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WiMAX on FSO: Outage Probability Analysis
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Abstract—The transmission of multiple wireless signals over
optical links has attained a great research interest nowadays.
In case where optical fibers are difficult to be deployed, or
installation cost is prohibited, optical wireless systems provide an
efficient alternative means. In this paper, we consider the WiMAX
(IEEES802.16) standard and construct a simple but adequate
scenario to investigate radio signal transmission over terrestrial
optical wireless channels. An appropriate system architecture
is adopted and a channel model, which entails some of the
most critical impairments of the optical channel, i.e., attenuation,
turbulence, pointing error effects, as well as of the RF channel,
i.e.,, path loss, shadowing, and Rayleigh fading, is taken into
account. The overall link budget and a closed-form of the outage
probability of the system are deduced. Several analytical results
are depicted using a realistic set of parameter values, to lend a
helpful insight to the performance of the proposed architecture.

Index Terms—WiMAX, free space optics (FSO), outage prob-
ability, radio on FSO (RoFSO).

I. INTRODUCTION

REE space optics (FSO) has been recently proposed
to reliably transfer multiple wireless signals and this
new technology is referred as Radio on FSO (RoFSO).
Transmission of radio signals on FSO links combines the
benefits for ease of deployment in wireless links and high
capacity enabled by fiber optic technologies. Moreover, next
generations of FSO systems use seamless connection of free-
space beams to optical fibers, eliminating, thus, the necessity
to convert transmitted signals from optical to electrical or
vice versa [1]. However, the overall performance of outdoor
FSO systems depends upon the climatological conditions and
the general characteristics of the transmission path. Optical
wireless systems are inherently prone to atmospheric attenua-
tion, scintillation, and misalignment effects [2]. All the above
factors severely impair the operation of FSO systems as well as
the wireless signals being carried by them. Therefore, to attain
a high quality of RoFSO networks, proper care is required.
RoFSO technology has also been suggested to provide in-
expensive, secure, short-range wireless transport for WiMAX
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traffic [3]. Worldwide Interoperability for Microwave Access,
commonly known as WiMAX, is a telecommunications tech-
nology that is based on the IEEE 802.16 standard and is
designed to provide affordable wireless broadband services
using a variety of transmission modes. In [3], Cvijetic and
Wang proposed a terrestrial optical wireless overlay to trans-
mit 802.16-2004 orthogonal frequency-division multiplexing
(OFDM) signals through multi-subcarrier modulation, whereas
in [4], presented a multi-input multi-output architecture for
distributing IEEE 802.16d (WiMAX) traffic. In [5], the authors
investigated the transmission performance of the OFDM sig-
nals over a turbulent FSO channel. Arnon in [6], suggested a
network configuration for WiMAX traffic delivery, including a
satellite, several high altitude platforms, and subscribers on the
ground, and derived the laser transmitter gain that minimizes
the outage probability of the WiMAX link.

A detailed performance analysis of an FSO link carrying
WiMAX RF signals is not, however, available in the open
technical literature. This is the central motivation of our study.
Particularly, we assume a terrestrial laser network configu-
ration and determine the WiMAX quality of service of the
laser link model by minimizing the outage probability of the
system in total. The overall performance is examined by taking
account of a combined channel model which entails some
of the most critical impairments of the optical channel, i.e.,
attenuation, turbulence, pointing error effects, as well as of the
RF channel, i.e., path loss, shadowing, and Rayleigh fading.

The rest of the paper is organized as follows. Section II
describes the system model under consideration. In section
III, the mathematical expressions of the major impairments
of the optical sub-channel are given. The path-loss factor is
assumed to be deterministic, turbulence follows the log-normal
distribution, whereas an efficient distribution for misalignment
fading is adopted. The deterministic path-loss, log-normal
shadowing, and Rayleigh fading model, considered for the
RF sub-channel, are presented in Section IV. In Sections V
and VI, novel analytical expressions of the total link budget,
considering both the optical and RF sub-channels, and the
outage probability are derived, respectively. A set of analytical
results is presented in Section VII, whereas some concluding
remarks are mentioned in Section VIII.

II. SYSTEM MODEL

We consider a terrestrial FSO link which is used to deliver
WiMAX traffic from one geographic region to another. The
overall system configuration is composed of the optical and
the wireless subsystems. The optical subsystem follows, in
principle, the one described in [7] and its two basic compo-
nents include the transmitter and the receiver which are further
analyzed below.

0090-6778/12$31.00 © 2012 IEEE



2790

We assume that the WiMAX traffic from heterogeneous
networks reaches the optical transmitter through an access
gateway. The transmitter converts the electrical signal to laser.
It is composed of a modulator, a laser driver, a light-emitting
diode (LED) or laser, and a telescope as a whole. The
modulator converts bits of information into signals according
to a chosen modulation format. In general, the modulation of
the laser or the LED can be performed directly by changing
the current with any discrete or a continuous signal (analog
modulation). The driver provides the power for the laser
and stabilizes its performance. The laser source converts the
electrical signal to optical radiation. Finally, the telescope
aligns the laser/LED radiation to a collimated beam and directs
it to the receiver. The laser propagates through the atmosphere
to the receiver assuming a Gaussian beam wave model.

The receiver uses a direct detection scheme and includes
a telescope, a filter, a positive—intrinsic—negative (PIN) pho-
todetector, and a trans-impedance amplifier [7]. The telescope
is used to collect the radiation from a large area and focuses
it onto the detector. The laser can be concentrated by using
lenses and mirrors, or any combination of them. A filter
helps to remove the background radiation from entering the
receiver which generally creates shot noise and saturates the
detector. The optical signal from the output of the filter
propagates to the detector, which converts it to an RF electrical
signal using a PIN photodetector. Finally the trans-impedance
amplifier makes the electrical signal stronger. Depending
on cost restrictions and reliability requirements, a tracking
and pointing subsystem may be implemented in both sides
of the communication link to maintain transmitter—receiver
alignment [8].

The electrical signal is guided to a WiMAX base station and
delivered to the users located there. As already known, the
WiMAX standard is based on the OFDM standard utilizing
a large number of closely spaced orthogonal subcarriers. In
that way, a frequency selective channel is transformed into a
number of flat fading subchannels [9]. Each subcarrier is mod-
ulated with a conventional modulation format, e.g., M-QAM
as considered in the present study. The total electrical power is
available for transmission over the number of subcarriers, let
say N, in the WiMAX cell area served by the specific base
station. Therefore, the received electrical power on a given
subcarrier is obtained by dividing the total electrical power
by N.

III. FSO MODEL

The optical channel state, h, is considered to be a product
of three factors, i.e. [10],

h = hihqhy, ey
where h; expresses the path-loss, h, the atmospheric tur-
bulence, and h, the geometric spread and pointing errors.
We particularly assume that the scintillation has a much
smaller correlation time (10-100 msec) as compared with

misalignment fading and therefore, these two impairments are
considered to be independent [11].
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A. Atmospheric loss

The atmospheric loss over a propagation path of length d,
is determined by the exponential Beers-Lambert Law as [10]

hy (do) = €xXp (_Udo) . (2

The attenuation coefficient, o, results from the superposition
of various scattering and absorption processes and is given by

-5
3.912 [ A,
A) == 3
oW == (550) ’ )
where
1.6, V > 50km
5= 1.3, 6km <V < 50km 4)
0.585V1/3, V < 6km

V is the visibility in km, and )\, is the transmission wavelength
in nm [12].

B. Atmospheric turbulence model

We assume that the intensity fluctuation probability density
function (pdf) is modeled as a log-normal distribution. Log-
normal pdf is considered to be very effective in weak turbu-
lence conditions and when the receiver’s aperture is larger
than the correlation length of irradiance fluctuations (e.g.,
when aperture averaging takes place) [2]. The log-amplitude
of the optical intensity has a Gaussian pdf with log-amplitude
variance, ai, which is related to the Rytov variance as

2
2 _9R
Moreover, the Rytov variance can be expressed as [2]
11
0% = 1.23C2ksdS (6)

where the refractive-index structure parameter, Cﬁ, is consid-
ered constant for horizontal paths and k = 27/),. Based on
the above, the intensity pdf is given as [10]

212
~ (Inhy +203) ) -

2
80’X

C. Pointing Errors

A well-known pointing error model when the distance
between the laser transmitter and receiver is not so large
was recently launched by Farid and Hranilovic in [10]. By
assuming a Gaussian spatial intensity profile of beam waist
radius, wq,, on the receiver plane, the fraction of the collected
power due to geometric spread can be approximated as

2
hp(a) ~ A exp(——a—),

docq

®)

where Ag is the fraction of the collected optical power
at @ = 0 and equals to [erf(v)]>, a is the radial dis-
placement from the origin of the optical detector, w?iom
w3, \/merf(v) /2vexp (—v?), v = /Tr/V2wao, v is the
radius of circular aperture of the optical detector, and erf(+)
is the error function [13, eq. 8.250.1]. By considering inde-
pendent identical Gaussian distributions for the elevation and
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the horizontal displacement (sway) both of variance o2, the
radial displacement follows a Rayleigh distribution. Then, the
pdf of h, is given by

2
2
= ’772 h; _17 0 S hp S AO; (9)
AO

fhp (hp)

where v = wqo,, /20s.

IV. RF MODEL

The RF model incorporates path loss, log-normal shadow-
ing, and fast Rayleigh fading. The main characteristics of these
factors are given in the following subsections.

A. Path loss

To determine the path loss between the base station and
the wireless user, we use the following simplified model as a
function of distance [14, eq. 2.39]

drro ) ’ (10)

Pr_prp = Pr_rrK (
dRrF

where Pr_grr is the received power by the wireless user,
Pr_ rr the transmitted RF power, K a unitless constant which
depends on the antenna characteristics and the average channel
attenuation, drp the distance between the RF transmitter and
the wireless user, dgrro a reference distance for the antenna
far-field, and v is the RF path loss exponent. When the above
model is used to approximate empirical measurements, K is
sometimes set to the free space path gain [14, eq. 2.7]. Then,
the signal path power attenuation is expressed by

)\RF\/@>2 (dRFO>V an

4drdrro drr

Pr_rr = Pr_grr <

where /(G is the product of the RF transmitted and received
antenna field patterns in the line-of-sight direction.

B. Composite Multipath/Shadowing RF Model

In this section, we describe the composite fast fad-
ing/shadowing model. Assuming log-normal shadowing, we
define ¢ to be a log-normally distributed random variable (RV)
with variance ag and pdf

10/1n10
= ———exp

fe (&) =
§,/2n0¢

2
20’5

2
<_(101og10§) )7 £>0. (12)

The pdf of Rayleigh fading with variance ai is expressed as

o) = 5z o (—%) S w0, 1)
Considering that the Rayleigh fading and the log-normal
shadowing are independent, the composite pdf of u = &) can
be evaluated using the formula for the density of the product
of two independent RVs,

fu(u) = / Fule(ulé) fe(§)dE, (14)
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as
°° 10/In10 u
fuw = [ IE exp(- )
0 203)52,/27m§ 20515

101 i
x exp [ 1010B108)" ) e (15)
20%
Unfortunately, an analytical expression for (15) does not exist.
However, according to [15], a new log-normal distribution can
accurately approximate (15) for high values of ¢ (0¢ > 6

dB), i.e.,
10/1n10 101og o u — f)?
uy/2mo2 20

where

tu = 101og,¢(207,) — 2.5dB,

Ou = ,/ag + 5.572dB.

Equation (16) can be written in a more concise form as

A7)

1 (hlu_,udlnu)2
w(U) = —————=ex —_ |, 18
fol) = er p( 207, (o
where
In10
Hinw = (I—O)Mm
_ (lnl()) (19)
Olnu = 10 Oy-

V. LINK BUDGET

For the FSO model under consideration, the received optical
power at the WiMAX base station is determined by the well
known Friis transmission equation [8]

2
) h,  (20)

Pr_o = Pr_ontnrGr-oGr-o < Ao

47d,

where Pr_o, ngr, and Gr_o are the optical power, efficiency,

and telescope gain of the receiver and Pr_o, np, Gpr_o of

the transmitter, respectively. The optical power is converted to

RF using a square-law device after multiplied by a constant
Ko_grr as [6]

Pr_rr = Ko_rr (Pr0)’. 1)

Equation (21) refers to the total RF transmitted power. Keep-
ing in mind that the number of sub-carriers used is IV, the RF
transmitted power per subcarrier is obtained as

Pr_grsu = Pr—rr/N. (22)

By considering the composite RF channel model from the
WiMAX base station to the wireless users that includes path
loss as described in (11), log-normal shadowing, and fast
Rayleigh fading, the overall received power at the wireless
terminal is expressed as

2 v
ArrvVG d
PRRRsub:PTRF,sub( uza l) ( RFO) u, (23)
4drdrro drr
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where Arp is the wavelength of the RF signal. Substituting
(20) and (21) in (23) and using (1), we have

Ko_
Pr_Rrr sub = ONRF
o )2 ’
x | Pr—onrng | —= ) Gr-oGr-ol
4md,
2 v
ARFV d
« (VG BFO ) h2h2u. (24)
dmdrro drr P

Since h, follows a log-normal distribution, the pdf of H, =
hZ, is derived after a simple transformation of the RV, h,, as

2\ 2
ot ) o

fHa (Ha) 320_2
X
(26)

4H, 27Tcr>2C
Similarly, the pdf of H,, = h2, is deduced as
_ g

247" 7
Hence, (24) can be written in a more compact form as a
product of a deterministic and a probabilistic factor, namely

fu, (Hp) 0< H, <A}

Pr_Rrrsub = Aw, 27
where
K Ao )2 ’
A - R o B B
~ T_ONTNR Ind, Gr_oGRr-oh
2 v
y (ARF\/G1> (dRFO> 7 28)
drdrro drr
and
w= HyHqu. 29)

The RV w is a product of three independent RVs. To
evaluate its pdf, we first define 6 as § = H,u. We observe that
0 is the product of two log-normal RVs and hence according
to [16, eq. 11.15], follows a log-normal pdf

1
fo6) = 0\/2(0% . + (d0y)%)
06 — (pnu — 402))°
X exp <—( 2(01211:“_'_ (4Ux)2) ) ) . (30)

The above equation can be rewritten as

1 (Ing — \)*
) = — _ 31
f9() HWexp< 2<2 )7 ( )
where
A= Minw — 40—)2@
(32)
¢ =1/ob, + (doy)2

Now, the pdf of w = 6H,, can be derived using the formula
of the product of two RVs, presented in (14), as
2

v e [T 22
fww) = W 2 / [
( ) Ag w/A2
1 (Ing — \)°
X ————exp | —~————— | df. (33)
20,/27C2 p( 22 )
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The above integral can be easily solved with a proper variable
substitution and use of [13, eq. 2.33.1], leading to

2,2

In(4) — A+ -

(V2 ’

where erfc(-) is the complementary error function [13, eq.
8.250.4].

The cumulative distribution function (cdf) of w can be
deduced using [17, eq. 06.27.21.0011.01] as

(AN — (PA?
8

fuw (w)

x erfc (34)

Fy(w) = % [exp (Lfg(w) - %) erfc (—Jz)\(/u%))
2.2
T erfe (Wﬂ , (35)
where (22
folw) =In(—z) = A+ 2 (36)
0

VI. OUTAGE PROBABILITY

We define the outage probability to be the probability that
the received power for a given subcarrier at a given distance,
drp, falls below a minimum received power level target,
Pmin,suba i-e-’

Poutage,sub = Pr(PRfRF,sub (dRF) < Pmin,sub)a (37)
which can also be expressed using (27) by
Pmin su
Poutage,sub = PI‘(U} < T7b)7 (38)
or in terms of the cdf of w (see (35)) as
Pmimsub
Poutage,sub = Iy, (T) . (39)

Next, we determine the power level target, Ppin, sup, from
the WiMAX standard and the wireless system configuration
parameters. For example, we consider that each subcarrier is
modulated by the M-QAM modulation scheme'. In this vein,
we can readily find that the upper-bound of the symbol error
rate of the subcarrier is given by [14, eq. 6.25]

3SNR;
M-1]"

SERsup < 4Q (40
where Q(-) is the Gaussian Q function defined as Qz) =
1/V2m [ exp™ 7 da and also related to the complementary
error function erfc(-) by erfc(z) = 2Q(v/2x), and SNR; is
given by [6]

(41)
In the above equation, P, is the average symbol signal power,

T, the symbol duration time, Nrr the noise power density
due to the front end of the RF subscriber receiver, and Np

'A similar analysis can be conducted by using other modulation formats.
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TABLE I
NUMERICAL PARAMETERS
[ Symbol | Definition | Value
c2 Refractive-index structure parameter 10-15 m~3
do Distance between the optical transmitter and receiver 1 Km
dRrF Distance between the RF transmitter and the wireless user 1 Km
drro RF reference distance 100 m
VG, Product of the transmit and receive antenna field 447 dB
Gr-o Laser receiver telescope gain 112 dB
Gr_o Laser transmitter telescope gain 72 dB
Ko_rr | Ratio between the RF power and the square of the optic power 110 dB
Constellation size 64
N Number of sub-carriers in a channel 1024
No Noise power density due to the optical receiver 10~22 W/Hz
Nrr Noise power density due to the front end of the RF subscriber receiver | 5 10~ 19 W/Hz
nR Optics efficiency of the receiver 0.9
nr Optics efficiency of the transmitter 0.9
Pr_o Optical transmitted power 40 mW (16 dBm)
SER,p, | Symbol error rate 10~6
Ts Symbol duration time 0.1024 105 sec
Vv Visibility 10 km
Ao Laser wavelength 15510 % m
ARF Wavelength of RF signal 8.57 102 m (3.5 GHz)
r Radius of circular aperture of the optical detector 0.1 m
o¢ Standard deviation of shadowing 8 dB
Os Jitter standard deviation 0.3 m
afp Variance (Rayleigh fading) 1
v RF path loss factor 3.5
Wdo Beam radius at 1Km 2m

the noise power density due to the optical receiver. In most
cases, No is negligible in comparison with Ngpp .

Now, we set the minimum power required for acceptable
performance for a given subcarrier to be equal to the average
symbol signal power, i.e.,

Pmimsub = E (42)

Then, from (40) and (41) we can find the following bound of

Prin,sup in terms of SE R,

2(Ngp + No)(M — 1)(e1rfc‘1%)2
3T )

Hence, from (39) the outage probability takes the following
form

Pmimsub < (43)

2(Ngp + No)(M — 1)(erfc™t SE e )2
3T, A

Poutage,sub < Fw

(44)
Finally, the outage probability averaged over the /N subcar-
riers can be determined as [5]

1 N
Poutage = szoutage,sub- (45)

n=0

VII. PERFORMANCE EVALUATION

To examine the feasibility of the proposed WiMAX on FSO
architecture, we evaluate its performance using a practical set
of parameters briefly presented in Table I. These parameters
remain constant unless specified below.

At first, we investigate the effect of optical and RF distances
on the outage probability. To this end, Fig. 1 visualizes the
outage probability in terms of the distance between the RF
transmitter and the wireless user for a typical set of laser

path lengths, d,, i.e., from 1 to Skm. A characteristic range
of RF distances between 100m and 5km, which represents a
conventional area of a WiMAX cell, is taken into account. We
can readily observe that for a given optical distance an increase
of the RF distance is getting the outage probability worse.
Moreover, for a given RF distance the increase of optical
length deteriorates the performance. This can be justified as
follows. As d, gets high, both the Rytov variance and the
turbulence strength increase (see 5 and 6). Furthermore, the
atmospheric loss given by 2 also gets strong. That is, both
path loss and turbulence deteriorate, which in turn affect the
outage probability.

Secondly, we provide a graph showing the effect of shadow-
ing. Again, the outage probability is plotted in terms of dis-
tance drr. The three curves represent three different standard

_deviation values of log-normal shadowing, i.e., o¢ = 6, 8,10

dB. In Fig. 2, we can notice how the performance is affected
and we can conclude that the impact of shadowing is quite
significant; the greater the shadowing level, the worse the
outage probability performance.

To better understand the impact of normalized beamwidth,
Wy, /T, and normalized jitter, o5 /r, on the outage probability
we provide an adequate 3d plot (Fig. 3). It is shown that there
is a specific value of wg,/r where the outage probability is
minimum for a given jitter value. The same also holds if we
need to find the optimum jitter for a given beamwidth value.
Since proper FSO transmission requires transmitters with
accurate control of their beamwidth, a target outage probability
can be achieved by selecting an optimum beamwidth which
can be obtained using optimization methods, see, e.g., [18].

Finally, in Fig. 4 the impact of constellation size, M, is
depicted in terms of the distance between the RF transmitter
and the wireless user. It is clear that as the constellation size
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Fig. 1. Outage probability versus distance between the RF transmitter and
wireless user for typical optical distances.

107 F

Outage probability

656,810/ {dBY

H H H H
10 5107 10° 5.10°

de(m)

Fig. 2. Outage probability versus distance between the RF transmitter
and wireless user for various values of standard deviation of log-normal
shadowing.

increases, the requirements in terms of signal power also get
high. Keeping in mind that the transmitted power is fixed, it
is obvious that the outage probability is getting increased, as
well.

VIII. CONCLUSIONS

We constructed a simple but adequate architecture to inves-
tigate WiIMAX transmission over terrestrial FSO channels. The
channel model considers the laser link and the WiMAX com-
munication system parameters used in practice. Specifically,
some of the most critical impairments of the optical channel,
i.e., path loss, turbulence, pointing error effects, as well as
of the RF channel, i.e., path loss, shadowing, and Rayleigh
fading were taken into account, and an analytical derivation
of the outage probability was obtained. The feasibility of the
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Outage probability

Fig. 3. Outage probability versus normalized beamwidth and jitter.
107 F
5 107F:
3
3 107F i M=4. 16,.64
1075
107" i £ I 1
10° 510 10° 510°
dre(m)
Fig. 4. Outage probability versus distance between the RF transmitter and

wireless user for conventional M-QAM constellation sizes.

proposed architecture was further evaluated with a realistic set
of parameter values and depicted using proper graphs. The
present study may constitute the outset of adopting and eval-
uating more complicated and, at the same time, more realistic
RoFSO deployment scenarios. In this vein, the incorporation
of forward error correction schemes in order to increase the
overall performance seems to be quite challenging and such
an extension is a subject of ongoing research carried out by
our team.
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