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Abstract—In this paper we analytically investigate optimal Within this context, we recently demonstrated that a signifi
combiners in pre-amplified diversity receivers that operae under  cant link gain can be obtained by deploying optimal comlsiner
strong atmospheric turbulence. We first demonstrate that te 5 mylti-branch receiver arrangement with amplification
combiner operation is strongly affected by the existence o 201. Optimal bi . lified t ¢
signal-dependent noise component, which manifests at thetical [ ]'. pumal combiners in ampl e sys emsloperae as a
detector output as the outcome of the beating process betwee hybrid between EGCs and maximal ratio combiners (MRCs),
the amplifier spontaneous noise and the signal itself. Due tthe due to the existence of a signal-with-optical-noise begatin
signal-dependent nature of noise, the optimal combiner astas term that dominates the receiver. The beating noise power
a hybrid between the well-known equal gain and maximal ratio g signal dependent and this leads to a dual operation of

combiner architectures. Having established the optimal deign, timal bi - wh b h ent fade stat
we then proceed to assess the proposed combiner performanceOp Imal combiners: whenever a branch enters a lade siate,

in the negative-exponential fading environment and demorisate  thus the signal (and beating noise) power is low, the combine
that it achieves an additional link gain of several dB in compr- treats the branch similar to MRC and applies a gain that
ison with selection and equal gain combiners. is signal dependent. If the branch signal is strong enough,
Index Terms—Bit-error-rate, outage probability, negative- hen the corresponding gain stabilizes so as not to further
3?@%?25;221:23%3 + outdoor optical wireless, optical ampfiers, aggravate the impact of the beating noise, and the combiner
treats the branch similar to an EGC. Our previous study
was limited to moderate turbulence and the results predente
therein suggested that optimal combiners are better sfdted
Multi-Gb/s optical wireless communication (OWC) systemdeployment in more adverse conditions, which are typically
constitute a viable, low-cost and truly broadband interean  expected in the saturated turbulence regime. In this work we
tion alternative for the implementation of data networkshwi extend our analysis with a goal to investigate the optimal
a radius of a few kms. The capacity that is provided by opticabmbiner performance in negative-exponential fading ,[21]
technologies, however, can only be fully utilized by prdper and demonstrate that the proposed combiners can indeed atta
taking into account the adverse aspects of infrared beam additional benefit when compared with the equal gain and
transmission through the atmosphere and compensating $etection combiners (SCs).
them. Due to the volatile nature of the atmosphere’s reéfract The rest of this paper is organized as follows: in Section |l
index, transmission effects such as beam wander, spreadigpresent a basic mathematical model for the description of
and time-varying losses [1] ultimately manifest as sdatiibns the OWC channel, the amplifier and receiver. Sections IIl and
in the received optical power and the OWC link may suffdi/ calculate the outage probability and the average BER ef th
an outage when the scintillation becomes severe enoughSG and the EGC in a negative-exponential fading environment
lower the received power under the required sensitivitye Thiespectively, while Section V presents analytical retagidor
deleterious impact of atmosphere-induced scintillationghe the optimal combiner structure, operation and performamce
OWC link performance has been extensively studied in therms of the aforementioned metrics. Numerical result$ tha
literature and a number of techniques have been proposkd wjtiantify the comparison between the optimal combiner and
a goal to immunize the OWC system against the stochadfie SC and EGs are illustrated in Section VI, where it is also
response of the atmospheric channel. Applicable techeiqukmonstrated that the optimal combiner provides a link gain
include beam focusing [2], aperture averaging [3], spatial improvement of several dB. Finally, Section VIl summarizes
temporal diversity schemes [4]-[8], coding [9]-[12], ngleg the findings of this work and concludes the presentation.
[13]-[15] and amplification [15]-[18]. Combinations of &
techniques have also been proposed, while the co-utdizati
of spatial diversity and amplification has previously répdr ~ The system under study is presented in Fig. 1. The OWC
high link gains by using multiple optical amplifiers and equasignal propagates through the atmosphere and experiences
gain combiners (EGCs) in the electronic domain [18], [19].turbulence induced fading. At the receiver side,dentical

I. INTRODUCTION

II. CHANNEL, AMPLIFIER AND RECEIVER MODELS
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Fig. 1. Optically pre-amplified system with diversity.

receiving elements (optical antennas) are deployed and tlesult a number of electrical noise components will be prese
output of each element is fed to an optical amplifier. That the PD output [22], [23]. The associated noise variances
role of the amplifier is to improve the corresponding brancire denoted as thermal, shot, signal-spontaneous beatthg a
sensitivity and therefore enhance its resilience agas¢d. spontaneous-spontaneous beating, respectively, andilaxe ¢

In the multi-branch setup of Fig. 1, the amplifier outputkted from

are applied to photodetectors (PD), where the photocurrent ol = M,
outputs are then linearly combined prior to signal detectio Ry

The combiner scales the signal from each PD by a gain factor 2, (2,)=2qR (G2 + (G —1) P, B,) B., (4b)
prior to combining them. Adjustable gains are provided ahea

(4a)

branch of the combiner, so as to implement the most popular ngg sp(2i) = AR*Gz (G —1) Py B, (4c)
combiner types (selection, equal-gain or optimal). and

For the rest of the analysis, we assume that the received ) 5
signals are identically distributed and statisticallyépéndent Tp—sp = B ((G=1) Pr)" (2B, — Be) Be, (4d)

(ii.d) random variables. Given that the channel stochasfihere B, and B, are the electrical and optical bandwidti,
response follows negative-exponential statistics, thécab s the photodiode responsivity; is the receiver temperature,

signalz that is detected is distributed according to kp denotes the Boltzmann constafit, is the electric noise
o (7 - ) figure andRy, is the resistor load. Given (4), the signal and
Fx(e) = *P \ Pin @ noise powers for the "1’ and '0’ bits are directly given by
Pin Ii(zi) = RG 2, (5a)

where P;, is the average input optical power at the receiver. 9

For a fair comparison between receivers with multiple ele- 1 (2:) = 0 + 0ot (20) + 059 (20) + 055, (BD)
ments, we assume that the received power is split equadiyd

among branches, thus the optical power at each braneh? In=0, (6a)

is distributed according to 9

0g = O-?h + Ughot (0) + O-gpfsp ) (6b)

Lz
exp (_F_~L) respectively.
fra(es) = L ——5—". (2) OSPECIVEY

m IIl. SELECTION COMBINER

The received optical signals traverse the correspondirgiam The selection combiner samples all the received signals and

fiers and receive a static gain equal@ In addition, each %elects the one with the highest irradiance level, theeefor
amplifier generates an optical noise component due to t

amplified spontaneous emission (ASE), which is described by Zse = MAX Z; . @)

the ASE spectral density An outage occurs when all branches simultaneously experien

P, =ngh % : 3) ahfade, and since the received signals are independeribitviol
that
wherec is the speed of light in a vacuum, is the Planck L
constanty,, is the population inversion factor anddenotes Pt sc H r{BER(z;) > BERy}

the wavelength. The optical signal and the ASE beat on the (8)

photodiodes (square-law detectors) of the receiver and as a P {BER (z) > BERO}



where BER, is the desired BER level of the OWC systemwhere(Q.,. is the EGC Q-factor that equals
Equivalently, one can calculate the outage probabilitynftbe I
. e St hi(z:)
receiver sensitivityP; Qege = i=1 . (17)
Zf=1 oi(zi) ++/Log

L
Py
Poutse =Pr{z < P} = (/ fr.(2) dz) Eq. (17) can be written in a simpler form as
0 ©)
L

zZ
Qe c (Rege) = QA = ) (18)
L P, s (Fese) \/Zege + L zo + /'L zo
=|ll—exp|—= .
i where RG
. e e . . QA = —, (193)
The corresponding sensitivity is obtained after solving oA
2=2¢RGB, +4R*G (G—-1) P, B,, 19b
[ (Q(Ps)) _ BER,. (10) 0% =2q (G—1) (19b)
? V2 oo %0 (19¢)
. . 0= "3
where the Q-factor of the receiver is given by 04
and
Il (Z) L
2)= ——" | 11
Q( 0'()+O'1(Z> ( ) Zege = Zzz (20)
=1

assuming that each branch is capable of estimating the ehann

state (CSl-capable) and setting its decision threshold loit- a IS a rgndom variak_)Ie tha}t is obtained from the sumi.od.
by-bit fashion to negative exponential variables. The pdf Qf. is calculated

in a straightforward manner from the Erlang distribution

L zege
L\"* exp |\ =5 "

foge (zege) = (F_) Zé:gzl % 5 (21)
With respect to the average BER, it is calculated from the m

probability density function of,. as with T (-) denoting the Gamma function. Following (21), the

EGC outage probability is given by

oo Il(Zi>

In(z) = 2250
th(z) UO+UI(Zi)

(12)

BER,. = / BER(zyc) fse(zsc) dzsc r (L, L)
0 Pout,egc =1- I—\iLm ) (22)
. (13) (L)
7% /erfc <Q(Zsc)> Fao(2ee) dzec where the EGC sensitivitys ¢, is calculated from
0 \/§ 1 Qegc (Ps,egc) _
Zerfe | <850 ) — BER, . (23)
2 V2

fse (2s¢) 1s obtained by differentiating the cumulative distribu-

tion function of the selection combiner from (9) and the tesuFinally, the average BER is obtained from (18) and (21) as

IS L %
- 1 L
BEReg. == <_ ) /erfc (M>
exp (* Lﬁ) Lz \\*" 2 \Pin V2
fSC (ZSC) = L2 Tm (1 — exp (_ — SC)) . 0 L (24)
in in exp (_&)
(14) )bt~ N Pu /g,
After combining (13) and (14) we finally obtain ege I'(L) e
, ( I ) V. OPTIMAL COMBINER
exp | — ==«
BER,. L /erfc (Q(ZSC)) P \__Pin The optimal combiner provides unequal gaing to
2 J P, (15) branches, thus the Q-factor is written as
Lz L=t L wi Lz
% (1 — exp < _Z )> dZSC . Qopt _ = Zz_l w I(Z ) = ) (25)
Py \/Zi:l w?o?(z) + \/Zi:l w? o
IV. EQUAL GAIN COMBINER By using the definitions of (19) we re-write (25) as
The EGC adds the electrical signals from all branches after Z-L Wiz
providing a common gain. Assuming that the combiner is CSI- Qopt = Qa = =1 - (26)
capable, the instantaneous BER is calculated as \/Zi:l w? (z; + 20) + \/Zizl w? 2o
1 Eq. (26) indicates that the optimal combiner in pre-amplied
BER.po = ~ exfe Qe 16 ith diversity i i
ege = 5 CLIC V2 ) (16) owc systems with diversity is fundamentally different from



3 TABLE |
10 ‘ ‘ : :

; ; E SYSTEM PARAMETERS
[ Parameter Symbol Value
102 - = Ampplifier gain G 20 dB
N E : E Wavelength A 1550 nm
E r ! 3 Population inversion factor  nsp 4.0
-~ i f } 1 Optical bandwidth B, 50 GHz
3 10 E j - Photodiode responsivity R 1.25 AIW
(o} 3 Receiver temperature T 300° K
- I | . b 4 Resistor load Ry, 100 Q2
© of ! I PP Electrical noise figure Fy 3dB
X 10 ; : 3 Electrical bandwidth B. 7 GHz
£ E L ‘ ;
8 al RN ' | = - Optimal - v,=10" |
= 10 ‘,‘//‘ ””””” | - - . Optimal -v,=10° [3 The optimal combiner Q—_factor also proves_c_hallenging to
O R Oni _int |3 calculate, but we have previously shown that it is bound by
V2 —-=Optimal -v,=10" | ]
= 20" 7 : : . e
g 10 E")"”"Q‘ ””””” s e =---Optimal - V2_1O E Qopt (Zopt> = QA \/L Zopt +L 20 — \/L 20 (293)
m "/ | ! | ----Optimal -v.=10° | ]
[ P 2 ] Zopt = MAaX 2; . (29b)
10 Since the pdf ot,,; has been calculated in (14), a lower limit
10° 10% 10" 10° 10" 10° 10° obabili : iner is gi
for the outage probability of the optimal combiner is given b
Branch Power Ratio v /v, Poutiopt > Pr {Zopt < Paopt}
. . . . . L Ps opt g (30)
Fig. 2. Branch gain raud;j—; as a function of the normalized branch powers =(1l—exp| ——— ,
vy = j—(lj andvg = j—i for a dual branch optimal combiner arrangement. in

where P, ¢ corresponds to the optimal combiner sensitivity

the optimal combiner in non-amplified systems (MRC), due 1erfc (M> =BERy. (31)
to the existence of the signal-spontaneous beating no#te th 2 V2

grows with the signal itself. By differentiating with respggo  Finally, the average BER is also bound by

the branch gains;, we find that the optimal gain values are

. . - 1 x o Zo
given after solving BERop > /erfc (Q piﬁﬁ pt)> Font (zont) dopt
0
Wi o Zi + 20 n 20 N , exp( Lzopt)
i,0p - L o =
\/2521 wiopt (zi + 20) \/2521 wzopt 20 =5 /erfc (Q(fz\/gt)) - Pin (32)
T T 0 m
\/21:1 wzz,opt (zi +20) + \/21:1 wiQ,opt 20 L2 L-1
Zi ZL I : X (1 — exp (—_—Opt)) dzopt -
i=1Wi,opt i in

(27)

. - VI. RESULTS AND DISCUSSION
Eq. (27) can not be solved in a closed form, but some insight

can be provided by numerically solving it. A solution for a The performance of the amplifier-assisted diversity sesup i
combiner withL = 2 branches is presented in Fig. 2, where thigvestigated for a 10 Gb/s optical wireless link with channe

branch gain ratid22 is plotted against the normalized branci@mplifier and receiver parameter values that are summarized
powers w2 in Table I. Fig. 3 illustrates the outage probability of the

2 proposed setup fof. = 1,2 and5 diversity branches and a
— (28) required BER of10~3. The outage probability of a system
that relies solely on diversity is also plotted in the figure
The figure demonstrates that the optimal combiner operatesar comparison purposes. As it is shown in Fig. 3, both
a fashion similar to an MRC when the input powers are loamplification and diversity offer a significant link gain, ih
compared tozy, and the branch gain increases almost linearthe combination of the two methods amounts to a gain of
with the input power. At higher input powers, however, thever25 — 30 dB depending on the required BER, the desired
branch gain saturates and becomes relatively insensitiveoutage probability and the number of receiving elementg Th
further increases in power. In this regime, the branch gaiesults also suggest that the optimal combiner outperforms
is almost constant and the optimal combiner operation be#ine SC by a significant factor and a link budget improvement
a close resemblance to the EGC one. of up to 5 dB is demonstrated. A less pronounced, but still

v = .
20
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1073.

(3]
valuable, improvement of 3 dB is predicted when the optimal
combiner is compared with the EGC for the parameter set
under consideration. Similar conclusions can be deducted f 4]
the average BER plots in Fig. 4, where link margins of the
same magnitude are observed for the pre-amplified system
with optimal diversity combining. 5]

VIl. CONCLUSION

We have presented an analytical description of the outagel
probability and the average BER in pre-amplified OWC sys-
tems that optimally combine signals from multiple recesver
Based on the analytical model, we derived results on apm]
electronic combiner that optimizes the BER performance of
the system under negative-exponential fading. The predent[s]
results show that the optimal combiner performs closely to
an EGC for increased signal powers, while its per-branch
operation reverts to an MRC when a fade occurs. An addf®
tional benefit of 3-5 dB is expected from the deployment of
the proposed combiner in practical high-capacity OWC link&0]
operating under strong turbulence.
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