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Impact of Channel Correlation on Different
Performance Metrics of OSSK-Based FSO System

Richa Priyadarshanktudent Member, IEEEANnshul Jaiswal, Member, IEEE Manav R. BhatnhagaGenior
Member, IEEE Jan Bohata, Stanislav Zvanoveblember, |IEEE
and Zabih GhassemlooySenior Member, IEEE

Abstract—In this paper, we study the impact of correlation Txs to encode the information bits thereby trading off the
on the bit error rate (BER) and the channel capacity of a receiver's complexity against the data rate. A similar concept
free-space optical (FSO) multiple-input-multiple-output (MIMO) was adopted in [9], to develop the doppelganger of SSK for

system employing optical space shift keying (OSSK) over a fading - . .
channel. In order to study a practical correlated channel, we FSO with atmospheric turbulence (AT), termed as optical SSK

consider the effect of channel correlation due to both small-and (OSSK).
large-scale eddies and show that the use of OSSK over correlated OSSK is a simplied version of OSM bene ting from

FSO channel can lead to an improved system performance jts advantages such as reduced ICI, simpler decoding, etc.,
with increasing correlation level of upto 0.9. In this work, we and has motivated researchers to investigate for indoor and

rst develop an analytical framework for different performance td . ts. In [10]. 111 I d tical
metrics of the OSSK multiple-input single-output system with outdoor environments. In [10], [11], analyses and practica

correlation and then extend our investigation by proposing an implementations of these schemes in indoor scenarios (i.e.,

asymptotically accurate mathematical framework for MIMO. We  static channel with no randomness) were reported. However,

al_so validate all the analytical I’QSU|'[S using MATLAB simulations. in outdoor applications with AT, which is caused due to

Finally, we develop an experimental setup of FSO with tWo jnhomogeneities in the temperature and pressure of the atmo-

correlated links to study the throughput and latency of the links L . . .

at different turbulence levels. sphere with time, evaluation of various performance metrics
for OSM/OSSK becomes a tedious task [12], [13]. In [12],

it was shown that OSM offers an improved performance than

conventional optical modulation methods in terms of power

Index Terms—Arbitrary correlation, bit error rate, discrete-
input continuous-output (DCMC) capacity, free-space opti-
cal (FSO) communications, Gamma-Gamma ( ) distribution,

Green's matrix, MIMO, optical space shift keying and SE with reduced decoding complexity. In [9], the bit
error rate (BER) performances of OSSK under saturated and
|. INTRODUCTION weak AT regimes are evaluated using negative exponential and

Recently, spatial modulation (SM) has been proposed lagnormal models, respectively.
a novel and promising technique for radio-frequency (RF) In [9]-[14], it was assumed that the channel is uncorrelated,
communications, which offers improved spectral ef ciencyvhich is not true for practical outdoor FSO-MIMO links
(SE) and performance at reduced data-processing complexitith closely spaced multiple apertures. The spatial correlation
compared with other widely adopted multiple-input-multipleamong different channel gains can be caused due to various
output (MIMO) schemes [2]-[4]. SM exploits both signal andeasons such as close proximity of optical Txs and receivers
spatial-constellations for data transfer by encoding a unig(féxs), antenna arrangement, angle spread, and angle of arrival
sequence of bits for intensity modulation of a single transmittéhOA), etc. However, for the line of sight (LOS) path between
(Tx)-laser, while the remaining Txs are in the off-state. In [Sthe Txs and the Rxs, angle spread and AOA are usually not
optical SM (OSM) was proposed, which provided a simpleonsidered as the dominant reasons for spatial correlation.
solution in free-space optical (FSO)-MIMO systems witfTherefore, the effect of correlated channels due to insuf cient
reduced inter-channel interference (ICI), simpler decodingntenna spacing on different performance metrics of a FSO
and improved inter-antenna synchronization (IAS). Space stftstem must be considered for a more realistic study [15].
keying (SSK)— a special case of SM for an RF channel ardiere exist few works on OSM/OSSK under the correlated
introduced in [6]-[8]-exploits only the spatial positions ofndoor environment [16]-[18]. In [16], OSM was shown to be

more robust to high channel correlation compared with other

_A part of this paper was presented at the IEEE International Sympgylti-antenna schemes, however, AT was not considered in
?(';“Q"NBQF%%T;”QCSSQQQZ S,Leu”r};;rNyfﬁvﬁﬁ’yrkfé_ggf’2%'35';?'1]?'9'”6" Processiitis work. In addition, the performance of SM/SSK consid-
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(e-mails: richa.priyadarshani, manav@ee.iitd.ac.in). .

A. Jaiswal is with the Department of Electronics and CommunicatioﬁVallable on the performance of OSM/OSSK under correlated
Engineering, Indian Institute of Technology Roorkee, 247667, India (e-madutdoor FSO-MIMO channels. Therefore, the evaluation of

anshjasifec@iitr.ac.in). _ __ different performance metrics of OSSK/OSM under correlated
Jan Bohata S. Zvanovec are with the Department of Electromagnetic Fie

Faculty of Electrical Engineering, Czech Technical University in Pragué,ilr channels is still an |_mportant open research prObIem' In
16627 Prague, Czech Republic (e-mail: bohatja2, xzvanove@fel.cvut.cz). this paper, for the rst time, the BER performance and the

Z. Ghassemlooy is with the Optical Communications Resear¢fchievable capacity of an OSSK based ESO-MIMO system
Group, School of Computing, Engineering and Information Sciences

Northumbria University, Newcastle upon Tyne, NE1 8ST, U.K. (e-mailqver an AT '”dUQGd _Correlated channel are _mves_tlgated. The
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1536-1276 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/public:
Authorized licensed use limited to: Northumbria University Library. Downloaded on February 24,2020 at 11:59:51 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation inforn
Transactions on Wireless Communications

2

because of the fact that OSSK is a special case of OSMnsidered 1 in this work [21, Fig. 2.21]. Furtherdenotes

with the dominant error in OSM (an error in the detectioan N; dimensional vector as de ned earlier, represents an

of the Tx's index - see Type-IV error in [12]) is the onlyN, dimensional noise vector (i.e., zero mean additive white

error in OSSK. Therefore, the conclusions drawn from thiSaussian noise (AWGN)) with a power spectral density of

work can also be used to infer the behavior of OSM over thidy=2, andH is the N, N arbitrarily correlated channel

correlated outdoor environment. In the above-rendered contegdjn matrix, containing the channel coef cients, , which

we outline the following novel contributions claimed in thisdenotes the correlated channel gain between tthd x-laser

paper: and therth Rx-aperture specifying the channel gain coef cient
A generalized statistical analysis is performed to derivith 1 r  N;.
the joint probabmty density function (pdf) expression It is assumed that, a perfect channel state information
of arbitrar”y correlated gamma-gamma ( ) random is available at the Rx and the detector demaps the Unique
variables (RVs) by considering correlation among smalfequence of bits emitted by the encoder by estimating the
and-large-scale eddies (SLSE). Note that, the derived Jfitive Tx-laser index. Accordingly, the Rx applies optimal
can be easily mapped to the uncorrelated pdf and alsodgtector as the maximum likelihood detector:

thg scenario where only large-scale eddies are cor_related. { = argmax fv (yjsi: h)

Using the joint pdf of the correlated RVs, we derive [

a novel analytical expression for the pdf of the difference X i’

of arbitrarily correlated RVs. The resulting expression =argmn jyr  RPthy < (2)
is used to deriveaverage pair-wise error probability r=1

(APEP), average BER (ABER), and channel capacifyheref is the estimated Tx-laser index adad { Nj.
(b/s/Hz) of OSSK over correlated FSO-MIMO.

. S . . B. Channel Model
In order to extricate somaseful insights on coding gain It is well established in literature that, the AT model

(Gc) and diversity order () of the proposed system, w rovides an excellent match between the theoretical and

e
E;:;OEgNaS)y E\eggc BER analysis at high Signal'to'noisf.éxperimental data for weak-moderate-strong AT [21]-[23].

: . Therefore, in this paper, we will model the channel fading
Finally, we develop an experlme_ntal setup of the Corr‘?Ising the correlated distribution. Note that, we consider
lated FSO'MISO systerand studied the impact of AT the outdoor downlink wireless channel model from the base

and correlation on the throughput and latency of the IInl§'[ati0n (BS) to the subscriber unit (SU). It is assumed that,

Note that, in our previous work on OSSK in [1], Weantennas at the SU are suf ciently spaced and the correlated
considered only FSO-MISO with correlation because of Iargpading channel exists due to the closely spaced Txs at the
scale eddies, which corresponds to a special case of f§ [24]. Therefore, for the rest part of the paper we will
correlation model considered in the present work. Moreovqﬁ;op the subscript from h, for simple notations. In case
analytical results presented in [1] were limited only to ABERf  model, the received irradiandg is considered to be
for MISO system as opposed to our current work, where wge product of two gamma RVs, andy;, which denote the
present both ABER and capacity of a OSSK MIMO followegyadiance uctuation contributions due to large- and small-
by the experimental results. Also in [1], the asymptotic resulfggle eddies, respectively. The pdf of Rv (h = xy;) with

discussingG. and Gy were not considered. no correlation can be expressed as [21], [23]:
Il. PRELIMINARIES , -
A. System Model _ [ PR Y
Consider anN; N, OSSK FSO-MIMO system, where "1 ()= ( () K@ ho

N and_N, are the number of Tx-lasers and R_X ape.rture\%hereK\,() and () are the modi ed Bessel function of the
respectively. In OSSK, the encoder encotiep, Ny = m bits : . .
. . ) . ..2nd kind of ordew [25] and the Gamma function, respectively,
into the index of a single Tx by mapping each symbol into . ’
. . & N T and are the AT parameters, which denote the effective
the spatial constellation vecta = [s1;Sp; 5 SN, ], Where . .
S 2 fiiio i with i beina thelth colljmn of the numbers of large-scale and small-scale eddies, respectively
L2 ing G, ! 9 with the effective sizes varying from the inner-scale to the

N N identity matrix andL 1 N [6], [8]. A sequence . outer-scale of turbulence denoted lyand Lo, respectively.

of m-b|ts_; is ransmitted usm_g t_he '”d?x of the Tx, which I1'§:or a plane wave propagation with close to0, i.e., a zero
only active for data transmission while all other laser Txs

are off. The transmitted optical signal from the actjith Tx ner scale condition, and are given by [21], [23;
propagates through the AT induced correlated fading channel 0:49 2 !

. ) : = exp — 1 (4)
and is collected by a photodetector using an optical lens at the (1+1:11 12_5)7:6
Rx. The regenerated electrical signal vegta2 RN 1 at the TR

Rx is given as:

0:51 2 !
P = ex R 1 5
y = EpHs +n; (1) P (1+0:69 ';2:5)5:6 )

2p2
where the energy per biE, = RN—PZ‘, P is the transmit where 3 is Rytov variance, represents irradiance uctuations
power, andR is the photodetector responsivity, which iglue to AT, which is given by 2 = 1:23C2k"“6L 1176 and
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2 = 0:5C2k"™8L11%6 for the plane and spherical wavesgerived. Therefore, by considering Scenario 2 in this section,
respectively;C?2 is the refractive index structure parametewe will derive a generalized joint pdf of the correlated
andk =2 = is the wavenumber [23]. RVs, which will also be valid for both Scenario 1 and the

In order to present a generalized and a practical model fancorrelated system.
the correlated AT channel, we consider moderate-to-strongConsiderx;; :::; Xy, ] be a set o, correlated Gamma RVs
AT by assuming both small-and-large-scale turbulent eddigéth AT parameter and correlation matrix () , which can
contribute to the fading correlation. The correlation amorige modelled using the following joint pdf expression [26],
the two gamma RV; andx; is de ned by the correlation [28]:

matrix ~ with elements of j;  1fori=j and j; i p o
i 65, withi;j =1;::;N,. Note, 5 2 . i is dened as jWO j exp( N HnnXuy
M X)) whereO i < 1,cov() andvar() | Xumx o (XaiiEXNG) =
K var( x; var( x; )’ K ’ ()
denote the covariance and variance, respectively [26], [27], X Ho11 ot N1 L () \N 2 Pnen g
[28]. According to [29], the correlation coef cient;; also X1 XNy (V) =
depends on the transversal distance between the apedfyres fsinge =0 " #
and the spatial coherence radiys and for a given separation WL T Nl Wr(1')n+1 j2in
between the apertures, it can be obtained using: Xp : TR 8
j=2 NERERLE ( +in)
5=3
o= ex d. =r 6 . . .
Y P i 70 © wherej j denote the determinant and) = E[x]= .

. . 1
Further, let us consider that;; represents the effectiveFurtherW O =( O )" andw]) denotes the elements of

correlation coef cient between thith and thej th Txs, i(;j) W O . Note that, (8) is valid only foww ) following the tridi-

. . . i ) i
and |(,) denote the correlation coefcients correspondin@9onal property. However, the inverse of) is not always _
’ fiiagonal for all practical correlation models. Therefore, in

to the SLSE, respectively. Since, the large-and small-sc ) : - > 1 0
fading are considered to be independent of each other, {BiS Paper we will use Green's matrix approximation o

the identically-distributed and correlated model, can be &nd (), respectively, in the analysis [28]. Similarly, the joint
given by [30]: pdf of N; correlated Gamma RVgys; ::;; yn, ], with the AT

parameter and the correlation matrix ( ) can be obtained
o i FE Ko by replacing with andwW O with W () in (8).
W + +1 ' Then, a set ofN; correlated RVs [hy; i hy, ] can

It is evident from (7) that, for a given there are an in nite D€ generated as a product of two multivariate Gamma RVs

number of possible solutions fof) and {’. Therefore, to [x1;:5Xn ] andlys; i yn, ], which arise from the large-and
generate the correlated RVs, the challenge is to nd the Small-scale eddies, respectively [26], [30]; such that x;y;.
appropriate values Ofi(-j) and i(;]_) using (7) for the considered Therefore, the joint pdf of the multivariate arbitrarily corre-

channel. Note, in [30, Section 5], the specic criteria fofat€d -distributed RVs can be obtained using:

setting the large- and small-scale correlation coef cients based Z, Z,4 Fo oo o (X132 XNL)
on the scintillation theory were proposed, which we can usefw, ;1 , (D15 hy, ) = s
to determine the parameter% and i(;j ), Following are the h h
two most appropriate solutions valid for weak-moderate and f v, ..y, Loy N

moderate-strong AT: _ . X1 XNy
Scenario 1: The correlation among the large-scale edi Y substituting (8) and v, ...y . (y1: = yn,) in (9) and

is a;sumed t8 be dom(ir;ant compared with the Sma”'sc%l%ploying 31, Eq. (3'471/9--)-]--’, s ot paf of correlated
eddies, i.e., i <1; ;;’=0.

B ; o RVs, with both SLSE contributing to the correlation, can be
Scenario 2: Both SLSE 5 eq(uz);llly contributing t0 §erjed. Let us establish the following theorem based on the
effective correlation, i.e.,i’ = ;’. above-stated analysis:
It is well established in literature that, for moderate AT, both Thegrem 1:The joint pdf of arbitrarily correlated RV,

Scenarios 1 and 2 are applicable, however, in case of strafjgconsidering that correlation is stimulated due to both SLSE,

ey O 4 O )

0 0 X1 X2 XN,

dx;  dxy,: )

AT only Scenario 1 is applicable [30]. is given by:

Remark 1 (Limitations of Scenario 1): Since correlation "
among small-scale eddies is ignored in Scenario 1, the model b3 W mo1
is applicable for only lower values of E.g., for the minimum frsmn v (harshey) = % 2h,
value of i(;j) =0 in (7) for moderate AT with =4; =1:9, g 290 =
the solution of i(;j) = 0 will result in = 0, while for the 0) L L
maximum value of {} =0:99 in (7), we will have ~ 0:27. Wj;j()hi ’

wy ()
)
- s

C. Statistics of the Correlated AT Model _ 0 O #

In order to study the system's behavior at high correlation 2 Wi Wi h; . (10)
values, the joint pdf applicable to Scenario 2 must also be moepomoy o
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wherem , = ij andm , = t; forj =1, m, = iy,1 Wherey is the received signal vector (as given in (1)) and
andm , = ty,1 forj = N, m, =1 +ij andm | = E the signal vector transmitted over the channel, ke.=
tj, +t forj=2;3;:5Ny 1, and EpHs,. Note that, the capacity in (14) can be maximized
O (N 2 P M) (N2 P Mty for equally likely inputs, i.e.f (X;) = 1 =N, which gives:
A () X%
" , # Cocmc = S flyixi)log, fyjx) dy
Ny 1 jW(.) jZI”jW(-) j2tn =1 N N+
. () . ( ) n;n+1 n;n+1 .
JWE W T Tl o - @b A T
n=1 n!( in)tn!( tn) 1 . 1 .
: o : < f (v ix)log, 5 ixm) dy
Note that, we have derived (10) by considering the correlation ., n, Nt mep Nt
of Scenario 2, nevertheless, the derived expression is gener- = |; |,; (15)

alised and it can be easily mapped to the pdfs applicable to

the correlation of Scenario 1 as well as the uncorrelated caséhere, N

Later, we will discuss the mapping technique following the . 1 " Yr Xn)?
derivation of the ABER in Section IIl. Ty ix)= (; 2 2N, exp 2z (16)

D. Instantaneous BER i . .
We can use the widely accepted union bound technique toE_gy using the resilts of [34], the integraj can be written

nd a tight upper bound of BER for OSSK-FSO-MIMO in
the form of [9]: I, = log 1 Nr | (17)
1 X 2 (2 N2 2log 2’
BERS o« Ny 1og,(N;) du (G,56,)P(L ! 12); (12) By following the Jensen's inequalty-based approach described
CEET = in [35], [36] and employing (16) in the integrah, we can

|2=l . . . .
. . . _simplify it to obtain:
wheredy (¢, ; ¢,) is Hamming distance between the transmit- plify

ted and received symbots, andc,, respectively, by counting I 210g, N¢ + Ny log 1 Np
the number of bits in error. Note, fa, = ¢,, Hamming " 2 2 2 2 %
distance is zero. Moreover, R(1 1,) is the PEP between X X Xr1 Xem )?
symbolsc, andc,, which is given by: +log, exp T (18)
\lﬂ % ! lim=1 r=1
P! 1)=Q Ni%l % jhe, ha,j2 ; (@3) Now,.th(_a DCMC capacity Qf OSSK can be obta.ined by
r r=1 substituting (17) and (18) in (15), and by following the
whereQ() is Gaussian-Qfunction, = EpTp=(Nglog, N¢) approximating approach of [36]"as:
is the average SNR ang, is the symbol period. Notdy, , and
h,, are the fading coef cients corresponding to the channel Cocmc 210G, N log, Ny
gain between theth Rx and thel; andl, Txs, respectively, #
which are mathematically characterized as correlatedRVs. X log, N¢ X h hoy2
E. Channel Capacity ¥ - P 2N r=1( d o fem )" (19)
There exists only a few works in literature, which have "me=I

studied the capacity of the correlated FSO system. Most

the existing works have studied Shannon capacity of a FS emark 2:From (13) and (19), it is pal_pable that, in order to
L . ) . . calculate APEP and the DCMC capacity, we need to nd the

system, which is applicable to a continuous-input contlnuousaf of difference of two correlated RVs, i.e.h. hy, = z
y 1.C.y 1 2 .

output memoryless channel. In such cases, the channel in LE’roposition 1 (PDF of difference of two correlated

is continuous-amplitude discrete-time de ned by Gaussi i ; Lo
distribution. E.g., the ergodic capacity of FSO-MIMO Waag\\g)f'o-lr-ge pgfi;;$g§r§;_ce of two arbitrarily correlated

studied in [32] by assuming a continuous input with Gaussian

distribution. Nevertheless, in the case of a practical FSO- X X X ng) 0 21 W(l)l W(ll)

OSSK system, only a single laser is activated at a time. fz(2) = 00O 00O

Therefore, it will be more pertinent to derive the discrete- =0 =0 k=0 Wi3 #

input continuous-output (DCMC) capacity by considering the  (z )k 5 Vi oo, - )

input alphabets to be nite instead of a Gaussian input and TGS;B 1 Vo % =) (20)

also the channel to be correlated. The DCMC capacity of a

FSO system with OSSK is given as E’B]: wherez=h; h;, = k+1 i1 ti, 1= 2,

Xl f1 (( +in W=2)vi= Ok itk )
Coove = M L 0 o YIXECD T andva= (vin 13+t Dk . The pdffz (2), for
ce ! z < 0 can also be derived with the help of [37, Eq. (6-55)] by

log, P flyix) dy: (14) following the similar steps as followed far 0, which will

ﬁi‘:l f(y jXm)f Xm) lead to the same expression as (20) but with negated
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TABLE I: Special cases of (20) and the mapping parameters
Mapping method Resulting pdf
Scenario 1: () =1= ng;l) =
1;w§;2) = 0;t3 = 0; andj k+1 1 242k 1 (z )k
w)j=1 fz(2)= O ) ki
i1:k=0 Wi :
g2 L0k sk 1 WO jwi,) 2
33 ( +in 1:C 1)k i1t () ( +i(( )2
No correlaton: O = 1=,
() = 1= ()owl) = #
o) o e X @)K L0k +1i Kk +D)
wiiwi,) =0;ity =0;and | fz(2)= O( )2 koot (0 ik
WO jpjw)j=1 k=0

Proof: See Appendix A.

APEP of OSSK for the considered correlated system in the

Note that, the pdf proposed in (20) is a generalized pétirm of:

where correlation is considered to be arising due to both SLSE.
However, special cases of this pdf applicable to Scenario

1 of correlation (correlation among large-scale eddies afé’EP(h !

dominant) and no correlation can also be derived from (20)
by using the mapping technique summarized in Table I.

I1l. AVERAGE PERFORMANCEEVALUATION

In this section, we will evaluate ABER and the average

X w) 0 2 WO W)
l2) = liila [ Fied FWH Y
i1;t15k=0 Wfl);,l ) 0 )
' 1) (k +2)=2)% j,-
gg 1 Vi (D "« Fa )=2) Jin=2) (23)

V2 ~ log, Ny k+1 P —

ki(k + 1) L

Let us make the following remarks about the derived APEP

achievable capacity of the considered OSSK-MIMO SySteB}pression (23).

with arbitrary correlation. We will rst present the perfor-
mance analysis of OSSK-MISO and in order to extricate some
useful insights abouB; and Gq4, we will perform asymptotic
analysis. Finally, we will extend the analysis to MIMO.

A. Performance Metrices of OSSK-MISO

From Proposition 1, where pdfz (z) is already given in
(20), we can easily nd the pdf of the absolute of difference
of two correlated RVs, i.e.,a =] z j, by employing the
transformation of RVs of o(a) = fz(a) + fz(a), where
fz(@) = f2(z)jz=a forz Oandfz(a)= fz(z)j@z=q
for z < 0. From (20) and the discussion following it, we
can reasonably state thdt; (a) = fz(a), which leads to

fa(@) = 2f z (a), therefore the pdf is given by:
AR ] 02w )
— 1,01 1,01 1,11
fa@= 2 00 0 Q)
I1;t1:0 k=0 |1;|1 #
(a) * 2 v ; .
Kl Gg;g 1 v; % Jing=2) s (21)
where% = % , except for replacing/v,(];)n+1 and wfm)+l

by Wfl);,z andwl(l;fz, respectively.
1) ABER: SubstitutingNr =1 in (13), APEP for MISO
can be written as:
z 1
I2) = Q

0

r 1
log, Ny

APEP(l, ! >

fa(@da: (22)

Substituting (21) in (22) followed by some rearrangement,
simpli cations, and algebraic manipulations we obtain the

Equation (23) is derived from (22) by using Cher-
noff bound Q(x) 1=2exp(x 2=2). Nevertheless,

a tighter upper bound can be obtained by using
Q(x) 1=12exp(x 2=2) + 1=4exp(2x ?=3). More-
over, a lower bound can rfalsio be obtained by using
Q(x) 1=2exp(x 2=2 2=x) [38]. Further, in
the next subsubsection, we will also perform asymptotic
performance analysis, which give the ABER bounds for
higher SNRs.

The APEP expression in (23) has been derived for
Scenario 2 of correlation. However, we can easily obtain
APEP for Scenario 1 by setting ) = 1=;w |}, =

() —

1w, i, =0;t; =0; andj W () j=1 in (23) to obtain:
APEF‘I(I!)I_S) - J J 5 : 11312 i
T () ()i PO )
k+1) (1) X 12 2 i+
0 Ol
k +2)=2 ) 0
G222 6l avd o @
log, Ny k+1P— = V5
k+1) ——
wherev® = 0;(k i1 +1);(k +1) , and
vh = (+ip 1);( 1k

We have derived (23) for the correlated AT channel,
nevertheless it is valid for the uncorrelated scenario as

well. By settingj W j= 1, 0 = 1=; ()
— ey O o () ey O () = it =0

_1_ Wik, T Wi, < ]_"W|1;|2'W|1;|2 =0 and_lj ot = 0;

in (23), we can obtain the APEP expression for OSSK
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over the uncorrelated channel as: 2) Asymptotic characteristicsAt very high SNR, asymp-
2 totic APEP can be characterized by two parameters ofahe
APEF"(l)”, 2())_0 - 1 , 1 and theGy. The former speci es the relative horizontal shift
T () () o ) of BER against the SNR on a log-log scale; whereas, the latter
(k+1) (1) ((,'$ +2)=2) shows the slope of decay of these plots, at asymptotically high

, P — values of SNR. Mathematically we have:
k! (k + 1) Iozg2 N; k+1 P
0;(k +1); (k +1)

(  1:C 1k

. lim APEP() (G¢ )® ¢ (28)

Ggaz 1 (25) 1
The asymptotic APEP of the considerdd 1 system can

Note, in [39, Eq. (22)] APEP was derived for uncorrelatede obtained by substituting = 0 in (23), since the term

FSO-SSK MISO with weighted Txs. For unity weightscorresponding to the smallest exponent afi the power series

[39, Eg. (22)] becomes the same as (25), which con rmgominates APEP. Therefore, we have:

correctness of the mapping technique and the generalized "

nature of our derived APEP result in (23). , X w0

The expression (23) is valid for arbitrary correlation. !|1m APEP(, ! IZ)_: wi

However, in case of constant correlation, where all the 11it2=0 il

apertures are equally spaced and because of that all 0 0) . Gg;g Vll:(k:O)
the non-diagonal elements of the correlation matrices 2 Wi Wi, ¢ p V2 lk=0) ) (29)
O ; () have a constant value, i.e.l) ; () = 0 O log, N~

for i 6=j and the elements o ;W () become , _ . .
independent of the Tx's indices. Therefore, for this Casr%)%/ adopting the same substitutions, which was used to obtain

the derived analytical expression APEP, (23), also beco 4), the asymptotic APEP expression for Scenario 1 can be

independent of the Tx indices, (and|,), which allows ©OPtained as:
us to take thég-functi(_)n outside th_e summations of (12), » JWO | 1 i W|()-| j2i
and therefore the paired summation reduces to: im APER'! 2= 27~ 1 —2
11 ()=0 2 it ( +ig)
o % () () =0
1 LAt N¢ 12 2 4, VO s
— = dy (Cr,;0,) = —: 26 2w G3s 1 k=0
Neloga(Ne) | )y #(G.ia.) 2 (20 W) B v k=g (30)
PP =
0 log, N

Employing (23) and (26) in (12), ABER of OSSK for the
AT channel with constant correlation can be derived Remark 3: Meijer-G function in (30), which indicates

in the form of: complexity in the expression, is independent of average SNR,
2 " )0 2100 () therefor_e results in a simplg asymptqtic BER express.ion. On
ABER = Ne Wi Wi Wig comparing (29) and (30) with (28) give3q = 1=2, which
s W(l_)l ) O ) shows thatGq of correlated OSSK FSO-MISO is independent
I'(l o oo 0 of correlation and number of Txs and is always equadi®.
(1) “(k J;‘Z)—Z)/‘9 JIN=2) G23 1 Vi ., 27) Moreover, comparing (29) with (28J5. of OSSK-MISO for
k!(k +1) i 'f;gth ketP— 738 Tvp Scenario"2 is:
pa W( .) () 21 W()_ W( _) ik =0
where % = % , except for replacing\/\/,ﬂ;)n+l and Ge = '(1)'17 %
W,(m)+1 by W(l;)2 andw(l;z), respectively. = Wi, O
Equation (23) is in power series form, nevertheless, it 2G23 1 V1 jk=0)
converge for a small and nite number of summations, see i3 V2 jk=0 B i 2 .
Table 1I. The convergence results and the truncation error Y Tog, N+ JNe=2) ' (31)

(caused by use of nite terms instead of the in nite series)
for (23) are summarized in Table Il, which shows thatikewise, G. for Scenario 1 can also be obtained by compar-
the number of summation terms required for convergeniteg (28) and (30).
and the truncation error increase with the increasing Remark 4 (Dependence of5;. on ): For a given AT pa-
correlation level. We will also prove convergence of theametersG. in (31) depends on two parameters of correlation
series in the result section (Section IV) by considerinigvel andN;. However, for Scenario 1. will depend on
an example of convergence test of (24) for Scenario (8s only large-scale eddies are correlated)dpdNote that, in
which was obtained from (23). (31) the exponent of correlation parameterél)’(\{vandwl(1 ;fl)

is negative, i.e., with increasing level of correlati@®, must

1The convergence of the series and truncation error can also be analyticgf¢rease. Fascinating insights can be extracted by observing

proved by following the method given in [1], [40]. However, because of th . .
limited space in this paper, we have not included these analytical derivatiﬁ'ﬁe dependence @ on correlation, by using the parameter—

in this paper. coding gain variance ( &); G { can be evaluated by taking
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TABLE II: Upper limits of i, t;, k

=4; =19 [ =2; =14 [
1> > 09 0:9 =0 1> > 09 0:9 =0
i 15 10 6 10 6 Z
3] 15 10 6 10 6 Z
kY 1 1 1 1 1 1
Truncation error| 2 107 9 10° 1 10° 1 107 1 10° 2 10°

the logarithmic of the ratio of5; at a positive value of to OSSK-MIMO computationally intractable. Nevertheless, we

the value ofG;, at =0 as given below [41]: can signi cantly simplify our analysis by approximating the
(<1) pdf.

G ! =10logy, L; (32) Proposition 2: The pdf of absolute value of difference of

G two correlated RVs in case of Scenario 1 (with solution

where the positive value o6 Y is the coding gain advantage, i(;j) = 0) for the plane wave under moderate and strong AT
while its negative value represents the lossSin can be approximated by an uncorrelated Gamma distribution
Observation 1:In Fig. 1a, we have showrG ! versus with g=1 and 2, and the approximation remains valid
and for Scenarios 1 and 2 using (32). The discontinudr any level of correlation with { < 1.
line denote theG ¥ v/s plot for Scenario 2 and solid Proof: See Appendix B.
line represent theG Y v/is  plot for Scenario 1. It can be Proposition 3: The pdf of absolute value of difference of
observed from the gure that, Scenario 2 offers higher gaﬁ%o corr?l?ted RVs in case of Scenario 2 (with solution
compared to Scenario 1. We will further verify this observation;j = ;) for the plane wave under moderate AT can be
in the result section based on the analytical and simulated BBRProximated by an uncorrelated Gamma distribution wjith
plots. and ; whereq is independent of with q = 1, whereas
3) Achievable DCMC capacity:In (19), let us denote depends on the correlation level, i-e‘(nj) and i(;j)-
M (e hem )2 = @2, by sim (note that, for a MISO  Proof: See Appendix C.
systemN; = 1). In order to obtain the achievable DCMC 2) BER ofN; N; Correlated MIMO-OSSKBY applying

capacity, we rst need to evaluaté exp ";?fz“t Sim the transformation of RVs to the asymptotic pdf of Gamma
using (21) as: ' distributed RV (46), the asymptotic pdf of is obtained as:
b3 _ - 1 PP
E exp % I'm = G g:g 1 zl f r( r) 2|9 T’fAr(ar)Jar: i
r P 2 PE—tx (0, P o= p— () (36)
kel 2Nz (oD . P e T Py !
2 log, Nt ' (33) whereq=1 and 2. Using the standard de nition of MGF
() 0 21 wO W) and employing the identity [31, Eq. (3.381.4)] to it, we can
where = WiLil, Wiz Wizl easily obtain MGF of , in the following form:
' w, O 0O O 1(9
1:l1 - 27,
(1) k% th:Z (34) M r(S) 2 q=2 S% ' (37)
B P
k! Consider ,Nz'l r = sm and uncorrelated Rxs, MGF of
i . . . N,
Eyosbl:;)isntggtliagt Pﬁ?’f)olr?rgoo(f-lg), the achievable DCMC capaC|tySm can be obtained adl . (s) = M (s) . We can
S % 2 " derive APEP for MIMO-OSSK using (13), by rewritting it in
Coove  2l0g,N; log, N+ terms of s, and then averaging it overs,. Moreover, in

et it ko the resulting expression we replaFge Gaussiafu@:tzion by
im=1 115t K= . . =
me=l its alternative form ofQ(y) = 1 2 exp o d

0
K+1 ON2 w## and then follow MGF-based approach to write APEP in terms
G2 1\t r (35) of MGF as follows:
' V2 2 log, N¢ zZ . !
_ 1 - log, Nt ]
B. Performance Metrices df; N, OSSK-MIMO APEP(L ! 12) = — 0 M., 4Nr25in2 © (38)

1) Approximation of absolute value of difference of two corx . : .
related RVs: To extend the BER results obtained for MISOS uggt{tgt)']n% 521 (S)r;:((i)rr:a(t?zzllcr;sff—)fsr?g 2Xm€|é)g;?§n[s;#’:gép
in previous subsections, we will use the conditional PEP frofn’ 7" PP P

(13). Note that, the exact BER analysis from this formulatior MIMO-OSSK with correlation can be obtained as:

requires pdf of summation of the squared absolute value of APEP(L! 1)) = 0:5(qN: 1)

difference of two correlated RVs. To the best of authors an !t .
knowledge, no closed-form of the required pdf is reported in h (3 aN? AN,
the literature, which makes the BER analysis of correlated 2 log,N¢ (39)
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o
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Scenario 2 of correlation

Scenario 1 of correlation

-

8

=N, =2

Loss in coding gain
©

2 4 6 8 10 12 14 16
N;

(a) Analytical coding gain advantage vs. correlation of 2 Txstb) Analytical coding gain loss vs. the number of Txs; JNf

based MIS

0O-OSSK.

MIMO-0SSK for = {’ =0:05.

Fig. 1: Plots illustrating the variation of coding gain advantage/loss with correlation (andN¢).

SNR =20dB

improvement in the SE can be achievedN\at = 4 with no
SNR penalties as comparedfy = 2, since G { atN; =4
is zero.

3) Achievable DCMC Capacity of Correlated MIMO-
OSSK: We can employ the results of previous subsection

e
0.012] k=1, =02,0% =0 and Propositions 2 and 3 to denofgr;  hym )2 by
5 ’ ‘ in (19), where the pdf of ; is derived as (36). Now, to
oM okt =1, = 0.795, )Y =0 derive the achievable caqgcity from (19), we rst need to
0.008 ! Y evaluateE exp 99N N . By following MGF-
SNR=30dB based approach and (37) we get:
g el e et Sl sl
.004% - r r i
000 M E log, N¢ X _ Yo h log, N¢ :
: exp —5 ro= M,
g 2NZ2 _ 2N?
0 L L L L L L " r=1 r=1
2 4 6 8 10 12 14 16 Yoo @=2) 2n2 92 a2
No. of summations, ('1) - 2 %2 Jog, N (42)
Fig. 2: Convergence test of BER f@& 1 FSO-MISO with Scenario
1 of correlation with i(;j ) =0:2; 0:795; i(;j ) =0 under moderate AT IV. NUMERICAL RESULTS AND DISCUSSION
at =4, =1:9.

In this section, we present a brief discussion of the numeri-
cal results obtained using the analytical derivations outlined in

Employing (39) and (26) in (12), the asymptotic BER oBection Il and validate the theory using MATLAB simulation.
MIMO-OSSK can be expressed as: It must be noted that, simulation results are obtained for a cor-

h, q ) e related  channel with1(® samples using the algorithm given
ABER = Mt @N, DT (3) 4Ng Z'Ny (40) in Fig. 4, and Green's matrix approximation of the correlation
4 N ! 2 log, Nt matrices given in [42]. Moreover, we have calculated values of

AT parameters for both plane (3 km, =1550 nm) and
= 850 nm) under moderate

compared to MISO, in MIMO théS4 of OSSK is increased ( = 2:35; = 1.9, respectively)

by theN, factor. Note,G. can be expressed as: and strong AT ( = 42; = 14 and =2, = 14,
I respectively), using the equation forand given in [43]. In

By comparing (40) with (28), we can computgq of

MIMO-OSSK, which readily give$sq = N, =2. Therefore, as spherizal Wavelsg(L: 1(;5 km,
=4, =19 an =

G = Nt (9N 1)!!h( o aN? 2N, (41) Fig. 2, we show the BER obtained from (24) as a function
T 4 gN!l 2 log, N¢ of SNR by varying the upper limits of; and k in (24)
to demonstrate the convergence of the power series. For
It can be observed from (41) thaG. of OSSK-MIMO gNR 30 dB, it can be seen from the gure that the BER
depends omy; (which changes with the correlation Ievel),p|ots converge after; = t; = 10;k = 1 in case of moderate

N¢, andN,. Similar to Fig. 1a (where we have show@ Y

o _ v AT with =4; =1.9;N; =2; and = 0:795. However,
v/s ), in Fig. 1b we depict G {

S vs. Ny using (41) and the ¢4 sirong AT ( =2 and = 1:4) the series converges early

relation G { = 10log;y —G—=— to observe the loss i®. ati; = t; =6;k = 1.

incurred in the system foN; > 2 as compared td\; = 2. Figure 3 demonstrates the analytical and simulated BER
Observation 2:It can be observed from Fig. 1b that, forperformance as a function of the average SNR for OSSK-based

OSSK-MISO withN, =1, loss in G is 4.26 dB atN; =8 FSO-MISO with 2 Txs for both uncorrelated ( 0) and

compared td\; = 4. However, for OSSK-MIMO forN, =2, correlated ( = 0:2; 0:77;0:886;0:92;0:956) channels under
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the effective channel change jointly. These conditions jointly
lead to improved BER performance at very high correlation
levels for Scenario 2. A similar observation of an improvement
in BER performance at higher correlation level was also
reported in [7, Fig. 5], which was applicable to a MISO-RF
system. However, at > 0:9 and for the lower SNR range
(0-25 dB) differentiating between different channels become a

o
i 10 ’ challenging task at the Rx, thus resulting in poor performance.
S At SNR > 25 dB, we notice a signi canG. over the lower
ST correlation levels.
10" F| o Uncorrelated ? Observation 3:Under moderate AT, OSSK-MISO employed
-©- Analytical, correlated, p < 0.9 = to correlated FSO with Scenario 2 of correlatioﬁ)( = i(;j )),
- Analytical, p =0.92 p=092,0.95 offers substantial increase . by 13 dB at a BER ofl0
-8 Analytical, p = 0.956 . |
108 I I ) : with = 0:886 compared with 0:2 for Ny = 2.
10 20 30 40 50 , .
SNR (dB) Figure 5 compares the BER performance of the considered
Fig. 3: Analytical and simulated BER vs. the average SNR of OSS ystem unde_r moderate € 4; = 1:9) and Strong AT (=
for 2 1 FSO-MISO at different. ;= 1:4) with Ny = 4; 8, for a range of correlation models
_ of constant, circular, and linearly arbitrary correlation matrices
moderate AT with = 4; = 1:9; O = () =1 proposed in[42] and the calculated AT parameters (mentioned
[21]. It must be pointed out that, the analytical results fajt the beginning of this section). It should be noted that,
0:2 (Scenario 1: ) = 0:795; {) = 0) and the plots O 0 O i
:2 (Scenario 1: j; 1795; i ) and the plots ) . and ... inthe gure denote the correlation

for = 0:77;0:786;0:886 (corresponding to Scenario 2) arecoef cients between the large-scale eddies of the rst and the
obtained using (24) and (23), respectively. The analytical plats Tx (fori = 2; 3;4) corresponding to constant, circular, and
corresponding to the correlation of > 0:9 are obtained arbitrary correlation models, respectively. We have obtained
using the ensemble average of (13). Note the followingie BER of OSSK for4 1 FSO from (12) and (24) using
important observations: (i) there is a good match between tBgR = % P@A! 2)+2P(2! 3)+ P(3! 4)+ P! 4)+
simulation and predicted results for all the considered caseg1! 3)+2P(1! 4) by considering correlation between
thus validating the correctness of analysis; (i) the BER plotsery two links. Following are the important observations to

for =0:2 (Scenario 1: i(;j) = 0:795; i(;-) = 0) offer a G, of be noted: (i) for the considered correlation levels/models, the
2:5 3dB over the uncorrelated case; and (iii) for Scenariolthearly arbitrary correlation model offers a marginal coding
() = §)with 09> > 0:2, the BER performance gain of 1.5-2 dB over the other two correlation models in case

is improved at higher correlation levels by providi® up of moderate AT; however, in case of strong AT, the BER plots
to 15 dB. For the plane wave under moderate ATGaof corresponding to all the correlation models almost overlap
approximately 13 dB is achieved at= 0:886 compared with with each other; and (ii) there is an improvement in the BER
0:2. Note, a higher level oG, of 8:2 dB is achieved performance with the reduced number of Txs. At a BER of
as is merely increased from 0.77 to 0.886. However, as tl®e 104 , the SNR penalties ar8:5 and 6 dB for moderate
correlation increases beyond 0:9, a crossover is observedand strong AT, respectively, ds; is increased from 4 to 8,
with the plots of lower correlation value. It means that, ththus the trade-off between the SE and the BER performance.

OSSK performs poorer for> 0:9 at the lower SNR range of : . . .
. . ) Figure 6 depicts Monte Carlo simulations fnarker) and
0-25 dB as compared with the system with 0:9. However, redicted (solid lines) BER against the SNR fof = 2 and

;t 2:%2?]2 gNEf\/;}T?eZé"g\'/’e:tﬁg sdi)terth1 ﬁ?hjt”(l)_gm_l\_/;ie %, = 1; 2;3;4, and under moderate AT and low correlation
9 ¢ y o 0:2), obtained from the correlated MIMO-OSSK

o2 : : . . j.e.
intuitive gnd logical explanation for this unanticipated resu&]Odel (Scenario 1) proposed in Subsection III-B. At asymp-
can be given as follows.

. . totically high values of SNR (>20 dB), there is a good
Remark 5(Reason for the improved performance at high . : ) .
and crossover at > 0:9): In the case of OSSK for theagreement between analytical and simulation results, which

. . veri es the correctness of the proposed analytical model, and
correlated system, rather than a single channel with sever . L
. . . alSo validates the accuracy of the approximation propsed as
sub-channels, the effective channel is actually the differenge . o .
) roposition 2. In addition, the BER performance is unchanged
of two sub-channels, i.ety, h,, and the BER performance 0 () _ L
L . for 7 < 1; .’ =0 (as was observed in Fig. 3 for MISO)
depends on the statistics of the effective channel. If we 1 J
: : . regardless of AT. We also observe that, the BER sharply
calculate the variance &f, h,, at different correlation levels, . .
o . . improve withN, for SNR > 15 dB. Note that, all BER plots
it will be observed that, the value of variance reduces with the r .
. ; . . -except forN, = 1 are below the forward error correction
increasing value of correlation level, thus making the effectiv,

- ) 3
channel more deterministic at higher value of correla?tion('e_EC) BER limit 0f 3:8 ~10° . Further,Gq Of the system

. : . ) from BER plots is obtained by taking the logarithm of the
Furthermore, at high correlation, fading uctuations of each QL 4o of two BER values at the SNR values with a step of 10

2We have not given the numerical data to support this observation becag'a_% for different values of andN;. E.g., in case of MIMO
of lack of space. with N, = 2, the BER values ar€:17 10° and6:4 104
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. Generate random symbol of
#=1log " gbits
Initialize
Depending o# bits, generate Error_Count=0
spatial constellation vect@ )
i Transmitter
Generate correlated GG RV as product of
two correlated Gamma RVS using
algorithm provided in [27]
for chapnel matrix- Channel
Generate AWGN noise samples for )
noise vectot Receiver
+
Set' (from I/O relation (1))
Repeat .
" fipmes Estimate Tx-laser indekusing (3) Detection
Convert estimated indéinto a
symbol of#* bits
True l
Error
No Is Calculation
error #=#
1 False
Error_Count=Error_Count¢-1—{ BER = En‘or:ﬂt]
Fig. 4: Flowchart illustrating the Monte Carlo simulation approach.
0
1072[ T 1073
Strong AT,
¢ a=2,6=14
: 10 Ne=2 3
[¢ Solid lines with
SNR Penalty at N; of marker: a =4, =19
3L 4 -
10 : 10 21
: i
% Moderate AT ; m
B a=4,=19 103k - .
SNR Penalty at N of | O Simulation, =4, = 1.9
8=35dB -% Simulation, « = 4.2, =14
104 ¢ al - Analysis, N, =1
-B-8 Txs, p\,, = 0.795,p) =0 10 &~ Analysis, N, =2 D
-6-4 Txs, p%, = 0.795,p) =0 k- Analysis, N, =3
=4 Txs, plf), = 0.7,0.5,0.7, 09 = 0 10% —+Analysis, N. =4 |
= S () R 5 3) —
é St = M TR0 OG04, 0 V=0 0 5 10 15 20 25 30 35 40
10 : SNR (dB)
40 45 50 55 60 65 70 )
SNR (dB) Fig. 6: Comparison between Monte Carlo simulation and analytical
. . . ER versus the average SNR of MIMO-OSSK fdf = 2 and for
Fig. 5: Analytical and simulated BER vs. the average SNR of OSS 9 . ) _ ¢ oo, () —
for2 1 FSO-MISO at different strong and moderate AT at a correlation level f;;f =0:795; ;' =
' 0 ( 0:2).

at the SNR values of 40 and 30 dB, respectively from Fig.

6, which givesGq = 0:95  N,;=2 = 1. Similar sets of does not signi cantly affect the BER performance of OSSK
calculations are repeated fol, = 1;3;4 and it is observed and therefore, we have obtained the BER plots for Scenario

thatGq = N;=2. 1 at a xed correlation of |(,) = 0:795; = 0. Detailed
Figure 7 compares the predicted BER results of correlatetlidy of the gure shows that, (i) the BER improves with
MIMO-OSSK (Scenario 1) under moderate AT € 4, = as expected; and (ii) at a BER aD® (i.e., below the FEC

1:9) for a range ofN; andN, = 1;2;3. Having established limit) and for N, = 1, the SNR penalities are 2.6 and 7 dB
in Figs. 3-5 that, the correlation in Scenario 1 wil;h) =0 for N¢ of 4 and 8 compared tN; of 2. However, folN, = 3,
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(0]
10 . 3
;N(g‘gj)d:‘g i 28"
compare« to compared to —
o _0(,\:':2) =26dB (N‘:‘;):;dB :rEl 2.6
N \:—4 B24r
1072 ; l Soof PR
o | B‘ ol Ay, = 5.25dB ]
o §1.8 AAnaIysis-Nt i 8, pi0.915 |
L < *Analysns-Nl =8,p=013
= 10_4 [ SNR penalty (q-i Lo Q—Analysis-N‘ =2,p=0915 |
at (N=8) as ‘ 5 14 -B-Analysis-N, =2, p =013 1
compared toJ g 1.2 x Simulation-N, =2, p = 0.13 )
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Fig. 7: Moderate AT ( = 4; = 1:9) for N; = 2; 4, 8, and Fig. 9: Achievable DCMC capacity versus the average SNR plots
N, =1; 2;3 for Scenario 1 of correlation. of MISO-OSSK system under moderate AT € 4; = 1:9) for
N¢ =2, 8 with =0:13 and 0.915.
2 ; ; ‘ ‘
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Fig. 8: Moderate AT ( = 4; = 1:9) and different correlation SNR (dB)
levels forN; = 2;4, andN; =1 and 2 for Scenario 2 of correlation. Fig. 10: Achievable DCMC capacity versus the average SNR plots
of MISO-OSSK system under moderate AT € 4; = 1:9) for

the SNR penalties signi cantly reduces to 0.4 and 1.4 dB. Ny =4 and =0:13 and 0.915.

In Fig. 8, we compare the predicted analytical and simulated
BER plots of MIMO-OSSK with correlation for Scenario 200servation is in agreement with Observation 2). Moreover, a
where both large-and small-scale eddies equally contributeGe Of 7:2 dB can be achieved at = 0:77 compared with
the effective correlation level under moderate AT 4; = = 0:05. The explanation of this unpredictable result is same
1:9). Contrary to the Figs. 6-7 (where no signi cant effect ofS that of Fig. 3 for MISO.
correlation on the BER performance was noticed), in Fig. 8, Having established that, the correlated AT channel offers
very interesting and surprising results are noticed when tfgProved error performance for OSSK, let us analyse the
BER at low correlation ( = 0:043) is compared with that impact of correlation on the achievable DCMC capacity of
at a high ( = 0:77) correlation level. The existence of aOSSK °. In Figs. 9 and 10, we compare the achievable
correlated channel (which in general is supposed to degradacity of OSSK-MISO for two different correlation levels
the system's performance) has been turned to the considePéd = 0:13 (low) and =0:915 (high), =4, =1.9, and
system's advantage witN, = 2; 4, asG. of 6 and 7.2 dB are different values oN,. We also compare the analytical results
observed folN, of 1 and 2, respectively, at higher levels ofvith the plots obtained through simulation (ensemble average
correlation. of (19)). It is evident from the gure that, the simulation

Observation 4:Similar to MISO, in MIMO also an im- results closely follow the analytical plots, thus validating the
proved SE is achieved at the cost of increased SNR penalti@dalysis presented in Section lll-A. The terp, used in
However, for MIMO, the amount of SNR penalty is substaril® gure denotes the threshold level for the SNR at which
tially reduced and alsGq is improved withN, . Note that, in 90% of the maximum achievable capacity:{f ) is attained,
case of MIMO-OSSK (i.e.N, = 2), the BER plots ofN, =2 Whereas  shows the change in the twan observed at
andN; =4 overlap, which means that without incurring any SUnless otherwise stated, the DCMC plots considering correlation of
SNR penalty, a higher SE of 2 bits/s/Hz can be achieved W%QS corresponds to scenari’o 1 of correlation while the results with 0:25
N =4 as compared to 1 bit/s/Hz withl; = 2. (Note that, this corresponds to the scenario 2 of correlation.
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Fig. 11:Comparison of analytical and simulated achievable capacik:){-g- 13:Achievable DCMC capacity versus the average SNR plots of
versus the average SNR piots of MIMO-OSSK fsk = 2:4:8, IMO-OSSK with 3 bits/s/Hz under moderate AT €4; =1:9)
N, =1:2:3, and =0:13. and for =0:13;0:22 and 0.77.

In Figs. 12 and 13, the achievable capacity of the OSSK-
MIMO (N, = 3) is compared for of 0.13, 0.22, and 0.77
and for Ny of 2 and 8, repectively. Similar to MISO, the
achievable capacity of MIMO-OSSK signi cantly improves
with the higher correlation levels. Note, (i}, is 23 dB for

= 0:13 and reduces to 14 dB for = 0:77, which results
in improved system performance in terms of the achievable
capacity with ¢ = 9 dB; (i) th values are nearly
same forN;y = 2 and 8 and a similar trend was observed in
MISO-OSSK as well; and (iii) the improvement achieved in
the DCMC capacity at higher correlation levels is substantially
more for MIMO-OSSK.

V. EXPERIMENTAL INVESTIGATION

In this section, we introduce the experimental setup de-
Fig. 12:Achievable DCMC capacity versus the average SNR plots veloped for a correlated FSO systefnfollowed by the
MIMO-OSSK with 1bit/s/Hz under moderate AT (=4; =1:9) performance evaluation of the correlated links.
and for = 0:13;0:22and 0.77. 1) Experimental SetupThe laboratory experimental setup
for the correlated FSO system is composed of two Tx apertures

two different correlation levels, i.e., v = 4 4. Note . :
that, for all the three cases considered with the SE of 1, 2, aq 1 TX), 3 FS.O channgl W't.h a link length (L) Of. 3 m.
3 bits/siHz, @ 5 dB. Moreover, the capacity of OSSKand a Rx (see Fig. 14). Since in SSK, only one Tx is active

improves at higher value of correlation, since the valueypf at a time, both Txs are connected to a S|_gnal source _("e"

reduces with the increasing value ofi.e., when 1 < BER tester - BERT-VeEX VEPAL TX300) via a ber optic

then 1> .2 ' switch (Thorlabs OSW-1310E). The laser outputs from both
th th -

, . . , s are launched into the free space channel via two gradient-
Figure 11 compares the simul results with the predi . .
gure 11 compares the simulated results with the pred C%\édex (GRIN) ber optic collimators (Thorlabs 50-1550A-

asymptotic achievable capacity ((42)) of MIMO-OSSK for .
different values ofN, and the spectral ef ciencies of 1, 2 APC). Two plano convex lenses (aperture of 2.54 cm) with

and 3 bits/s/Hz. Note that, all plots are obtained for 0:13 focal lengths of 10 cm and 15 cm, respectively, are used to

. ; I minimize the beam divergence. At the Rx, a plano convex
by employing the approximate pdf proposed Rmoposition lens off = 15 cm and a GRIN ber collimator are used

2. A good matching between the analysis and simulation IS couple the incoming optical beam onto single mode bers
rved within th ful ran f SNR. As ex h o . -
observed within the useful range of S s expected, the F). The output of SMF, which is attenuated using a digital

. . . . . N, N, -
improves with the increasing value b 1€ TS i variable attenuator in order to adjust the level of optical SNR,
Nr, > N ,. Moreover, the difference in two threshold SNR% ampli ed using the erbium-doped ber ampli er (EDFA)
() observed at two different values bf, increases with P 9 P P '

: . . The ampli er output is applied to the optical spectrum analyzer
the increasing value di;. For instance, ¢ = 3:5dB for P P bp P P y

_Nt =2, however, forN; = 4 it increases to 5 dB and further 4The experimental setup was developed at Czech Technical University in
increases to 7.5 dB fax; = 8. Prague.
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Fig. 14:Block diagram and snapshot of experimental setup of the correlated FSO system.

(a) Comparison of throughput vs. the attenuation for FSO liiisComparison of throughput vs. attenuation for FSO links 1
with C2 =2:116 10 m?® (same AT in both the linksind 2 withC2 = 6:569 10° m?® and1:67 10'° m?® |
at =0:98 (Case A). respectively, at 0 (Case B).

Fig. 15: Experimental results for the throughput against the attenuation for FSO links 1 and 2.

(OSA) and BERT for measurement and the characterizatidifferent scenarios. Case A - The Txs are placed 6 cm aparts
of the proposed system. The correlated links' throughput aadd we measure@? of 2:116 10 m?2 =3 and 2 of 0.778
latency with and without turbulance at low and high correlatiocommon for links. These parameters were used to determine
levels are measured using BERT. Note that, we have usedAdhparameters using (4) and (5) of= 4:8; = 3. Further,
controlled indoor AT chamber to create turbulence by blowingsing (6) we calculated to be 0.98. Case B - Both fans were
hot air using two fans. The strength of turbulence is variemh, blowing hot air into the particular channels which were
by controlling the speed/heating level of fans. 20 temperatupartly separated near Tx end (by 1.12 m) and part of link
sensors each placed 0.225 m apart between the Tx and theaRs common, thus this setup resulted to an uncorrelated FSO
are used to record the temperature pro le along the FSO paslystem withC2 = 6:569 10 m2 =3; 2 =0:309 in Link
which are used to calcula@? by using the equation given in1 andC32 = 1:67 10° m2 =3; 2 =0:078 in Link 2.

[23].

2) Experimental Resultdt is well known that, the channel From Fig. 15a it can be observed that, the throughputs are
capacity is a theoretical term and practically the throughptite same for both links under AT and high correlation of 0.98
of the system, which gives the lower limit of the capacityevel. Moreover, the required threshold OSNR to achieve a
can be measured. Therefore, we have recorded the meastinegshold throughput 080% for both links at an attenuation
throughput and latency for a 3m FSO link by considering twof 6 dB is 35 dB and the links become unreliable for the
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(a) Latency recorded during experiment at different attenugtrLatency recorded during experiment at different attenuation
levels for the setup witle? =2:116 10 m?2 (same ATlevels in both FSO links 1 and 2 witlC? = 6:569
in both links) at =0:98 101° m?*® and1:67 10° m%® | respectively, at 0
(Case A). (Case B).

Fig. 16: Experimental results for the latency against the attenuation for FSO links 1 and 2.

attenuation 8 dB 5. Figure 15b corresponds to Case Bover an arbitrarily correlated turbulence channel. A cor-
with a very low correlation level ( 0) and unbalanced related channel is in general likely to degrade the system's
AT links (measured AT levels in both links are not similaperformance, nonetheless, we have shown that the use of
and the turbulence is comparatively higher than the previo@SSK in a correlated FSO system leads to an unanticipated
case). In this case, the performances of both links are raotd interesting observation of signi cant improvement in the
comparable and therefore}” = max( "*; $P*)=37:5dB, BER performance in terms of SNR by 13 dB at a high
which is higher than i¥ = 35 dB for the correlated setup, correlation level of =0:886 compared to  0:2 for N =
where $P* and $P? are the threshold OSNR for links 1 and2; N; = 1. Improvement in BER performance with increasing
2, respectively. Note that, the link with a higher AT level (Linkcorrelation level can be obtained upto the correlation value
1) offers an improved performance in terms of the throughpat 0:9. In addition, we outlined that, th&yq of OSSK
than the other link with a comparatively lower AT level. depends only on the number of receiving apertures. Moreover,

Remark 6: The required threshold value of OSNR ta substantial improvement in the capacity of OSSK-MISO is
achieve the throughput o80% for the correlated setup isachieved at higher correlation levels, as compared with low
2.5 dB lower than the uncorrelated setup, i.e., the systearrelation levels. Further, from the experimental investigation,
with correlation performs better in terms of the throughpuén improvement in the performance of the system in terms
Note that, this observation is in agreement with the analytical throughput has been observed in the system with higher
ndings for the DCMC capacity shown in Fig. 9, where thecorrelation levels and lower AT levels as compared to the
required threshold SNR to achieve a threshold capacig0et system with lower correlation and higher AT levels.
reduces with the increasing correlation level.

In Figs. 16a and 16b, we have measured the latency (in APPENDIX A
s) for both setups under different attenuation levels. Figure PROOF OF PROPOSITION 1
16a exhibits the latency measured for Case A when both links
are balanced (i.e., same AT) and highly correlated. In order

to study the impact of symbol (or bit) duration on the latency By employing some mathematical simpli cation to the
and throughput of the considered system, we have taken #glier derived pdf (10) foN; = 2, we can obtain the joint
readings by changing the frame size from 64 byte to 1024f f .y, (h1;h,) in the following form:

byte. It can be observed that, the latency increases with frame

size, however, it does not affect the throughfutin Fig. "

16b, we illustrate the latency measured for Case B with two LR wi) 0 rwy) O e
uncorrelated unbalanced links. Since the, Tas kept at a THiH2(Z+ h2’h2)f wO O w0
small angle to maintain a LOS path with the Rx, the measured hity=0 - T4L |22
latency of link 2 is greater than that of link 1. w(l;)l wg;l) 1+IGZ;° W(z;)2 w;;; hy - % i
0 O 02 T () v INe=2
VI. CONCLUSIONS 0 O “ O ) !
We have conducted the BER and the achievable capacity WzzWz2 — *" 20 WinWii (z+h2)
() GO;Z 0O ) \ > (43)

performance analysis of the OSSK-based FSO-MIMO system

5Note, at an attenuation of 0 and 8 dB, the measured OSNR in links 1 and
2 of Case A were 41 dB and 33 dB, and for Case B were 39.5 dB and 3}yherey = + 1):( +t 1 = +i,+
dB. ( 1 )1 ( 1 ) y 1 2 (( 1

6Since both the links are balanced and highly correlated in this case;” t%):2) and 1= 2, (( +i1 t1)=2). SUbStitUting_
latencies measured in both the links are same. (43) in [37, Eqg. (6-55)] forz 0, followed by some algebraic
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(a) Cdfs of absolute value of difference of two correlated (b) Cdfs of absolute value of difference of two correlated

RVs for Scenario 1 G;j) = 0:795;0:2) and its predicted RVs for Scenario 2 (-(;j) = i(;j) = 0:05) and its predicted
approximation as uncorrelated Gamma RV g1, = 2) approximation as uncorrelated Gamma RVHdl, = 2:6)
for moderate AT =4; =1:9. for moderate AT =4; =1.9.

Fig. 17: Comparison of simulated cdfs of absolute of diffrence of two correlatedand its predicted approximations for Scenarios 1 and
2 at different values of correlation.

manipulations’, we have: behavior ofA, using the Gamma pdf only ifj = 1. Having
"z, O 0y ! obtained one parameter, further we employ the curve tting
o Wig Wi Z ; : :
fr(2) = Teorr Gy il t technique using MATLAB to obtain the best t parameter
=0 o 00 v for a given set of AT parameters and correlation level.
Wl owl) 1 # Remark 7: From curve tting we nd that, for i(;j) <
G 32 t v % % jN,=2 dt ; (44) 1, (;j) =0 and under moderate (= 4; = 1:9) and strong
AT ( =4:2; =1:4), the value of remains unaltered, i.e.,
2 2 442 2 in all the cases of Scenario 1.
h T —_ W(l;l) 0 Wg;)lw(l;l) U H 44
whereTeor = 55 GO - Using [44, APPENDIXC
Eqg. (2.24.1.3)] in (44), we can derive the pdf (20) of difference PROOF OF PROPOSITION 3

of two arbitrarily correlated  RVs. Considering (21) near origin & = 0, the asymptotic pdf

APPENDIX B of ag for Scenario 2 can be obtained as:
PROOF OF PROPOSITION 2 oW wl) e wl) 0 2
In PEP formulation (13), let us denote the absolute value of fA, (@r) = 2 /55 (1)17()
difference of two correlated RVs atrth Rx,j hy, hq, |, i1;t1=0 Wiz,
) - o _ "3 _ i .
by another RVa, , i.e.,a; =j hy, hy,j=j zjand , = a2 . G221 0;(1 i1); (1 1) o i | (47)

We can obtain the asymptotic pdf af for Scenario 1 from ( +ip 1) +ty 1);0

(21) by considerirjg the series in the equgtion near origin atgy comparing the exponents of in (46) anda, in (47),
k =0 and employing the same transformation method for (2¢)e can easily obtain one parameter, iges 1. Nonetheless,

to procure: the best t values of for different correlation levels can
ps 2j WO j O 12 2 i be evaluated with the help of curve tting technique using
fa (ar) = —— W) -5 MATLAB. For instance, under moderate AT at= 0:043 and
=0 () () 0:77, the absolute value of difference of two correlated
j Wl(l);I2 j2is s 10 @) . e RVs,jhu, hq, j, can be approximated by an uncorrelated
m 3:3 ( +i1 1):( 1):0 (45) gamma RV withg=1; =2:6 andq=1; =6, respectively.

) o ) We have validated the correctness of Propositions 2 and 3
Letx be another RV following Gamr.nma distribution with thep, Figs. 17a and 17b by comparing the analytical cummulative
asymptotic pdf near origin given as: distribution function (cdf) of the proposed approximation with
_ 1 1. the cdf of A, obtained through MATLAB simulation by
fx(x)= ——x9*: (46) o ) ) .
(q) ¢ considering the moderate AT a%j =0:2;0:795; ;" =0 in
wheregand are the shape-and scale-parameters, respectivélig. 17a and i(;j) = i(;j) =0:043 in Fig.17b.
with g; > 0. In order to approximate the pdf af by another In Fig. 17a, the plot with discontinuous line represents the
known statstical model, we rst compare the exponents simulated cdf ofj hy1  hn2 j with i = 0:2, dash-dot
RVs a and x in (45) and (46), respectively. It can beline denote the simulated cdf ¢fhy1s  haz j with { =
easily observed from the comparison that we can describe thegs and the solid line represents the analytical result of
; _ _ he proposed approximation as Gamma cdf vtk 1; =
when we consider the correlation between only two RVs, general . . .
wiw!) = wS)wS) and it simplies the two Meijer-G terms of (43) 2 It iS evident from Fig. 17a that, all the three plots very
by 'making their arguments identical. closely follow each other, thus validating the correctness of
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our proposed approximation. Likewise, in Fig. 17b the dashed]
blue line represents the simulated cdfjdfin;  hme j with

-(-) = i(j = 0:043 and the black solid line represents the
analyucal result of the proposed approximation as Gamma ¢tH]
withq=1; = 2:6. Averygood match between the smulateci
and the approximate analytical results can be observed f m]
Fig. 17b, which substantiates the approximation proposed for
Scenario 2 of correlation in Proposition 3. (17]

Remark 8: Similarly, we can compare the simulated cdf of

j ha1 hygo j for Scenario 1 under strong AT (with = [1g]
4:2; = 14, and i(;j) < 1; i(;j) = 0) with the predicted
analytical gamma cdf (¢ 1; 2) and a good match will
be observed between them. [19]

Remark 9: In case of Scenario 2 of correlation, at a
correlation level of = 0:77 ( | | = i(.j) = 0:795),

i ha, hy, jcan be approximated by an uncorrelated gamniizo]
distribution withq=1; =6, which can also be validated by
obtaining similar cdf plots as obtained in Fig. 17b.

It concludes our proof that, Gamma fgdf (x) withq=1;

2 can be used as an approximate pdf gf (a,;) for Scenario
I. Moreover,q remains unchanged for Scenario 2, however,
increases with.

(21]
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