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Do We Really Need OSTBCs for
Free-Space Optical Communication with Direct Detection?
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Abstract—In this letter, we investigate spatial diversity tech-
niques for free-space optical (FSO) links with intensity modula-
tion and direct detection (IM/DD) over log-normal atmospheric
turbulence-induced fading channels. We restrict our attention to
the deployment of orthogonal space-time block codes (OSTBCs)
and repetition codes both of which have been recently proposed
for FSO links. Our performance analysis demonstrates that,
although both schemes are able to extract full diversity, repetition
codes outperform OSTBCs. The performance gap increases with
the increasing number of transmit apertures. Our findings clearly
point out that deployment of OSTBCs is not necessary for a FSO
IM/DD link.

Index Terms—Free-space optical communication, spatial di-
versity, atmospheric turbulence, space-time coding.

I. INTRODUCTION

FREE-SPACE optical (FSO) communication is a line-
of-sight technology which uses either lasers or LEDs

(light emitting diodes) to transmit a modulated beam of
visible/infrared light through the atmosphere. It is a cost-
effective alternative to fiber-optics avoiding digging, delays,
and associated costs with fibers. Although FSO communica-
tion was considered as a niche application in the past, it has
received a growing attention lately with recent commercial-
ization successes [1]–[3]. It is today used for a wide variety
of applications ranging from last-mile access to back-haul for
wireless cellular networks. FSO links are also accepted as a
reliable redundant link technology for disaster recovery and
rescue operations as evidenced in their efficient deployment
after 9/11 terrorist attacks in New York City [3].

In the design of FSO links, one needs to consider vari-
ous impairments including aerosol scattering, building-sway,
pointing errors, and atmospheric turbulence-induced fading.
In particular for long-range FSO systems (i.e., longer than 1
km), fading is a major source of performance degradation [4].
The recent studies on fading-mitigation techniques for FSO
communications have investigated error-correcting codes [5],
[6] and maximum likelihood sequence detection [7], [8]. Both
approaches, however, suffer from some complexity issues in
practical implementation. An attractive alternative is spatial
diversity techniques which involve the deployment of multiple
transmit and/or receive apertures. Spatial diversity, and MIMO
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(multiple-input multiple-output) communications in general,
has been the focus of intensive research in wireless RF (radio-
frequency) communication for the last decade [9]. It has been
also investigated within the context of FSO communications
in recent studies [10]–[14].

It is well known from the vast literature on wireless RF
systems that simply sending the same signal from different
antennas (i.e., repetition coding) does not realize any transmit
diversity advantage. This is also the case for FSO links
with heterodyne reception and it is indeed demonstrated in
[10] that conventional orthogonal space-time block codes
(OSTBCs) designed for wireless RF systems can be employed
in heterodyne FSO links with quadrature amplitude modula-
tion (QAM) or phase shift keying (PSK). Since heterodyne
FSO communication, although possible, is rarely deployed in
current systems due to technical difficulties and high cost,
practical interest lies in the design of MIMO FSO links with
intensity modulation and direct detection (IM/DD). MIMO
schemes with repetition coding have been studied in [11]–
[13] assuming OOK (on-off keying) and PPM (pulse-position
modulation) over Gaussian and Poisson channels. It has been
demonstrated in [11]–[13] that repetition code is able to extract
spatial diversity advantages in a FSO IM/DD link unlike
wireless RF communication systems.

In [14], Simon and Vilnrotter have proposed a modified
version of Alamouti code [15] (i.e., OSTBC for two transmit
antennas) for FSO IM/DD links. The underlying assumption
in the original Alamouti code as well as other OSTBCs of
[16] is that the signal polarity (phase) could be detected at
the receiver. This is obviously not possible with unipolar
modulations such as OOK and PPM commonly used in FSO
IM/DD links. Simon and Vilnrotter [14] have overcome this
problem modifying Alamouti code in a clever manner to avoid
the necessity of transmitting the negative of a modulation
signal, thereby allowing the use of unipolar modulation tech-
niques. In this letter, we first extend the idea in [14] for any
number of transmit apertures based on the OSTBCs of [16]
and then evaluate their error rate performance over a log-
normal atmospheric turbulence channel. We further compare
their performance to a MISO (multiple-input single-output)
system with repetition coding and SISO (single-input single-
output) system. We find that the performance of OSTBC
FSO system is inferior to its counterpart with repetition
coding although both are able to provide full diversity. The
performance gap further increases as the number of transmit
apertures increases. Even a more dramatic observation is that
the OSTBC scheme is outperformed by the SISO scheme
within the practical signal-to-noise ratio (SNR) ranges for
certain turbulence conditions. Our findings clearly point out
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that deployment of OSTBCs is not necessary, even detrimental
in some cases, for a FSO IM/DD link.

The rest of the letter is organized as follows: In Sec-
tion II, we introduce the system model and describe log-
normal atmospheric turbulence channel under consideration.
In Section III, we evaluate and compare bit error rate (BER)
performance of FSO links with repetition coding and modified
OSTBCs. In Section IV, we present numerical results for
various number of transmit apertures followed by a discussion
on performance comparison of the two competing schemes.
Finally, conclusions are presented in Section V.

II. SYSTEM MODEL

We consider a MISO FSO IM/DD system equipped with
N transmit apertures and one receive aperture. We assume
background noise limited receivers [4], [11] in which the shot
noise caused by background radiation is dominant with respect
to the other noise components, e.g., thermal, signal-dependent
and dark noise. Assuming the intensity of light incident on the
photodetector is sufficiently high, the Poisson photon counting
detection model can be approximated such that the received
noise is modeled as an additive white Gaussian noise [4].
Furthermore, we assume that the transmitter apertures are
located far enough apart such that underlying channels are
independent and the Airy patterns of the N different trans-
mitters can be resolved at the detector [11], [17]. The receiver
integrates the detected photocurrent over the bit interval. The
resulting electrical signal over a duration of P bit intervals is
given by

r =
√

EbCh + n (1)

where Eb = η2I2
0/N2 is the electrical energy 1 of the OOK

intensity modulated pulse in the “on” state at each transmit
aperture, η is the optical-to-electrical conversion coefficient
[4], and I0 is signal light intensity without turbulence at the
input of detector. n = [n1, n2, ..., nP ]T denotes the additive
noise vector and its entries ni’s are modeled as Gaussian
random variables with zero mean and variance of σ2

n = N0/2.
We assume a log-normal turbulence-induced fading channel

[2], [4] which is commonly used to model weak turbulence
conditions. Under this assumption, the entries of the channel
irradiance vector h = [h1, h2, ..., hN ]T in (1) are given by

hi = |αi|2 = e2χi (2)

where αi is the channel fading coefficient from ith transmit
aperture to the receiver. The fading log-amplitudes χi’s are
modeled as independent and identically distributed (i.i.d.)
Gaussian random variables with mean μχ and variance σ2

χ.
Hence, the fading coefficients are i.i.d. random variables with
log-normal distribution. We normalize the fading coefficients
such that E[hi] = 1 implying μx = −σ2

x. This ensures that
the fading does not attenuate or amplify the average power
[17]. In (1), C stands for the codeword matrix which will be
elaborated in the following.

1The factor 1/N2 ensures that total radiated power of MISO transmission is
kept the same as that of the single-aperture transmission. This factor is 1/N
for wireless RF systems. The difference comes from the fact that in FSO
links the intensity of light is modulated and thereby energy of the symbols is
proportional to the square of the optical power.

A. Modified OSTBCs for FSO Communication with OOK

Our approach for modification of OSTBCs differs from that
of [14] and builds upon a linear transformation of OSTBCs
designed for real signal constellations such as BPSK (binary
phase shift keying). Note that, for real constellations, there
exists full-rate STBCs for any number of transmit antennas
[16]. The reader may refer to [16] for the codeword matrices of
full-rate OSTBCs for N = 1, 2, ..., 8. The new OOK OSTBC
based on the input symbol sequence s = [s1, s2, ..., sP ] , si ∈
{0, 1} is given by

C =
1P×N

2
+

1
2
G (3)

where 1P×N is a P -by-N matrix with entries 1 and G
is the delay-optimal (full-rate) orthogonal P -by-N STBC
matrix with entries ±x1,±x2, ...,±xP , xi ∈ {−1, 1}, to
encode the corresponding BPSK input symbol sequence, x =
[x1, x2, ..., xP ] [16]. Note that P = N only for N = 2, 4, and
8. In the above transformation, BPSK symbols are respectively
mapped into the corresponding OOK symbols. For instance,
the OOK version of the Alamouti code can be represented as

C = 12×2
2 + 1

2

[
x1 x2

−x2 x1

]
=
[

1+x1
2

1+x2
2

1−x2
2

1+x1
2

]

=
[

s1 s2

∼ s2 s1

] (4)

where ∼ s (which is equivalent to s̄ of [14]) denotes “bitwise
not” or complement of s. At the receiver side, the signal can
be transferred back into the BPSK space by an amplitude shift,
i.e.,

r̃ = r −
√

Eb

2

N∑
i=1

hi =
√

Eb

2
Gh + n (5)

where the resulting signal can be decoded linearly using the
orthogonality of the BPSK OSTBCs. For this purpose, we first
rewrite (5) as

r̃ =
√

Eb

2
Gh + n =

√
Eb

2
Hx + n (6)

where H is the channel matrix which can be defined by
Gh = Hx. It can be readily verified that H maintains an
orthogonal form. Under the assumption that channel irradi-
ances are available at the receiver side [14], we multiply r̃ by
HT which yields

r̂ = HTr̃ (7a)

=
√

Eb

N∑
i=1

h2
i

x
2

+ HTn (7b)

≡
√

Eb

N∑
i=1

h2
i s + HTn (7c)

which results in P decoupled streams. (7b) and (7c) are equiv-
alent since the Euclidean distance between OOK symbols,
si ∈ {0, 1}, is equal to that between half-amplitude BPSK
symbols, xi/2 ∈ {−1/2, 1/2}.
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B. Repetition coding

Unlike wireless RF communication systems, transmit diver-
sity can be realized in FSO communication through repetition
coding [11]–[13]. This comes from the fact that the intensity
of the optical fields coming from sufficiently separated trans-
mit apertures are orthogonally detected by direct detection
receivers. The received signal over a duration of a bit interval
is given by

r =
√

Eb

N∑
i=1

his + n (8)

where the same OOK signal is simultaneously transmitted
from N apertures. Since hi’s (which are the magnitude square
of the fading coefficients) are real and positive, the intensities
received from independent transmitters add up. Considering
that the signals from different channels are combined with
the same weight, such a scheme can be seen equivalent to a
SIMO (single-input multiple-output) FSO scheme with equal
gain combining (EGC) [13] which achieves a diversity order of
N . It should be also noted that this scheme combines the faded
signals before any noise accumulation unlike a SIMO scheme
which combines the noisy faded signals. Therefore, we expect
that a transmit diversity scheme with repetition code should
be able to outperform a SIMO scheme with EGC. Further
noting the observation in [13] that EGC performs very close
to maximal ratio combining (MRC) (e.g., within 0.5 dB for
N = 2, 3 apertures and σχ = 0.3), such a scheme can possibly
outperform a SIMO scheme with MRC. In the next section,
we demonstrate that this indeed happens.

III. COMPARISON OF OSTBC AND REPETITION CODING

IN FSO IM/DD LINK

Let γMISO denote the instantaneous electrical SNR for
coded OOK symbols at the input of the maximum likelihood
detector. For space-time encoding, it can be obtained using
(7c) as

γMISO =
Eb

2N0

N∑
i=1

h2
i (9)

which can be further related to instantaneous electrical SNR
of the SISO scheme, i.e.,

γMISO =
1

N2

N∑
i=1

γSISO,i. (10)

The conditional bit error rate performance of OSTBC (condi-
tioned on channel irradiance vector h) is then given by [18]

Pe|h = Q (
√

γMISO) = Q

⎛
⎝
√√√√ Eb

2N0

N∑
i=1

h2
i

⎞
⎠ (11)

where Q(x) =
(
1/

√
2π
) ∫∞

x
exp(−u2/2)du. The term∑N

i=1 h2
i in the argument of Q function in (11) indicates the

equivalency of the OSTBC to a SIMO scheme with MRC [9]
which guarantees the full diversity order of N . On the other
hand, the instantaneous received electrical SNR for repetition
coding can be expressed using (8) as

γMISO =
Eb

2N0

(
N∑

i=1

hi

)2

. (12)
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Fig. 1. Performance comparison of OSTBC and repetition coding in FSO
IM/DD link for σχ = 0.3.

Then the conditional BER for repetition coding is given by

Pe|h = Q (
√

γMISO) = Q

(√
Eb

2N0

N∑
i=1

hi

)
. (13)

Noting
∑N

i=1 hi >
√∑N

i=1 h2
i , ∀h ⊂ R+, it can be readily

verified that the argument of Q function in (13) is always
greater than that of (11) indicating that repetition coding
outperforms OSTBC.

IV. NUMERICAL RESULTS AND DISCUSSIONS

Unconditional BER expressions can be obtained carrying
out expectations of (11) and (13) with respect to log-normal
h. This would yield expressions in terms of the frustration
function [19], [20]. Since the resulting expressions would
not provide additional insight into performance comparison,
we did omit them here. Instead, we present the numerical
calculations of unconditional BER expressions.

Fig. 1 illustrates the BER performance of OSTBCs and
repetition codes for N = 2, 3, 4. OOK modulation and log-
normal fading channel with standard deviation of σχ = 0.3 are
assumed. The SISO scheme is also included as benchmark. It
is observed that repetition coding outperforms OSTBC and the
performance gap increases as the number of transmit apertures
increases. Specifically, for N = 2, we observe gains of 5.8
dB and 10.3 dB at a target BER of 10−9 for OSTBC and
repetition coding with respect to SISO scheme. The inferiority
of OSTBC becomes more evident when repetition coding for
N = 2 is able to even outperform its OSTBC counterpart
with N = 3 within the SNR range of practical interest. Only
after 40 dB, the extra diversity gain of the latter comes into
play and makes OSTBC superior. For STBC with N = 4,
this problem is even worse as its superiority with respect to
repetition scheme with N = 3 is not even observed in the
SNR range of the current figure.

Fig. 2 illustrates the BER performance of two competing
schemes for σχ = 0.1. Repetition code brings performance
improvements of 1.95 dB, 2.7 dB, 3.15 dB respectively, for
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Fig. 2. Performance comparison of OSTBC and repetition coding in FSO
IM/DD link for σχ = 0.1.

N = 2, 3, 4 over SISO transmission at BER = 10−9. Since the
turbulence is very weak, the diversity advantage is pronounced
at even higher SNR values. Similar to the previous figure,
STBC presents an inferior performance with respect to repe-
tition code and is outperformed by its competitor irrespective
of transmit aperture number. For the weak turbulence under
consideration, STBC is even outperformed by SISO scheme
within the SNR range of practical interest. STBC provides a
superior performance over SISO scheme only after 26 dB, 28
dB, and 29 dB for N = 2, 3, and 4, respectively.

V. CONCLUSIONS

In this letter, we have investigated the performance of two
transmit diversity techniques for FSO links over log-normal
atmospheric turbulence channels. The first one is repetition
coding where the same signal is simultaneously transmitted
from different apertures. The second one is the modified ver-
sion of OSTBCs originally proposed for wireless RF channels.
The coding and decoding schemes have been presented for
modified OSTBCs with OOK constellation. Our performance
evaluation of the two approaches reveals that repetition codes
outperform OSTBCs although both schemes are able to extract
full diversity. OSTBCs are even outperformed by the SISO
schemes under certain turbulence conditions. Our findings
clearly point out that deployment of OSTBCs is not necessary,
even detrimental in some cases, for a FSO IM/DD link.
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