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ABSTRACT
We investigate pulse position modulation (PPM) and multipulse PPM (MPPM) for free space op-
tical channels using bit interleaved coded modulation with iterative decoding. Data bits are first
encoded by using a non recursive convolutional code and the coded bits after an interleaver are
modulated before transmission. Iterative decoding is performed at the receiver. Optimized mapping
is designed for MPPM. A genetic algorithm is used to find the optimized mapping for MPPM. Our
simulation results show that a significant improvement in the error performance can be achieved by
using optimized mapping and iterative decoding at the receiver.
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INTRODUCTION
Free space optical (FSO) communications offers an attractive alternative to radio frequency (RF)
communications[1], [2]. These links have large unlicensed bandwidth and they are secure. Despite
several advantages, FSO communications suffers from multiple practical problems such as aerosol
scattering, caused by rain, fog and snow, which makes the FSO links vulnerable to adverse weather
conditions [3]. In addition, FSO links are affected by atmospheric turbulence, which occurs because
of the variations in the refractive index due to temperature and pressure changes. This results in the
random fluctuations in the amplitude and the phase of the received signal, which degrades the link
performance severely.

To combat the detrimental effect of FSO links, powerful fading-mitigation techniques need to be
deployed. For this purpose, a wide range of error control coding and diversity techniques have
been considered in the literature. The authors in [4] study the performance of coded FSO com-
munications through atmospheric turbulence channels using log-normal model. In this work, an
approximate upper bound for the pairwise error probability (PEP) is derived for a coded FSO com-
munication system with intensity modulation/direct detection (IM/DD). Upper bounds on bit error
rate (BER) are also provided using transfer function techniques. Error rate performance of coded
FSO links over strong turbulence channels is considered in [5]. In particular, upper bounds on PEP
are derived for coded FSO communication system. The union-bound technique in conjunction with
the derived PEP is used to obtain the upper bounds on the BER. In [3], BER performance of FSO
links with spatial diversity over log-normal atmospheric turbulence channel is investigated. It is
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shown that FSO links with transmit and receive diversity can be efficiently represented by equiva-
lent single-input single-output systems with appropriate scaling in the channel variance.

The performance of FSO links can also be improved by selecting an appropriate modulation scheme
for data transmission. The most reported modulation scheme used for FSO communications is the
On-Off keying (OOK). OOK offers good bandwidth efficiency but it suffers from low power ef-
ficiency. Pulse position modulation (PPM) is a popular average-energy efficient modulation tech-
nique used for FSO communications [6]. It achieves high power efficiency and improves the system
performance at the expense of reduced bandwidth efficiency as compared to the other modulation
schemes [7]. In [8], channel coding for an FSO system using Q-ary PPM is considered. A bi-
nary convolutional code is used at the transmitter and a new method for log-likelihood ratio (LLR)
calculation is proposed for soft demodulation and channel decoding at the receiver. A significant
performance improvement is shown by using higher values of Q and iterative decoding at the re-
ceiver. However, no further improvement in the performance is suggested by increasing the value
of Q beyond 8.

Low spectral efficiency of PPM makes it vulnerable to intersymbol interference (ISI). To maximize
the throughput and make the system more efficient, higher order modulation can be used. Multi-
pulse PPM (MPPM) has been considered in the literature to improve the spectral efficiency of the
system by increasing the constellation size [9], [10]. While in conventional PPM, a single pulse is
transmitted during each symbol period, multiple pulses are transmitted in MPPM. Different pulse
position combinations are used to represent the information to be transmitted.

In this paper, we consider PPM and MPPM modulation schemes for transmission over FSO links.
To take the advantages of higher order modulation as well as channel coding, bit-interleaved coded
modulation with iterative decoding (BICM-ID) is used. BICM-ID is a well established technique
used for data transmission in fading channels using higher order modulation [11]. The authors in
[12] study the performance of FSO communications using BICM. But, iterative decoding is not
considered in their work. Mapping of symbols for MPPM plays an important role in improving the
performance of the system. Here, we also consider designing the optimized constellation mappings
for MPPM. A genetic algorithm [13] is used to find the optimized mappings.

SYSTEM DESCRIPTION
The block diagram of an FSO communications system is shown in Fig.1. At the transmitter, the
data bits {ui} are first encoded using a convolutional code and the coded bits are interleaved using
a pseudo-random interleaver [11]. The interleaved bits {vi} are then divided into groups of size
q bits and each such group of bits is then mapped to a channel symbol x = µ(v1, ..., vq) chosen
from Q-ary constellation χ, where µ denotes the bit pattern to the constellation point mapping. The
modulated symbols are next transmitted over the FSO link.

Let I0 denote the light intensity in an ON slot of the transmitted PPM/MPPM symbol and I denote
the corresponding received intensity. The received signal y after optical-to-electrical conversion at
the receiver is given by

y = ηhI0 + n (1)
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Fig. 1. Block diagram of FSO Link.

where η is optical-to-electrical conversion efficiency (assumed to be unity) and n is the additive
white Gaussian noise (AWGN) term with a two-sided power spectral density (PSD) of No/2. The
received signal intensity is given by I = hI0. Here, h represents the irradiance fluctuations due
to atmospheric turbulence in the FSO link and can be modeled as log-normal or gamma-gamma
distributed depending on the strength of the turbulence.

In this paper, we consider the gamma-gamma model which can represent both strong as well as
weak turbulence conditions and the probability density function (pdf) of h under this model is
given by [14]

fh(h) =
2(αβ)(α+β)/2

Γ(α)Γ(β)
h

(α+β)
2

−1K(α−β)(2
√
αβh), h > 0 (2)

where Γ(.) is the gamma function, Kv is the modified Bessel function of the second kind and
order v, the parameters α and β in the absence of inner scale effect [1] are given by the following
expressions

α =

{
exp

(
0.49σ2

R

(1 + 1.11σ
12/5
R )7/6

)
− 1

}−1

(3)

β =

{
exp

(
0.51σ2

R

(1 + 0.69σ
12/5
R )5/6

)
− 1

}−1

(4)

and σ2
R is the Rytov variance which represents the strength of the turbulence.

We perform iterative demodulation and decoding at the receiver. The block diagram of the proposed
receiver is shown in Fig. 2. The receiver consists of an interleaver (π), a deinterleaver (π−1), a soft
demodulator and a soft-input soft-output (SISO) decoder. As explained previously, we use pseudo-
random interleaver at the transmitter which satisfies the conditions given in [15]. As given in [16],
the SISO decoder uses maximum a posterior probability (MAP) algorithm and the soft demodu-
lator works on maximum likelihood criterion. The deinterleaver at the receiver is used to optimize
the maximum likelihood decoding of the convolutional code by decorrelating the demapper output
[17]. Let the input and the output of a SISO module be represented by I and O respectively. A
feedback loop is used to exchange the extrinsic information of the coded bits P (v;O) and P (c;O)
between the demodulator and the SISO decoder in an iterative manner, where the letters c and v
denote the coded bits before and after the interleaver respectively. After deinterleaving, P (v;O)
becomes P (c; I), a priori information at the input of the SISO decoder. Similarly, P (c;O) after
interleaving becomes P (v; I), a priori information at the input of the soft demodulator.
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After each iteration, the total a posteriori probability of the information bits P (u;O) is calcu-
lated to make the hard decision at the output of the decoder. For a received signal y, the extrinsic
information [11] of the coded bits is calculated as

P (vi = b;O) =
∑
x∈χi

b

p(y|x) q∏
j ̸=i
j=1

P (vj = vj(x); I)

 (5)

where 1 ≤ i ≤ q, vj(x) ∈ {0, 1} is the value of jth bit in the label of transmitted symbol x and χib
is the subset of χ whose label has the binary value b at the ith bit position.

PPM and MPPM SYMBOL MAPPING
In a conventional Q-ary PPM, a symbol corresponds to q = log2Q bits. The total symbol duration
Ts is divided into q time slots and a single pulse is transmitted in one of these time slots. For sim-
plicity, we denote the Q-ary PPM by QPPM or simply PPM. A 4-PPM example is shown in Fig.
3(a). Here, Io shows the transmitted light intensity in an ON slot and T = Ts/q denotes the slot
(or chip) duration. Since only one pulse per q slots is transmitted in QPPM, it has the disadvantage
of having high peak-to-average ratio (PAPR) with the increasing value of Q. The PAPR value can
be reduced by using MPPM. In MPPM, m pulses are transmitted in each symbol duration and the
value of PAPR is reduced by a factor of m. The constellation set U of all possible MPPM symbols
has size Mmax =

(
Q
m

)
. We will use a decimated constellation χ ⊂ U of M < Mmax distinct sym-

bols. Fig. 3(b) shows an example of 2-4PPM with m = 2 and Q = 4.
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Symbol mapping of MPPM is crucial to the performance of a BICM-ID system. Therefore, here we
attempt to find a mapping L which will minimize the bit error rate (BER) of our proposed scheme.
As discussed in [12], we formulate the mapping selection problem as

Minimize: f(L) = 1

M

M∑
i=1

∑
xj∈ψ(xi) dH(bi,bj)

|ψ(xi)|

subject to: {bi ∈ {0, 1}m|i = 1, ...,M}
(6)

where |ψ(xi)| denotes the size of the set of nearest neighbors of xi, bi is the label of xi, and
dH(bi,bj) represents the Hamming distance between labels bi and bj .

An optimal solution of (6) could be found through an exhaustive search, but it is too complex for
higher order modulation since we have to check

(
Q
m

)
! different possibilities. To address this issue,

several techniques have been investigated in the literature. In this paper, we propose to use a genetic
algorithm (GA) for mapping optimization. We summarize the key points of GA algorithm here and
the details can be found in [13],[17]. After formulation of the problem in genetic representation
with a fitness function, the algorithm is initialized with a population size of Npop random mappings
(solutions). The GA then improves the population through repetitive use of selection, crossover and
mutation operations.

The selection operator selects the superior solution from randomly selected two or more solutions.
It selects the Nbest = ps.Npop mappings for further operations, where ps denotes the fraction for
selection. Crossover operation is used for breeding. The crossover operator randomly selects two
mappings (known as parents) from the Nbest mappings and it creates two children by combining
sub-parts of the selected two parents. The cost of the generated children are evaluated. If a child
has a lower cost than the cost of its direct parent, then the parent is replaced by the child. If the
child’s cost is higher than its parent cost, then the mutation process is started. The mutation opera-
tor exchanges the two randomly selected positions of the selected solution with a given probability
pmut. During the mutation process, a total of L solutions are generated and the cost of each is
evaluated. If any of the mutant has a lower cost than a parent, then that parent is replaced by this
mutant otherwise it will replace the worst solution present in the population. After creating a certain
number of generations, an optional culling process is performed. During the culling process, the
duplicate entries are deleted from the population and new randomly generated solutions are added
to keep its size constant.

We run the GA algorithm for a specified number of generations (nGen) and the mapping with min-
imum cost value is selected as the optimum mapping. The parameters used in our implementation
are: Npop = 100, ps = 0.4, pmut = 0.02 and nGen = 10, 000. Fig. 4 shows the flow chart of GA to
find the optimal symbol mappings. The optimized mapping thus obtained for 2-8PPM (with m = 2
and Q = 8) is shown in Table I.

NUMERICAL RESULTS AND DISCUSSIONS
We now present simulation results to demonstrate the benefits of using BICM-ID scheme for PPM
and MPPM. For this purpose, we consider a rate 1/2 convolutional code with encoder polynomial
[5, 7] in octal notation and constraint length K = 3. The size of each uncoded input data block
length is 2002. The value of the Rytov variance is fixed at 0.04. The channel coefficient values
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Fig. 4. Flow chart for the GA to find the optimized symbol mapping.

TABLE I
MAPPING OBTAINED BY GA FOR 2-8PPM

d1d2d3 Mapping
0 0 0 1 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 1 1
0 1 0 0 0 1 1 0 0 0 0
0 1 1 0 0 0 0 1 1 0 0
1 0 0 0 0 0 0 1 0 1 0
1 0 1 0 1 0 1 0 0 0 0
1 1 0 0 0 0 0 0 1 0 1
1 1 1 1 0 1 0 0 0 0 0

h are kept constant during the whole block of the transmitted symbols. All BICM-ID simulation
results use 6 iterations.

We first consider a simple convolutional coding scheme used with QPPM. To see the effect of in-
creasing modulation order on the error performance, in Fig. 5, we show the BER performance of
QPPM using different values of Q. We assume AWGN channel for these results. As expected, a
significant improvement in the error performance is obtained by increasing the value of Q. At a
BER level of 10−5, an improvement of approx. 2, 2.5 and 3.5 dB in SNR as compared to 2-PPM is
observed by using 4-PPM, 8-PPM and 16-PPM respectively.

In order to understand the effect of iterations used in BICM-ID, we present the simulation results
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Fig. 5. BER performance of coded QPPM for AWGN channel.

in Fig. 6 for AWGN channel. Here, we show the results only for first and sixth iterations with
different values of Q. In 16-PPM case, after 6 iterations of BICM-ID, more than 2.5 dB gain in
SNR is obtained. Equivalently, BER is improved by a factor of nearly 103 at 3 dB SNR. A similar
trend is observed for the other modulation schemes also.
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Fig. 6. BER performance of QPPM using BICM-ID for AWGN channel.

Next, we compare the performance of our proposed scheme in the presence of turbulence. In Fig. 7,
we show the BER performance of BICM-ID with QPPM using different values of Q. Approxi-
mately 2 dB gain in SNR is observed after 6 iterations in case of 16PPM as compared to 2-PPM.
Similarly, more than 1.5 and 1.7 dB gain in SNR is obtained after 6 iterations in 4PPM and 8PPM
case respectively.

Finally, in Fig. 8 we show the simulation results of our proposed scheme by using MPPM. We
consider the cases of 2-4PPM and 2-8PPM. For these results, AWGN channel is considered. To do
a fair comparison between the performance of QPPM and MPPM, we fix the average transmitted
power in both the cases. By using MPPM, a larger performance gain by iterative process is observed
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Fig. 7. BER performance of QPPM using BICM-ID in the presence of atmospheric turbulence.

as compared to QPPM. At a BER level of 10−5, more than 4 dB gain in SNR is observed after 6
iterations in case of 2-8PPM, whereas only 2 dB gain was observed in 8PPM case. Similarly, more
than 2 dB gain in SNR is obtained after 6 iterations in 2-4PPM case.
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Fig. 8. BER performance of MPPM using BICM-ID for AWGN channel.

CONCLUSIONS
PPM and MPPM modulation schemes are investigated for free space optical channels. To take the
advantages of channel coding and higher order modulation, BICM-ID is used here. The benefit of
using iterative decoding at the receiver is shown in the results. Most of the improvement in the error
performance due to iterative decoding is obtained after third iteration and negligible improvement
is observed after sixth iteration. We also observed that a significant improvement in the error per-
formance can be achieved by increasing the modulation order.

Constellation mapping for MPPM plays an important role in improving the performance of the
system. Here, we also designed optimized constellation mappings for MPPM. Genetic algorithm
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is used to find the optimized mapping for MPPM. Our simulation results show that a significant
improvement in the error performance can be achieved by using optimized mapping and iterative
decoding at the receiver. However, the cases studied under the given assumptions do not show much
improvment in the BER performance of MPPM modulations compared toQPPM for the same value
of Q.
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