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To facilitate the efficient support of quality-of-service (QoS) for promising free-space optical (FSO) communication

systems, it is essential to model and analyze FSO channels in terms of delay QoS. However, most existing works focus

on the average capacity and outage capacity for FSO, which are not enough to characterize the effective transmission

data rate when delay-sensitive service is applied. In this paper, the effective capacity of FSO communication systems

under statistical QoS provisioning constraints is investigated to meet heterogeneous traffic demands. A novel

closed-form expression for effective capacity is derived under the combined effects of atmospheric turbulence condi-

tions, pointing errors, beam widths, detector sizes and QoS exponents. The obtained results reveal the effects of some

significant parameters on effective capacity, which can be used for the design of FSO systems carrying a wide range of

services with diverse QoS requirements.
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Up to now, most existing works about capacity analysis
focus on the average capacity and outage capacity for
free-space optical (FSO) communication systems!'™.
However, it should be noted that the channel capacity
based on the concept of Shannon capacity is not enough
to characterize the effective transmission data rate when
delay-sensitive service is applied.

Nowadays, a wide range of services with diverse delay
requirements have sprung up, leading to a growing need
for delay QoS guarantees. Because of taking the QoS
metrics into account when applying the prevalent infor-
mation-theoretic results, the concept of effective capacity
has attracted much attention in conventional radio fre-
quency (RF) communications. The analysis of effective
capacity covers resource allocation management™®,
spectral efficiency!”, user scheduling schemes'™, and so
on. However, these results are confined to only the area
of RF communication. Specifically, the probability den-
sity function (PDF) of the received instantaneous signal
noise ratio (SNR) in the gamma-gamma (GG) turbulence
channels with pointing errors is complex. Thus the effec-
tive capacity computation may sometimes suffer from
mathematical intractability, which brings about more
difficulties.

As a result, investigating the effective capacity with
statistical QoS guarantees for FSO communication sys-
tems is interesting and essential. In this paper, a novel

and concise closed-form expression of QoS-aware effec-
tive capacity is deduced based on Meijer G-function.
Then we estimate the achievable effective capacity of the
FSO link, which is subject to a given delay QoS con-
straint, for the specific parameters (conditions of atmos-
pheric turbulence, pointing errors, beam width and de-
tector size).

The concept of effective capacity, firstly introduced by
D. Wu and Negi', is used to characterize the maximum
arrival rate that a time-varying fading channel can sup-
port under a given delay QoS constraint. Analytically, the
effg]ctive capacity for block-fading channels is expressed
as

E.(6)= —élog{E[e’”“‘ 1. (1)

where E[-] denotes the expectation, i is the time index,
and R[] (i=1,2,...) refers to the discrete time stochastic
service process which is assumed to be stationary and
ergodic. The parameter 8 is QoS exponent, representing
the decaying rate of the QoS violation probability. A
greater 6 indicates more strict QoS requirements,
whereas smaller 6 denotes more flexible QoS con-
straints.

In this paper, we concentrate on a discrete-time system
over a point-to-point optical wireless link using intensity
modulation/direct detection with on-off keying. The laser
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beams propagate along a horizontal path through a GG
turbulence channel with additive white Gaussian noise
(AWGN) in the presence of pointing errors. The channel
is assumed to be memoryless, stationary and ergodic with
independently and identically distributed intensity block
fading statistics. We also assume that the channel state
information is available at both transmitter and receiver.
Furthermore, we omit the detector responsivity and the
path loss. In this case, the channel model is given by

y=hx+n, 2)

where y is the electrical signal at the receiver, /4 is the
channel fading coefficient, x is the transmitted intensity
taking values of 0 or 2P, (P; is the average transmitted
optical power), and n is AWGN with zero mean and
variance of o . In our model, the channel fading coeffi-
cient 4 is considered to be a product of two independent
factors, i.e., h=h,h,, where h, is the random attenuation
due to atmospheric turbulence, and /4, is the random at-
tenuation due to pointing errors because of transmitter or
receiver sway.

An optical wireless channel is a randomly time-variant
channel, and the received instantaneous electrical sig-
nal-to-noise ratio (SNR) y[i] is a random variable as

2721+
Nil= 23_112[1] ’ 3)
o

n

where i is the time index of the frame, and P is the av-
erage transmitted optical power. We assume that the sys-
tem’s instantaneous capacity can be achieved. Thus, the
instantaneous service rate of the frame i, denoted by
R[i], can be expressed as

R[i1=T,Blog, {1+ Ail} . “)

where B denotes the system spectral bandwidth, and T}
represents the frame duration. In the following discussions,
we omit the discrete time-index of i for simplicity.

For moderate-to-strong turbulence conditions, the GG
distribution can accurately characterize the channel fad-
ing caused by scintillation. In the GG turbulence model,
the PDF of 4, is given by

2(af) " (ha)m;/m
() I(p)

where (") is the gamma function, and K,(-) is the modi-
fied Bessel function of the second kind of order v. The
parameters of a and f can be directly related to the at-
mospheric conditions for the case of plane wave by

£,(h)= K, (2Jeph), (5
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where d =~kD* /4L , o, =1.23C2k"°L"" is the Rytov
variance, k=2m/. is the optical wave number, D is the
aperture diameter of the receiver, A is the communication
wavelength, L is the distance between transmitter and
receiver, and C?is the index of refraction structure pa-
rameter which represents the atmospheric turbulence
condition. In general, C? varies from 10" m?®* to
10" m™? for weak to strong turbulence cases, respec-
tively.

In line-of-sight FSO communication links, the point-
ing accuracy is an important factor in determining link
performance and reliability. Considering independent
identical Gaussian distributions for the elevation and the
horizontal displacement, and assuming a circular detec-
tion aperture with radius of » and a Gaussian beam, the
PDF of &, can be expressed as

2
£ )= Z—qh” 0<h <4, (8)

0

where Ag=[erf(v)]” is the fraction of the collected power at
=0, erf(") is the error function, v = \/;r / \/EWZ , W,is the
beam width at distance z, #=Wz4/20; is the ratio between the
equivalent beam radius at the receiver and the pointing error
displacement standard deviation at the receiver, o is the
Jitter variance at the receiver, and W, is the equivalent beam
width with W, =W, Jrerf(v) /[2vexp(—»*)] .

The PDF of the channel states ~=h,h, for the com-
bined effects of GG turbulence and pointing errors can
be expressed as!'”
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Thus, we can obtain the following PDF with respect to y
for the GG distribution model with pointing errors as
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where G describes the Meijer G-function''. Note
that this function is a standard built-in function in most
of the well-known mathematical software packages, such
as Mathematica and Maple.

Substituting Egs.(4) and (10) into Eq.(1), the effective
capacity of a GG modeled optical channel is given as

__r -6, Blog(1+7) ] _
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where ¢ 2 OT.B/In2 is the normalized QoS exponent.
By expressing (1+y)™ as that in Ref.[12], the closed-form
mathematical expression for effective capacity under the
combined effects of GG turbulence and pointing errors is
derived as

13

E. = _llog e X
o | (@l (BHI (g
ml w2
G (ap)’ o, 27 27
TI32A4PY | P+l o a+l B B+
27 2 727 2 72 2

. (12)

By using Eq.(12), we can evaluate the effective capac-
ity of the FSO communication system under the com-
bined effects of GG turbulence, pointing errors and sta-
tistical delay QoS constraint. Moreover, the closed-form
expression takes the operational parameters of the system
into account, such as link lengths L, operation wave-
length A, receiver aperture diameter D, beam width W,
jitter variable o;, and delay constraints 6.

Simulation results are based on the parameters of
=850 nm, L=1 000 m, P=10 mW, B=10’ Hz, T=2 ms,
o’ =10"* A/Hz. In Fig.1, the refractive index structure
parameter C? varies from 6.5x10™° m**to 6.5x10™* m™>.
Then the Rytov variances can be calculated as o, =0.26
and 0, =2.6, which represent the moderate and strong
turbulence conditions, respectively. It is observed that the
effective capacity decreases slightly when the atmos-
pheric turbulence condition varies from moderate to
strong.
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Fig.1 Effective capacity versus QoS exponent for dif-
ferent turbulence conditions with D=0.04 m, Wz=0.4 m
and 0s=0.2 m
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By changing the jitter variable as ¢,=0.1 m, 6,=0.2 m
and 0,=0.3 m in Fig.2, we can see that an increased jitter
degrades the average capacity of FSO communication
systems, and it induces a larger decrease for effective
capacity when the delay QoS constraint becomes looser.
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Fig.2 Effective capacity versus QoS exponent for dif-
ferent pointing error displacement jitters with o7 =2.6,
D=0.04 m and Wz=0.4 m

Furthermore, we analyze how effective capacity is af-
fected by different receiver aperture diameters of
D=0.04 m and D=0.08 m. From Fig.3, it can be seen that
the effective capacity increases with an enlarged receiver
aperture.
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Fig.3 Effective capacity versus QoS exponent for dif-
ferent receiver aperture diameters with o =2.6,
Wz=0.4 m and 0s=0.2 m

Fig.4 illustrates the effective capacity versus the QoS
exponent 6 for different receiver beam widths of
W~0.2m, W,/~=0.4 m and W,=0.8 m. It is noted that nei-
ther larger nor smaller 7 is preferred, and we can inves-
tigate the optimum receiver beam width in the future.

From Figs.1-4, it is obvious that a smaller QoS expo-
nent 0, which implies a looser QoS guarantee, corre-
sponds to larger change in effective capacity when con-
sidering the four factors mentioned above. Just observing
the QoS exponent 6 in the range from 10” to 10°, as ex-
pected, the effective capacity converges to zero as 8—o
and to the average capacity as 6—0. The results are con-
sistent with our theoretical analysis.
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Fig.4 Effective capacity versus QoS exponent for dif-
ferent receiver beam waists with 02=2.6, D=0.04 m
and 0s=0.2 m

In summary, we consider the QoS provisioning for
time-varying atmosphere channels, and deduce the con-
cise closed-form expression of effective capacity. Thanks
to Meijer G, the expression of effective capacity is con-
cise and can be easily calculated. The effects of atmos-
pheric turbulence condition, pointing errors, beam width,
detector size and QoS exponent on effective capacity are
investigated. Our work is a design guide for FSO sys-
tems carrying a wide range of services with diverse QoS
requirements.
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