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The misalignment errors and fluctuations in irradiance due to atmospheric turbulence can severely
degrade the performance of free-space optical (FSO) systems. In this paper, we investigate the asymptotic
bit error rate (BER) performance and diversity orders of FSO links using parallel transmit-diversity schemes.
The BER expressions of FSO links with the switch-and-examine transmit (SET), switch-and-examine
transmit with post-selection (SETps), dual-branch transmit laser selection (Dual-TLS), and group transmit
laser selection (Group-TLS) schemes are derived, based on an approximate channel model. Then numerical
simulations for these four schemes in the region of high average signal-to-noise ratio (SNR) are presented
under different channel conditions. The results show that the four transmit-diversity schemes can reduce
system complexity and overcome the limitation of peak power, without much BER deterioration.
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I. INTRODUCTION

FSO communications are potential solutions for a variety
of applications, such as last-mile communications, fiber backup,
and disaster-recovery communications [1]. Compared to traditional
radio-frequency (RF) communications, their advantages include
high speed, unlicensed spectrum, and excellent security [2].
However, FSO communications are vulnerable to pointing
errors and scintillation. Both pointing errors from the misalign-
ment between transmitters and receivers and the scintillation
from atmospheric turbulence can seriously deteriorate communi-
cation quality [3].

To overcome these disadvantages, many technologies have
been applied in FSO systems, such as adaptive optical (AO)
systems, error correct coding (ECC), and relay-assisted trans-
mission. BER performance and channel capacity of an FSO
system with AO are studied in [4, 5]. Upper bounds on the
pairwise code-word-error probability for coded FSO communi-
cation systems through atmospheric turbulence channels
are obtained in [6, 7]. In [8], relay-assisted transmission is
shown to be an effective tool to mitigate fading for FSO
systems operating in atmospheric turbulence channels. A

one-relay cooperative diversity scheme is proposed and analyzed
for noncoherent FSO communications with intensity modulation
and direct detection (IM/DD) in [9]. A novel adaptive cooperative
protocol with multiple relays over atmospheric turbulence
channels with pointing errors is given in [10].

Spatial diversity is a powerful technique to mitigate the
effects of fading in both traditional radio-frequency (RF)
and FSO communications. However, unlike an RF signal
with broadcast characteristics, the optical signal in an FSO
system is usually transmitted from point to point through a
line-of-sight path. Therefore, the concept of spatial diversity
in FSO differs from that in traditional RF communications.
As introduced in [11], spatial diversity in FSO systems can
be realized via the use of multiple apertures at the receiver
(receive diversity) [12], multiple beams at the transmitter (transmit
diversity) [13-15], or a combination of the two [16-23]. Receive
diversity and transmit diversity are usually referred to as
SIMO (Single-Input Multiple-Outputs) and MISO (Muiltiple-Inputs
Single-Output) respectively. Meanwhile, a system using both
receive and transmit diversity is referred to as MIMO
(Multiple-Inputs Multiple-Outputs).

For SIMO systems, effectiveness of the two receive-diversity
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solutions, i.e. aperture averaging and multiple apertures,
are compared in [12]. For MISO FSO systems, the simplest
transmit-diversity scheme is to send the same signal on
different beams, which is usually referred to as repetition
coding (RC) [15]. Performance of two other typical transmit-
diversity schemes, transmit laser selection (TLS) and multiuser
diversity (MD), are presented respectively in [13, 14]. For
MIMO FSO systems, approximated expressions of average
bit-error probability (ABEP) are derived in [16-18]. The outage
performance for MIMO FSO communication systems with
on-off keying (OOK) and pulse-position modulation (PPM)
are analyzed in [19, 20]. Performance analysis of Gamma-
Gamma fading FSO MIMO links with pointing errors is
presented in [21]. ABEP of uncoded and optical spatial
modulated MIMO FSO systems is derived in [22]. In [23],
ergodic capacity characterization of MIMO FSO systems
over atmospheric turbulence-induced fading channels is
studied. In particular, for SIMO and MIMO FSO systems,
equal-gain combining (EGC) and maximal-ratio combining
(MRC) are usually performed at the receiver. For MISO
systems with RC, EGC is the default combining scheme.

In order to understand well the communication quality
offered by different FSO systems for real applications, it is
necessary to analyze the performance of the systems. BER
is the most effective evaluation metric to demonstrate this
quality. In this paper, we introduce four new parallel transmit-
diversity schemes in FSO links, namely, switch-and-examine
transmit (SET), switch-and-examine transmit with post-selection
(SETps), dual-branch transmit laser selection (Dual-TLS),
and finally group transmit laser selection (Group-TLS) for
communication performance analysis. Particularly, SET and
SETps switch to other diversity branches only when an outage
occurs, hence they have a simpler structure and lower processing
load than the traditional TLS scheme. Dual-TLS and Group-
TLS are two multibranch TLS schemes that can meet the
peak-power and eye-safety constraints.

In this paper, we derive asymptotic average BER expressions
for the four transmit-diversity schemes above, based on an
approximate channel model. Then we discuss system complexity,
from the aspects of hardware structure, channel estimation
rate, and lowest feedback transmission rate. Numerical
simulations for the region of high average signal-to-noise
ratio (SNR) are presented under different channel conditions.

To further illustrate the performance of the four transmit-
diversity techniques, we also present the BER curves for
FSO systems with traditional TLS or RC as benchmarks.
Assuming the same total transmit power and total noise,
the BER curve of a MISO FSO system using MRC diversity
is also given for comparison. Based on simulation results,
analysis of the asymptotic BER performance of the four
parallel transmit-diversity schemes is provided.

The remainder of this paper is organized as follows.
Section II describes the FSO system model and the approxi-
mate atmospheric optical channel model. In addition, we
derive a statistical model of channel gain in a MISO FSO
communication system. In Section III, we give asymptotic
BER expressions for SET, SETps, Dual-TLS, and Group-TLS,
based on the channel model described in Section II. In section
IV, we conduct the complexity analysis for the four parallel
diversity FSO systems. Section V presents some numerical
results, and Section VI makes several important conclusions.

II. SYSTEM AND CHANNEL MODEL

2.1. System Model

A MISO FSO communication system is illustrated in
Fig. 1. It consists of an OOK modulator, a switch control
unit and N laser sources at the transmitter, and a photoelectric
detector and channel estimator at the receiver. The spacing
between the N laser sources is larger than channel coherence
distance, so that the N FSO links suffer independent identically
distributed (IID) fading. Meanwhile, the data bit period is
far less than the channel coherence time, so the FSO trans-
mission suffers slow, flat fading.

In this paper, we adopt OOK modulation, widely used
in practical FSO systems since it is much easier to implement
than higher-order modulation. The modulated input data is
sent to the switch control unit, which can select one or
more of the N laser sources to transmit data. The selection
principle varies with different transmit-diversity schemes.
In a MISO FSO system with repetition coding (RC) [17-20],
all N laser sources are selected to transmit data synchronously.
In Dual-TLS and Group-TLS systems, part of the N laser
sources participate in sending optical signals. For TLS, SET,
and SETps schemes, only one laser source is working at
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FIG. 1. FSO system model.
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any moment, while the others keep silent until switching
oceurs.

The optical signals through a wireless optical channel, which
suffers from both misalignment errors and turbulent fading,
are registered by a photoelectric detector at the receiver. A
channel estimator is deployed at the receiver to measure
the channel-state information (CSI) and send the switching
information back to the transmitter, through a low-rate radio-
frequency channel. We assume that perfect CSI can be obtained,
i.e. no estimation errors are considered at the estimator.
Switching and selection among the N laser sources are
based on this feedback information.

The photoelectric detector converts the optical power
into photocurrents. Assuming that the thermal noise at the
receiver may be modeled by additive white Gaussian noise
(AWGN), and background illumination is removed from
the electrical signal, we can express the received signal y
as

M
y=Y Rhx+n, xe{0,2P/ M}, ISM<N (1)

i=1

where x is the transmitted signal, P: is the average transmit
optical power, /i is the channel gain from the i laser source
to the receiver, M is the number of current working laser
sources with repetition coding, R is the detector response
(assumed to be unity), and finally # is signal- independent
zero-mean AWGN with variance 0. In the assumption of
a slow fading channel, the instantaneous SNR at the receiver
is defined as

PR _ K
Y= =T @

) pr M
where v =—— is the average SNR and h= N h, is the
i=1

U?L

sum of M random variables. We define the average SNR
as the received SNR, when there is no fading or pointing
error. Note that in a transmit-diversity scheme, for the
sake of fairness the sum of all working-link transmitted
power should be equal to that of an SISO FSO system
without a diversity scheme.

2.2. Composite Approximate Channel Model

Channel gain is susceptible to three independent factors:
path loss, pointing errors, and atmospherlc turbulence fading.
Therefore, the channel galn of the i FSO link can be
expressed as ;= h; h ’n, where b} is the path loss due to
geometric spread, A/ represents fading due to pointing errors,
and A/ is the attenuation due to atmospheric turbulence. In
the parallel transmlt diversity FSO systems described in
this paper, h is deterministic and assumed to be unity
hereafter. We adopt a widely used model for %/, derived
by Farid and Hranilovic in [3], the probability density
function (PDF) of which is
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and - is the beam waist at the receiver, r is the aperture
radius of the detector, and o5 is the jitter variance at the
receiver. We use the Gamma-Gamma turbulence model to
characterize the atmospheric fading A, since it is an
appropriate fading model over a wide range of turbulence
conditions, and its PDF can be expressed as [24]

a+f

2(af) 2 ”*ﬂf
S (B ) =St Ky (2B “)
o)= T(a)T(B) Kool )

where I'(+) is the Gamma function, Ke-g(*) is the o-f
order modified Bessel function of the second kind, and o
and f are parameters related to the small- and large-scale
turbulence eddies and can be obtained as [25]

r -1
o= exo 04907 |
(1+1.1162%)" ,
. (%)
05107
B=| exp| ——" |1
(1+0.690,")

where o is the log irradiance variance. The PDF of channel
gain / can be calculated as [24]

1 h, 2\
fh, (hi) = n h,-1 fh,p [ h h‘.l ]-fh (h,. )dh,. ' 6)

Substltutlng (3) and (4) into (6), we can obtain the PDF
of the " link channel gain in terms of the Meijer’s G-function
s [26]

2

ofy’ @
, >0
HAT ()T (S )G'{ i h ¢ “La-Lp-1"" .

O

S, (h)=

However, (7) is inconvenient to compute the average
BER, as the integrals and sums of Meijer’s G-functions
are sophisticated. Since the asymptotic behavior of the system
performance is dominated by the behavior of the PDF near
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the origin [2, 13], we can use the series expansion of Meijer’s
G-functions at zero and omit the high-order infinitesimal
items in the approximation. Then the approximate channel
model can be expressed as [2, 13]

fh, (hi) =¢h” ®

where ¢; and ¢, are determined by the relationship of (p2
and S as

¢ (aB) T(a-p) .
ey 07
| 2@ rea)T)
wrery 0
. :{ﬂ—l, 9 >p
Ple-L e <pB

Since h = Eh and all links suffer IID fading, we can

obtain the PDF of h using a Laplace transf?‘rm By taking
the single-sided Laplace transform of the i channel gain
for the PDF, we can get

[(c,+1)

D, (s)=a—=5 (10)

N

Then, using P, H(I) , the PDF of A can be

obtained by the inverse Laplace transform of @, (s) as

M
[Clr(cz + 1):| JRUCEIE

ﬁ(M:I{M(Q+U]

(11)

For convenient calculation of average BER, we rewrite
(11) in terms of SNR through the change-of-variable rule.
Considering the relationship in (2), the PDF of instantaneous
SNR at the receiver is given as

[C,F(Q +1):|M MM(L-ZH) _71\/1(c22+])7/1l1(c22+l)7l (12)
T[M(c,+1)] 2

1,(7)=

The cumulative distribution function (CDF) corresponding
to f(y) is given as

M M(cy+1
F ()= " T(q +1) e | |V (13)
v ¢, +1T[ M(c,+1)] v
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III. ERROR RATE PERFORMANCE

In this section, the average BER expressions for SISO,
RC, TLS, and MRC FSO systems are given first, since their
BER performances are useful benchmarks for other transmit-
diversity schemes. Then we provide the average BER expressions
for SET and SETps. At last, the BER performance and system
complexities of the two multiple-branch diversity schemes,
namely Dual-TLS and Group-TLS, are also studied.

Following the system model described in Section II, the
BER of an IM/DD with OOK modulated FSO system
under the condition of instantaneous SNR is

B(ely)= Q(’;”J Lafe [ﬂ (14)

where O(-) is the Gaussian Q-function, where erfc(*) is
the complementary error function. The average BER can
be obtained by averaging the conditioned BER over the
PDF of instantaneous SNR as

e)={, 1,(n B (ely)dy (15)

where f(y) is the PDF of instantaneous SNR at the receiver.

3.1. BER of SISO, RC, and TLS FSO Systems

In a SISO or MISO FSO system, the corresponding
PDF f(y) is given in (12) by setting M to be 1 for SISO
and N for MISO. Since all BER are calculated under
IM/DD with OOK modulated FSO systems, Py(el) is the
same for different transmit-diversity schemes. Using the
integral formula in [27], we have

J.:erfc(x)x""dx—a\/_ (1+a) (16)

We can derive the average BER expressions for SISO
and MISO with RC FSO systems as

. 2%¢ c,+2)_2H
PbIS() — 1 1" 2 2
b (e) (Cz+1)\/; ( B ]7 (17)

>

N(c,+1)+1
’ (cy+1)-1 r - A
o (2w 2

o+l r T[N(c,+1)]

}F(C2+1)N L,

2

P (e)-

(18)

The average BER expression for the FSO system using
the TLS scheme is derived as [13]
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Referring to the derivation of MRC receive diversity
FSO systems in [21, 22], we can obtain the MRC BER
expression as

_cz+lN

N
. e 1 7y 2

PMR(, e)= czlzN(cz-v-l)/zl—‘(Cz-i- )} Y

) {1 2 N(e,+ 1)V .

(20)

In the high SNR region, the average BER of an uncoded
system under fading channels can be approximated as
P,=(G~) “, where G. is the coding gain, determining
the shift of the average BER curves, and Gu is the diversity
order, indicating how fast the BER decreases as the average
SNR increases [24]. From (17), (18), (19), and (20), it can
seen clearly that the diversity orders of SISO, MISO with
RC, TLS, and MISO with MRC FSO systems are respectively

G;,S(,:cz+l’ Gﬁ(v:cz—i-lN,
2 2
de:C?HN, GdMRC=CZ+IN. (21)

Note that G\ =NG* and G =G =G)*, which

means increasing the number of laser sources can yield
higher diversity orders for communication systems.

3.2. BER of SET and SETps

3.2.1 BER of SET

In the TLS scheme, the CSI of all diversity branches
are simultaneously required, which increases the complexity
of a practical FSO system. To overcome this disadvantage,
we introduce the switch-and-examine transmit (SET) scheme.
In a SET FSO system, only the CSI of the current working
branch must be estimated. The switch control unit maintains
the current transmission link as long as its CSI is above
the predetermined threshold. When the quality of the current
working branch goes bad, the control unit switches to the
next laser source repeatedly, until either it finds a laser
source with acceptable channel quality, or all diversity branches
have been tried. If no diversity branch is above the preset
threshold, the SET transmitter remains on the last laser
source to communicate with the receiver.

In receive-diversity schemes, a similar scheme called
switch-and-examine combing (SEC) is proposed in [28]. The
switching mechanism in SET is similar to that in SEC, but
the switching in SEC is achieved by the combiner at the
receiver. Assuming the time for feedback and switching is
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short and can be ignored, the instantaneous statistical
characteristics of SNR at the output of combiner can also
be used in an SET scheme. Assume that the instantaneous
SNR of the current working branch is 7, and that y; is the
pre-determined threshold SNR; the PDF of y is derived as
n [29]

E)] ). r<n

st‘FT (7/) = & J (22)
) 2IE] L), rzr

J=0

where F(y) and f{y) are the CDF and PDF defined in
(12) and (13) by setting M=1. The average BER of a SET
FSO system is evaluated as

PbSET (e) ZJ':

B(el7)f,, (v)dy (23)

where P, (e| }/) is defined in (14). Substituting (22) into
(23), we get

PbSET (e) _ |:F}/ (yr ):lN“ Pbsmr) (e)

+Z[F 7)) [ B (elnf, (r)dy

(24)

where Pb (e) is the average BER of a SISO FSO system
derived in (17). We define the definite integral on the
right of equation (24) as

=] B(elnf,(r dy——j erfe(\y 12) £,(ndy  (25)

The complementary error function erfc(x) in (25) can be
rewritten as [30]

1 2,0 1
erfe(x) =ﬁGl_2 [xz o1 /2} (26)
Ayeees @)y seesd, | . .
where (7, { b b b"l b”} is the Meijer’s G-function.
cerbyb b,

Using the integral equation [30], we can calculate /; as

ol ll—c2
c Yy )2 30( ¥ )
[ =_9 |z I
~HE e st 1 7
2 772

where ~ is the average SNR defined in (2). Finally, sub-
stituting (13), (17), and (27) into (24), after some mathe-
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matical derivation we obtain the average BER of a SET FSO
system as

N c,+1 J o+l .
P ()= 4, ( ] 7 2’ (28)
)=2.4, c, 7

=

where coefficients 4; are expressed as

6 +1 }/T‘ 1( )/2

1<j<N-1
4\/_G“[4 (e, +1)/201/2} /
2°T[(c,+2)/2]

7}02+1)/2\/; >

=

29

3.2.2. BER of SETps

An SET scheme can greatly reduce system complexity
compared to TLS, but this is achieved at the cost of BER
performance. When no acceptable diversity link is found
after all branches have been examined, SET stays at the
last switching branch, which may have the worst channel
quality. The switch-and-examine transmit with post-selection
(SETps) scheme can compensate for this defect, i.e. the
laser source with the best channel quality will be selected
when none of the N diversity branches is above the preset
threshold. In the case of good channel quality, the perfor-
mance of SETps is close to that of SET, because few outages
and switchings occur in a fine communication environment.
If the channel condition goes bad, the performance of SETps
will approach that of TLS, since the best branch is selected.

Following the assumptions and definitions in the derivation
of average BER for SET, we can obtain the PDF of the
instantaneous SNR of the current working branch as [29]

NEW] L), r<nm
Sy (V) =1 3= ; (30)

=0

where F(y) and f(y) are the same as before. We evaluate
the BER for SETps by averaging conditioned error probability
over the instantaneous SNR of the active branch. Substituting
(30) into (15), we get

B (e)=N[" B (el N[E,(1)] " £,(r)dy
v G

+2 LA )]'1

where /; is the definite integral calculated as (27). We further
define definite integral 7, as

L=["RnNFMnN]

£, (r)dy (32)

Using the integral equation [30] again, we calculate I,
as

N
c+1G b I=(e+)N/2,1 | g ()"

1, 4z T34 01/2,—(e, +1)N/2 || e, +1\ 7
(33)

Substituting /; and I, into (31), we obtain the average
BER for a SETps FSO system as

] 1 c o+l J 7¢2+1j
PSETps Z B C, + 1 2 7 2 (34)
b = Ny c, +1 Vi 4

where the coefficients B; are expressed as

¥ 1,(]—6’2)/2
G“{ | ~(e,+1)/2,0,1/2
B/: ) 1’1—202 N 1—022+IN,1
3.0 2.1
G“4T|c+1 1+NG“4T| e+l |
2 0,— 0,1/2,-2-N
2 2 2
1I<Sj<N-1
J=N
(3%5)

3.3. BER of Dual-TLS and Group-TLS

3.3.1. BER of Dual-TLS

TLS, SET, and SETps use only one diversity branch to
transmit data, which results in larger peak optical power of
the working laser source than for a transmitter with several
laser sources to simultaneously transmit data. However, the
peak optical power should be limited, according to eye-safety
standards [31]. Considering the restrictions and communication
performance, we introduce the Dual-TLS FSO system, in
which the transmitter selects two of the best diversity links
to transmit data, and the peak power of each laser source
is half that of an SISO system. Now we derive the average
BER expression for Dual-TLS.

The average BER for Dual-TLS can also be evaluated
by averaging the conditioned BER (14) over the PDF of the
instantaneous SNR' 7,775 at the receiver, and f,pa.rs()
is also derived from the PDF of channel gain 4=/ y+
hy.y at the receiver by variable substitution, where /y.y and
hy.g.v are the first two best channel gains. However, Ay.y
and /..y are no longer independent but identically distributed,
so we can no longer directly derive f,(%) through a Laplace
transform.

Here we abbreviate #Ay.y and Ay respectively as Ay
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and /., and the joint density function of /Ay and Ay, is
given by [32]

FACYACY
(36)

S ()= N(N=1)F, ()"

where f,(x) and is the PDF of the " channel gain A
defined in (8), and F,(x) is the CDF corresponding to
/,(x). Hence, we can obtain the CDF of s as [33]

jh/Z J~h hy_
hy hx 15 hx

Substituting (8) and (35) into (36), we have

7\’ 1° hJV ) thth—l (37)

_¢'N(N-1)

hi2 o +1)(N=2)+c,
( N2 _[0 |:hN—l( L (h_hN—l)
¢, +1)

(38)
-h

N-1

(e #1)(N=T)te, :|dh

N-1

Taking the derivative of Fj(h), the PDF of 4 can be
calculated as

hi2 (N1t
'N(N-1 d h\ 1(€ N (h h ) hw’-l(cﬁl)(‘\_l)ﬂl th—]
fh(h): 1 ( :_7) jO |: :|

(¢, +1)“N : dh

(39
After some mathematical development, f,(#) can be
written as

fm=nr-n| )
2 (40)

J-(h/z [ hj\bl(cﬁl)(zvfz)wz ( h—h, )cz } dh,,,

)

To evaluate the integral in (40), we define ¢=/hy, /h,
and the integration can be expressed as

Lh/z[hN,l(Lﬁl )(N-2)+e, (h=hy,)* :|th,|

(e +1)(N=2)+c, ¢
_ _[]/2 h pleN-2)2e,41 1_& d @
0 h h h

:h(c2+l)N—lI]/2|:t(cz+])(\ “2)+e, (1 t)tz:|dt

0

(41)

We define W (c,,N)= ﬂ”[,mm( e (1-1)" ]dt, which

is a constant for the given parameters ¢, and N. Finally,
the PDF of channel gain / at the receiver is
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N(N-1)c" Wie,

N h(c2+1)N—l 4
o ) (42)

fi(h)=

Subsequently, the PDF of instantaneous SNR at the
receiver is

(cz+l)N
1 2 M_l
YA VR y 2 43)
y 4
= N(N_I)C]NZ(PZH)‘\—] W N
where ¢; = (C +1)1v;2 (Cz, ) The average BER
2

calculation for Dual-TLS is the same as for SET and SETps,
i.e. substituting (43) into (15). We finally obtain the BER
expression for Dual-TLS as

762+1N

PbDualfTLS (e) — 047—/ 2 (44)

where
AT
I (c,+1)N
¢, =(cy +1)(N=1)| =220 Mw(cz,zv).
¢, +1 T[(c,+1)N/2]

From (44), we find that the diversity order of Dual-TLS is

GdDual—TLS _S +1 N (45)

From the above analysis, we find that the diversity order
of Dual-TLS is the same as that of TLS, although the number
of working laser sources increases, and the CSI used for
the TLS and Dual-TLS diversity schemes is the same.

3.3.2. BER of Group-TLS

There is another multiple-branch TLS transmit-diversity
scheme called Group-TLS, in which all N transmitters are
divided into several groups. Then the best branches from
each group are selected to transmit data simultaneously.
Group-TLS scheme can further reduce the peak power of
each laser source. Compared to traditional MISO FSO
systems, Group-TLS excludes some diversity branches with
bad channel quality.

To simplify the analysis, we assume that N is even, and
that all of the laser sources are grouped into N/2 groups,
e., {h,h}, {hs,hy}"{hy.,hy}. According to the order
statistics, the PDF of the larger channel gain in the jth
group is [32]

(h-)fh ()

h2‘2“ ISjSN/21<i<N

S, (B) =2,

_ 2¢
cz+1

(46)
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where f(h;) and F(h;) are the PDF and CDF corresponding
to the channel gain of the /" branch. The larger channel
gains of each group are IID random variables, and the
channel gain at the receiver should be

G TLS &
h v :Zlhmax, J (47)
=
The PDF of 2”"*™ can be calculated by Laplace

transform. Taking the Laplace transform of (46), we have

o, (=2 2o )

= 48
¢, +1 SZ(CZ +1) ( )

N/2

Then, using the fact that @ (S)=H(Dhm_] (s) and
=l

taking the inverse Laplace transform of @, (S) , the PDF

of h can be expressed as

o=

1 o+l
JRICEDS

F[N(c2+1)J

hGrouprLS (h) — [

(49)

By the relationship 7(4)=7h> / M* and setting M=N/2,
we obtain the PDF of instantaneous SNR at the receiver as

N
2

2] jz T[2(c,+1)]

¢, +1) 2T[N(c,+1)]

f;/GrouprLS ( 7/) — [

(50)

. N(ept1)
(Njf\/(czﬂ) 1 > }/N(CZZH)_I
2 7

Finally, through averaging the conditioned BER (14)
over (50), the average BER for Group-TLS is

TABLE 1. System complexity of transmit diversity schemes
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o+l

PbGroup—TLS (@) — CS}_/ 2 N (51)
Z(Nj*“’("z“) 1 r[z(c2 +1)]JE
2 N(e,+1) T[N (e, +1)/2]

From (51), we can clearly see that the diversity order of
Group-TLS is

2
where ¢ =[ 2¢, ]J
¢, +

G Group—TLS — C2 +1
d

N (52)

On the basis of the above discussion, we conclude that
the diversity orders of TLS, Dual-TLS, and Group-TLS are
the same, because all of these three diversity schemes use
the same CSI, in other words, the channel gains of all N
diversity branches.

IV. SYSTEM COMPLEXITY ANALYSIS

In this section, we discuss the complexity of TLS, SET,
SETps, Dual-TLS, and Group-TLS FSO systems in the
aspects of hardware structure, channel estimation rate, and
lowest feedback transmission rate. We will summarize the
results for each transmit-diversity scheme in Table 1.

All of these transmit-diversity FSO systems need channel
estimations and feedback links, so that the transmitters can
obtain CSI or switching orders. Besides, Dual-TLS and
Group-TLS systems need an additional synchronization unit,
for correct detection of the optical signals from different
diversity branches. Therefore, Dual-TLS and Group-TLS
have the most complex hardware structure.

We assume that the channel estimator at the receiver
estimates K times per second, for every diversity branch.
For TLS, Dual-TLS, and Group-TLS, the total number of
channel estimations at the receiver is KN times per second,
since the CSI of all N diversity branches are required. For
SET, only the CSI of the current working branch is estimated,
so the channel estimation rate is K times per second,

. . . . Channel Estimation Rate The Lowest Feedback Transmission Rate
Transmit Diversity Synchronization Unit . .
(times/second) (bits/s)
TLS N KN K[log, N|
SET N K P
SETps N K-Q+0ON P-0+0[log, N|
Dual-TLS Y KN 2K[log, N |
KN
Group-TLS Y KN 5 log, S
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which is much lower than for TLS. We further assume
that the channel outages occur P times per second, and
that there are O times in which the CSI of all branches
are below the preset threshold, i.e. K=P = 0. K-Q+QN
channel estimations are needed at the SETps receiver, and
there are P switches at its transmitter. It can be seen that
the SET system needs the fewest channel estimations,
followed by SETps, TLS, and Dual-TLS, while Group-TLS
requires the most channel estimations.

To reduce feedback information through RF links, we
compare the channel quality for each diversity branch achieved
at the receiver. The feedback information is the index of
the diversity branch or switching orders, instead of quantified
channel gains. Therefore, for the TLS scheme, the lowest
feedback transmission rate is K [log,V ] bits/s, where [ x ] denotes
the smallest integer larger than x. Similarly, the lowest
feedback transmission rate for Dual-TLS is twice that for
TLS, i.e. 2K [logN | bits/s, since the indices of the two
best channels must be returned. In a general Group-TLS
diversity system, we assume that there are S laser sources
in each group, N/S groups (assumed to be an integer), and
that the index number of the best link in each group will
feed back to the transmitter; then the lowest feedback
transmission rate is (KN/S)log,S bits/s. For the special case
in this paper, i.e. S=2, the lowest feedback transmission
rate is KN/2 bits/s. In an SET diversity system, the lowest
feedback transmission rate is P bits/s, because this system
requires only one bit to be sent to the transmitter to notice
an outage. Otherwise, the low-rate feedback link can keep
silent, to save energy. In a SETps system, the lowest
feedback transmission rate is P-Q+Q[log,N | bits/s, the
additional Q( [log,NV ]1-1) bits/s being used to tell the
transmitter to which diversity branch it should switch.

V. NUMERICAL SIMULATION AND ANALYSIS

In this section, the average BER numerical simulations
of parallel transmit diversity for different FSO systems are
presented. First, the asymptotic average BER performances
of SET, SETps, Dual-TLS, and Group-TLS are given. The
BER curves for SISO, RC, MRC, and TLS are also presented
under the same channel conditions, as benchmarks for
comparison. In addition, the diversity orders of SET and

TABLE 2. Channel parameters in simulations
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SETps are also discussed. Since the approximate channel
model adopted in (8) is accurate in the region of high
average SNR, the asymptotic BER are calculated with
average SNR above 50 dB. Second, we study how channel
parameters affect the diversity orders of SET and SETps.
We present the main channel parameters used during
simulations in Table 2, in which the first three columns
are the turbulence parameters, followed by misalignment
parameters in the next three columns, and the last column
contains the lesser of (p and 3, since the relationship
between these two parameters is useful in the following
analysis.

To investigate the performance of the four transmit-diversity
techniques in our paper, we illustrate the BER curves of
the MIMO FSO systems adopting RC at transmitters and
EGC or MRC at receivers, with diversity methods in
[21-23] for comparison. For the sake of fairness, we also
present the BER Lcurve of a MISO FSO system with RC
and EGC as P %e) and a MISO FSO system with RC
and MRC as Ps"" (e). Furthermore, the BER curve of the
TLS scheme in [13] is also given.

5.1. BER Performance of Parallel Diversity Schemes

The asymptotic average BER curves for the FSO systems
using the SET scheme are given in Fig. 2. Two SET BER
curves are plotted for different diversity branches, i.e. N=3,

— o°=15
(wfro /n=6,1)] |

Average BER
>

50 60 70 80 90 100
Average SNR [dB]

FIG. 2. Average BER for SET.

Case o’ o B Jr olr 0’ Min{@> 3}
1 1.0 4.39 2.56 5 2 1.63 0’
2 1.0 4.39 2.56 5 2.5 1.04 0’
3 1.5 4.05 1.98 5 2 1.63 0
4 1.5 4.05 1.98 6 1 927 B
5 1.5 4.05 1.98 6 2 2.32 B
6 4 434 131 6 1 9.27 B
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4. We adopt the same channel parameters, i.e. Case 4 in
Table 2. The BER with 4 diversity branches is better than
that with 3 branches. Although there is only one diversity
branch working in the SET scheme, more diversity branches
provide better BER performance, since more branches
means more useful CSI.

The BERs for SISO, RC, MRC, and TLS are also presented
for comparison. It can be seen that BER performance of
an FSO system using the SET diversity scheme is significantly
improved, compared to that of a SISO FSO system; however,
the improvement for SET is less than that for RC, MRC,
or TLS. Compared to TLS, SET trades BER performance
for simpler system structure and lower processing load, as
discussed earlier, i.e. fewer channel estimations and lower
feedback rate. As mentioned, based on (28), the diversity
order of SET cannot be obtained analytically, but from
Fig. 2, we find that it is between that of SISO and of
TLS, ie. (cx1)2<G,;" <(cy*1)N/2. For high average SNR,
we also find that the BER of SET becomes flat, which
implies that G, decreases. When average SNR is high
enough, the laser sources in SET FSO system hardly
switch among diversity branches, and it can be considered
a SISO FSO system in this situation. Hence, the diversity
order of SET decreases in this region.

In Fig. 2, we can see that the MISO FSO system with
MRC performs better than the system with RC, since the
system with RC adopts the EGC scheme at the receiver.
As we know that MRC is the optimal receive combining
principle, therefore the BER for a MRC FSO system is
better than that for an RC FSO system. Besides, both
MISO FSO systems with MRC or RC perform worse than
systems with TLS, because the TLS transmitter can select
the best link to transmit signals, rather than no selection in
an RC transmitter.

We demonstrate the asymptotic average BER for SETps
in Fig. 3, and the BER performances of SISO, RC, MRC,
TLS and SET are also shown for comparison. The channel
parameters are the same as in Fig. 2. It can be clearly

[ O'i =15
(o fron=61)| |

Average BER
5

RC,N=4
—— MRC N=4
10 TLS,N=4
—+— SET,N=4
—— SETps,N=4

50 60 70 80 90 100
Average SNR [dB]

FIG. 3. Average BER for SETps.

seen that SETps performs between TLS and SET. In the
first part, SETps performs almost the same as TLS, since
the average SNR is not high enough, and none of the
diversity branches is above the preset threshold. Since the
SETps transmitter has to frequently switch among the laser
sources, it works like TLS in this situation when the best
link is selected. As the average SNR increases, SETps
gradually tends toward SET. Because the transmit power is
high enough, there is no need for the SETps transmitter to
switch and select the best link often. If any of N diversity
branches is above the threshold, SETps is just the same as
SET. The moderate BER performance of SETps is determined
by its compromise of system complexity, discussed previously.
As for SET, the diversity order of SETps cannot be derived
analytically. In Fig. 3, we can see that the di\S/EeTgity orgEeTr
of SETps is larger than that of SET, i.e. G¢ == Ga .
Compared to SET, more CSI is introduced to select the
best link in SETps when none branches is above the
threshold.

The average BER curve for the FSO system using
Dual-TLS is provided in Fig. 4. We also give the BER
curves for traditional TLS, RC, and MRC with the same
diversity branches, as benchmarks. In this figure we can
see that the BER of Dual-TLS is slightly inferior to that
of TLS, since the introduction of suboptimal branch
increases ambiguity in CSI. However, Dual-TLS performs
better than RC and MRC when N is greater than 2, since
some diversity branches of poor quality are removed in
Dual-TLS. The advantage of Dual-TLS is that it can
overcome the peak power limit at the transmitter, with little
BER performance loss. In (45) we derived the diversity
order of Dual-TLS as (c,+1)N/2, and it is the same as that
of TLS and RC, which is demonstrated by the three
parallel curves in Fig. 4. We also find that Dual-TLS
systems with 4 branches can achieve lower BER and higher
diversity order than systems with 3 branches.

We demonstrate the asymptotic average BER result for
a FSO system using Group-TLS in Fig. 5. All simulation

10 .
RC,N=4
S —— TLS,N=4
10 ¢ ——MRCN=4 ||

—+— Dual-TLS,N=3
—&— Dual-TLS,N=4

107

Average BER
IS

16| Gi =4
(o/ro /n)=(6,1)

1 0' L L L
50 60 70 80 90 100
Average SNR [dB]

FIG. 4. Average BER curves for Dual-TLS.
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10 ‘
RC,N=6
4 ——TLSN=6
10 —— MRC,N=6
Dual-TLS ,N=6
10-7 —+— Group-TLS,N=6
['q
u o2=15
° 107! (ofro /n=6.1) ]
@
[
>
<

50 55 60 65 70 75 80
Average SNR [dB]

FIG. 5. Average BER curves or Group-TLS.

results are obtained under the same channel conditions and
the same number of diversity branches, N=6. The BER
curves for FSO systems with Dual-TLS, TLS, RC, and
MRC are also presented, for comparison. We can see that
the FSO system with Group-TLS performs much better
than that with RC, and even slightly better than that with
MRC, but its performance is inferior to that of Dual-TLS
and traditional TLS, because introducing more branches of
poor quality degrades the overall BER performance. However,
Group-TLS has more working diversity branches than
Dual-TLS and traditional TLS, and can further reduce
peak power. Finally, similar to Dual-TLS, we can see that
the diversity order of Group-TLS is the same as that of
TLS and RC in Fig. 5, by the parallel curves.

5.2. Effects of Channel Parameters on Diversity Orders
of SET and SETps
A useful conclusion proposed in [13] tells us that the
diversity order of TLS is determined by Min{S, ¢ } In
our study, we have derived the average BER expressions
for Dual-TLS and Group-TLS, and we find that the
diversity orders of Dual-TLS and Group-TLS are the same
as, that of TLS. In fact, the parameter c,t1 is just Min{f,
1) } and the conclusion in [13] is also true for Dual-TLS
and Group-TLS in this paper. However, for SET and SETps,
the diversity orders still cannot be obtained analytically.
Hence, in this section we examine the diversity orders of
SET and SETps through numerical simulations. We give
the BERs for SET and SETps under different channel
conditions, and observe how the diversity orders vary.
The BERs of SET and SETps are shown in Fig. 6(a)
and 6(b) respectively, when @>>f. In the simulations we
choose the channel parameters from cases 4, 5, and 6 in
Table 2. In Fig. 6 we find that the two curves with the
same turbulence intensity o,’=1.5 are almost parallel. In
addition, increasing pointing errors oy from 1 to 2
deteriorates BER performance, but it does not change the
slopes of the BER curves. Note that although we increase
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Average BER
o
/
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(b)
FIG. 6. BER performance when ¢ >3, for a system using (a)
SET and (b) SETps.

the turbulence intensity, the condition ¢2>,B is still
satisfied; this means that the diversity orders of both SET
and SETps systems are hardly affected by the pointing
errors, as long as the pointing-error parameter ¢ is larger
than the atmospheric turbulence parameter f. When we fix
the jitter variance oy/r=1 and increase the turbulence
intensity o> from 1.5 to 4.0, we find that the slopes of
the BER curves change significantly. Hence, we can say
that the diversity orders of SET and SETps are
significantly affected by turbulence intensity when ¢?>2.

Similar simulations are conducted in which the pointing-
error parameter @~ is smaller than the turbulence parameter
B, ie. @*<B. To satisfy this condition, we adopt the
parameters corresponding to cases 1, 2, and 3 in Table 2,
for which the BER curves of FSO systems using SET and
SETps are given in Figs. 7(a) and 7(b) respectively. In
Fig. 7 we can see that both SET and SETps have parallel
BER curves when the pointing-error parameters are the

same, i.e. (w— s =(5,2). The increase of turbulence intensity
T T

from ,>=1.0 to o,’=1.5 does not change the slopes of the
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FIG. 7. BER performance when (p2<ﬂ , for a system using (a)
SET and (b) SETps.

BER curves. On the other hand, if we fix the turbulence
intensity at ¢,°=1.0 and change the jitter variance from
oyr=2 to o/r=2.5, the BER curves for SET and SETps
are no longer parallel. This means that the change in pointing
errors has an impact on the diversity orders of both SET
and SETps FSO systems. Considering the analysis in Fig.
6, we conclude that the diversity orders of SET and
SETps are significantly affected by Min{g, (pz}. The
conclusion for TLS in [13] is also suitable for SET and
SETps in this paper.

VI. CONCLUSIONS

In this paper, we investigate the asymptotic BER perfor-
mances and diversity orders of FSO links using parallel
transmit-diversity schemes. The asymptotic BER expressions
for FSO links with SET, SETps, Dual-TLS, and Group-
TLS are derived, based on an approximate channel model.
The BER performances in the region of high average SNR
are presented using numerical simulations. According to

the simulations, we find that TLS performs better than
SET, SETps, Dual-TLS, and Group-TLS in terms of BER.
In addition, SET and SETps can reduce system complexity
with performance improvement, and Dual-TLS and Group-TLS
can overcome the limitation of peak power without much
BER deterioration. Finally, diversity orders of the four
schemes are determined by Min{f, q)z}.
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