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Abstract—Novel, closed-form expressions for the average Weibull fading environments with arbitrary values for the
Shannon capacity of single-branch receivers, operating over fading severity parameters. As an application, the derived
generalized fading channels (Nakagamin, Rice and Weibul), - oy nressions are used to evaluate the Shannon capacity of
are derived. As an application, the optimum switching threshold sSsSC . M th fi itchi
for maximizing the data transmission rate of switched and stay receivers. : oreover, .e pp |mu_m cgmmon switching
combining receivers is obtained and several numerical results are threshold for maximum capacity is obtained in a useful closed-
presented. form. Finally, several numerical results are presented to outline

Index Terms— Shannon channel capacity, generalized fading the effect of the fading severity on the maximum achieved data

channels, switched diversity, switching threshold. rate.

I[l. CAPACITY OF SINGLE-BRANCH RECEIVERS

Considering a signal’'s transmission of bandwidBil’

T HE growing demand on wireless multimedia services angher the additive white Gaussian noise (AWGN) channel,

products leads to increasing needs for radio channel SPRS: Shannon capacity is defined @s 2 Bw logy (1 + 7),

trum and information data rates. Therefore, channel Capac\'/%erey is received SNR. When the same signal is transmitted

is an important performance metric of primary concern in the = fading channel, the capacity can be considered as

design of future digital telecommunications systems. Shanngnrandom variable. The average channel capacity can be

ch.an.nel capaqty pTOV'des an upper bpund of maximum trarEﬁitained averaging’, over the probability density function
mission rate in a given Gaussian environment [1-3].

Diversity is an effective and widely used technique for mitigpdf) of 7, py () 111, 1€,

gating the effects of multipath fading. Among the well-known rel éBW/Ool 1 d 1
diversity techniques, switched and stay combining (SSC) K 0 og2(1+7) py () d. @)

requires reduced complexity, avoiding the need for knowledgg, using well-known expressions for the (), the av-

of the channel’s state information for all the diversity branch%}age capacity is obtained in closed-forms for the Nak-
and the need of a dedicated receiver for each one of them [4

] | ) . #;ami/Rayleigh, Rice and Weibull fading channel models.

In a dual-branch SSC receiver, if the instantaneous signal-
to-noise ratio (SNR) of the first branch falls below a prede- . .
fined switching threshold, the second branch is immediaté?‘y Nakagami Fading
selected, regardless of whether or not the SNR of that brancHn Nakagamim fading, the pdf and the cumulative density
is above or below the predetermined threshold. PrevioudWnction (cdf) of the received SNR, are [4, Table 9.5]
published works concerning the performance of SSC receivers 1 m\™ 1 —ma
are included in [5-11]. In most of these papers the optimum Py (V) = <> ey

> e . L(m) \ 7
switching threshold for maximum average output SNR or / and )
error rate performance has been studied. However, the neBBd P> (v) = 1 =T (m,m~/¥) /T(m), respectively, wherg
for higher data rates requires the maximization of the channdfdhe corresponding average SNR fief;, -) is the incomplete
capacity for given bandwidth and transmission power. Gamma function [12, eq. (8.350/2) (-) is the Gamma

In this letter, we present novel closed-form and analyfnction [12 eq. (8.310/1)[I' (-,0) =T'(-)) and m is the
ical expressions (in terms of Meijer's G-function [12, eqf@ding severity parameter which ranges fror to oc. Note,
(9.301)]) for the average Shannon channel capacity for singf8at form = 1, (2) reduces to the pdf (exponential) of the

branch receivers operating in Nakagami/Rayleigh, Rice al§ll-known Rayleigh fading channel. By replacing (2) into
(1), an integral of the form/;” 7™ 1 In(1 + 7) e~ dry,
Manuscript submitted April 27, 2004. The associate editor coordinating t@gpears. This kind of integral has been solved whers an
review of this paper and approving it for publication was Prof. Suhas Digga\{hteger [3] To the best of the authors’ knowledge, this integral
N. C. Sagias and G. S. Tombras are with the Laboratory of Elec- b Ivticall ved f bi | f USi
tronics, Department of Physics, University of Athens, Greece (e—maﬁ:fan nOF € anaytlca ys.o ved for arbitrary valueso, usmg
nsagias@space.noa.gr, gtombras@cc.uoa.gr). tables included in classical reference books, such as in [12].

G. K. Karagiannidis is with the Electrical and Computer Engineering{owever, this type of integral can be efficiently expressed in

|. INTRODUCTION
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maﬁ: geokarag@auth.gr). Y ®losed-form using [13], for arbitrary values of, as follows.
Digital Object Identifier 10.1109/LCOMM.2005.02031. By expressing the logarithmic and exponential integrands as

1089-7798/05$20.0® 2005 IEEE



2 IEEE COMMUNICATIONS LETTERS, VOL. 9, NO. 2, FEBRUARY 2005

100 ——F——7——7—

Meijer's G-functions, i.e.ln(1 + v) = Gy3[+/1] and
e~™m/7 = Gy [m~/7] 5] [13, eq. (11)] and using [13, eq.
(21)], the average channel capacity can be obtained in a simple
closed-form as

— BwW 1 m\" 31| M
© = W@ Tm) (7) Gz [ 7
Note, that using [14, /07.34.03.0987.06}} [-] can be written
in terms of the more familiar generalized hypergeometric
functiono F5 (-, -+, +;+) [12, eq. (9.14/1)]. Moreover, fom =
1, using [14, /06.35.26.0001.01], (3) reduces to the averagey’
capacity of the well-known Rayleigh model [1, eq. (5)].

—-m,1l—-m

}. 3)

0,—m,—m

/ BW (bits/sec/Hz)

sSC

»:

B. Rice Fading

In Rice fading, the pdf and the cdf of the received SNR,
are [4, Table 9.5]

1 _ Fig. 1. Normalized average channel capacity of SSC versus average SNR
py(7) = % 1+ K) e K =7 (I+K)/7 Iy { 4K (1 + K)% in Nakagamim fading at optimum common switching threshold.
4)
and Py (v) = 1- @1 {v 2K,/2(1 + K)W/*}, respectively, I1l. CAPACITY OF DUAL-BRANCH SSC RECEIVERS

where? is the corresponding average SN, (-) is the first  \ya consider a dual-branch SSC receiver with common

order Marcum Q-function [4, eq. (4.10)]o(-) is the zeroth qyitching threshold, operating in a flat fading environment.
order modified Bessel function of the first kind [12, ch. (8.40)jare it is convenient to replacewith ~,, £ = 1 and 2, in the

and K is the Rician factor. Using (1), (4) and an infinite serie§gts and cdfs of the aforementioned fading channel models,
representation foIQ () [12, eq._(8.4_147/1)], an integral of t_hei_e_, denoting them ag,, (-) and P,, (-), respectively, as well
same type as that in Nakagamifading case appears. Solving,q tne fading severity parameter of each model X and

this integral, following the same method as in Section II-% with my, K, and j3,, respectively. The pdf of the SSC
the Rice average channel capacity can be obtained as  stantaneous output Si\H}%sc is [4, eq. (9.272)]

~ _BW(Q+K)eX i 1 {K(l +K)}” Pt ty [Py (Ysse) + Do (Ysse)] s Ysse <7
Y = 12 =
In(2) v n=0 (n!) " (B)  Prsse (Ysse) = (1;11-7-11)352 Py (Vsse)
K 1 —1-n, —n
X Ggé |: ;— 0, —1—n , —1—n:| ) + (11121:)-21)3‘51 Pr, (7530) y Vsse > VZ—?)
where P, = P,, (y¢ =v-). Using (1) and (7), the average

C. Weibull Fading channel capacity at the output of the SSC can be expressed a:

The Weibull distribution is a flexible model which ex- o, Ut hs  (ArP) Py
hibits an excellent fit to experimental fading channel mea- PB/—V% ., P+ P
surements, for indoor and ogtdoor environments [15]. The _ 2 / 1ogy (1 + 7)p-, (7)dy @8)
pdf and the cdf of the received SNR, are [14](y) = P+ P
B 1/ (@q))* 7 e/ (207) and Py (y) = 1 - - R [T o1+ s ()
e~1/(@P1”"? " respectively, wherd is the corresponding aver- P+ P ° "

age SNRya = 1/I'(1+2/3) and 8 > 0 is the Weibull fading  The above equation includes finite integrals, which can be
severity parameter. The average channel capacity is [16] easily evaluated via numerical integration. Using (3), (5) and

BW N (6) and the corresponding expressions for the pdfs, the average
= s . s channel capacity of SSC can be expressed in closed-form
In(2) o (am)2 (2m) 2 for Nakagami/Rayleigh, Rice and Weibull fading, respectively.

) For independent and identically distributed (i.i.d.) input branch

T(l,—g ,T(z,l—g)
21, k+21 1k T00) . X(1—2) . T(1-2) SNRs, (8) reduces to

o

Bk
G R+ [(WY) ?

Y
A _ Cyee =1+ P)C, = BW / log, (1 + 7)py(v)dy (9)
where Y (n,§) = &/n, (£ +1)/n,..., (6 +n —1)/n, with 0
& an arbitrary real value and positive integer. Moreover, wherey = %,, P = Py, p,, (-) = p,(-) and for Nak-
l/k = /2, wherek and! are positive integers. Dependingagami m = my, Rice K = K, and Weibull 5 = g,.
upon the value of, a set with minimum values of and! In this case, the common optimum switching thresheld
can be properly chosen. for maximum average channel capacity can be obtained as
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275 L ' ' ' ' ] switching threshold, is plotted as a function of the average
SNR in Nakagamin fading with i.i.d. input branches and
for several values ofn. As it was expected(',, . improves

with an increase ofn. In Fig. 2, the normalized taBW
average channel capacity of SSC is plotted as a function of
the switching threshold in Weibull fading with i.i.d. input
branches for several values ¢f and fory = 10dB. As
shown, C,__.. also improves with an increase ¢f and a
maximum value ofC,__ is observed, related to (10), which
is more obvious as the severity of fading increases (8.9.
decreases). In both Figs. 1 and 2 and for a given value of
7, the relative capacity advantage is more pronounced in a
poorer channel condition. In Fig. 3, using (10), the optimum
common switching threshold is plotted as a function of the
average SNR in Rice fading with i.i.d. input branches for

<15 50 25 10~?dB) 25 5.0 75 several values of. It is evident that ag increasesy; also

7 increases. In the same figure, the common switching threshold

Fig. 2. Normalized average channel capacity of SSC versus commish@lSO plotted for comparison reasons for the AWGN channel
switching threshold in Weibull fading fof = 10 dB. (v+ = =), representing its upper bound.
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