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The outage performance of the multihop free-space optical (FSO) communication system with decode-and-forward (DF)

protocol is studied by considering the joint effects of nonzero boresight pointing errors and atmospheric turbulence mod-

eled by exponentiated Weibull (EW) distribution. The closed-form analytical expression of outage probability is derived,

and the results are validated through Monte Carlo simulation. Furthermore, the detailed analysis is provided to evaluate

the impacts of turbulence strength, receiver aperture size, boresight displacement, beamwidth and number of relays on the

outage performance for the studied system.
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Recently, free-space optical (FSO) communication has been
widely concerned owing to its several attractive advantages,
such as unlicensed spectrum, high bandwidth capacity, innate
security and robustness to electromagnetic interference!'?.
However, the application of FSO systems is hampered by at-
mospheric turbulence and pointing errors (misalignment)®*>,
Several statistical models of atmospheric turbulence, including
log-normal (LN) and Gamma-Gamma (G-G), have been pro-
posed to estimate the FSO performance properly. Recently, a
novel fading model known as exponentiated Weibull (EW)
distribution has been proposed for Gaussian beams with aper-
ture averaging effect considered in Ref.[6].

Another major degrading issue is the misalignment between
transmitter and receiver induced by the vibration and sway of
buildings, which is also known as pointing errors”. Recently, a
novel and generalized pointing error model has been devel-
oped™, which includes both boresight and jitter for more practi-
cal scenarios. Then, the error rate and outage performance of
FSO system were investigated for LN and G-G fading channels
based on this model in Ref.[8]. In Ref[9], the average bit error
rate (ABER) and outage probability of FSO system were ana-
lyzed by combining the EW distribution and the nonzero bore-
sight pointing error model. Actually, these two works are both
on the basis of point-to-point (PP) communication system.

Multihop relaying!"*'?, as a typical relay configuration, is
very effective to mitigate the performance degradation due to
turbulence-induced fading. However, no work has been re-
ported on the outage performance for multihop FSO system

over EW distributed turbulence channel considering nonzero
boresight pointing errors yet, to the best of our knowledge.

In this paper, the end-to-end outage probability of multihop
relay-assisted FSO communication system with DF relaying
protocol over a composite channel model consisting of nonzero
boresight pointing errors and EW-distributed turbulence fading
is presented in this paper. On the basis of the composite prob-
ability density function (PDF) and cumulative distribution func-
tion (CDF) of the aggregated channel gain, the outage probabil-
ity for a PP link is derived. Then, the analytical end-to-end out-
age probability expressions with binary pulse posi-
tion modulation (BPPM) for the multihop FSO system are
obtained and verified by Monte Carlo (MC) simulation.

As is shown in Fig.1, the source terminal S transmits the sig-
nal to the destination terminal D through A/~1 non-regenerative
relays Ty, T,..., Tyr. All the PP links are assumed as non-
identical and independently distributed. In each PP link, the
transmitted signal x based on BPPM suffers from pointing er-
rors, atmospheric turbulence and additive white Gaussian noise
(AWGN), thus the received electrical signal y is written as

y=RIx+w, (1

where R is the detector responsivity, w represents the AWGN
with variance o, [ is the channel gain which is regarded as
I=FFI, where F refers to the turbulence-induced fading, 7 indi-
cates the fading due to pointing errors, and 7 reflects the path
loss which is deterministic. Considering the intensity modula-
tion and direct detection (IM/DD), the instantaneous electrical
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signal-to-noise ratio (SNVR) at the corresponding receiver is de-
fined as
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where P; is the average transmitted optical power of x, and
¢=(RP)*/(20)) is defined as the average electrical SNR
according to Ref.[8].
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Fig.1 Schematic diagram of a multihop FSO commu-
nication system
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The turbulence-induced fading is modeled by EW distribu-
tion, and the PDF of I can be given as
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where o>0 and />0 are shape parameters, and 7>0 is a scale
parameter. The values of these parameters used in this paper are
all set according to Ref.[13].

As for the nonzero boresight pointing error model, the PDF
of # in Ref [8] is given as
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where A4, defines the pointing loss which is the part of the col-
lected optical power when the difference between the centers of
beam and detector equals zero, p=wz¢/20; is the ratio between
the equivalent beamwidth @z and jitter standard deviation o,
and s is the boresight displacement™. Moreover, /i(*) indicates
the modified Bessel function of the first kind with order zero.

According to Ref[8], the PDF of the channel gain / can be
calculated as

D= h (110) 7, (r)are ®

Considering '=1, the conditional PDF is given as
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Substituting Egs.(3) and (6) into Eq.(5), the PDF of 7 can be
achieved as
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Then, by using Eq.(07.34.21.0003.01) in Ref[14], the CDF of /
can be expressed as
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Considering a special case of s=0 in which the boresight dis-
placement is neglected, the CDF of / is simplified as
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Outage probability, as an important metric to evaluate the
communication system, is defined as the probability that the
instantaneous SNR falls lower than a specified threshold. Based
on the outage performance of each PP link, the outage probabil-
ity of a multihop relay-assisted FSO communication system can
be obtained as

P, (¢,)=Pmin(p)< @, 1=1- H[l P(p,<9,)]=

(10)
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where P’ (¢, ) isthe outage probability of the vth (=1, ..., M)

out

hop and can be written as
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The subscript v=1, ..., Min Eq.(11) indicates the correspond-
ing PP link (vth hop) in the studied system. Substituting Eq.(11)
into Eq.(10), the result for the case with nonzero boresight in-
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cluded can be further achieved as
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Letting s=0, the outage probability of the multihop relay-
assisted system in the absence of boresight displacement can be
obtained as
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On the basis of the previously obtained analytical expres-
sions of end-to-end outage probability as well as the MC simu-
lation results, we discuss the outage performance of the multi-
hop FSO communication system. The inverse CDF method and
acceptance-rejection method are used to obtain the random
values from the atmospheric turbulence and nonzero boresight
pointing error fading models, respectively, in the MC simula-
tion. The equal average SNR at each terminal is assumed, and
the fixed hop length is supposed to be 1 km. The link parame-
ters are shown in Tab.1.

Tab.1 System parameter settings

Parameter Symbol Value
Optical wavelength A 780 nm
Receiver responsivity R 0.5 A/W
SNR threshold O 1dB
Noise standard deviation o, 107 A/Hz
Beamwidth wz 15m
Jitter standard deviation 0 03m

In moderate turbulence regime, the outage probability of the
mutihop relay-assisted system against the average transmit
power P, with different number of hops M is depicted in Fig.2.
The receiving aperture size () of 200 mm is adopted. The close
agreements of the analytical results with MC simulation verify
the correctness of our model. It is obviously seen that the outage
performance can be enhanced by increasing the transmit power.
Besides, the outage probability increases as the number of hops
increases. Meanwhile, the total link distance also increases.
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Furthermore, the difference of end-to-end outage probability
between the two adjacent M is less obvious as the number of
hops increases.

10 Y — M=l
10"k \& ......... M=2
-— M=3
210% I -- M=4
£10 %
£ 10} &
S B
o 10°F @200 mm 3“8
Ed =03 X
& 10°F (@.f.1)=(2.15,5.40,0.96) g\,
6 E\\)&
10°F \‘8\
l()-7 1 1 1 1 1 1 1 '~.,’?\.o

-4 -12 -10 -8 -6 4 2 0 2
P, (dBm)
Fig.2 End-to-end outage probability in moderate tur-
bulence regime with different number of hops M as
boresight displacement s=0.3 m

The outage probability of the studied FSO systems with two
and five hops (M=2 and 5) in moderate turbulence regime for
different boresight displacement is shown in Fig.3. Three dif-
ferent boresight displacements (s=0, 0.2m and 04 m) are
adopted to assess the impact of the boresight error. It is found
that the outage performance can be seriously deteriorated by a
larger boresight displacement (s) for fixed number of hops. This
is because that with the increase of s, the collected energy of the
receiver decreases. Moreover, the degradation of the outage
performance by increasing number of hops M is almost the
same no matter how the boresight displacement value changes.
Specifically, as the outage probability equals 107, the differ-
ences of the average transmit power between M=2 and M=5 are
all about 1 dB for s=0, 0.2 m and 0.4 m.
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Fig.3 End-to-end outage probability in moderate tur-
bulence regime with different boresight displace-
ments and number of hops

Fig4 illustrates the outage performance of the studied FSO
system with two and five hops (M=2 and 5) in moderate and
strong turbulence regimes with receiving aperture sizes of
100 mm and 200 mm. As expected, the outage performance
worsens as the strength of turbulence increases. But the outage
probability can be reduced by increasing the receiver aperture
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size, which is due to the aperture averaging effect. It is also
found that in the presence of nonzero boresight pointing errors,
the aperture averaging effect is more evident in strong turbu-
lence regime than that in moderate turbulence regime. This is
because that aperture averaging is more effective to reduce the
irradiance fluctuations as the strength of the turbulence in-
creases. Furthermore, the performance improvement owing to
the increase of receiving aperture size can compensate for the
performance loss due to the broadening of the total transmission
distance. Specifically, the outage performance of longer trans-
mission distance (M=5) with larger aperture (=200 mm) is
much better than that of with only two hops and aperture size of
100 mm.
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Fig.4 End-to-end outage probability of the studied
FSO system with different turbulence conditions, ap-
erture sizes and number of hops as s=0.3 m

Under strong turbulence condition, the outage probability
against the average transmit power P, of the multihop FSO
system for different number of hops and beamwidths with re-
ceiving aperture size of 200 mm is presented in Fig.5. As is
shown, to achieve the ABER lower than 10'2, the wider beam-
width works better than the narrower one. Moreover, this supe-
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Fig.5 End-to-end outage probability of the studied
system in strong turbulence regime with different
beamwidths and number of hops as s=0.3 m
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riority is more and more obvious with the increase of transmit
power. Furthermore, it is clearly seen that the degradation be-
cause of the increase of M (the total transmission distance is
also increased) can be mitigated by widening the beamwidth.
For instance, the outage probability of longer transmission dis-
tance (M=5) with wider beamwidth (w;=1.5 m) is much lower
than that with two hops and beamwidth of 1 m.

In this paper, the end-to-end outage probability of multihop
FSO system utilizing DF relay transmission over EW fading
channel with nonzero pointing errors is studied. The results
show that the outage probability increases with the increase of
the number of hops or boresight displacement. The deteriora-
tion induced by increasing the number of hops always keeps
constant for different boresight displacements. The impairment
of the outage performance due to increasing number of hops
can be mitigated by increasing the receiving aperture size and
widening the beamwidth. This work is beneficial for the design
of the relay-assisted FSO system.
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