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Abstract. Multiple-input multiple-output (MIMO) techniques are employed in free-space optical (FSO) links to
mitigate the degrading effects of atmospheric turbulence. We consider a MIMO FSO system, which consists of
a radial laser array with partially coherent Gaussian beams at the transmitter and a detector array with Gaussian
apertures at the receiver. The average power and the power correlation function at the finite-sized receiver
apertures are formulated by using the extended Huygens–Fresnel principle in weak atmospheric turbulence.
This let us further quantify the performance metrics such as the power scintillation index, the aperture averaging
factor, and the average bit error rate (BER) as functions of system parameters. The derived power scintillation
equation correctly reduces to the existing coherent and partially coherent Gaussian beam scintillation indices in
the limiting cases. Using the performance metrics, we analyze the effect of various practical system parameters
on the performance of a MIMO FSO system. Practical system parameters include the transmitter and receiver
ring radius, number of beamlets, number of finite-aperture receivers, source size, degree of source coherence,
receiver aperture radius, link distance, and the structure constant of atmosphere. © 2016 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.11.111607]
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1 Introduction
Atmospheric turbulence results in the fluctuations of the
received optical signal, quantified by the scintillation index.
Intensity fluctuations degrade the free-space optical (FSO)
link performance.1 In order to improve the link performance,
scintillation can be mitigated by aperture averaging, the use
of partially coherent light sources or spatial diversity tech-
niques that involve the use of multiple transmit and receive
elements.

Aperture averaging is practically achieved by enlarging
the receiver aperture with the aim of averaging patches on
the optical wavefront as well as increasing the mean signal-
to-noise ratio (SNR). The use of aperture averaging for
reduction in scintillation has been widely investigated under
the assumption of plane, spherical, and Gaussian beam wave
propagations.2–6 Aperture averaging is usually quantified by
aperture averaging factor, which is defined as the ratio of
power scintillation normalized by the intensity scintillation
on the axis. The exact expressions for aperture averaging
factor have been developed in the presence of weak atmos-
pheric turbulence for both plane and spherical waves.3 The
effect of beam shaping on the aperture averaging factor has
been further studied considering different beam shapes such
as the Gaussian, flat topped, and annular beams.4–6

The use of partially coherent source is another method to
reduce scintillation at the receiver, in spite of larger beam
footprint and lower average received power. Performance
analysis of partially coherent Gaussian beams in FSO
links is investigated in several works.7–12 Specifically, Fante
formulated the scintillation index of incoherent beam for
both slow and fast detectors.7 A similar study is reported
for partially coherent Gaussian beams.8 Furthermore, the
scintillation index of multiple and array beams with different
types of partially coherent beam shapes are investigated for
a point detector.9,10 Moreover, the joint effect of aperture
averaging and the use of a partially coherent source on the
performance of FSO links is reported.11 Recently, an exper-
imental work has demonstrated that a partially coherent
beam shows lower scintillation with respect to the coherent
beam in any link ranges.12

Spatial diversity offers an alternative to conventional
single-input single-output (SISO) system through the use of
multiple transmitter beams and/or receiver apertures that
may help to mitigate the scintillation effect of atmospheric
turbulence. Scintillation reduction obtained from spatial
diversity is based on the fact that since the correlation length
of the received signal is of the order of centimeters in FSO
links, multiple separated beams, and/or receiver apertures
constitute statistically independent signal channels, which
may help to provide diversity gain. In addition, transmit
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optical power and the received SNR are enhanced as well.1

There are a number of different spatial diversity techniques
that can be employed in FSO links. These techniques are
implemented either at the transmitter (multiple-input single-
output, MISO) or at the receiver (single-input multiple-output,
SIMO) or at both of them (multiple-input multiple-output,
MIMO).

MISO/SIMO and MIMO techniques have been widely
studied in the literature by taking into consideration plane
and spherical wave assumption. The closed-form expression
for the outage probability in MISO FSO links are derived.13

Performance analysis of the MISO FSO system is investi-
gated in terms of the beam averaging factor and the average
bit error rate (BER).14 BER and outage capacity analysis of
the SIMO FSO system are investigated by considering inde-
pendent fading channels.15 Furthermore, BER expressions
for MIMO FSO links are derived considering both spatially
independent and correlated channels.16 Similar studies are
presented in Refs. 17–20.

The performance analysis of FSO links with spatial diver-
sity generally depends on the unbounded plane or spherical
wave (point source) assumptions for mathematical simplic-
ity. However, working with practical system parameters such
as the finite source size, spacing pattern of the transmitter,
receiver apertures, and the degree of source coherence
is much more realistic when practical FSO systems are
considered.21 As initial attempts toward this, field correla-
tion, aperture averaging, and BER of the MISO FSO system
have been investigated by using Gaussian beam array.22–26 To
our knowledge, joint effects of the partially coherent multiple
transmitter and receiver apertures on the system performance
of MIMO FSO links employing finite-size receivers are not
investigated.

In this paper, we consider an MIMO FSO system, which
consists of a radial laser array with partially coherent
Gaussian beams at the transmitter and a detector array
with Gaussian apertures at the receiver. We first formulate
the average power and the power correlation function at
the finite-sized receiver apertures by using the extended
Huygens–Fresnel principle. This let us quantify the perfor-
mance metrics such as the power scintillation index, the
aperture averaging factor, and the BER.

The remainder of this paper is organized as follows.
In Sec. 2.1, we introduce the MIMO FSO system model
under consideration. In Sec. 2.2, we calculate the total aver-
age power and the average of the square of the power on the
receiver apertures. In Sec. 2.3, we analyze the performance
metrics, which are the power scintillation index, the aperture
averaging factor, and the average BER. In Sec. 3, we present
our numerical results and finally conclude in Sec. 4.

2 System Model and Mathematical Formulation

2.1 System Model

Figure 1 shows a schematic diagram of an MIMO FSO sys-
tem model with N equal transmitters (an array of partially
coherent Gaussian beamlets) and H equal receivers (an
array of Gaussian apertures). We assume that beamlets are
symmetrically located on the ring with a radius of r0.
Each of the Gaussian beamlets on the ring has a source size
of αs and angle separation of φn. At the receiver side,
Gaussian apertures with size of Rr are placed on a ring

having the radius of rr with equal angle spacing φh. The
link distance is L.

The total optical field distribution at the transmitter
plane for the coherent laser array beam is written as10

EQ-TARGET;temp:intralink-;e001;326;494

ucðs; z ¼ 0Þ ¼
XN
n¼1

expf−kαn½s2x þ s2y − 2r0ðsx cos φn

þ sy sin φn − 0.5r0Þ�g; (1)

where s ¼ ðsx; syÞ is the source transverse coordinate,
αn ¼ 1∕ð2kα2sÞ, φn ¼ 2πðn − 1Þ∕N, k ¼ 2π∕λ is the wave
number, and λ is the wavelength.

Finite-sized receivers, i.e., radial array of Gaussian aper-
tures, can be used to collect the optical intensity and by
employing the similar expression used for the laser array
at the transmitter plane [10], we have defined here the
multi-Gaussian aperture function for the radial array at the
receiver plane to be
EQ-TARGET;temp:intralink-;e002;326;327

hðpÞ ¼
XH
h¼1

exp

�
−

1

R2
r
½p2

x þ p2
y

− 2rrðpx cos φh þ py sin φhÞ þ r2r �
�
; (2)

where p ¼ ðpx; pyÞ is the receiver transverse coordinate,
φh ¼ 2πðh − 1Þ∕H. It should be noted that SISO, MISO,
SIMO, and MIMO systems can be described, respectively,
as (N ¼ 1, r0 ¼ 0 and H ¼ 1, rr ¼ 0), (N > 1, r0 > 0 and
H ¼ 1, rr ¼ 0Þ, (N ¼ 1, r0 ¼ 0 and H > 1, rr > 0), and
(N > 1, r0 > 0 and H > 1, rr > 0), respectively.

2.2 Calculation of the Average Power and the
Average of the Square of the Power

We first calculate the average intensity at the receiver plane,
which is then used to calculate the total average power hPi
and the average of the square of the power hP2i at the
receiver plane. This enables us to calculate the power scin-
tillation index, the receiver-aperture averaging factor and
the average BER.

Fig. 1 The schematic diagram of MIMO FSO system withN ¼ H ¼ 3.
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Using the extended Huygens–Fresnel principle, the aver-
age intensity at the receiver plane is found to be1

EQ-TARGET;temp:intralink-;e003;63;730

hIðp; z ¼ LÞi ¼ 1

ðλLÞ2
Z

∞

−∞

Z
∞

−∞

Z
∞

−∞

Z
∞

−∞
ds21 ds

2
2 Γs

2ðs1; s2Þ

× exp

�
jk
2L

½ðp − s1Þ2 − ðp − s2Þ2� − ρ−20 ðs1 − s2Þ2
�
;

(3)

where

EQ-TARGET;temp:intralink-;e004;63;629Γs
2 ¼ huðs1; z ¼ 0Þu�ðs2; z ¼ 0Þis; (4)

is the source mutual coherence function j ¼ ffiffiffiffiffiffi
−1

p
, * is the

complex conjugate, ρ0 ¼ ð0.546C2
nk2LÞ−3∕5 is the coherence

length of a spherical wave propagating in the turbulent
medium, C2

n is the structure constant, and h· is represents
the ensemble averaging over the source statistics.

The partially coherent source can be modeled by multi-
plying the coherent field by the random field9

EQ-TARGET;temp:intralink-;e005;63;523uðs; z ¼ 0Þ ¼ ucðs; z ¼ 0Þurðs; z ¼ 0Þ; (5)

where urðs; z ¼ 0Þ denotes the random source field through
which source partial coherence is introduced. It should
be noted that Eq. (5) also implies that the source behaves
like a coherent transmission through a diffuser. Employing
Eq. (5) into Eq. (4), source mutual coherence function
becomes

EQ-TARGET;temp:intralink-;e006;63;426

Γs
2 ¼ huðs1; z ¼ 0Þu�ðs2; z ¼ 0Þis
¼ hucðs1; z ¼ 0Þu�cðs2; z ¼ 0Þurðs1; z ¼ 0Þu�rðs2; z ¼ 0Þis
¼ ucðs1; z ¼ 0Þucðs2; z ¼ 0Þhurðs1; z ¼ 0Þu�rðs2; z ¼ 0Þis;

(6)

In Eq. (6), the last term h·is represents the Gaussian mutual
coherence function for the source, which is defined as9

EQ-TARGET;temp:intralink-;e007;63;320hurðs1; z ¼ 0Þu�rðs2; z ¼ 0Þis ¼ exp

�
−

1

4ρ2s
ðs1 − s2Þ2

�
;

(7)

where ρs is a measure of the degree of source coherence
(correlation width of the diffuser) level.1 Inserting Eqs. (6)
and (7) into Eq. (3) and solving Eq. (3) by the repeated
use of Eq. 3.323.2 of Ref. 27, we obtain

EQ-TARGET;temp:intralink-;e008;63;218

hIðp; z¼LÞi ¼ π2ðλLÞ−2
XN
n¼1

XM
m¼1

1

t21t
2
2

expð−r20α−2s Þ

× exp

�
−

r0jk
2t21α

2
sL

ðpx cos φnþpy sin φnÞ

−
k2

4t21L
2
ðp2

xþp2
yÞþ

r20
4t21α

4
s
þ 1

4t22
ðw2

2xþw2
2yÞ

�
;

(8)

where

EQ-TARGET;temp:intralink-;sec2.2;326;752

t21 ¼ 0.5α−2s − 0.5jkL−1 þ ρ−20 þ 0:25ρ−2s

t22 ¼ 0.5α−2s þ 0.5jkL−1 þ ρ−20 þ 0.25ρ−2s

− t−21 ðρ−20 þ 0.25ρ−2s Þ2
w2x ¼ r0½α−2s cos φm þ t−21 α−2s cos φnðρ−20 þ 0.25ρ−2s Þ�

þ jkL−1px½1 − t−21 ðρ−20 þ 0.25ρ−2s Þ�
w2y ¼ r0½α−2s sin φm þ t−21 α−2s sin φnðρ−20 þ 0.25ρ−2s Þ�

þ jkL−1py½1 − t−21 ðρ−20 þ 0.25ρ−2s Þ�.

The average power collected by a finite-sized multi-Gaussian
aperture is1

EQ-TARGET;temp:intralink-;e009;326;604hPi ¼
Z

∞

−∞

Z
∞

−∞
hIðp; LÞihðpÞdp. (9)

Using Eqs. (2) and (8) into Eq. (9) and performing the
integrations over the receiver aperture array, we obtain

EQ-TARGET;temp:intralink-;e010;326;539

hPi ¼ π3

ðλLÞ2
1

t21t
2
2t

2
p
expð−r20α−2s − r2rR−2

r Þ

× exp

�
r20

4t21α
4
s

�XH
h¼1

XN
n¼1

XM
m¼1

exp

�
1

4t2p
ðw2

px þ w2
pyÞ

�

× exp

�
r20
4t22

�
cos φm

1

α2s
þ cos φn

1

t21α
2
s
ðρ−20 þ 0.25ρ−2s Þ

�
2
�

× exp

�
r20
4t22

�
sin φm

1

α2s
þ sinφn

1

t21α
2
s
ðρ−20 þ 0.25ρ−2s Þ

�
2
�
;

(10)

where

EQ-TARGET;temp:intralink-;sec2.2;326;371t2p ¼ 1

R2
r
þ k2

4t21L
2
þ k2

4t22L
2
½1 − t−21 ðρ−20 þ 0.25ρ−2s Þ�2;

EQ-TARGET;temp:intralink-;sec2.2;326;330

wpx¼
jk
L

�
−
r0 cosφn

2t21α
2
s

þ r0
2t22

�
cosφm

α2s
þcosφn

t21α
2
s
ðρ−20 þ0.25ρ−2s Þ

�

×
�
1−

1

t21
ðρ−20 þ0.25ρ−2s Þ

��
þ2rr cosφh

R2
r

;

wpy¼
jk
L

�
−
r0 sinφn

2t21α
2
s

þ r0
2t22

�
sinφm

α2s
þsinφn

t21α
2
s
ðρ−20 þ0.25ρ−2s Þ

�

×
�
1−

1

t21
ðρ−20 þ0.25ρ−2s Þ

��
þ2rr sinφh

R2
r

:

The average of the square of the power as detected by
a finite-sized receiver array having Gaussian apertures
function is found to be

EQ-TARGET;temp:intralink-;e011;326;169hP2i ¼
Z

∞

−∞

Z
∞

−∞

Z
∞

−∞

Z
∞

−∞
d2p1d2p2hIðp1ÞIðp2Þihðp1Þhðp2Þ:

(11)

The derivation and resulting equation for hP2i are pro-
vided in Appendix A.
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2.3 Performance Metrics

In this section, we define three performance metrics, namely,
power scintillation index, aperture averaging factor, and
average BER. The power scintillation index (normalized
variance of power) quantifies the fluctuations in the received
intensity and is defined as28

EQ-TARGET;temp:intralink-;e012;63;682m2
pjRr

¼ hP2i
hPi2 − 1: (12)

The aperture averaging factor is defined as the ratio of
power scintillation normalized by the intensity scintillation
at the receiver plane origin.28 Hence

EQ-TARGET;temp:intralink-;e013;63;604GR ¼ m2
pjRr> 0

m2
pjRr¼ 0

; (13)

where m2
pjRr¼ 0 is the intensity scintillation index measured

by the point detector at the receiver plane origin. The power
scintillation index detected by finite-sized apertures must be
lower than a point aperture for effective aperture averaging.

Assuming on–off keying modulation for direct detection
receivers, the average BER is calculated as28

EQ-TARGET;temp:intralink-;e014;63;490hBERi ¼ 1

2

Z
∞

0

pIðiÞ erfc
�
i
hSNRi
2

ffiffiffi
2

p
�
di; (14)

where erfcð·Þ denotes the complementary error function and
hSNRi is the average signal-to-noise ratio. In weak turbu-
lence, the intensity I follows the log-normal distribution
whose probability density function is given by1

EQ-TARGET;temp:intralink-;e015;63;401pIðIÞ ¼
1

mp

ffiffiffiffiffi
2π

p
I
exp

�
−
½lnðIÞ þ 0.5m2

p�2
2m2

p

�
; I > 0; (15)

where m2
p is defined in Eq. (12) for the MIMO channel.

Equation (15) is substituted into Eq. (14) and the resulting
expression is numerically evaluated for the hBERi calcula-
tion. In Sec. 3, we denote hSNRi and hBERi, respectively, as
SNR and BER for simplicity.

3 Numerical Results
In this section, numerical results for the power scintillation
index, aperture averaging factor, and the average BER are
presented based on Eqs. (12), (13), and (14). It should be
noted that our results correctly reduce to the partially coher-
ent laser array beam scintillation index in the limiting case
for H ¼ 1, rr ¼ 0, and Rr ¼ 0, i.e., the case without receiver
diversity and aperture averaging.10 Furthermore, we accu-
rately obtain the on-axis scintillation index values of the
partially coherent single Gaussian beam by setting N ¼ 1,
r0 ¼ 0, H ¼ 1, Rr ¼ 0, and rr ¼ 0 in Ref. 9. For all the fig-
ures, we note that the wavelength is chosen as λ ¼ 1.55 μm
and the beamlets are taken to be collimated. The weak tur-
bulence condition (i.e., Rytov variance for the plane wave
[1], 1.23C2

nk7∕6L11∕6 < 1) is satisfied by choosing C2
n and

L properly.
In Fig. 2, the power scintillation plots of spatial diversity

systems such as MISO, SIMO, and MIMO are presented ver-
sus the link distance L for different number of beamlets
N and receiver apertures H. The power scintillation of

a SISO system is also included in Fig. 2 as a benchmark.
Specifically, we assume the transmitter ring radius of r0 ¼
2 cm, source size of αs ¼ 1 cm, receiver ring radius of
rr ¼ 5 cm, receiver aperture radius of Rr ¼ 3 cm, and the
structure constant of atmosphere is C2

n ¼ 1 × 10−15 m−2∕3.
We also assume that the beamlets are taken to be coherent
source, i.e., the degree of source coherence (ρs → ∞).
It is observed that the power scintillation increases as the
link distance increases. When fixed link distance is consid-
ered, as the number of beamlets N and receiver apertures H
increase, the power scintillation decreases, and therefore,
MIMO system experiences lower scintillation than those
in SIMO, MISO, and SISO systems. Furthermore, it is
observed that the SIMO system is more effective than the
MISO system for the reduction in power scintillation.

In Fig. 3, we keep the link distance of L ¼ 5 km constant
and demonstrate the variation of power scintillation versus
receiver aperture radius Rr. The other parameters in Fig. 3
are the same as in Fig. 2. It is observed that the power scin-
tillation decreases as the receiver aperture radius increases.
Furthermore, at a fixed Rr, the power scintillation becomes
smaller as the number of beamlets N and the number of
receiver apertures H increase. The effect of the receiver
aperture radius to reduce the power scintillation is more
noticeable for SISO and MISO systems. However, the lowest
power scintillation is observed for MIMO systems as
expected.

In Fig. 4, we consider an SIMO system and investigate the
effect of the number of receiver apertures (H) on the power
scintillation for different C2

n values. Specifically, we assume

Fig. 2 Power scintillation versus the link distance L for different N and
H values.

Fig. 3 Power scintillation versus the receiver aperture radius Rr for
different N and H values.
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a single beamlet N ¼ 1 with a source size of αs ¼ 1 cm,
transmitter ring radius of r0 ¼ 0, receiver aperture radius
Rr ¼ 1 cm, receiver ring radius rr ¼ 5 cm, and the link dis-
tance L ¼ 5 km. Furthermore, the beamlet is assumed to be
coherent (ρs → ∞). It is observed that increase in the number
of receiver apertures (H) up to 3 causes the power scintilla-
tion to decrease. However, the power scintillation does not
show explicit reductions when > 3 receiver apertures are
used. Similar results have been also reported for MISO
systems.23,24 It is also observed that increase in the structure
constant C2

n causes the power scintillation to increase. The
reduction in the power scintillation due to multiple receiver
apertures is more pronounced for larger structure constants.

In Fig. 5, the number of receiver apertures H ¼ 3 is kept
constant and the variation of the power scintillation is illus-
trated versus the receiver ring radius for various structure
constants C2

n. The other system parameters in Fig. 5 are
kept the same as in Fig. 4. It is observed from Fig. 5 that
increase in the receiver ring radius causes the power scintil-
lation to decrease. The effect of the receiver ring radius var-
iations on the power scintillation is more noticeable for larger
structure constants. This tendency originates from the fact
that the field correlation of the received signal becomes
smaller for larger structure constants.22 Thus, receiver aper-
tures experience statistically independent channel when the
ring radius is increased and therefore decrease in the power
scintillation is observed.

In Fig. 6, we assume an array of partially coherent source
at the transmitter and investigate the variation of the source
size αs on the power scintillation for different number of

beamlets N and receiver apertures H. Specifically, the trans-
mitter ring radius is arranged as r0 ¼ 2αs to avoid overlap-
ping of the beamlet fields and the degree of source coherence
is also set as ρs ¼ 10−2 cm to obtain partially coherent
source. The other system parameters are fixed. It is observed
that the power scintillation decreases as the source size
increases. At a fixed source size, increase in N and H causes
the power scintillation to decrease.

Figure 7 shows the variation of the aperture averaging
factor of diversity systems against the receiver aperture
radius Rr for different number of beamlets N and receiver
apertures H, keeping the other system parameters fixed.
The observation from Fig. 7 is that the aperture averaging
factor decreases as the receiver aperture radius increases.
At a fixed size of Rr, the lowest averaging factor is observed
for the largest number of beamlets and the largest number of
receiver apertures. Thus, as N and H increase, the aperture
averaging factor decreases. The change in the aperture aver-
aging factor for SIMO and MIMO systems is relatively small
with respect to SISO and MISO systems.

In Figs. 8–11, we investigate the effect of several system
parameters on the BER based on Eq. (14) and the power scin-
tillation index values obtained from Figs. 2–6. In these fig-
ures, we assume that the structure constant of the atmosphere
and link distance are chosen as C2

n ¼ 1 × 10−15 m−2∕3 and
L ¼ 5 km, respectively. As a benchmark, the BER for SISO
system is also provided.

In Fig. 8, we illustrate the effect of the number of trans-
mitter beamlets N and receiver apertures H on the BER. We
assume transmitter ring radius of r0 ¼ 2 cm, source size of

Fig. 4 Power scintillation versus the number of receiver apertures
H for different C2

n values.

Fig. 5 Power scintillation versus the receiver ring radius r r for differ-
ent C2

n values.

Fig. 6 Power scintillation versus the source size αs for differentN and
H values.

Fig. 7 Receiver aperture averaging factor GR versus the receiver
aperture radius Rr for different N and H values.
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αs ¼ 1 cm, receiver ring radius rr ¼ 5 cm and receiver
aperture radius Rr ¼ 3 cm. Furthermore, the beamlets are
assumed to be coherent source (ρs → ∞;). It is observed
that BER decreases as N and H increase. At a fixed
SNR, SIMO systems are more effective than MISO systems
for BER improvement. The lowest BER is observed for the
MIMO system as expected. For example, to achieve a tar-
geted BER of 10−9, an SNR of 16 dB is required for the
SISO system. This reduces to (15.8, 15.7), (14.2, 14.1), and
(12.8, 12.4) dB, respectively, for MISO (N ¼ 2 and 3),
SIMO (H ¼ 2 and 3), and MIMO (N ¼ 2, H ¼ 3, and
N ¼ 3, H ¼ 3) systems.

In Fig. 9, we consider an SIMO FSO system with receiver
aperture radius of Rr ¼ 1 cm, number of receiver apertures
of H ¼ 3, and the source size of αs ¼ 1 cm. We examine the
effect of the receiver ring radius rr on the BER. At a fixed
SNR, increase in the receiver ring radius causes the BER to
decrease. For example, to achieve a targeted BER of 10−9,
SNRs of 15.8, 15.2, 14.4, 13.5, and 12.5 dB are required,
respectively, for rr ¼ 3;4;5;6, and 7 cm. Improvements in
the BER is small due to weak atmospheric turbulence.

In Fig. 10, we keep the receiver ring radius of rr ¼ 5 cm
and the number of receiver apertures H ¼ 3 constant and
investigate the impact of the source size αs on the BER
for a partially coherent source (ρs ¼ 10−2 cm). At a fixed
SNR, BER decreases as the source size increases. For exam-
ple, to achieve a targeted BER of 10−9, SNRs of 15.2, 14.8,
14.2, 13.6, and 12.8 dB are required, respectively, for
αs ¼ 1;3;5;7, and 10 cm.

Finally, we investigate the effect of the receiver aperture
radius Rr on the BER for SISO and MIMO systems. In
Fig. 11, the number of beamlets N and receiver apertures
H are chosen as N ¼ H ¼ 1;2, and 3, while the Rr is set

as 1 and 5 cm. We assume partially coherent beamlets with
size of αs ¼ 1 cm. The transmitter and receiver ring radius
are set as 5 cm. At a fixed SNR, increase in the receiver aper-
ture radius causes the BER to decrease prominently. BER
also decreases as the N and H increase. The effect of Rr
to reduce the BER is more apparent in the SISO system.
To achieve a targeted BER of 10−9, SNR of 16.8, and
15.3 dB are required, respectively, for (N ¼ H ¼ 1, Rr ¼
1 cm and (N ¼ H ¼ 1, Rr ¼ 5 cm). This reduces to 14.4
and 14.1 dB, respectively, for (N ¼ H ¼ 2, Rr ¼ 1 cm)
and (N ¼ H ¼ 3, Rr ¼ 1 cm). This further reduces to
13.7, 13.6 dB, respectively, for (N ¼ H ¼ 2, Rr ¼ 5 cm)
and (N ¼ H ¼ 3, Rr ¼ 5 cm). It is noticed that aperture
averaging has a strong effect on the BER.

4 Conclusion
In this paper, a comprehensive performance analysis of
MIMO FSO systems with Gaussian beams and finite-sized
detectors is performed. Various performance metrics such as
power scintillation index, the aperture averaging factor, and
the average BER are scrutinized by examining the system
parameters. Both coherent and partially coherent laser beams
are considered. For the coherent beams, it is found that
the power scintillation and the aperture averaging factor
decrease as the number of transmitter beamlets, receiver
apertures, and the receiver aperture radius increase. The
reduction in the power scintillation due to multiple receiver
apertures is more pronounced for larger structure constants.
It is also found that the power scintillation does not show
much variation when the number of receiver apertures are
chosen beyond 3. Furthermore, an increase in the receiver
ring radius causes the power scintillation to decrease. The
effect of the receiver ring radius variations on the power

Fig. 8 BER versus SNR for different N and H values.

Fig. 9 BER versus SNR for different r r values.

Fig. 10 BER versus SNR for different αs values.

Fig. 11 BER versus SNR for N ¼ H ¼ 1;2, and 3 values.
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scintillation is more noticeable for larger structure constants.
Similarly, BER decreases as the receiver ring radius, the
number of transmitter beamlets, and receiver apertures
increase. For partially coherent beams, it is found that the
power scintillation decreases as the number of transmitter
beamlets and receiver apertures increase. Furthermore, a
larger source size makes the power scintillation decrease.
The ability of source size for scintillation reduction is more
apparent for MISO systems than those in SISO and MIMO
systems. Similarly, BER decreases as the source size, the
number of transmitter beamlets and receiver apertures
increase. In all the figures, we have found that the MIMO
system shows better performance than those in SISO, MISO,
and SIMO systems.

Appendix
This appendix shows the calculation of hP2i. First, we need
to calculate hIðp1ÞIðp2Þi, given by4

EQ-TARGET;temp:intralink-;e016;63;541
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× hexp½ψðs1;p1Þþψ�ðs2;p1Þþψðs3;p2Þþψ�ðs4;p2Þ�im:
(16)

The second line of Eq. (16) is the fourth-order source
coherence function for detection time larger than the source
coherence time (i.e., slow detector). The last line of Eq. (16)
is the fourth-order spherical-wave coherence function of the
medium, h·im denotes the ensemble average over the statis-
tics of turbulent medium. In weak turbulence, log-amplitude
and phase fluctuations are assumed to have Gaussian statis-
tics which yield4

EQ-TARGET;temp:intralink-;e017;63;319hexp½ψðs1; p1Þ þ ψ � ðs2; p1Þ þ ψðs3; p2Þ þ ψ � ðs4; p2Þ�im
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× exp½−0.5Dψðs1 − s2; 0Þ − 0.5Dψðs3 − s4; 0Þ
− 0.5Dψðs2 − s3; pdÞ − 0.5Dψ ðs1 − s4; pdÞ
þ0.5Dψðs1 − s3; pdÞ þ 0.5Dψðs2 − s4; pdÞ
þ jDχSðs2 − s4; pdÞ − jDχSðs1 − s3; pdÞ�; (17)

where Bχðsr − sq; pdÞ ¼ σ2χs exp½− 1
ρ2
0

ðjsr − sqj2 þ jsr − sqj ·
pd þ p2dÞ�, with r ¼ 1; 2 and q ¼ 3; 4 is the log-amplitude
correlation function, σ2χs ¼ 0.124 k7∕6C2

nL11∕6 is the spherical
wave log-amplitude variance. Bx ≪ 1 is taken for approxi-
mation in weak turbulence7 and Dψðsd; pdÞ ¼ 2ρ−20 ðs2d þ
sd:pd þ p2dÞ is the wave structure function under quadratic
approximation.29 The validation of the wave structure
function4 is within l0 ≪ jsdj ≪

ffiffiffiffiffiffi
λL

p
. Here, l0 is the inner

scale of turbulence, jsdj is the difference of the transverse
source coordinates, and

ffiffiffiffiffiffi
λL

p
is the Fresnel zone.DχSðsd;pdÞ¼

ρ−2χS ðs2dþsd:pdþp2dÞ is the log-amplitude phase structure

function, ρχS ¼ ð0.114C2
nk13∕6L5∕6Þ−1∕2 is the coherence

length of log-amplitude and phase. Inserting Eqs. (6) and (17)
into Eq. (16), using the resulting expression in Eq. (11), the
equation for hP2i is found to be
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Here, F1y, F6y, F10y, F13y, q2py are obtained by, respec-
tively, replacing all the cosine functions in F1x, F6x, F10x,
F13x, q2px by the sine functions.
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