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We present an automatic repeat request (ARQ) free space optical (FSO) system, which consists of a pulse position modulation (PPM) hard decision and an ARQ. The new ARQ’s data error detection is based on a PPM hard
decision’s results and can eliminate the traditional ARQ information redundancy. The results of the numerical
simulation have a good agreement with theoretical analysis and show that the ARQ-FSO system can effectively
improve the bit error rate (BER) performance of the direct hard decision PPM system. Additionally, the
proposed system significantly improves the average throughput efficiency compared to traditional ARQ systems.
These characteristics make the ARQ-FSO system suitable for application in low BER and complexity FSO
scenarios.
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In recent years, free space optical (FSO) communication
has drawn noticeable attention, owing to its high
transmission rate, high bandwidth, license-free, quick
deployment, and inherent security[1–3]. However, the performance of FSO communications systems is mainly restricted by scattering and absorption losses and
atmospheric-induced scintillation on the atmospheric
transmission. In particular, the atmospheric turbulence effect is a major impairment of FSO systems[4].
To alleviate atmospheric turbulence effects, pulse position modulation (PPM) is extensively employed in FSO
communication systems[5,6]. PPM is a type of signal modulation where a shift is made in the position of the pulse
signal. In practical applications, two decoding algorithms
can be used for the PPM signals. A decoding algorithm is
hard decision decoding that uses a threshold detector,
while the other one is soft decision decoding, which
uses a maximum a posteriori or maximum likelihood
detector[7]. Owing to the bit error rate (BER) performance
of soft decision decoding being superior to hard decision decoding, soft decision decoding is usually used in FSO communications[4–6]. However, the soft decision decoding
receivers are generally based on a field-programmable gate
array (FPGA)[8–10] or erbium-doped waveguide amplifier
(EDWA) planar lightwave circuits (PLCs)[11], which leads
to its hardware being more complicated and more consumptive than the hard decision decoding receiver’s.
With the growing needs of communication quality, the
study of FSO communication is no longer confined to a
single modulation technology. An effective technology
to control error is using automatic repeat request
(ARQ) in the FSO links[12–17]. In these studies, specific
theoretical analysis for ARQ systems are investigated,
and the combination of ARQ and other technology
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such as forward error correction [that is hybrid ARQ
(HARQ)][12–14], the Rateless Round Robin protocol[15], Luby
Transform codes[16], and adaptive-rate transmission[17], are
presented. These systems do not take modulations into
account, especially PPM technology. Therefore, the more
efficient and comprehensive hybrid scheme, which combines ARQ and PPM, has been considered. The combination of ARQ and PPM was first presented in Refs. [18,19],
which have investigated the performance of infrared communication systems using repetition-rate coding and ARQ
schemes over PPM wireless links throughout indoor environments. The scheme has the advantage that there is
no need to use other error detecting codes in the data
packet, and its drawback is a low throughput efficiency because each PPM symbol is repeated; in Ref. [20], a method
used in infrared communication, which is the combination
of SR-ARQ and repetition coded PPM, has been discussed.
This system’s characteristic is that it can dynamically
change the link transmission rate according to the channel
state. The scheme can be used in adverse channel conditions that are mentioned above. In Ref. [21], the HARQ
technique that uses binary PPM for FSO communications
over log-normal channels has been investigated. The
HARQ protocol improves the error control performance
and brings more complexity and overhead to the system
at the same time. Furthermore, in Refs. [18–21], the whole
packet must be retransmitted when the packet’s parity
check fails. In that case, the successfully decoded portion
of the packet is still retransmitted, and it brings about
the waste of communication resources.
Therefore, we propose to an HARQ-FSO communication system (hereinafter it is referred to as the ARQFSO system), which is a combination of a novel ARQ
and PPM. The novel ARQ has the main characteristic
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that the scheme does not need the parity-check code and
only retransmits the failed decoded symbols of the packet.
The error detecting way uses the decision result of each
PPM symbol to detect errors without the error detecting
code. The PPM symbol error detection is based on the
characteristics of the PPM symbol, where a successfully
decoded PPM symbol has just one pulse. If the decoded
PPM symbol has no pulse or multiple pulses, the receiver
will send those PPM symbols to the transmitter. Therefore, the ARQ-FSO system doesn’t have the latency of
the parity-check code’s generation and verification. The
selection of the retransmission data depends on the
special negative acknowledgements (NACKs). The extra
sequence numbers, which are the error PPM symbol’s
sequence indexes in the packet, are added in the NACKs
of the novel ARQ. The transmitter only retransmits the
corresponding PPM symbols instead of the whole packet.
Considering the effect of the special NACKs’ transmission
time, the transmission and processing time of the proposed
system are also less than the traditional ARQ, where the
numbers of the error PPM symbols are less than half of the
received packet’s size. Thus, the proposed scheme has
advantages in the latency and efficiency over the
traditional ARQ.
In FSO communications, the turbulence effect is a main
limitation factor. Atmospheric-induced scintillation causes
random variations in signal intensity[6]. Atmospheric turbulence is classified according to the magnitude of the index of
refraction variation and inhomogeneity as weak, moderate,
strong, and saturated. Under these turbulence conditions,
various mathematical models, such as log-normal[3,22],
gamma-gamma[2,23] and negative exponential[3] distribution,
are described as the probability density function (pdf)
statistics of the irradiance fluctuation.
In this Letter, the weak turbulence circumstance is discussed and represented by the log-normal mathematical
model. Therefore, the pdf of the received optical intensity
is expressed as[7]


½lnðI ∕I 0 Þ þ σ 2l ∕22
1
p exp −
f I ðI Þ ¼
;
2σ 2l
I σ l 2π

(1)

where I represents the received optical intensity, and I 0 is
the received average irradiance without atmospheric turbulence. σ 2l stands for the log-amplitude variance, which
relies on the characteristics of the channel. If the receive
signal is a plane wave, the log irradiance variance σ 2l is
given by
σ 2l

¼

1.23C 2n k 7∕6 L11∕6
;
p

Fig. 1. Block diagram of ARQ-FSO communication systems.

an integer multiple of M ðM ¼ log2 LÞ. Taking communication terminal A as an example, it describes and analyzes
the communication steps for the ARQ-FSO system. First,
the data are packed by communication terminal A as a
number of fixed length packages. Next, these packets
are stored in the send buffer and are modulated into
PPM signals. Subsequently, the transmitter performs signals transmission via atmospheric turbulence channels. In
communication terminal B, the received signals are decoded and demodulated by the receiver. On one hand,
if the decoded PPM symbols are a single pulse, they are
stored in the receive buffer. On the other hand, if the
PPM fails to decode, the sequence numbers of the PPM
symbols are modulated into PPM signals and sent to terminal A. Then, terminal A carries out the signal demodulation. According to the sequence numbers, the ARQ
controller extracts the corresponding data from the send
buffer and then transmits them out. It is not until either
all received PPM symbols are successfully decoded or the
number of retransmissions exceeds the maximum number
will the communications be complete.
According to the mentioned channel model and system
model, the received signal of the photoelectric detector can
be given as[24,25]
y ¼ ηI x þ n;

(3)

where y stands for the received signal, n denotes the
additive white Gaussian noise and n ∼ N ð0; N 0 ∕2Þ. η indicates the effective photo-current conversion ratio of the
receiver, and I expresses the normalized irradiance. x is
the PPM symbol sequence.
In the log-normal channel, the random parameter I is
treated as the constant at an instant. The probability
of a slot error for the direct hard decoding at an instant
can be expressed as[26]
P sle

(2)

where C 2n denotes the refractive index structure coefficient. k is the optical wave number, and LP is the distance.
The structure of the ARQ-FSO communication system
is shown in Fig. 1. In this Letter, the parameter L of
L-PPM is 256. The receiver uses the hard decision method.
In the communications of the ARQ-FSO system, the
data is divided into fixed length packets as P, and P is
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H t


 p


αT
I E S − αT
p
þ Pð1ÞQ
;
¼ Pð0ÞQ p
N 0 ∕2
N 0 ∕2
(4)

p
where QðxÞ is 0.5erfcðx∕ 2Þ, and αT stands for the
threshold level. E S represents the average energy per
symbol. Pð0) and Pð1Þ are the probabilities of ck ¼ 0,
and ck ¼ 1, respectively, which are described by
Pð1Þ ¼ 1∕L, and Pð0Þ ¼ 1 − Pð1Þ.
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P sle

H

∞

¼

f I ðI ÞP sle

H t dI :

s!2
E bM
¼
f I ðI ÞðL − 1ÞQ I
2N 0
0

s


L−2
E bM
1−Q I
dI :
2N 0
Z

Based on Eqs. (1) and (4) and the pdf of I , the probability of the slot error of the direct hard decoding can be
calculated as
Z
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P E0

(5)

∞

(11)

0

According to the following
formula[27],
pGauss–Hermite

where αT is assumed 0.5I E S , Eq. (5) can be approximated and simplified as

P sle

H

m
1 X
¼ p
wQ
π i¼1 i


s
q
σ 2l
E bM
2
;
I exp
2σ l x i −
2
2N 0 0

S i ¼ ð1 − P E Þi ð1 − P sye

(6)
where w i and x i stand for the weight factors and the zeros
of the Hermite polynomial, respectively. E b represents the
average energy per bit, and M equals log2 M .
Owing to the PPM symbol having L slots, the probability of the symbol error is derived through the corresponding slot error probability and is expressed as
P sye

H

¼ 1 − ð1 − P sle

H

ÞL :

Therefore, the probability of the received PPM symbols,
which need no retransmission, is P E ðP E ¼ P E0 þ P E1 Þ. At
the ith retransmission, the probability of the symbol being
correct in the receiver is improved and can be computed as

(7)

P sye

S

Z

∞

−∞

Z

∞

f I ðI Þ½1 − ð1 − QðyÞÞ

L−1

P syc

ARQ

¼ P E1
þ

P E1 ð1 − P E Þð1 − P sye
PE

H Þ½1

− ð1 − P E Þi 

:

(13)
According to Eq. (9), the probability of the correct symbol can be converted into a corresponding BER using
P ber

ARQ

¼

L∕2
ð1 − P syc
L−1

ARQ Þ:

(14)

Optimally, the received PPM symbol is all successfully
decoded after repeated retransmission. At this moment,
the optimal BER can be approximated and given by



0

0
s 12 

2M E b A
dydI :
× exp −0.5@y −
I
N0

(12)

Based on the sum formula of the geometric sequence
and Eq. (12), the probability of the correct symbol after
i retransmissions is described by

The probability of the symbol error of the direct soft
decoding is given as[7]
1
¼ p
2π

H ÞP E1 :

(8)

P ber

ARQ optimal

¼


L∕2 P E0 þ P E1 ð1 − P E ÞP sye
PE
L−1


H

:
(15)

Assuming the data are independently and identically
distributed (IID), the BER is calculated through the corresponding symbol error probability and is given as[28]
P ber ¼

L∕2
P :
L − 1 sye

(9)

In the ARQ-FSO system, it is difficult to directly
solve the BER. Thus, we can first derive the probability
of the symbol correctly. The received PPM symbol has
only a pulse when the received symbol is successfully
decoded. At this point, we assume that the probability
of the received single pulse in the PPM symbol, which
is sent by one pulse, is P E1 , and empty is P E0 . It can
be derived as
Z

∞

P E1 ¼
0

 sL
E bM
f I ðI Þ 1 − Q I
dI ;
2N 0


The throughput efficiency is the ratio of the bit number
of the successfully decoded symbols in the receiver and the
sum of the transmitted bits in the transmitter, which is
one of the important indexes of the ARQ system. In
the traditional selective repeat (SR) ARQ systems, the
throughput efficiency can be derived as[29]
ηSR

ARQ

¼ P C R ¼ ð1 − P ber Þn

k
;
n

(16)

where P c is the probability of the received packet that contains no error, and can be computed by the system BER. R
stands for the code rate and is the ratio of information bits
k and total input bits n. Based on the characteristics of the
ARQ-FSO system and the definition of the throughput
efficiency, the throughput efficiency of the ARQ-FSO
system can be expressed as

(10)
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Fig. 2. BER versus E b ∕N 0 for the ARQ-FSO system and direct
decision under different turbulence strengths.

Fig. 3. BER versus E b ∕N 0 for different I 0 with c2n ¼ 8×
10−15 m−2∕3 .

Then, the BER performance of the ARQ-FSO system in
the log-normal channel is simulated and compared with
the direct hard decision system and the direct soft decision
system. The wavelength of the lasers is 1550 nm, and the
effective photo-current conversion ratio of the receiver is
idealized and assumed as one.
First, Fig. 2 depicts the BER for the ARQ-FSO system
compared with the direct hard decision system and the
direct soft decision system over different turbulence
strengths (c2n ¼ 8 × 10−15 m−2∕3 , c2n ¼ 2 × 10−15 m−2∕3 ).
It is seen that the simulated and measured results are
in good agreement with each other and show that this
theoretical analysis is correct. Meanwhile, the BER performance of the direct hard decision system is significantly
improved by using the ARQ-FSO scheme, which is better
than the direct soft decision system in most cases. For
instance, we select the same parameters, where the ratio
of bit energy to noise power ðE b ∕N 0 Þ is 64 dB, and
c2n ¼ 8 × 10−15 m−2∕3 . The BER of the ARQ-FSO system
are declined to 5 × 10−7 and 1 × 10−8 under conditions
that the maximum numbers of retransmission i are one
and three, respectively, while the direct hard decision system and the direct soft decision system are just 5 × 10−4
and 5 × 10−6 . At c2n ¼ 8 × 10−15 m−2∕3 , to achieve
1 × 10−6 of the BER, the requested E b ∕N 0 of the direct
hard decision system and the direct soft decision system
are well over 66 and 65 dB, but the ARQ-FSO system
is only 63.5 dB when the maximum number of
retransmission is three. Compared with the direct hard
decision system and the direct soft decision system, the
ARQ-FSO system separately obtains about the 6.5 and
1.5 dB gain. At c2n ¼ 2 × 10−15 m−2∕3 , the required
E b ∕N 0 to achieve the same BER as the above ARQFSO system with the maximum number of retransmission
of three is 3.5 dB lower than that just using the hard
decision. Based on the above analysis, we find that the
PPM system BER performance is noticeably improved

by using the proposed ARQ scheme over turbulence channels, and when the turbulence strengths are stronger, the
ameliorated effect is more obvious.
Next, in Fig. 3, the BER is discussed versus E b ∕N 0 for
the ARQ-FSO system and direct decision systems for different I 0 with c2n ¼ 8 × 10−15 m−2∕3 . When E b ∕N 0 ¼
60 dB and I 0 ¼ −18 dBm, the BER of the direct hard decision system is merely 1 × 10−2 . The performance shows
less difference between the direct soft decision system and
the ARQ-FSO system with the maximum number of
retransmission of three, and it is about 1 × 10−4 . Then,
at the same E b ∕N 0 , if I 0 ¼ −8 dBm, the BER performance of the direct hard decision system and the direct
soft decision system approach 1 × 10−6 and 1 × 10−9 ,
and ARQ-FSO system with the maximum number of
retransmission of three almost reaches 1 × 10−12 . We
can clearly observe that the augment of the received average irradiance I 0 leads to the decline of the BER performance, and the system has marked improvement by using
the ARQ over the turbulence channels. Based on the
above analysis, we can find that it is important to choose
the appropriate parameter of I 0 in the ARQ-FSO system.
The BER performance versus link distance for the ARQFSO system and direct decision systems is investigated in
Fig. 4. We fix c2n ¼ 2 × 10−15 m−2∕3 , and E b ∕N 0 ¼ 58 dB.
It can also be seen from the figure that the BER performance of the ARQ-FSO system is superior to the direct
hard decision system and the direct soft decision system.
For example, when the link distance LP ¼ 2000 m, the
BER of the direct hard decision system and the direct soft
decision system are only 1 × 10−6 and 1 × 10−8 , respectively. The ARQ-FSO system with the maximum number
of retransmission of three declines to 1 × 10−11 . Meanwhile,
the increasing of the link distance would weaken the BER
performance of the ARQ-FSO system, and the performance’s advantages become less obvious. The causes for
these results are that the increase of link distance brings
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Fig. 4. BER versus link distance for the ARQ-FSO system and
direct decision with c2n ¼ 2 × 10−15 m−2∕3 .

about the growth of the log intensity variance σ 2l , and then
the BER performance gets worse. According to Figs. 2, 3,
and 4, we can see that the ARQ-FSO system with the maximum number of retransmission of three can achieve the desired performance.
Finally, Fig. 5 illustrates the throughput efficiency
against E b ∕N 0 for the ARQ-FSO system and two
SR-ARQ systems with c2n ¼ 8 × 10−15 m−2∕3 , and
I 0 ¼ −18 dBm. It is found that the throughput performance of the ARQ-FSO system is always superior to the
traditional SR-ARQ systems no matter what kind of
PPM decoding the traditional SR-ARQ systems use. When
the throughput efficiency is 0.7, the required E b ∕N 0 to
achieve the throughput efficiency of the ARQ-FSO system
is 8 and 4 dB, which is reduced more than the SR-ARQ
systems using PPM hard decision and PPM soft decision,
respectively.
In conclusion, we present an innovative hybrid wireless
optical communication system called the ARQ-FSO

Fig. 5. Throughput efficiency versus E b ∕N 0 for the ARQ-FSO
system and two SR-ARQ systems with c2n ¼ 8 × 10−15 m−2∕3 ,
and I 0 ¼ −18 dBm.
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system, according to the characteristics of FSO communication and the hardware peculiarity of the PPM decision,
which combines the PPM hard decision with a novel ARQ
and depends on the PPM hard decision results to detect
data errors. The BER and the throughput efficiency of the
proposed system are investigated over weak atmospheric
turbulence channels. The numerical results demonstrate
that the BER performance of the direct hard decision system is significantly improved by using the proposed ARQ
scheme. Then, the desired performance of this system can
be achieved by less times of retransmission. Moreover, we
find that the ARQ-FSO system has the superior BER
performance under the not extremely bad channel conditions, and it remarkably selects the appropriate parameter
I 0 of the ARQ-FSO system. Additionally, the average
throughput efficiency of the proposed system is superior
to the traditional ARQ systems.
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