-

View metadata, citation and similar papers at core.ac.uk brought to you byf: CORE

provided by Northumbria Research Link

MIMO Free-Space Optical Communication Employing
Subcarrier Intensity Modulation in Atmospheric

Turbulence Channds
(Invited paper)

Z. Ghassemlooy*Senior Member, IEEE, FIEW. O. Popoola*Student
Member, IEEE, IET,V. Ahmadi** and E. Leitgeb***

*Northumbria Communication Research Lab (NCRLab), Nambria University,
Newcastle upon Tyne, UK.
**Department of Electrical Engineering Tarbiat Mads University, Tehran, Iran.
***|nstitute of Broadband Communications, TU, Graa,stria.
fary.ghassemlooy@unn.ac.uk

Abstract. In this paper, we analyse the error performance of
transmitter/receiver array free-space optical (FS®jnmunication system
employing binary phase shift keying (BPSK) subcarimensity modulation
(SIM) in clear but turbulent atmospheric channealb&irrier modulation is
employed to eliminate the need for adaptive thriestietector. Direct detection
is employed at the receiver and each subcarrisulisequently demodulated
coherently. The effect of irradiance fading is gatied with an array of lasers
and photodetectors. The received signals are linearmbined using the
optimal maximum ratio combining (MRC), the equal gaombining (EGC)
and the selection combining (SelC). The bit errde ’BER) equations are
derived considering additive white Gaussian noisd Bbg normal intensity
fluctuations. This work is part of the EU COST antiand EU projects.
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1 Introduction

Propagating data-laden laser radiation over the ogpimere termed FSO
communications is attractive for a number of reasocluding unlicensed spectrum
and a narrow beamwidth [1-3]. There exist a glaralwing interest in FSO and it
was extensively researched as part of the concladieétamework 6 projects and the
COST actions. Towards the end of 2008 a new COSibracalled 1C0802 on
“Propagation tools and data for integrated Telecomioation, Navigation and Earth
Observation systems” was started and within thttoacgroup; our working group
(consisting of around 10 participants) is involved the optical wireless
communications.

An outdoor FSO link is essentially based on linesifht (LOS), thus, its
spatial isolation from potential interferers is fmiéntly maintained by its narrow
beamwidth profile. But an obvious demerit of th&rrow laser beamwidth is the
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pointing and tracking requirements in the evennhafalignment. This can however be
corrected using active tracking but at the coshofeased complexity and cost [3-5].
Fog, aerosols, rain and gases and other partictgmaded in the atmosphere result in
laser irradiance/intensity attenuation. The atténonacoefficient typically ranges
from a few dB/km in a clear atmosphere to ~270 dBilk a dense fog regime [4].
The huge attenuation suffered during dense fogicesthe carrier class FSO links to
~500 m [5, 6]; extending the link range in such ditons requires alternative
schemes such as hybrid RF/FSO [7, 8]. Another fatttat accounts for the FSO
performance degradation in a clear atmosphere & ithadiance fluctuation
(scintillation) and the phase fluctuation, whickut from random index of refraction
variations along the propagation path due to thapheric turbulence [3, 9, 10].
The On-Off keying (OOK) signalling format has beevidely used in the
commercially available FSO systems. But in channeith the atmospheric
turbulence induced fading, the OOK scheme requadeptive threshold to perform
optimally [11, 12]. This fact among others has tedthe increased interest in the
study of SIM in FSO systems [12-14]. It has als@rbshown that using a fixed
threshold OOK scheme results in suboptimal systehich is not only inferior to a
SIM modulated FSO link but also has a BER floor][15 [16] the low density parity
check (LDPC) coding has been explored to amelidtaesffect of scintillation on a
SIM-FSO link. It is reported that the LDPC codedvSih atmospheric turbulence
achieved a coding gain of > 20 dB compared to itmdegly coded OOK. In [17] the
use of space-time block code with coherent anctuifftial detection techniques has
been reported to achieve a similar performance. é¥ew invoking error control
coding introduces huge processing delays and efffigi degradation in view of the
number of redundant bits that will be required asired in [18].

In this paper the BER analysis of the SIM-FSO basaudltiple-input-
multiple-output (MIMO) configuration in the presenof the log normal atmospheric
turbulence is presented considering the followirigedr receiver combining
techniques: EGC, MRC and SelC. Both cases of dlyatiarrelated and uncorrelated
optical field at the receivers are considered i@ phhesence of the additive white
Gaussian noise. In a related work reported in [, spatial diversity is considered
at the receiver side for both OOK and PPM modul&&® systems. Apart from
mitigating scintillation, the MIMO system is advageous in combating temporary
link blockage by birds and misalignment when corelinwith a wide laser
beamwidth, thereby eliminating the need for anvactiacking. It also is much easier
to provide independent aperture averaging with ipleltseparate aperture system.
The terrestrial FSO is basically a LOS link withnagligible delay spread; hence
inter-symbol interference (ISI) is not an issueeTst of the paper is arranged as
follows: Section 2 discusses subcarrier intensiodufation; the error performance is
discussed in Section 3 while the concluding remarksgiven in Section 4.

2 Subcarrier Intensity Modulation

In optical communication systems SIM is achievednbydulating the data onto a
radio frequency signal, which is then used to v irradiance/intensity of an



optical source (a continuous laser source in thgek In this work, the subcarrier is
assumed to be pre-modulated using the BPSK. Otbdulation methods can also be
used and this is one of the major advantages of. SOdnsidering weak turbulence
and assuming that the log intensltyf laser radiation traversing the atmosphere
obeys the normal distribution i.e~ N (- 6/ 2, 6%, then the probability density
function (pdf) of the intensity = 1,exp() is given by [20]:

L expl - (In(l I1,)+ 0.50,2)2
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| >0, (1)

where the average received intendityy 0.9, Imax IS the peak received laser
intensity andl, is the received average intensity without turboenTheo)? is a
measure of the strength of laser intensity fluétuaiand (1) is valid for o> < 1.2
[20]. The instantaneous photocurrent can be nedlek [21]:

i () =RI@A+Em(t)) + n(t), @

where( is the modulation indexR is the PIN photodetector responsivity amt) is
the additive white Gaussian noise (AWGN). ConsitgriM subcarriers, the
composite subcarrier signal during #te symbol duration is given by:

M
m(t) = > A,g(t-KkT)d, cos(wyt+¢,), ©)
=1

whered,, € {—1,1} for data bit ‘0’ and ‘1’, g(t - kT) is the rectangular pulse shaping
function, andT is the symbol duration. The subcarrier angulagdency and the
phase are represented {bycj}yzland{wcj}yzl, respectively, whiI@A]-}j,ilis the peak
subcarrier amplitude. For the continuous wave lasgrsmitter to operate within its
dynamic range and to avoid signal distortion dueligping, the conditionin(t)| < 1
must always hold. Considering BPSK modulated suleza with non-varying
amplitudes, the peak amplitude= A. And if  is normalized to unity, ther < 1/M
During thekth symbol, the photocurrent is as given by:

i (t) = RI l+EA§:g(t—kT)dkcos@vcjt+¢j) + n(t). 4)

j=1

The band pass filters (BPF) in Fig.1 help sepathte subcarriers and
suppress any slow varyinBl component in (4). The subcarrier frequencies are
subsequently demodulated independently by frequatmyn conversion using a
reference carrier signal cosft + ¢;). A low pass filter (LPF) is employed to recover
dyx with minimal distortion. The result per branctais antipodal signal given by:



ip(t) =

d IREAQ(t — KT
: Eg( ) n, (1), 5)

where np(t) is the post demodulation AWGN with a variane®2. The post
demodulation electrical signal-to-noise rat8NR) y, per subcarrier is then derived
from (5) as:

(IERA)?
20%

y(l)= (6)

For a fixed value of { therefore, using multiple subcarrier increases
throughput/capacity but &NR penalty given by 20ldg dB. This suggests that
multiple subcarriers should only be considered wienneed for increased capacity
outweighs the accompanying power penalty.

A
> gt
?
5 COS(@e11+1)
03 ¢>
a3 2 g ml) o 9
—rog z gz D
g o . ﬁ = ‘—'3 Q
&3 . COS (et +P2) bo Q
2 . DC bias
£ Au
o) » ()
Atmosp ncchannel

COS(®epst+Pm)

(a)
X, N
~ 2 o) e
BPF LPF %
cos(wit+i) o
N\ kT o v g
~ AN & —/g— | o 0 [d(D)
BPF \fp?,: JE § o>
Q
© cos(opttgy) 8o
. @0
]
Noise . §
X N
~Z =R —»g(-t)—/iﬂ F b
BPF LPF
cos(wgf+Pum)
_ . ® _
Fig. 1. SIM-FSO block diagram; (a) transmitter, afi) receiver. TIA — Trans-
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3 Error Performance

3.1 Without Diversity

For a coherently demodulated BPSK SIM operatedéhamnel with the atmospheric
turbulence, the unconditional probability of bitrar obtained by averaging the
conditional error rate over irradiance fluctuatiiatistics is derived as [22]:

_K?exp@(20,% ~0,°12) | o

o I\/ﬁzw 2sin? (6)
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Hermite polynomialHe,(x) and the corresponding weight factors, respegtivel

where K = , {x;}jzand {w;}7L; represent the zeros of theth order

3.2 With Receiver Diversity

Spatial diversity is employed both at the transnittnd receiver as shown in Fig. 2.
In the analysis and the subsequent sections, tiggesEIM-FSO is considered. First,
the use of an array &-photodetector is analysed while transmitter arsayeated in
the subsequent section.
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Fig. 2: H x N-MIMO FSO system block diagram.



We assume the spatial separatomwf the photodetectors to be greater than the
irradiance spatial coherence distapgéi.e.s > p,) resulting in uncorrelated received
irradiance. This assumption is realistic becawses on the order of few centimetre
[20]. We also assumed that the beamwidth at theiver is sufficiently broad to
cover the entire field of view (FOV) of th¢ detectors. The photocurrerfts; (£)}-,
are linearly combined before being applied to tbikeerent demodulator to extract the
transmitted data from the received subcarrier signa

To facilitate a fair comparison between the sirtgdgsmitter-single-receiver
system and the spatial diversity system, each agearea in the photodetector array
is assumed to bA&p/N, whereAy is the receiver aperture area for single-tranemitt
single-receiver system. TI8NR can thus be derived as:

2
N
(RPE/ZN)Z(Zai Ii] Reer2NfY a2y 12
i=1 < =1 i=1 (8)
N - N .
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i
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MRC
Under the MRC, the gainfx;}Y., = {I,}}*, resulting in the optimun8NR given
below:
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where y, = is the SNRfor each link. The unconditional BER with the

MRC linear combining is given by [22]:

Penre) = IQ(\/VMRC(I‘)jPIA(r)dr
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Where $(8) =~ %294:1 w; exp( - mZSexp[Z(xj\/_cl - o7 /2)]) and K, = REI;:

Next, we consider the sub-optimum but more praklicear combining techniques.

EGC
For the EGC, gainf;}Y, in (8) are all made constant, thus resulting enftiilowing

SNR:
Yeoc () =(—RA€ NZ'JZ (Rﬁ} i— (11)
EGC \/ENG = i =)

Thus, Yeee (I) < Yure (1) and the unconditional BER can be obtained as [22]:
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Here, the combiner samples &ll; (£)})., and selects the link with the high&\iR ,
its BER is derived as [22]:

Pesaq = \/_ Zw[1+erf(>g)]N TQ(K, expk 20, G2 12),  (13)

3.3 Effect of Signal Correlation on the BER

For N-photodetector separated by a spatial distanceHassthe laser radiation spatial
coherence distance (i.8< pg), the received radiations are correlated. To stwav
effect of this on the system error performance, semsider N equally spaced
photodetectors employing the optimum MRC linear bionimg. The unconditional



BER in atmospheric turbulence is obtained by avietafll4) over the joint pdf of the
intensity fluctuations.

P.. Q(N/VMRC(T))

1 '[ Z ) (14)

Zsin? 0%

Adopting the  Tatarski approach [20], the correlatio coefficient

p(s) = B, (s)/ B, (0) of an optical wave in turbulent atmosphere betwiwo
points with a spatial separatiaiis given by:

p(s) =1- 236(ks/ L)®® + 1.71(ks/ L) — 0024(ks/ L)? + )
0.00043Kks/ L)* +...

where k =2n/A; it can be inferred that the correlation coeffitieis inversely

proportional to the spatial separatisfor

S
\/ﬂ <1(i.e. forsless than atmospheric

channel coherence distance) from which the coveeiamatrix (16) is obtained

o’ pg; p%
p%ox2 o’ : : - (16)
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wheres; is the spatial separation between photodetectanslj, 0= 6’4 is the log
amplitude variance whilep is the correlation coefficient between two photedtors
with spatial separatiosi,. The joint pdf of received laser intensity is givey [9]
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whereg - {In i In i . In II_N:I . The expression for the unconditional
0 0 0

BER is then obtained as:

Pr (NQ(Yure (NI (18)

P =

oOt—38

3.4 Transmitter Diversity

In this case we consider a single photodetectorraunliiple laser transmitters. The
laser sources are assumed to be sufficiently spexddat the photodetector receives
uncorrelated laser radiations. To ensure a fairparimon and to maintain a constant
power requirement, we assume that the power alailidy a single-transmitter
system is equally shared amongst Hwaser transmitters. As such, the irradiance
from each laser represents Hnfactor reduction compared to a single transmitter
system. Another obvious approach is to assumeathtite transmitters have the same
power; in this case the power requirement will hevéncrease by a factoH [18].
Based on the former, the received photocurrentvisngoy:

H

ir(t):ZEIi(1+AEdkg(t—kT)cos(NCt+¢)) +onit).  9)

i=1

Since laser arrays are only separated by a fevingetnes, the phase shift experienced
by the received irradiance due to path differeiscihérefore negligible. ThR8NR on
each subcarrier can therefore be derived as:

2 2

Yo (I') = RA S (20)

\/EHU i=1

There exist a clear similarity between (11) and) (&nce; the unconditional BER for
the multiple transmitter-single photodetector sysie the same as that for the single
transmitter-multiple photodetector configurationtwieGC linear combining.

3.5 Transmitter Diversity-Receiver Diversity (MIMO)

In this section we consider a multiple-laser andtiple-photodetector system. In
consistent with the earlier assumptions, the tiogaismit power is made equal to the



transmit power when using a single laser to achithe same bit rate and the
combined aperture area of thé-photodetector is the same as when a single
photodetector is used. Thelaser and\-photodetector are assumed spaced enough
so that the received laser radiations are uncaectla=irst, we consider when the
photocurrents are combined using EGC. As previoudiscussed, a multiple
transmitter-single photodetector system withlaser is identical to a single
transmitter-multiple photodetector configurationving H-photodetector with EGC
combining; thus the following represents tBBIR assuming identically distributed
irradiance:

2 2 2

o REA N H _ REA NH | 2
Y= o 220 Tanre (Zl.j- (2)

i=1 j=1 i=1

This expression is the sameMid-photodetector single transmitter-multiple
photodetector system employing EGC linear combinidgnce, the unconditional
BER is obtained by replacirng by NH in (12).

By linearly combining the photocurrents using MR@e individual SNR on each
link is:

REA &
2No?H =

Considering the sum of independent lognormal distad random variables as
another log normal distribution [23] then the undibional BER is derived as:

i (1) = i |- (22)

J

m/
p=1 f[S(e)]”de, (23)
L
WhereS(0) = \/%294:1 wj exp (— 251:52 5 exp[Z(x]-\/qu + uu)]), K, = \/Rzizs(;:’ 0.2 and

u, are as previously defined except tiditis now replaced byH. For an optical
MIMO-FSO link under consideration therefore, themBRerformance is governed by
(12) withN replaced byNH for the EGC combining technique and (23) for the®4

3.6 Resultsand Discussions

The plot of (7) against the normalised electri8&lR(RE1]/26)? is shown in Fig. 3
with M = [1, 2, 5, 10]5,? = 0.3 and, = 1. WhenM = 1 the BER curve is the same as
that reported in [12]. Multiple subcarriers canrtéfere be used to increase the
capacity but at an electrical SNR penalty defingd®2blogV dB. To show the effect
of signal correlation, (18) is plotted in Fig. 4 fd = [2, 3] andp = [0, 0.1, 0.3, 0.6] at
a turbulence leveb? = 0.3. To achieve a BER of $0the use of two photodetectors



with p = 0.3 and 0.6 require additional ~1.8 dB and ~@B50f SNR respectively,
compared to whes > p, (i.e. whenp = 0); with three photodetectors, the additional
SNRrequired to achieve the same BER of1§~2.7 dB and ~5 dB fqr = 0.3 and
0.6, respectively. This apparently shows the efte#fctorrelated intensity and also
buttresses the emphasis placed on the need forbe greater thap, in a spatial
diversity system as it results in the maximum gain.
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Fig. 3: BER against the electricaNRfor M =[1,2,5,10] subcarriers and turbulence
strengtho,® = 0.3.

To compare the MIMO system with the single Sidhbhmark reported in
[12], the BER given by (23) is plotted against th@rmalised electricaBNR as
depicted in Fig. 5 at a turbulence lewg = 0.3 for various values df andH. The
link margin (diversity gain) resulting from the usé transmitter/receiver array is
shown in Table I. A 2 x 2-MIMO system requires afdi@ional ~0.4 dB ofSNR
compared to a 1 x 4-MIMO system. In the latter hesve4 photodetectors will have
to be sufficiently spaced to avoid any correlatiorthe received signals as against 2
photodetectors in the former. Also, at the statédRBa 4 x 4-MIMO based SIM-FSO
link requires ~4 dB and 1 dB lowSNRcompared to the single transmitter with 4 and
8 photodetectors, respectively.
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Table I: Link margin (diversity gain) at BER of @ndos;? = 0.3.

MIMO configuration Ix5 | 1x8 | 4x4 | 2x2| 1x4

Link margin (dB) 10.5| 12.1] 13.1 9.2 9.6

4 Conclusions

We have presented an expression for the unconditB&R of HXN-MIMO FSO
system that uses BPSK subcarrier intensity modulatinder the log normal
distributed weak atmospheric turbulence environm&hé error performance and the
link margin (theoretical) using three differentdar combining techniques have also
been presented. Results showing clearly the effectrrelated received irradiance on
the system error performance have also been givea. 2-detector array and at a
turbulence strengths®> of 0.3, a correlation coefficient of 0.6 resultsadditional
~3.5 dB of SNR to achieve a BER of%@his incurred power penalty increases as the
received signals become more correlated. At a BEROS, 2 x 2-MIMO systems
require ~0.4 dB additionabBNR when compared with 1 x 4-MIMO systems. But
spacing of an array of 4 photodetectors to ensncenelated irradiance reception is
far more demanding than spacing 2 photodetectdsn #he use of 4 x 4-MIMO to
deliver the same BER of f@equires ~4 dB and 1 dB lower SNR than using oserla
source with 4 and 8 photodetectors, respectivelg A4-MIMO system is thus the
preferred configuration to mitigate scintillationthout increased system complexity.
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