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Abstract

In this paper, we derive closed-form exact and asymptotic expressions for the symbol error rate (SER) as
well as channel capacity when communicating over the Fox’s H-function fading channel. The SER expressions
are obtained for numerous practically-employed modulation schemes in case of single as well as three multiple-
branch diversity receivers: maximal ratio combining (MRC), equal gain combining (EGC), and selection
combining (SC). The derived exact expressions are given in terms of the univariate and multivariate Fox-
H functions for which we provide a portable and efficient Python code. Since the Fox’s H-function fading
channel represents the most generalized fading model ever presented in the literature, the derived expressions
subsume most of those previously presented for all the known simple and composite fading models. Moreover,
easy-to-compute asymptotic expansions are provided so as to easily study the behavior of the SER and channel
capacity at high values of the average signal-to-noise (SNR). The asymptotic expansions are also useful in
comparing different modulation schemes and receiver diversity combiners. Numerical and simulation results

are also provided to support the mathematical analysis and prove the validity of the obtained expressions.
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I. INTRODUCTION

Performance evaluation of wireless communication systems over fading channels has always been
an active area of research in the communication theory literature. Typically, performance metrics
such as the bit/symbol error rates (BER/SER), outage probability (OP), amount of fading (AoF), and
ergodic channel capacity are usually used among many others (see [1] and references therein). These
quantities are of interest for both the single-branch as well as the multiple-branch diversity receivers

usually employed to reduce the detrimental effect of fading.

Over the recent years, numerous new fading models have been proposed to model either the
fading or the joint shadowing/fading phenomena. These models generally provide a better fit for
experimental data than the classical Rayleigh, Nakagami-m, and Rician ones. This is especially true
as new communication technologies are continuously being introduced and analyzed, for example,
millimeter wave communications, free space optical (FSO) communications as well as cognitive radios.
Examples of these new models include the a-p [2], the K [3], the generalized K [4], the extended
generalized K (EGK) [5], the Gamma-Gamma [6] and the Madlaga distributions [7], among many
others. Having said that, the need for a unified fading model that subsumes most, if not all, of the
proposed fading models to date and provides enough flexibility to accommodate future experimental
results becomes eminent. One possible model that achieves these goals is the Fox’s H-function fading
model. Historically, the Fox’s H-function distribution has been reported in mathematical publications as
old as [8] and [9]. In these works, the Fox’s H-function was introduced as a generalization for most of
the probability distributions having a non-negative support. In the context of wireless communications,
since the received signal envelope and the signal-to-noise ratio (SNR) are always non-negative, this
distribution is very well-suited to represent the probability density function (PDF) of the received signal
envelope or SNR. Moreover, it was shown that the products, quotients, and powers of H-function
variates are actually H-function variates themselves [8] and that the sum of H-function variates is
indeed another H-function variate [10] (These properties are collectively known as the H-preserving
property). This provides a very powerful tool to analyze diversity receivers as well as scenarios where
mixed fading models are encountered, e.g., communications in presence of co-channel interference or
within networks of relays. We can think of the Fox’s H-function model as a “cast” that can be used to
carry out a unified mathematical analysis for all possible fading models. More importantly, the Fox’s

H-function model could be used to provide a possible fit for channel measurements that the current
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models fail to accommodate because of the multiple degrees of freedom it offers.

Two important metrics that are usually used to characterize digital communications over fading
channels are the the SER/BER and the ergodic capacity [1]. In the same time, they are usually very
challenging to obtain, especially in closed-form. This is particularly true for the considered Fox’s
H-function distribution. Unfortunately, the straightforward way, based on averaging the conditional
probability of error on a specific SNR over the distribution of the SNR, rarely results in tractable
integrals that lead to closed-form expressions. Hence, it has been limited to simple fading models such
as the Rayleigh distribution. Alternatively, one of the most popular approaches is presented in the
seminal works by Alouini ef al in [11] and [12], who have laid the foundation of what is commonly
known as the moment-generating function (MGF) approach. This approach has been successfully
applied to the Rayleigh, the Nakagami-m, the Rice, the Nakagami-q and many other fading models (see
[1, Ch. 8] and references therein). However, this approach requires performing some tricky integrations
for moderately complicated fading distributions such as the case of Nakagami-m. That is why the
literature is full of works that propose efficient techniques for numerically evaluating the performance
using the MGF approach especially with diversity reception over some generalized fading channels
(e.g., [13] and [14]). For complicated models such as the Fox’s H-function distribution or even some
of its special cases, e.g., the EGK and the Gamma-Gamma distributions, the MGF is actually given in
the form of a Fox-H function, which limits the usability of the MGF approach. Additionally, the MGF
approach cannot be straightforwardly used to estimate the asymptotic behavior of the SER for large

values of the average SNR, which is an alternative simpler useful metric for performance evaluation.

Recently in [15], we proposed a unified approach for calculating the SER of o — i fading channels
based on the use of Mellin transform to express the SER in the form of a Mellin-Barnes integral [16],
which can then be represented in terms of the Fox’s H-function in a direct manner. Depending on
the specific parameter settings of the fading distribution and/or the modulation scheme, the obtained
expressions can even be further simplified to simpler special functions such as the Meijer’s G-function
or the hypergeometric function. Moreover, this approach enables obtaining asymptotic expansions that
could be straightforwardly derived by evaluating some complex residues of the integrand function
in the obtained Mellin-Barnes integral. Motivated by the successful application of this approach for
a-p distribution in our work in [15], in this paper, we generalize our approach to deal with more
generalized fading distributions and diversity receivers scenarios. In particular, we extend the previous

work in [15] in the following ways:
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1) We derive novel closed-form expressions for the SER of most (if not all) of the practically-
used modulation schemes when operating over the Fox’s H-function fading channel in presence
of additive white Gaussian noise (AWGN). This generalization is not trivial because, unlike
the a — p distribution, we have to derive the necessary conditions on the Fox’s H-function
distribution parameters so that the SNR distribution is valid mathematically. Moreover, the
asymptotic expansions, which we do believe are of prime importance practically, require more
analysis and in some cases further approximations.

2) We present a unified analysis framework to derive exact and asymptotic expressions for the SER
of a wide range of diversity receivers over the Fox’s H-function channel. While we focus in
the current paper on the equal gain, maximal-ratio, and selection combining (EGC, MRC, and
SC) schemes, the analysis is directly applicable to other types of diversity receivers. Moreover,
the SC was not addressed in the previous work. In addition, we also provide simple asymptotic
expansions for the SER in these cases, which can be very easily and quickly computed even for
a large number of branches.

3) We extend our framework to accommodate the ergodic capacity calculations and apply it to the
Fox’s H-function fading model assuming single branch communication. Moreover, we derive the
asymptotic expansion for the ergodic channel capacity and verify the results via simulations.

4) We present a portable implementation of the multivariate /{-function using Python in Appendix
A. The code is efficient and provides very accurate results. Its execution time for up to four
branches does not exceed a few seconds. To the best of the authors’ knowledge, this is a new

contribution to the literature of digital communications.

To the best of the authors’ knowledge, our results represent the most general SER and capacity
expressions ever presented in the literature for communications over fading channels and subsume
most of those previously presented in the literature for the classical and more recent fading mod-
els alike, whether simple or composite. More importantly, the presented framework enables us to
straightforwardly derive easy-to-calculate asymptotic expansions, which do serve as very accurate
approximations of the SER and the ergodic capacity for high average SNR values. This is verified in
many different cases as illustrated in the simulations. Moreover, and unlike the exact expressions, they
help to easily compare the performance over different fading channels (which are special cases of the

Fox’s H-function model), for different modulation schemes as well as diversity combining strategies.

It is worth mentioning here that the use of the Fox’s H-function as a unified model for fading
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statistics is not in fact new. In [17], the authors used the Fox’s H-function model to characterize the
spherically-invariant random process (SIRP), a generalization of the Gaussian process, which can be
used to provide a unified theory to model fading channel statistics. In [18], unified expressions for the
effective capacity of fading channels under a QoS constraint were obtained through the use of the Fox’s
H-function distribution. Also in [19], a variation of the Fox’s H-function fading model presented here,
which consists of a summation of multiple Fox’s H-functions (titled as the hyper Fox’s H-function),
was discussed. The main differences between this work and the one at hand are as follows: first, the
work in [19] only considers the BER for two binary modulation schemes, namely, BFSK and BPSK.
In this work, however, we manage to obtain closed-form exact and asymptotic expressions for the SER
for M-ary PSK, M-QAM, M-ASK as well as non-coherent M-ary FSK (NC M -ary FSK). Secondly,
the work in [19] only considers MRC as an example for diversity reception while we consider EGC,
MRC, and SC as mentioned earlier. It is worth mentioning that the model in [19] might seem more
general than the one presented here since it involves a summation of multiple Fox’s H-functions and
not just one, which enables it to subsume a few more fading models as special cases, e.g., the Hyper-
Gamma [20]. However, the results presented herein can be straightforwardly extended to follow the

model in [19] since all the operations involved are linear.

The rest of the paper is organized as follows: the next section treats the single-branch receivers
and derives closed-form SER and capacity expressions as well as asymptotic expansions assuming
the Fox’s H-function fading model. Several special cases are also presented and their expressions are
compared against those previously published in the literature. In Section III, the analysis is extended
to the multiple-branch EGC, MRC, and SC diversity receivers. Numerical and simulation results are

then presented in Section IV before the paper is finally concluded in Section V.

II. SINGLE BRANCH COMMUNICATION

We consider communications over a fading channel where the SNR, ~, follows the unified Fox’s

H-function distribution for which the probability density function (PDF) is given by [8, Sec. 4.1]

. (a5, A:);1.
Fo(y) = mH [ a7 7>0 (1)
(bj, Bj)j=14
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where A > 0 and the constant « are such that [ f,(y)dy = 1. The notation (;, ;) ;1. is a shorthand
for (x1,91), ..., (2, y¢). The univariate H-function, H]%:"((), is defined by [21]

(aj, Aj)j=1p | / ['(b; + B;s) HJ T(1—a; — Ajs)
(bj, Bj)j:l:q 27” HJ =n—+1 CL] + A S) j =m-+1 F(]' - bj - Bjs)

H (¢ Ctds @
where A; >0 forall j =1,...,pand B; > 0 for all j =1,...,q and the path of the integration £
depends on the value of the parameters. Examples of how classical and more recent fading models can
fit into this unified fading model are provided in [19, Tables II-V]. As mentioned earlier, some of these
fading models need to be approximated by a summation of Fox’s H-functions. The model presented
in (1) can be easily extended to accommodate these cases. We chose, however, to work with a single
Fox’s H-function to keep the presentation as compact as possible. Some other fading models that are
not mentioned in [19, Tables II-V] but can still be considered as special cases of the Fox’s H-function
fading model are the Madlaga and the Gamma-Gamma (double Gamma). We illustrate this fact in
Appendix B. In this section, we seek to derive exact expressions as well as asymptotic expansions for
the SER and the channel capacity. For the validity of our analysis, we require that f,(7y) be a valid
PDF and have a Mellin transform. Therefore, in Subsection II-A, we derive the sufficient conditions
for that to happen. SER analysis is presented in Subsection II-B followed by channel capacity analysis

in Subsection II-C.

A. Sufficient Conditions for the Validity of Analysis

Our previously proposed SER calculation framework in [15] was totally dependent on the straight-
forward and simple derivation of the Mellin transform of f, (). For the general case of unified Fox’s
H-function distribution, the Mellin transform can be easily obtained only if the path of integration
in (1) is a straight line parallel to the imaginary axis. Therefore, the following condition needs to be

enforced [21]:

ZA—ZA+ZB—ZB>O (3)

j=n+1 j=m+t1
Fortunately, all the considered distributions in [19, Tables II-V] satisfy this requirement. In fact, in all
of them n = p = 0 and m = ¢. Moreover, as required by the definition of the H-function, the poles of
the factors I'(b; + B;s), j = 1, ..., m should be separable from those of I'(1—a,; —A;s), j =1,...,n.
This is equivalent to having [ < u where | = —min;—; (?R {g—fj}), U= minj_; (5)% { 1;” }),

J
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and R{.} denotes the real part of a complex quantity. In such a case, it can be shown that the path of

integration can be taken as a straight line from o — 700 to o + 700 where o satisfies [ < 0 < .

Now, in order for f.,(7) to be a valid PDF, its integration from 0 to co needs to be equal to one. At
this point, it is more convenient to start working with the Mellin transform of f, () rather than the
distribution itself. This is, in fact, one of the major strengths of the unified Fox’s H-function fading
model; its Mellin transform is straightforward to obtain and easy to deal with. The Mellin transform

of a continuous function is defined as [22]:

F(s) = M{F(7)} = / " . )

The above mentioned condition is now equivalent to having the point s = 1 in the region of convergence
(ROC) of f*(s) since f*(1) = [=, fy(v)y**dy = 1. That is, we must have [ < 1 < u. An illustration
of this condition is shown in Fig. 1(a). This condition is again satisfied by all the distributions
investigated in [19, Tables II-V]. Finally, in order to have a finite value for r, lim, 1 f*(s) must
exist and be equal to 1. From (1) and (4), the Mellin transform of f, () can be obtained directly using
[21, Eq. (2.8)] as

[T2, Db + Bys) [T—, T'(1 — a; — A;s)

[¥(s) = rA™ =1 =1 : ®)
ten L + A58) [ 15—y (L = by — Bys)
Hence, we do require that the following limit exist and be bounded
E _ hnl §=n+1 F(CI,] + AJS) ?:erl F(l — b] — BJS) (6)
Aot T Dby + Bys) [T D(L —a; — Ajs)

j=1

B. Symbol Error Rate Analysis

1) Exact expressions: The derivation in this subsection is based on [15, Theorem I], which we

proved earlier. We recall this theorem here for convenience.

Theorem 1. Consider a general fading channel where the received SNR PDF is f.(v) having a
Mellin transform [*(s). If the Mellin transform of P(error|y) exists, then the unconditional SER for
a single-branch receiver is given by:

| [otioo

P.=— f*(s)h* (1 — s)ds (7

271

T—100

March 7, 2015 DRAFT



Tn(s) Im(z) Im(s)
R ROCHor A
| | o ROC for f*(s)
: i ROC for h*(z)
— @0 oi i Poles of I'(1 — a; —;1].5)\4
1 1 \\
A —0 0 % 5 1 Bl
! i
Poles of ['(b; + B;s) i é | W
: | Ref?)
T R = T
—= 0 0 0 |
: oo
i Integration
L]
i
@ (b) ©

Fig. 1. (a) ROC of f*(s). Note that the point s = 1 must be inside the ROC because f-(v) is a PDF. In this example, m = n = 3,
(b) ROC of h*(z) in the z-domain, (c) The intersection of the ROCs of f*(s) and h*(1 — s) is the solid grey region | < R{s} < 1.
The solid circles refer to the poles considered for deriving the asymptotic expansion of the SER.

TABLE 1
BASIC COMPONENTS OF h(’y) TOGETHER WITH THEIR MELLIN TRANSFORMS

hr(7;0) Mellin transform Modulation schemes
ho(y;b) = e ™7 hi(s;b) = b °T'(s) DBPSK, NC M-FSK
hi(y;b) = [2 u=' e du Ri(s;b) = s b2 (s +1/2) CBPSK, CBFSK, M-PSK, M-QAM
b—S
h(s;a,b) = ——x
h . b — PACERCY]
- falvmb) cz-Hivo 25y bm PSK, QAM
fuzwu e Q' (Vau)du i/ 2 I1/2 —w)l'(s+w+1/2) (i)wdw
270 oy —ioo w 2b

where h*(s) is the Mellin transform of h(vy) = P(error|y) and the constant o is such that o lies in

the ROC of both f*(s) and h*(1 — s).

From [1, Ch. 8], it is not difficult to observe that the conditional SER expression, h(7), for each of
the aforementioned modulation schemes, is a linear combination of one or more of the terms hg(7; b),
hi(7v;b), and hso(7;a,b) listed in the first column of Table I. It is straightforward to prove that the
ROC of their Mellin transforms, presented in the second column of the table using (4) along with the
definition of the Gamma function, is {s} > 0. Hence, the ROC of h*(1 — s) in (7) is R{s} < 1.
Intersecting that ROC with the ROC of f*(s), we easily conclude that one needs to have [ < o < 1
in order for (7) to be valid. This result is illustrated in Fig. 1(b) and (c). Now, according to (7) and

the fact that h() is a linear combination of one or more of the functions mentioned earlier, it can be
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easily shown that the SER itself is a linear combination of one or more of the functions
1 og+00
Z.(0) = —/ fr(s)hr (1 —s;0)ds, r=20,1and 2 (8)

210 J o oo
where ¢ = {b} for r = 0,1 and 6 = {a,b} for r = 2, which we refer to as the basic functions. For
Zo(b), we have h(s;b) = b~*I'(s) from Table I. Substituting from (5) into (8) and using hj(1—s;b) =
b*~IT(1 — s) and 0 = b, we easily get

k1 /:Hoo (Hg1r<b~+3-s))r(1—S)H;;lm—aj—Ajs) (A)_Sds. o

b% —100 ?:n—&—l (CLJ + A 8) j =m+1 F(l - bj - Bj5> B

Io(b) =

Following similar steps, one can derive similar expressions for Z;(b) and Z(a,b). Now, referring to
the definition of the H-function in (2), and using the relation [21, Eq. (1.60)] so as the results include

the ratio /A for convenience, the following results of Z,.(6), r = 0, 1, 2, follow immediately:

171’ ._|_A.7A, 1.
To(b) = _Hnjrgwrl é (1,1), (a; jr Aj)j=1p 7 (10a)
AT (b + By By

AL 1), (3,1), (a; + Aj, Aj)j=1p (10b)
bl (b + By, By)j-14, (0,1)

’%/A m,n+2
WHP+2:]_+1

Zl(b) =
To(a,b) = KA oniimnn [ 20A (3;:1,1) (1,1) (1,1), (a; + Aj, Aj)j=1p
1,0;1,2;p+1,q+1
ONSTE] 2b’bl — (11),(0,1) (b + By, By)jrg, (0,1)
(10c)

where H)7imrmiimnn (¢ () is the multivariate H-function defined by [21, Eq. (A.1)]. Finally,
the SER can be obtained by substituting the expressions in (10) into the expressions in [15, Table III]
yielding the final forms provided in Table II. We want to stress here that these expressions are, to the
best of the authors knowledge, the most general SER expressions ever presented in the literature. They

literally subsume each and every SER expression previously presented as a special case.

2) Asymptotic expansions: In many practical settings, the obtained exact expressions could be of
limited value because of the difficulty encountered in evaluating the univariate and multivariate H-
function. Generally, the H-function is given in the form of a complex integral, which is computed
numerically. For high values of the average SNR, the exact value of the SER is very small and thus
their computation using numerical integration methods is subject to underflow. Therefore, it is often

desired to derive simpler asymptotic expansions of the SER for large values of the average SNR; a
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TABLE 1T
FINAL FORM OF THE P, FOR THE DIFFERENT MODULATION SCHEMES WITH FOX’S H-FUNCTION FADING.

Modulation Scheme P,
K//\ m,n+2 (17 1)7 (%7 1)7 ((l]' + Aj7Aj)j:1:p
CBFSK QIHP+241+1 2A (b, + By, B, )1, (0. 1)
(M =1)(K/N) mmsa (M =1 (11)(11)(a AL A i
A/I- ASK 7H )T )\ ) »\9 J YR
Y Myr e\ T (b; 4 B, B); 100 (0.1)
Iﬂ'//>\ an,n+2 >\ (1, 1)7 (%7 1)7 (Clj + Aj, Aj)j:l:p
]\/[—ary PSK 2f praadt SlIl (71-/]\[) (bJ + Bj? Bj)jzllzqv (07 1)
T 1 H0111mu+1 COt ( ) (5.11) . (1 1) (1,1),(aj+Aj,Aj)j:1:p
Vit M/ sin®(x/M)|  — (3:1),(0,1) (bj+Bj~,Bj)j:1:qa(071)
M Hmn+2 (]u_ 1)/\ (1/ 1)7 (%,1),((14]' +A A )J
M-QAM M\f prsatt 3 (b; + Bj, Bj)j=1:0; (0, 1)
+ v M — HO.l‘l,l,m n+1 Otz ( ™ ) (]\/I — 1))\ ( ]' ]') (1* 1) (17 1)7 (CZ]' + Aijj)]*lp
Ve M 3 = (5GD.0.1) (b +Bj, By)jmg (0,1)
’Q/)‘ m,n-+1 (1 1) aJ+A],A j=1p
DBPSE g Mot <A (b + By B)jrg
M-1
P M-1\ 1 (n+ DA[(1,1), (a; + Ay, A)),1,
NC M-ary FSK = —1)ntt ot »4), (4 Jr 43 )j=1p
" A 2D ( n >n+1 i n (bj + Bj, Bj)i=14

n=1

typical case of many practical situations. Beside their simplicity of computations, asymptotic expansions
offer an indication of the rate of change of the SER with respect to the SNR. This is very useful in
comparing different modulation schemes/fading channels. Moreover, their logarithms can be computed
efficiently and hence their computation is not subject to underflow. Taking a careful look at [19, Tables
II-V], we notice that the multiplier A is usually inversely proportional to the average SNR. Therefore,
asymptotic expansions should be derived in terms of positive powers of A. This could be accomplished
by evaluating the complex residues of the functions Z,.(0) at the largest negative poles of the terms
I'(b;+ Bjs), j =1,...,m. That is, we should consider the poles given by s = —b;/B;, j =1,...,m,
indicated in Fig. 1(c) as solid circles. In fact, the asymptotic expansions of the H-function depend
on the order of the poles. Therefore, we present the most general form based on [23, Theorem 1.12],

which we restate below after some slight modifications.

Theorem 2. Consider the H-function defined by (2) and let the condition (3) be satisfied. Define the
set of unique poles S = {s1,...,Sp}, where s; = —b;/B; and m' < m. For each pole s;, define the
set of indexes K; ={k: ke {l,...,m},ry; = —by+ Bpb;/B; € {0,1,2,...}} and let N; = |K;| be
the multiplicity of the pole s; = —b;/B;. The asymptotic expansion near ( =0 is given by

ml

Hy(C) ~ Y By [=In(Q)) V7 (/P (11)

j=1
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where the constants E;, j =1,...,m’ are given by

bj n bj
b 1)7ks Hkgsz I'(by, _BkB_)Hk 1F(1_ak+‘4k3_j)

77 (N; —1)! H mg'Bk fen1 L (a AkB) 1 (1_bk+B’“%ﬁ).

(12)

The expression of E; in (12) simplifies for simple poles (K; = {j}, N; = 1, r;; = 0) to the

following expression:

N S = - d
— _ —. (13)

Thus, the asymptotic expressions for the functions Z,.(f) can be easily evaluated thanks to Theorem 2

yielding

(14c)

where 5 Fi (., .;.;.) is the Gauss hypergeometric function, /X is given by (6), and E;, N;, and m' are
given by Theorem 2. We should notice that, according to the second condition in Subsection II-A, we
guarantee that all the powers 1 + g—j]_, j = 1,...,m have positive real parts. Thus, we are confident
that the obtained asymptotic expansions decrease monotonically with the increase of the average SNR.
Similar to the case of exact expressions, asymptotic expansions of the SER for different modulation
schemes are easily obtained by substituting from (14) into the expressions in [15, Table III] yielding

the results in Table III.

C. Channel Capacity

One of the main contributions of this work is deriving closed-form exact and asymptotic expressions

for the average ergodic capacity of the Fox’s H-function fading channel based on our previously
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TABLE III
ASYMPTOTIC EXPRESSIONS FOR P, FOR THE DIFFERENT MODULATION SCHEMES OVER FOX’S H-FUNCTION FADING. E;, N;, AND
m’ ARE AS DEFINED IN THEOREM 2.

Modulation Scheme Asymptotic Pe
K/)\ 3 b B L1
CBFSK Z = b / B ( + ) [—In(2)]™7 (2)\)
. L2
_ (M —1)(k/)) E; 3 b 3 Nttt M -1 BT
M-ary ASK Mr Jz:ler/BF —I-B In 7(M271)/\ 3 A
T
f@/)\z |: (sm W/M)):|le< A >ij+1x
M-ary PSK 1+b /B A sin®(47)

1./3 b cot(47) b, 1 b 3
’72F<§+Bﬁj>+ ﬁ r 2—|—§ 2 Fy 5,24—?],5, cot? (M
26/ A \/M—li E; {m
VT oM 1405 /B

{(>

DBPSK 7 g (
1

M-—1
K n+1
NC M-ary FSK §_ (-1) <

M-QAM

introduced framework. The capacity of a fading channel is given by

C=/ f5 () In(1 + v)dy (15)
v=0

where we chose the natural logarithm in the above definition in order to simplify the analysis'.

1) Exact expression: Using Parseval’s relation for the Mellin transform [22, Eq. (2.31)], it can be
easily shown that the capacity is given by
1 o+100

C= 57 f(s)c* (1 — s)ds (16)

o—100

where ¢*(s) is the Mellin transform of In(1 + ). Using [24, Eq. (17.43.23)] along with the Gamma
reflection formula [25, Appendix IL.1], ['(s)['(1 — s) = 7/ sin(7s), it can be shown that ¢*(s) is given

—S
c(s) = —TI'(s)I'(—s) = : -1 < R{s} <0. (17)
'Tt goes without saying that using the log,(-) function will just entail a scale factor to our results.
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Hence, the ROC of ¢*(1—s) is 1 < R{s} < 2. Intersecting that ROC with that of f*(s), the integration
(16) will be valid for 1 < o < min(2,«). Substituting from (17) and (5) into (16), employing the
definition of the H-function and using [21, Eq. (1.60)], we obtain

(0,1), (a; + Aj, Aj)j=1p, (1, 1)

K
C = 2gmtzntl |y . (18)
p+2,q+2
A (0,1),(0,1), (b; + B, B;)j=1:4

2) Asymptotic Expansion: Since the integral in (16) converges for 1 < o < min(2, u), the asymptotic
expansion is derived by evaluating the residues of this integral at the largest poles closest to the path
of integration from the left. Basically, we have three sets of poles lying on the left of the integration
path: a double pole at s = 1, the poles of I'(s) given by s = 0,—1,..., and the poles of the terms
I'(b; + Bys), j = 1,...,m. For simplicity, we shall consider only the double pole at s = 1 because it
is the closest to the integration path and we believe that the obtained expansion upon considering only
this pole is adequate for most applications. If more accurate expansions are required, the residues at
the other poles, e.g., s = —b;/B;, j = 1,...,m may be considered. Noting that f*(s) does not have

a pole at s = 1 because that point lies in its ROC, we have

¢~ lim L ((s sy L2 = 1)) i L (P02 $)T(s)). (19)

s—1 ds s—1 s—1 ds

Since 4T'(s) = TI'(s)(s) where v(z) = % InI'(z) is the digamma function [24, Eq. (8.360)] and
ds d. g q

T

substituting from (5), the following result for the asymptotic capacity is obtained:

C ~ —1In(A\) + lim
s—1

Z Bji/}(bj + BjS) - ZAJw<1 —a; — AjS)
i=1 j=1

p q
— Z Ajb(aj + Ajs) + Z Bjy(1 —b; — Bys)| . (20)

D. Special cases

As mentioned before, the Fox’s H-function fading distribution generalizes many well-known recent
fading distributions such as the a-p and the EGK distributions. It is interesting to see how the general
expressions derived for the SER and the channel capacity simplify when selecting special parameters

corresponding to those distributions.
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1) o — p distribution: As shown in [19, Table V], the o — i (generalized Gamma) distribution is
a special case of the H-function fading distribution for which the parameters are chosen as follows?:
/<a:F(ﬁﬁ,)\:gWhereB:F(%;)/“),m:q:1,n:p:0,bl:u—é,andBlzi.Hence,
the function f*(s) has poles only at the points s = —(by +7)/By =1— (u+ 7)o, r=0,1,.... As a

consequence, [ = 1 — ap, u — 00, and the ROC of f*(s) is simply R{s} > 1 — ap, which includes
the point s = 1 as long as ¢ > 0 and o > 0, which is always achieved as required by the definition
of the distribution. Thus, the SER is obtained using (7) with 1 — ap < ¢ < 1. Substituting with the
above-mentioned values into the expressions in Table II, it is straightforward to obtain the exact same
results as those previously published in our work [15, Table III] for a-p fading, which confirms the

versatility of the Fox’s H-function fading model.

The asymptotic expansions of the basic functions Z.(6), r = 0, 1, 2 are obtained either by evaluating
the residue of the integrand in (7) at the pole s = —b;/B; = 1 — au or by employing Theorem 2
directly. We should note that since we have only one simple pole, we have m’ = m = 1, Ny = 1,
and K; = {1} and hence, £} = 1/B; = «. Substituting the av — p parameters into (14) will yield the

following simplified expressions:

O(1+ap) (5 ) Pl tan) [ 5\

W0~ (5) - B0~ o () 2
Vval'(1+ ap) 1 3 a B\

Ta(a, b) ~ bv2rl(1 + M)zFl (5’ L a5 _%> (5) ! (21b)

which are identical to [15, Eq. (15) and Eq. (17)] with the single exception of a missing b in the
denominator of Zy(b) due to the fact that, in this paper, we are working directly with the conditional
SER, P(error|y) rather than its derivative. Nonetheless, we stress that upon substituting (21) into the

expressions in [15, Table III], we obtain the exact same expansions obtained in [15, Table V].

The exact expression for the channel capacity is obtained either by using (16) with 1 < o0 < 2 or
by substituting in (18) with the corresponding parameters of the o — p distribution. This results in the

following exact expression for the average channel capacity:

gl

C=——=Hy;
(n) > (0,1),(0,1), (1, 1)

’In [15], we defined 7 = (E {fya})l/a. Here and in [19], ¥ is defined as 7 = E {~}. The final results in both cases are exactly the
same though.
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The asymptotic expansion for the channel capacity can also be obtained by substituting into (20) using

the special parameters corresponding to the o — p distribution yielding

€~ 1n(3) ~ () + (), @3)

which is identical to the result reported in [26, Eq. (18)].

2) EGK distribution: The second special case considered here is that of the EGK distribution.

According to [19, Table V], this distribution can be obtained from the Fox’s H-function fading

distribution by setting the parameters of the latter as follows: Kk = F(uﬁ)w A= ﬁs where 7 =
I(ps + ) _

E{~v} B = M dﬁ—ﬁ(u, =q=2,n=p=0,b1=us—s,B1=51,

by = p— 71, and By = &1 Hence, the function f*(s) in this case has two sets of poles: at

—(by+11)/B1 =1— (us +11)&, and at s = —(by +13)/By = 1 — (u + r9)§ where r and ry
are non-negative integers. Therefore, we have | = 1 — min(us&s, 1), u — oo, and the ROC for f*(s)
is R{s} > 1 — min(us&s, p&). Since we have pu, > 0.5, & > 0, u > 0.5, and £ > 0, as dictated by
the distribution definition, we always guarantee that the ROC includes the point s = 1. Substituting
with the above-mentioned values of the EGK fading model into the generalized expressions of SER
in Table II, it is straightforward to obtain the exact SER expression of different modulations schemes
under EGK channel fading as summarized in Table IV. It is important to note here that these SER

expressions for the EGK model are novel and have never been reported before in the literature.

Unlike the case of o— p distribution, we have m = 2 and hence the asymptotic expansion of the SER
is derived by computing the residues at two poles: s; = —b;/B; = 1 —pus&s and s = —by/ By = 1—p&.
In fact, we have three possible scenarios. First, the two poles are simple, which happens when both
ps — n& /& and p — pg&s /€ are neither a negative integer nor zero. In that case, we have m’ = 2,
Ny =Ny =1, Ky = {1}, Ky = {2}, By = &(p — ps&s/§), and Ey = 1 (ps — ué/&s). Second,
the two poles coincide, which happens when s = p&. In that case, m' = 1,N; = 2, K; = {1,2},
and F; = &&;. Finally, one of the poles is simple while the other coincides with a third pole, which
happens when either us — pu&/&s or pu — us&s /€ is a negative integer. If u — us&s/& = —r where r is
a positive integer, it can be shown that m’ = 2, Ny = 2, K; = {1,2}, B} = (—1)"&&/r!, No = 1,
Ky = {2}, By = &0 (pus — p&/&s). If s — p& /& = —r where r is a positive integer, then m’ = 2,
Ny =1, Ky = {1}, By = & (p — s /€), No =2, Ko = {1,2}, and Ey = (—1)"¢€,/r!. Substituting

the EGK parameters into (14) while taking into consideration the previous scenarios, we obtain the
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TABLE 1V
FINAL FORM OF THE P, FOR THE DIFFERENT MODULATION SCHEMES WITH EGK FADING.

Modulation Scheme P,
1 20 (208 (1,1, (3,1)
CBESK m Ms 23 ( 5 w& L), (1, b, (0,1 )
o wm-n (1.1, (z.1)
M-ary ASK MV ()T () MS ( (e, 1), (1. 3), (0,1) )
2,2 5 (171)5(171)
M—ary PSK 2\f1—‘(,us> ( ) 2,3 ( ﬁ/bln ( ) (/43751)’(114 %)’(0’ 1) >
1 0,1;1,1;2,1 co 2(m 555 (21 15 1) (1 1) 1’ 1)
+7H1'0‘1’2’1’3 < ! (M) ’)/blIIQ(M) - <%7 1)) <0: 1) (:uaa ;%)7 (,u, %)v (Ov 1) > “
Q(W 1) 2,2 ( )/655 (17 1)5 (17 1)
M-QAM M/ ()T () {H ( 5| () (. 0.) )
\/M 1 0.1,1,1;2,1 2(M B )ﬁsﬁ (27 17 1) (17 1) (17 ]‘)
e (LT | B ). (12, 0.1) ﬂ
1 2,1 B8 11 1) )
DBPSK 72”%)““)}112 ( 5 | ) md) )
1 e wi1 (M =1\ n o1 ( (n+1)3,8 (1,1)
NC M-ary FSK AN ;(71) ( ; >n+ -H?, ( B | et )
following expressions for the basic functions Z,.(6):
- B pgy) [ (bw >]N (ﬂsﬁ)“ﬁf
Zo(b 1 , 24
o0~ 2 gt r ) [ 29 by o
- 5+ 1) { < b3 )}N (ﬁsﬁ)%‘
1 , 24b
Z} usg (T+p) [ \BA by (240
m’ E F 1+Mj£]) 1 .. 3 B a b’7 N;j—1 655 H5&5
ne~ g Y et (2 ey ow) ()] (6

(24c¢)

where we define, for convenience, 11 = jig, fto = i, & = &, and & = &, 7 = 1, 2. Substituting (24)
into the expressions in [15, Table III], the asymptotic expansions of the SERs for different modulation

schemes are obtained as in Table V.

The channel capacity may also be driven through the use of (18) after substituting with the parameters
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TABLE V
ASYMPTOTIC EXPRESSIONS FOR P. FOR THE DIFFERENT MODULATION SCHEMES OVER EGK FADING. p1 = s, pt2 = i, &1 = &s,
AND &3 = €, j = 1,2. THE VALUES OF m/, E;, N;j ARE AS DISCUSSED IN SUBSUBSECTION II-D2.

Modulation Scheme Asymptotic P,
BT (3t { (vﬂN (2/35/3)“3@
CBESK lesj T )T+ 1) |\ 35,5 y
) +,ujfj) {n( 3y ):|Nj—1 (M)M&
Mrary ASK f;@ N0+ ) "\ G2 = D35 3
1 i{ E . (sin2 (;})7)]%1 (&ﬂ)”j&
M-ary PSK V= &T (a—)T (1 + 1) B.3 sin” (§7) 7
i (o) 22 o ()]
2<m_1>/mi{ E; [ ( )] ‘ ( —1)[3 6)#,@
M-QAM NG i £jf(jig)F 1+ p15) Bsh
1 1 M—-1 1
X "\/MF <2+,ujfj) + 2 \/m 2 Fy (2 1"‘#]5]7 7 “ }
1 BT+ ) [n( )} ’ (5 )
DBPSK 2 2 T T+ ) "\ 55

SR i G 80 ] O ) M S

of the EGK distribution. This easily yields the following expression for the channel capacity:

O L i [BB (0,1), (1,1)

D(ps)D(p) =7\ 4 (0,1),(0,1), (p1s, &), (1 §) =

which, after some straightforward manipulations, can reduce to [5, Eq. (15)]. The asymptotic expansion
is also obtained by either taking the residue of the integrand in (16) at the double pole s = 1 or
substituting the EGK parameters in (20). After some simplifications, we reach the following asymptotic

expansion of the channel capacity for EGK fading:

C ~n(7) — In(B8) + S0 (1) + 206 (1) 26)

£ §

III. MULTIPLE-BRANCH COMMUNICATION

In this section, we consider deriving the exact and asymptotic SER expressions for various diversity

combiners assuming statistically independent but not necessarily identical branches.
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A. System Model

Suppose we have an L-branch receiver, each of which has an instantaneous SNR ~;, [ = 1,... L

with a PDF

l l
(CL§ )7 Ag ))j=1ipz

(b(l) B(l))_ . Y 9

i 5 Ji=la

Jo(n) = s HLM L Ny v >0,01=1,... L. (27)

Obviously, the existence and convergence conditions will be similar to the case of single-branch
communication. The only difference will be in adding the subscript [ wherever appropriate. In our

analysis, we will make use of the following definition of the multivariate /-function [27]:

G1
(1) (L) 1 41 (L) 4(L)
O,n:mhnl:....mL nr, : <CJ Cj ) ’Oj )j:1p <aj ’Aj >] L:p1 (] ’A] >3 Lpr
P»q:P1,91,--,PL,9L . 1 L 1 1 L L
¢ d] D]( )7 ng( ))J=1q (b§ )7Bj(' ))J l:q1 (b§ )7B( )j l:qr,
L
1 L
= oo | Elsteeesn) | ()T ) dsy .. dsy (28)
w7 b e II

n L l
=(s o0) Hj:l r (1 — ¢ =L OJ( )Sl) (292)
=\S1,...,8L) = L l L l ’
?:n+1 I <Cj + 20 Cg( )Sl) H§:1 r (1 —dj— > DY >
[T, 00 + BYs) T, (1 —af? — AV s)

J
moa @ AV s) T, T —b§l>—B§l>sl)’

j=n+1 j=m;+1

oi(s1) = l=1,...,L. (29b)

For convenience, we shall adopt the following abbreviated notation for the multivariate- H function

07n:[ml 7nlh:1:L

! )
(a5, AP j=1
(

elalior |
P,q:[P1,qLli=1:L <dj : {Dj(l)}l:l:L) ' (b§l)’ B]l))jzl:ql

CL j=1l:q [=1:L

where the square brackets indicate replication across different dimensions.
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B. Symbol Error Rate Analysis

The output of a wide range of diversity receivers can be generally written in the following form

[28]3:

L 1/m
Ye = 1o (Z 7}“) (30)
=1

where {ng,m} = {1,1} for MRC and {no, 1} = {1/L,1/2} for EGC. For SC, it is well-known that

Ye = max;—1, 1Y, Which corresponds to 1y = 1 and 7; — oo. The unconditional SER is given by

o / Fy () h(r)dy 31)
Y

where [ is a shorthand for [ ... [*_ . f,(7) is the joint PDF of v = [yi,...,7z], and h(y.) is
the conditional SER, which can be considered as a function of - after substituting from (30) for ~..
We have provided a generalization of Theorem 1 to the case of L-branch diversity receivers in [15,

Theorem 2], which is reproduced here for convenience.

Theorem 3. Consider an L-branch diversity receiver in which the fading channels are independent
and the joint PDF of the SNRs at each branch is f(). Suppose that the Mellin transforms of f~(7)

and h(v.) are f*(s) and h*(s), respectively. The SER at the combiner output is given by the relation

1
P, = “(s)h™(1 —s)di 32
cr EACUCER T (32)
T , :
where s = [51 . 5Li| , Lis the Lx1 all-ones vector and [ is a shorthand for fi::fim . f;f;:;:oo.
The constants 0, | = 1...,L are chosen such that the vector o = |:0'1 o UL] lies in the region of

definitions of f*(s) and h*(1 — s).

In order to evaluate the SER integral in (32), both f*(s) and h*(s) are needed. The former can
be easily obtained from f*(s) = [[, f*(s;) due to the independence assumption. As for the latter,
because of the very special form of 7., we are able to derive an interesting relation for the L-dimensional

Mellin transform of h(+.) as shown in the following theorem:

q
3In fact, the relation presented in [28] takes the form v, = 1 (% Zszl ¥ ) where p and g are not to be confused with the definition

of p and ¢ in this paper. Nonetheless, in almost all diversity schemes of interest (even in [28] itself), we have ¢ = 1/p. Hence, by
setting 1o = nL_l/p and ¢ = 1/p, we get the relation in (30).
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Theorem 4. If . is given by (30), then the L-dimensional Mellin transform of h(v.) is given by

ity s 7L T o
h* (S) — "o l_Illl L(Sl/nl) / h(’%}) Cz:lel Sl_ld%' (33)
m 1T <E Yo sl> Ye=0

Moreover, if h(v.) = [~ g(u)du, then

U=7c

L o9
h*(s) = Hlll F}Eé‘l/nl) B / g(u)uZlL:l “du. (34)
m*= T (,7_1 > it 3l> 21l S

Proof. The Mellin transform of h(,) is given by

0o 0o L 1/771 L
h*(s) :/ / h | no (Zwl) H%slfld%...d%. (35)
71=0 7.=0 =1 =1

u=0

Performing the change of variables v; = 22:1 7" and noting that the Jacobian of the transformation

is |J] = m Loy ™ TR, (0 — v_1)Y™m L, we easily obtain the following expression for A*(s):

L
1 [~ oL v a1y o
h*(s) = 771_L/ Oh (novi/m) (/ / val H(vl — )™ Ydv, .. .de1> dvy,. (36)
v = v V1=

L—1=0 1—=2

The integration between parenthesis in (36) is simply evaluated using the definition of the beta function
T2y Dst/m) oy iz L

[24, Eq. (8.380.1)] with proper changes of variables and is equal to T s /m) VL . Hence,
=151/
we have
L
r > S A |
h*(s) = 1_[lzl L(Sl/nl) / h (novi/m) o) ity st vy (37)
m T2y st/m) Jor=o

Performing the change of variable -, = 7701)]1;/ ", the result in (33) follows. Eq. (34) follows from (33)
by substituting h(y.) = [

U=7c

g(u)du into it and changing the order of the resultant double integration.

This concludes the proof of the theorem. 0

It is worth noting that, for SC, the limit as 7y = 1, 171 — oo exists and is given by the following

corollary:

Corollary 1. As ny = 1, n; — oo, we have

L oo o)

1

W@ZZF&/ h(y)nZi= dy, = L(/gwﬁwa (38)
Hl:l 51 Jye=0 Hl=1 S1 Ju=0
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TABLE VI
BASIC COMPONENTS OF h(7.) TOGETHER WITH THEIR MELLIN TRANSFORMS

her(7;0) Mellin transform

~Skys T (2,&1 51) [T=i b (si/m)
th(Vc; b) = e P hé(s; b) = To I—1 1 I
m I (771 o sl>
py Steas T (% +30, Sl) [Ti=y b= (st/m)
L L
m Vb r (1 + o il sl)

Mo Zima® Hlelb 'T(s1/m) «

hei(ve;b) = [2, u™t%e™™du hi(s;b) =

hi(s;a,b) =
hea(ve; 2, b) = 2m* Vb <1 o i Sl)
R I E TN U A Pre
20 s s W CraT ) )

1) Exact Expressions: Similar to the case of single-branch communication, A(~.) contains one or
more of the terms shown in the first column of Table VI. It can also be shown that the region of
definition of h*(s) is always given by ), = {s:s; > 0,...,s, > 0}. Hence, the region of definition
of h*(1 —s)is Q) = {s:s; <1,...,s, < 1}. Furthermore, as mentioned before, since f,(v) is a
PDF, it is always guaranteed that the vector 1 € ) where ) is the region of definition of f*(s). Thus, it
is also guaranteed that the intersection between the two regions €2 and (2}, is not empty since the vector
1 belongs to both €2 and the closure of €2;. Moreover, the vector o must belong to this intersection
for the validity of Theorem 3. Similar to the case of single-branch communication, the function h(+.)
is usually given as a linear combination of one or more of the functions h.,.(v;6), r = 0,1, 2 listed in

Table VI. Therefore, the exact SER is a linear combination of the basic functions defined by

7..(0) ﬁ / F(s)ht (1 —s: 0)ds, r—0,1and 2, (39)

where the functions h},.(z) are obtained with the aid of Theorem 4 and are listed in Table VI. Expres-
sions for Z.,.(f) with different modulation schemes are stated in Table VII. Using these expressions in
the corresponding entries in [15, Table III], the expressions of the SER for the different combining and
modulation schemes over the Fox’s H-function fading channel directly follow. They are not presented

here though due to tight space limitations.
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2) Asymptotic Expansions: The asymptotic expansions of the SER for large average SNRs are

obtained using the exact same way employed with single branch communication. In this case, we should
. . b b\

compute the residue at the points s = (sy,...,5), where s; € { B‘”"" —BTl)}, [ =1,..., L.
my

However, this will result in a number of terms equal to HZL: . my. Though it is possible to compute all

of them, we found that*, in most cases, only one dominates the sum; namely the one corresponding
) b'h o
to the pole s = (sj,...,s}) where s = —min;—; ﬁ. Therefore, we may further simplify the
J

. ) S . b'
asymptotic expansions by considering only that pole. Defining j; = arg max;—i __m, ﬁ, we get the
J

following expressions for Z,,.(0):

L % l «
K/A I (L - Zl:l Sl> L 1) 1— S? b N;l)il )\l 1=s
Too(b) ~ —— = [T (—") (5 —) . @0
T <_ - L Zl 131) 11 h l "o

L s
KA F(L+1_Zl: SZ) 1 L 3
Icg(a,b)N \/5 / ! 2F1 —,L+1— E S?;-’-i
mIby2r (1 +L Ly s*) 2
m om 4el=1"1

S CHCOINO NN

where K = [T, s, A = [T, A N}l) is the order of the pole sg-l) = —bg-l) /B, and the constants

E](-l) are given in Theorem 2 after adding the superscript ) wherever appropriate. It can be shown
that the ratio K/A depends only on the distribution parameters. Therefore, we prefer to represent the
above expressions in terms of that ratio. Asymptotic expansions of the basic functions for the three
considered diversity combiners are given in Table VIII. Plugging these expressions again into Table

[15, Table III] yields the asymptotic expressions for the SER.

C. Demonstrative Examples

It is of interest to demonstrate how the proposed framework will allow us to derive exact expressions

as well as asymptotic expansions for the SER for the different fading channels and the aforementioned

“We would like to thank one of the reviewers for drawing our attention to this.
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diversity receivers. Due to space limitations, we find it difficult to list all the possible combinations
for all cases. Moreover, we see it is more constructive to demonstrate how the proposed framework
can be used to derive results of interest for non-trivial cases, which have not been treated before in the

literature. In the following examples, we assume all the fading branches to be statistically independent.

1) Example 1: o — p fading with SC diversity and M-ary PSK modulation: According to [15, Table
I1I], the SER for PSK modulation is given by

SlIl(ﬂ'/M)
’ VT

The expressions for Z.;(.) and Z.(.) are obtained by substituting the o — p parameters into the

2101 (sin®(7/M)) + T (2 cos®(m /M), sin*(7 /M)) | . (41)

eighth and ninth rows of Table VII, respectively. Substituting the result into (41) while setting a =
2 cos?(m/M) and b = sin?(7/M) yields the following exact expression for the SER:

1 0,1:[1,1)1— 1.1 51/8111.( )7 1( {1}im1r) (1,1)

1,0:[1,2]1=1. .
2y [Ty D) |02 - (ju. £).(0,1)

Elﬂ
N | +—=

e =

B,/ sin? (%) 1 I=1:L

cot? (%) |

B/ sin® (£) | (5 1,{1} 1,1 (1,1)

o | A/ )0 (o1 0hoe) (L) 7
+ \/E 170:(172)7[1’2}111:11 1 1
: - (571)7<071) (:U'lua_l)7<071) I=1:1

B/ sin® () yr |
(42)
where 3, = W [ = ., L. For the asymptotic expansions, the basic functions Z.;(.) and Z.o(.)

are obtained using the eighth and ninth rows of Table VIII, respectively. Since m; = 1,1 =1,...,L,

we have N](ll) =1 and Ej(ll) = oy for all [ and j;. The final asymptotic expression for the SER is

L

1 1 ﬁl Qi
e~ m [1 L(1+ ) (sin2(i)w> *

=1

1 (1 & cot(m/M) 1 - 3 S [T
[§F (5 —l—Zalul) \/1 (1 +ZOJ1/JJ1> <§,1 +ZZI:Oél,ul;§;—COt <M)>] .

(43)
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2) Example 2: EGK fading with EGC diversity and M-QAM modulation: According to [15, Table
I1], the exact SER for M-QAM modulation is given by

Pe:\/ﬁ—1 6 [1 <2( 3_1))+2\/M—1

3 3
Vit \=or—1y | var e e Vil 102(M—1’2<M—1>)] @

where, in this case, the basic functions Z.;(.) and Z.,(.) are given by the fifth and sixth rows of Table
VII. Hence, the final expression for the SER is given by setting a = 3/(M — 1) and b = 3/2(M — 1)
in Z,,(.) and Z.o(.) then substituting into (44). The final result is

L(M—-1)Bs151

o
_ 2L (VM — 1) 0,0:[2,1]1—1:1, ?1 — (1,2)
e L 0,1:1,2)—1. :
M Hl:l F(MZ)F(MSZ) e L(M—-1)Bs1.BL (0 : {1}l:1:L> (/’Ll - é? é)v (:usl - 5_117 f_il)
6yL
1

2(M—-1)B1Bs1L
i VM — 1H0,1:(1,1),[2,1]l:1;L Tll (

171:(172)7[172]l=1:L

1L {1ho)  (1,1) (1,2)
:0,{2}=1.1) (%, 1),(0,1) |(u — é, é), (fts1 — é, é)

N[

7

—
S

2(M-1)BrBsLL
37L

(45)

Finally, the asymptotic expansion of the SER can be easily obtained using Theorem 2 with m;, Ej(f),
and N;ll) being as defined in Subsection II-D2. Defining 11, = ju, ftog = fss §11 = & 20 = st

l=1,...,L, and j; = argmax;—1 2 jt;,§;,, the asymptotic expansion of the SER is given by

P, ~

VM =1 fﬂ'lvlr(“&jz,l)r(l + ,Ujl,l) M-—-1 67,

L
1 +2,/M_12F1 (%7]‘+Zl=1lujlvl£jl»l;%;_1>

(46)
VMT (1 +30, ,ujl,lgjhl) v Mm r (% +30 sz,lgjul)

X

IV. NUMERICAL AND SIMULATION RESULTS

In this section, we compare the values of the SER obtained via Monte Carlo simulations with our
derived exact and asymptotic expressions for single-branch communication as well as MRC, EGC, and
SC diversity receivers in order to illustrate the accuracy of the presented mathematical formulation.

Furthermore, we compare the exact and the asymptotic results for the capacity expressions for single
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SER

5L .| = = = Asymptotic

Exact

107 . Weibull, £&=1.5 (simulation)

L] Nakagami-u, u=3 (simulation)

Fig. 2. Exact, asymptotic, and simulated SER results of QPSK, CBFSK, and DBPSK modulation schemes over some limiting cases of
the EGK fading model.

branch communication. In most of the results, we consider the EGK fading distribution and special
cases of it as representative examples. The solid lines in all figures denote the exact results while the
dashed ones represent the asymptotic results. The markers denotes the simulation results, which are

obtained using MATLAB.

We first start with the SER for single-branch receivers. In Fig. 2, we consider communication using
QPSK, CBFSK, and DBPSK over Weibull and Nakagami-m fading channels while 8-PSK, 8-QAM, and
8-NCFSK modulation schemes operating over the generalized-K and the Weibull-Gamma composite
fading channels are considered in Fig. 3. Furthermore, the SER for the single-branch case is depicted
in Fig. 4 for 16-symbols systems considering different combinations of the EGK channel parameters.
In all the figures, we notice a strong match between the exact and simulation results of the SER for
all the SNR range. Moreover, we notice that the exact and asymptotic expansions agree very well
at high SNRs. This confirms the validity of our mathematical analysis for different communication
scenarios and parameter settings. It is important to note that the asymptotic expansions are much easier
and faster to calculate than the exact SER values and are not prone to underflow usually encountered
in numerical integration when very small values SER are calculated. This is the reason behind the

strength of using the asymptotic expansions for quickly comparing different communication scenarios.
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SER

107k °

= = = Asymptotic

Exact

Generalized-K, (u,us)=(2,5) (simulation)

Weibull-Gamma, (.£)=(4,3) (simulation)

10 15
7 (dB)

20

25 30

Fig. 3. Exact, asymptotic, and simulated SER results of 8-PSK, 8-QAM, and 8-NCFSK over some special cases of the EGK fading

model.

SER

16-PSK

. 16-QAl
10°F B
16-NCFSK-
10k = = = Asymptotic
Exact
_g . (p,é,ps@s)Z(ZJ .25,1,1) (Simulation)

(&g E)=(3,1.5,2,1.25) (Simulation)

1
10 15 20
7 (B)

25 30 35

Fig. 4. Exact, asymptotic, and simulated SER performance considering 16-PSK, 16-QAM, and 16-NCFSK over EGK fading with

different parameters.

The applicability of our proposed framework for computing the SER of MRC, EGC, and SC diversity

receivers is next demonstrated in Figs. 5, 6, and 7, respectively. In these figures, all branches are

assumed to be statistically independent and are subject to identical EGK fading distribution with the

following channel parameters: j; = 1, & = 1.5, ug = 3.5, and &;; = 2. In Figs. 5 and 6, we consider

dual and quad-branch diversity receivers, respectively, while in Fig. 7, dual and triple-branch receivers
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Dual 16-PSK

Quad 16-PSK

Dual 16-QAM

Quad 16-QAl

SER

_12 = = = = Asympotic
10 “r

Exact

0 5 10 15 20 25 30 35

Dual 16-NCFSK

SER
5

10° Quad 16=NCFSK

10+

= = = = Asympotic

Exact

0 5 10 15 20 25 30 35

Fig. 6. SER for dual- and quad-branch EGC receivers employing 16-ASK and 16-NCFSK with u; = 1, § = 1.5, us = 3.5, and
Ea = 2.

are considered. Different modulation schemes are also considered. As seen in these three figures, the
asymptotic results match the exact results well at high average SNR. Furthermore, as expected, the

average SER decreases significantly with the increase of number of diversity branches.

We next demonstrate the capacity of special cases of the H-function distribution. In Figs. 8 and

9, the capacity of the EGK and «-p fading channels, respectively, is depicted. As before, a strong
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Dual 16-QAl

SER

108 L Triple 16-QAl

----- Asympotic

Exact

0 5 10 15 20 25 30 35 40
7 (ab)

Generalized-K, (uu) = (3,

K=distribution, |i=:

Weibull-Exponential, E,s=0.7 5

Capacity

S |
* (u,g,}ls,?;s)=(4,1 .5,3,2) (Simulation)
®  (u&n £)=(3,1,2,1) (Simulation)
* (u,&,ps,?;s)z(zj ,1,1) (Simulation)
> (u,é,us,és)=(1 ,1,1,0.75) (Simulation)
B (uEp&)=(1,0.75,1,0.5) (Simulation)
0 5 10 15 2‘0 2‘5 3‘0 1;5 40

7 (aB)

Fig. 8. Exact, asymptotic, and simulated capacity over EGK composite fading assuming different distribution parameters.

match between the exact and asymptotic values of the capacity for SNR values roughly above 25 dB
is noticed in both figures. Moreover, the match increases for less severely faded channels in which
the values of o or ¢ are relatively smaller than ;. We also notice that, in all cases, the value of the
asymptotic capacity is always less than its corresponding exact one. Hence, we may argue that the

obtained asymptotic expression may serve as a tight lower bound for the true capacity.
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Capacity (nats/sec/Hz)

= = = = Asymptotic

Exact
—— (,)=(3.5,2.5)
O (@n=2.1)
— & (@p=(1.1)

I I I 1
0 5 10 15 20 25 30
7 (dB)

Fig. 9. Exact, asymptotic, and simulated capacity over a-4 fading assuming different distribution parameters.

V. CONCLUSIONS

In this paper, we have evaluated the performance of single and multiple-branch diversity receivers
when operating over the Fox’s H-function fading channel as a unified fading model that subsumes
many fading models of practical interest. For single-branch communications, we have derived exact
expressions as well as asymptotic expansions for the SER and the channel capacity while for multiple
branch communication only exact SER analysis was addressed. Our mathematical analysis was vali-
dated by various computer simulations considering a variety of special fading distributions, modulation
schemes, and diversity receivers. In all experiments, a perfect match between the exact expressions

and their corresponding asymptotic expansions has been clearly observed.

APPENDIX A

PYTHON IMPLEMENTATION OF THE MULTIVARIATE H-FUNCTION

from __future__ import division
import numpy as np

import scipy.special as special
import itertools

def detBoundaries (params, tol):

"’’Determine rectangular boundaries of integration region of Fox-H function.’’’
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EXACT EXPRESSIONS FOR Z¢o(b), Z¢1(b), AND Z2(a, b) FOR DIFFERENT DIVERSITY COMBINING RECEIVERS SUBJECT TO GENERAL

FOX’s H-FUNCTION FADING. K = [}, ki AND A =[], \i.

points[:, dim_1] = boundary_range

abs_integrand = np.abs (compMultiFoxHIntegrand (points, params))

index = np.max (np.nonzero (abs_integrand>tolxabs_integrand[0]))

boundaries[dim_1] = boundary_range[index]

return boundaries

def compMultiFoxHIntegrand(y, params):

Diversity Expressions for Zco(b), Zc1(b), and Zc2(a, b)
L (1) 0 40
K my,n Al 1,1, a;’ + A ,A- 1.
Zo) = T[T (5 ( zag L g Oy § pl)
MRC 1—1 / (j + 5 D )J:lzqz
A1/b 1 ! !
Zar(b) = K/AHO71:[ml,anl+1]l,:1:L : (% : {l}lzltL) (17 1)El§a§) J'El)A; )El;él; ))j=1:m
Vb bt Ladi=i )\L./b (0:{1}i=1.) (b;" + B, B ) j=1:q, I=1:L
a/2b
1 ! I
Ic2(a b) = LM 0,1:(1,1),[my,ny+1]1=1.L )\l/b (% : 17{1}l:l:L) L (1, 1) (1, 1),1(0,;) +ZA; )7lA;- )),7:11171
s 2\/% 1,1:(1,2),[pr+1,q1)i=1.1 (O : 0, {1}l:1:L) (5’ ]_)7 (O7 1) (b;) + B; ),B§ ))jzlqu .
Ar/b
A L/4b . ; .
K 0,0:mymi+1]1-1, , (1,2), (al” + AD AWy,
Zeo(b) = X2L\/?Ho,lj[[plilfqt]l]:l;y DG () { O 1 B® jB(z))J_ o
EGc ArL/4b 2 o I g7 =t I=1:L
A1L/4b . . .
Ta(b) = B2V yootmmisticre | - [(m)zlgay A A,
c 0,1:[pi+1,q;]1=1: : . . )
vb pi+Lali=1.1 AoL/4b (0:{1}=1.1) (bj +Bj 7Bj )i=l:q .
a/2b
l l l
Tos(a,b) = M 0,1:(1,1),[my,ny+1]—1. 1, ML/b (3:1,{1}i=1.1) ) (1,1) (1,2), (a§> +A§.),A§.))j:1:pl
-2 (@, ovbr | bE2mthalionr . (0:0,{2}i=1:2) (3,1),(0,1) (bg_z) + B](.l)7B](.l))j:1;q, L
ALL/b
Ai/b 1 l 1
To(b) = KHO,I:[ml,nl+1]l:1:L . (0 : {1}1:1:L) (1,1),(&5-) +A(')7A;))j:1?m
«o(b) = A L0:p g+ : — (b(“ + BW B(lg). (0,1)
S¢ Ar/b J g 025 =t S g
Ai/b 1 1 1
s 1(b) _ K/A ;),3:[[ml,;”+1]1l]:1¢ . (% : {1}1:1:L) (lzl:)l)7 (a§(;)+ f?l% ),A; ))jlmz]
¢ 0:[pr+1,q+1] =1 . — .
Vb pi+la+1]=1.1 Ao /b (bj + B;", B; )i=1:q;5 (0, 1) .
a/2b
l l l
Tos(a,b) = K/A L 0,1:(1,0), fmymy 10—, MDY (1) 1 (1,1) (1,1), (a" +A%>,A§.>)j:1:pl
T v D el - 30,00 [0+ B9, B, 0.1
AL/b
boundary_range = np.arange (0, 50, 0.05)
dims = len(params[0])
boundaries = np.zeros (dims)
for dim_1 in range (dims) :
points = np.zeros ((boundary_range.shape[0], dims))
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TABLE VIII

31

ASYMPTOTIC EXPANSIONS FOR Zo(b), Zc1(b), AND Zc2(a, b) FOR DIFFERENT DIVERSITY COMBINING RECEIVERS SUBJECT TO
FOX’s H-FUNCTION CHANNEL FADING. SIMPLE POLES OF f*(s) ARE ASSUMED. K =[]/, ki AND A = [, A

Diversity Expressions for Zco(b), Ze1(b), and Zeo(a, b)

ND 1 1-s}
- (] (1)
At b
MRC

l
2F1(1L+1 Z sk 3.
27 1=15173

_a L
2") [T2E"r 2 - 2s7) {m (T
=1

[}
K 1 . b\1V ' /LA
co(b) ~ V- - - H2E§.j>r (2 —2s7) {m (T)} (R
EGC r (L +3- 2k SZ‘) 1=1 :
L N®
K 1 . b\1%
Z.1(b) ~ %X - 2B (2 - 257) {m (T)} l
F(L‘Fl_Zzlsf) =1 !

L L L (1)
Va K S 1 5 .3 a Ej
162(37]3)’\4 bmx I L+l— S 2F1 §,L+1— 81757—% 1*31*
=1 l

A r(L+3-%ks)
L L [0) b NJ(lLl N
—_ J— * Jl —_
Zeo(b) ~ 3 F<L+1 ZSZ>H15* {1 <Al>] <b
SC =1 =1 l
L L ) Ny
1 K 1 b\ 1V
Tab)~ —— DL+ = — * a2
o (e d S 2 [ ()]

rrr
z, mn, pq, ¢, d, a, b = params
m, n = zip (*mn)

P, 94 = zip(xpq)

npoints, dims = y.shape
s = 1j*y
lower = np.zeros (dims)

upper = np.zeros (dims)
for dim_1 in range (dims) :
if bldim_17]:
bj, By = zip(*b[dim_11)
bj = np.array(bjl:m[dim_1+1]])
Bj = np.array(Bj[:m[dim_1+1]7)

lower[dim_1] = -np.min(bj/Bj)
else:
lower[dim_1] = -100
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if al[dim_17:
aj, Aj = zip(xa[dim_117])
aj = np.array(ajl:n[dim_1+111)
A3 = np.array(Aj[:n[dim_1+1]117)
upper [dim_1] = np.min((1l-aj)/A7J)

else:

upper [dim_1] 0
mindist = np.linalg.norm(upper—-lower)
sigs = 0.5% (upper+lower)
for j in range(n[0]):
num = 1 - c[3][0] - np.sum(c[j][l:] % lower)
cnorm = np.linalg.norm(c[J][1:])
newdist = np.abs(num) / cnorm
if newdist < mindist:
mindist = newdist
sigs = lower + 0.5+numxnp.array(c[J][1l:])/ (cnorm*cnorm)
s += sigs
sl = np.c_[np.ones((npoints, 1)), s]
prod_gam_num = prod_gam_denom = 1+07
for j in range(n[0]):
prod_gam_num %= special.gamma (l-np.dot (sl, c[3]))
for 3 in range(ql[0]):
prod_gam_denom %= special.gamma (l-np.dot (sl, d[]j]))
for 3 in range(n[0], p[0]):
prod_gam_denom %= special.gamma (np.dot (sl,c[]J]))
for dim_1 in range (dims) :
for j in range(n[dim_1+17]):
prod_gam_num %= special.gamma(l - a[dim_1][J]1[0] - aldim_1]1[j][1]=*s]

for j in range (m[dim_1+17):

for j in range(n[dim_1+1], pl[dim_1+17):
prod_gam_denom *= special.gamma(a[dim_1][J]1[0] + aldim_1][j][1]*s[:,

for j in range(m[dim_1+1], gl[dim_1+17):

prod_gam_denom %= special.gamma(l - b[dim_1][j]1[0] - b[dim_1][j][1]~*
zs = np.power (z, -s)
result = (prod_gam_num/prod_gam_denom) xnp.prod(zs, axis=1)/(2+np.pi)**dims

return result
def compMultiFoxH (params, nsubdivisions, boundaryTol=0.0001) :
’7’Estimate multivariate integral using rectangular quadrature.

Inputs: ’'params’: list containing z, mn, pg, ¢, d, a, b. ’'nsubdivisions’:
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the boundaries. Output: ’'result’: the estimated value of the Fox H function...’’’
boundaries = detBoundaries (params, boundaryTol)

dim = boundaries.shapel[0]

signs = list (itertools.product([1l,-1], repeat=dim))

code = list (itertools.product (range (int (nsubdivisions/2)), repeat=dim))
quad = 0

res = np.zeros ((0))

for sign in signs:
points = np.array(sign)x (np.array (code)+0.5) xboundaries*2/nsubdivisions
res = np.r_J[res,np.real (compMultiFoxHIntegrand (points, params))]
quad += np.sum(compMultiFoxHIntegrand (points, params))

volume = np.prod(2+boundaries/nsubdivisions)

result = quadxvolume

return result

APPENDIX B
THE GAMMA-GAMMA AND THE MALAGA DISTRIBUTIONS AS SPECIAL CASES OF THE FOX’S

H-FUNCTION FADING MODEL

The Gamma-Gamma and the Mdlaga distributions have been presented in the literature to describe the
fading phenomenon over FSO channels. Let us start with the Gamma-Gamma distribution. According

to [6], the PDF of the instantaneous SNR is given by [6, Eq. (3)]

£? 3,0 2 v 52 +1

f() = —>— G | af [ —— @7)
O e 2\ ) 0

where o, 3, &, r, ugp are some properly defined parameters related to the FSO link. Since the Meijer-G

is a special case of the Fox-H function [21, Eq. (1.112)] and using the relations in [21, Egs. (1.59)

and (1.60)], the instantaneous SNR PDF can be written as

(aB)" (+1-r7)

=—>_ g , 48
H0) L(@r(B) "\ pro ! & —=rr),(a—rr),(B—rr) @

which is indeed a special case of the model considered in this work. Note that the ROC of the Mellin

transform is R{s} > 1 — min(a, 3,£?)/r, which is guaranteed to include the point s = 1 as long as

a, B, are positive. Moreover, the expressions for the SER and capacity can be obtained by setting
52

/f:W,)\:%,m:q:i’),nzo,p:1,a1:§2+1—r,bl:§2—r,b2:a—r,bgzﬁ—r,
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andAlzBlngngzr.

Regarding the Madlaga distribution, according to [7], the SNR PDF is given by

AO S afy R (24/%F), if B is non-integer
f () = (49)
A apy@tORE, (2\ / %) , if § is an integer

where «, (3, I, ) are the distribution parameters, A, A q,, and a,(fG) are some dependent constants,

and K,(.) is the modified Bessel function of the second kind. The modified Bessel function can be
expressed in terms of the Meijer G function as in [24, Eq. (9.34.3)], which can readily be written in
terms of the H-function using [21, Eq. (1.112)]. Thus, the PDF can be represented as the following

sum of the Fox-H functions:

(

1A a,E/,G)Hg”g Ly ) . if 5 is non-integer
£ = DGR (50)
L) = :
A Zle ang,’S I;fg,y s s if 8 is an integer
(=5 1), (755 1)

\

Thus, if 5 is not integer, the SER and the ergodic capacity should be an infinite series in which the

«

e v+a+k b _ —vta+k
I° 9 -

k™-term corresponds to k = %A(G)a,(f), A= 3 5

m=q=2,n=p=0,b =
and B; = B, = 1. If 3 is an integer, the SER and the ergodic capacity should be a finite series of

3+ 1 terms in which the £™-term corresponds to x = %Aak, A= wa—fg,, m=q=2,n=p=0,
b1 = _1/+c2x+k’ bg = ——V—;a—l-k’ and Bl = B2 = 1.
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