodyne or homodyne downconversion efficiency. Even using a
relatively small normalized aperture diameter D/ro=1, turbulence introduces more than a 15-
dB performance penalty at 10~ SEP. When phase correction is used, as in Fig. 1(b), in most
situations, compensation of just a few modes yields a substantial performance improvement.
Compensation of J = 20 modes yields significant improvement for even the largest normalized
apertures considered. For example, for a normalized aperture D/r=10, at a SEP = 102, the
SNR penalty is just over 5 dB. This value should be contrasted with the 15-dB penaty
observed in Fig. 1(a) for D/ro = 1 when J =0, i.e., no modes are compensated.

Figure 2 shows the SEP vs. the phase coherence dlameter ro. Figure 2(a) shows the
performance for different values of the scintillation index o°, while Fig. 2(b) shows the
performance for different values of J, the number of modes compensated. In all cases
presented, the turbulence-free SNR has a value y, = 10 dB. The aperture diameter is fixed in
every plot to D = 10 cm. As we observe in Fig. 2(a), for strong turbulence, corresponding to
small values of ro, the SEP is substantially independent of the scintillation index op” In this
regime, phase distortions have a large impact, and high-order phase corrections may be
required. We note that in this regime of strong turbulence, the coherent part of o is very
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Fig. 3. SEP vs. normalized receiver aperture diameter D/ro for QPSK with coherent detection
and AWGN. In (&), no phase compensation is employed, and performance is shown for
different values of the scintillation index o2 In (b), the scintillation index is fixed at o,° = 0.3,
and performance is shown for different values of J, the number of modes corrected by adaptive
optics. In all cases, the turbulence-free SNR per symbol v is proportional to the square of the
aperture diameter D. For the smallest aperture considered, we assume y, = 10 dB. In (a), GBZ
ranges from 0.3 (weaker turbulence) to 1 (stronger turbulence). In (b), the compensating phases
are expansions up to tilt (J=3), astigmatism (J=6), and 5th-order aberrations (J=20). The no-
turbulence caseisindicated by black lines.

weak, r—0, and intensity fading becomes negative-exponential distributed, i.e.
p,(7)=17exp(-7/7) . Inthis case, SEP Eq. (31) reduces to

For the strongest turbulence (i.e., smallest ro) considered, ¥ —0 and the SEP Eq. (34)

asymptotes to a maximum value (M-1)/M. In the plots shown, where M=4, we have
ps(E)—3/4.

Figure 3 considers the effect of aperture diameter on performance. It presentsthe SEP as a
function of the normalized aperture diameter D/r, for a constant phase coherence length ro and
congtant scintillation index o°. For the smallest aperture diameter considered, the turbulence-
free SNR has a vaue y, = 10 dB. For any other aperture diameter, the value of y, is
proportional to D% Figure 3 illustrates the concept of an optimal aperture diameter in coherent
free-space links. This optimal aperture diameter, which minimizes the SEP, exhibits two
different regimes in our studies. For relatively small apertures, amplitude scintillation is
dominant, and performance is virtually unaffected by wavefront phase correction. When the
apertureis larger, phase distortion becomes dominant, and high-order phase correction may be
needed to improve performance to acceptable levels. In [7], the simulation of beam
propagation was used to examine the uncertainty inherent to the process of optical power
measurement with a practical heterodyne receiver because of the presence of refractive
turbulence. Phase-compensated heterodyne receivers were also considered for overcoming the
limitations imposed by the atmosphere by the partial correction of turbulence-induced wave-
front phase aberrations. As in the current analysis, simulations indicated that the optimal
aperture diameters, those minimizing the relative error, separate two different regimes in our
simulations. The regime dominated by amplitude scintillation was defined for relatively small
apertures and it was virtually unaffected by phase-front corrections. When larger apertures
were considered, phase distortion was the relevant effect of turbulence, amplitude fluctuations
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were of little influence, and we needed high-order phase corrections to decrease the
uncertainty to acceptable levels.

In Fig. 3(a), no phase compensation is employed (J=0), and the performance is shown for
different values of the scintillation index 5. Here, the optimal normalized aperture diameter
is close to D/rp = 0.3, and increases slightly with increasing scintillation index. In any case,
when 6,” becomes too large, the optimization is of little practical significance. In Fig. 3(b), we
consider strong scintillation, o> = 1, and show the performance for different values of J, the
number of modes compensated. As we increase J, the optimized value of D/r, increases, and
the optimized SEP improves substantially. Even for such strong scintillation, with
compensation of J = 20 modes and optimized D/r,, excellent SEP performance is obtained. In
this case, the optimized D/rq is rather large (close to 4). For the larger values of Di/rg
considered in these plots, the coherent part of o is very weak (r—0) and fading intensity
becomes negative-exponential-distributed, such that the SEP is described by Eq. (34). In Fig.
3(a), when large normalized apertures D/r are considered, the SEP becomes independent of
the scintillation index o®, and tends toward an asymptotic value that is independent of
normalized aperture diameter D/ry. In Fig. 3(b), at large values of D/rq, the SEPs also tend
toward asymptotic values, independent of normalized aperture diameter D/ro, which depend
only weakly on the scintillation index op”.

4. Conclusions

We have studied the impact of atmospheric turbulence-induced scintillation and phase
aberrations on the performance of free-space optical links in which the receiver uses modal
wavefront compensation and synchronous homodyne or heterodyne detection. We have
defined a mathematical model for the signal received &fter propagation through the
atmosphere and after modal compensation. By noting that the down converted electrical signa
current can be characterized as the sum of many contributions from different coherent regions
within the aperture, we showed that the PDF of this signal can be described by a modified
Rice distribution. The parameters describing the PDF depend on the turbulence conditions and
the number of modes compensated at the receiver. We have provided analytical expressions
for the symbol error probability (SEP) for synchronous detection of M-PSK with additive
white Gaussian noise, and have used them to study the effect of various parameters on
performance, including signal level, aperture diameter, turbulence strength, and the number of
modes compensated. We have separately quantified the effects of amplitude fluctuations and
wavefront phase distortion on system performance, and have identified two different regimes
of turbulence, depending on the receiver aperture diameter normalized to the coherence
diameter of the wavefront phase. When the normalized aperture diameter is relatively small,
amplitude scintillation dominates and, as phase fluctuations have little impact, performance is
virtually independent of the number of modes compensated. When the normalized aperture is
larger, amplitude fluctuations become negligible, and phase fluctuations become dominant, so
that high-order phase compensation may be needed to improve performance to acceptable
levels. We have found that for most typical link designs, wavefront phase fluctuations are the
dominant impairment, and compensation of a modest number of modes can reduce
performance penalties by several decibels.
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