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ABSTRACT In this paper, we introduce a systematic and unified stochastic tool to determine the joint
statistics of partial products of ordered random variables (RVs). With the proposed approach, we can
systematically obtain the desired joint statistics of any partial products of ordered statistics in terms of
the Mellin transform and the probability density function in a unified way. Our approach can be applied
when all the K-ordered RVs are involved, even for more complicated cases, for example, when only the K
(K; < K)best RVs are also considered. As an example of their application, these results can be applied to the
performance analysis of various wireless communication systems including wireless optical communication
systems. For an applied example, we present the closed-form expressions for the exponential RV special case.
‘We would like to emphasize that with the derived results based on our proposed stochastic tool, computational
complexity and execution time can be reduced compared to the computational complexity and execution time
based on an original multiple-fold integral expression of the conventional Mellin transform based approach
which has been applied in cases of the product of RVs.

INDEX TERMS Joint PDF, partial products, Mellin transform (MT), order statistics, probability density

function (PDF), exponential random variables, information combining.

I. INTRODUCTION

Order statistics that deal with ordered random variables (RVs)
and distributions of those functions are an important sub-field
of statistical theory and have been applied in a wide-range
of fields [1]. Over the years, it has been applied to a vast
variety of areas of statistical theory and practice [1], including
signal and image processing as well as quality control, life-
testing, and so on [2]—-[4]. In particular, order statistics have
been increasingly emerging in communications engineering
and advanced signal processing fields [5]. For example, in
[6], to determine the joint statistics of partial sums of ordered
RVs, a moment generating function (MGF) based unified
analytical framework was applied. With this analytical frame-
work, when both all the ordered RVs are involved and only the
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best RVs are considered, we can obtain the target joint PDF of
arbitrary partial sums of RVs as the closed-form expressions.

As one of the applied problems in statistics, the distri-
butions that deal with the product of RVs have been raised
and studied [7]-[9]. However, most of these studies have
been limited to independent cases. Therefore, approaches
applied to these independent case studies and related results
can not be applied to dependent random variable cases such
as ordered RV cases. In [10], a new characterization that
involves a distributional relation of products of order RVs
is introduced but this study is limited to simple/fundamental
cases (i.e., the product of two independent order RVs).
Recently, in [11], the distribution of products of dependent
RVs is studied but the results and the approach applied
to derive them are only valid for simple cases taking into
account the product of two ordered RVs. It directly means
that these results and approaches can not be applied to more
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complicated/general cases. These problem has not been tack-
led earlier, yet.

Many studies of the applications of Mellin transform to sta-
tistical distribution theory have been considered in [12]-[14],
including the methods in problems relating to exact distri-
butions of multivariate statistics in [15], [16]. In particular,
[71, [9], [11], [13], [17] studied how to obtain the probability
density function (PDF) of the product of RVs (e.g., the prod-
uct of two independent RVs or two dependent RVs) based on
the Mellin transform has been made. Similar to Laplace and
Fourier transforms, the Mellin transform is one of integral
transforms. In terms of probability theory, the Mellin trans-
form of a random variable is related to its PDF and according
to the properties of the Mellin transform, the Mellin transform
of a product of RVs is the product of the Mellin transforms
of the individual RVs [7], [9]. The definition and the related
properties of the Mellin transforms allow us to derive the
joint statistics of the product of ordered RVs in a systematic
and unified manner with the help of the MGF-based unified
framework.

In this paper, we introduce a Mellin-transform-based sys-
tematic stochastic tool to determine the multidimensional
joint statistics of arbitrary partial products of ordered RVs
in a unified way. More specifically, by combining the MGF-
based framework introduced in [6] with the Mellin trans-
form, we introduce a method for systematically obtaining
the desired joint statistics of an arbitrary partial product of
ordered RVs in a unified way. As a special case based on
this, we provide some selected new closed-form results for
exponential RV case. To our best knowledge, this system-
atic and unified stochastic tool and the related closed-form
results have never been investigated. These results are not
easily obtained by direct integration calculations of the series
that represent the probability densities due to high compu-
tational complexity and long execution time. However, with
our results, computational complexity and execution time
can be reduced because it is in the form of a summation
expression rather than a multiple-fold integral expression.
The above mentioned points are very important in imple-
menting the proposed tool on computer-based systems or in
calculating the numerical result. Further, we would like to
emphasize that such generalization may lay a foundation for
other researchers to build a more rich theory of order statistics
in the general order statistics theory.

Il. EXAMPLES OF APPLICATION SYSTEM MODELS

In this section, as feasible application examples in which
our systematic and unified stochastic tool to determine the
multidimensional joint statistics can be applied, we consider
the following two application examples.

A. EXAMPLE SCENARIO 1: INFORMATION
ACCUMULATION

Wireless optical communications are recently considered as
a promising technology that provides high-speed, improved-
capacity, cost-effective, secure and easy-to-deploy wireless
networks. In an optical wireless communication system,
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the coexistence of multiple wavelength division multiplex-
ing (WDM) channels on a single optical channel allows
simultaneous transmission of high-speed signals having
multiple information, thereby expanding network capacity.
Conventional optical fiber communication systems and opti-
cal wireless communication systems use similar system com-
ponents. In a conventional fiber optic communication system,
all signals received at the receiver are always valid, but in
a wireless optical communication system, all multi-beams
generated by WDM may not always be valid or may not have
an acceptable signal-to-noise ratio (SNR) due to atmospheric
attenuation [18]—-[23]. Therefore, considering only the best
valid signal, not all signals, the receiver can combine multiple
information received only on the best valid signals and reduce
unnecessary complexity in terms of hardware components
and signal processing.

In another example, the accumulation of information for
relay transmission, in particular, the use of rateless codes, can
be seen as a method to achieve the information-theoretical
capacity of a channel with multiple relays [24]-[26]. More
specifically, ideal rateless codes and decoders at the receiver
can distinguish information streams from different relay
nodes, and mutual information of signals transmitted by the
relay nodes can be accumulated. For example in [26], if chan-
nels between source (S) and destination (D) and between
relay (R) and D have different propagation delays, then D can
apply a Rake receiver for (maximal-ratio) combining signals
from S and Rs. Accumulation of information is implemented
when relays with distinct forwarding times use different sub-
channels/codes. In this case, due to the different spreading
codes, D can distinguish signals from S and R, and the S-D
and R-D links combine information as they use different gen-
erating vectors. In this case, an information packet is reliably
decodable at the receiver once the instantaneous accumulated
information is more than a certain specified threshold Ry,
ie., Y Log(l 4 SNR;)) > Ry.

Balsed on these examples, to reduce the complexity without
any significant loss in terms of performance, we can consider
that the receiver combines the received information from
the best K signals among total K (> Kj) signals. Then,
the combined rate can be formulated as

ZLog(l + SNR)), )

-
where SNR| > SNRy > --- > SNRk, > --- > SNR. Here,
if we consider the high SNR regime assumption, then we can
rewrite as

5 KY
Z Log (1 + SNR)) ~ Z Log (SNR)). )
i=1 i=1
Then, we lcan rewrite it as the prolduct form
K K;

Y Log(1+SNR;) ~ Y Log (SNR;)

i=1 i=1
K;
= LOg (l_l SNR;) =L0g ()’product) ,(3)
i=1
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FIGURE 1. Process flowchart for deriving joint statistics of partial products of ordered RVs.

K
where Vproducr = ]_[ SNR;. In order to find an analytical result
i=1
(e.g., average combined rate, fooo Log (V) vproaues (V) AY)
based on this system model assumptions, we need to derive
the PDF of partial product of ordered random variables,
Sproauer (), from the best one to the K-th ordered one among
K ordered random variables.

B. EXAMPLE SCENARIO 2: OUTAGE CAPACITY OF
MULTI-CARRIER SYSTEMS

Due to robustness to frequency-selective fading and the
consequent inter-symbol interference (ISI), many current
wireless communication systems are being deployed using

VOLUME 7, 2019

multi-carrier modulation. In addition, where channel state
information is available at the transmitter, adaptive modula-
tion can be used to allow multi-carrier systems to achieve bet-
ter system spectral efficiency. To quantify this gain in spectral
efficiency, it is important to calculate the outage capacity of
these systems, which corresponds to the probability that the
aggregate rate over all carriers fails to exceed a predetermined
rate threshold [27], [28].

For considering the multi-carrier system, assume that each
carrier is affected by Rayleigh fading, such that its instan-
taneous SNR of the /-th carrier, y;, follows an exponential
distribution. Here, it is clear that the logarithmic sum of some
numbers is equal to the logarithm of the product of these
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numbers. As such, the instantaneous sum capacity of the
multi-carrier system is given by

Co = Loga (14 y1) = Log (1‘[ (1+ yz)> L@

[ [

Here, if we consider i) the high SNR regime assumption
and ii) only the best K; carriers/tones among the total K (>
K;) multi-carrier instead of considering all the K carriers, then
the instantaneous sum capacity of the multi-carrier system
can be obtained as

Ky
Cy =Y _Loga (1+ 1) ~ Loga (Vproduct) - ®)
=1
K,
where Vproquer = [[ viforyi =y = - > yg, = -+ > k.

=1
With (5), our objective is to find the outage capacity of this
system. It is defined as the probability that the instantaneous
sum capacity, C; falls below a certain specified threshold Cy,
i.e.,
Cin

Cou =Pr[0 < Cs < Cp] = fe, (v)dy. (6)

K,
If we let Yproquer = [ v, then we can rewrite it as the func-

=1
tion of PDF of partial product of ordered random variables
as
2Cin

Cout = f}/pmdm (V) d% (7)

Then, we also need to derive the PDF of partial product of
ordered random variables, fy,,,,., (), from the best one to
the K-th ordered one among K ordered random variables.
In what follows, we show how to determine the key joint
statistics systematically with our proposed unified stochastic
tool followed by some selected examples.

lll. THE MAIN FRAMEWORK

We assume that 00 > y1.x > 2k = V3k -+ = Ykk = 0
are the ordered RVs which are obtained by arranging K non-
negative i.i.d. RVs, {J/i}le 1» in decreasing order of magnitude.
Here, we adopt the analytical framework proposed in [6] to
systematically derive the target multidimensional joint PDF
of arbitrary partial products of ordered RVs involving either
all K or the first Ky (K; < K) ordered RVs. Specifically,
we adopt i) the interchange of multiple integrals of ordered
RVs and ii) a general two-step approach when all the ordered
RVs are considered including extra steps when these condi-
tions do not hold, especially in the flowchart given in Fig. 1.
More specifically, as shown in the general case in Fig. 1, after
deriving the analytical expressions of multidimensional joint
Mellin transform in step one, in step two, proceed to apply
inverse Mellin transform to obtain the joint PDF. Note that
additional integration may be required to obtain the desired
joint PDF.
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For the special case!, following the special steps sys-
tematically as shown in Fig. 1, we first divide these RVs
into smaller products. Then, after applying a general two-
step approach based on newly divided group of RVs,
we transform the result obtained through a general two-
step approach to a lower dimensional desired joint PDF
with finite integration. Because the unified MGF-based
approach and results were limited to the cases when the
joint statistics of partial sums of ordered RVs were desired,
although new useful closed-form results on ordered statistics
have been provided, systematically obtaining the multidi-
mensional joint statistics in a unified manner still remains
a challenge.

In this paper, the analytical framework is slightly modi-
fied making it suitable for multidimensional joint statistics
of partial products of ordered RVs. Specifically, in order
to systematically obtain the multidimensional joint statistic
results in closed-form, a systematic and unified stochastic
framework based on the Mellin transform and related fun-
damental/essential common core functions is provided. The
main challenge is to establish a unified method for systemati-
cally deriving the target multidimensional joint PDFs. In this
case, we can systematically obtain the joint Mellin transform
function by applying the Mellin transform instead of joint
MGF function. Note that the original expression of joint
Mellin transform involves a multi-fold integral expression as
shown in the following example

oo

M (s1,82) = /dylzK(J/lzK)Srlf (Y1:x)
0
Ym—2:K
dVm—1:k Vm—1:6)"""f m—1:5)
0
Ym—1:K
X / de:K(Vm:K)Slilf (Ym:k)
0
Ym:K
X f de—i—]:K(Vm—i—l:K)sz_lf (Ym+1:x)
0
VK—1:K
dykx (vk:x)?"'f (k). ®)
0

Therefore, as we can see from (8), even if we apply the
conventional Mellin transform-based approach which has
been applied in cases of the product of RVs, we still need
to compute this multi-fold integral expression.

Here, by adopting the interchange of multiple integral
techniques in [6], (8) can be re-arranged

o]

M (s1,8) = /dym:K(Vm:K)sl_lf (Ym:k)
0

I'When the RVs separated by the other RVs, i.e., the RVs involved in at
least one partial product is not continuous
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Ym:K

X dymi1:x (Vm+1:K)Sz_lf (Ym+1:5)
0
YK—-1:K

f dyk:x (k)2 (vkk)
0

X /de—l:K(Vm—l:K)sz_lf(Vm—l:K)

Ym:K
o

/ dyix Vi) (Vik). 9

Y2K

With this re-arranged result, the joint Mellin transform based
expression, especially both multi-fold integral expressions
from y,+1:x to yk:x and from y,,,_.g to y|.x, can be made as
compact as possible with the help of common core functions
derived in the following sections.

Then, with the Mellin transform-based expression as the
joint compact form, we can derive joint PDF results of
selected partial products through the inverse Mellin trans-
form. In most cases we are interested, the joint Mellin trans-
form function involves basic functions, for which the inverse
Mellin transform can be analytically computed. In the worst
case, the results of the final non-closed form needs to be
computed numerically using conventional standard mathe-
matical packages, such as Matlab and Mathematica. Note
that with original multi-fold integral expressions (e.g., the
K -fold integrals given in (9)), it is difficult to estimate them
accurately as K increases even with the conventional math-
ematical tools due to high computational complexity. Then,
by applying three common core functions of a special fading
case for obtaining the joint Mellin transform expression in a
compact form, the desired multidimensional joint PDF can
be obtained in a closed-form expression through the inverse
Mellin transform. Here, we basically adopt a general two-
step approach in Sec. II [6] as shown in Fig. 1 similar to
the case of joint statistics of partial sums of ordered RVs,
especially when all K ordered RVs are considered. When
only the best Ky (K; < K) ordered RVs are involved in
the partial sums), similarly, to obtain a valid-joint Mellin
transform function, we adopt extra steps. Specifically, the last
(i.e., Ks-th) ordered-RV yk, .k is considered separately. In the
next sections, our focus is to get the joint Mellin transform
functions in a compact expression, which can be greatly
simplified with the application of the following common core
functions and relations.

IV. COMMON CORE FUNCTIONS

A. FOR GENERAL DISTRIBUTION CASES

This section introduces some common core functions and
their properties. They are used to simplify the derivation of
the Mellin transform-based joint result in a simple and unified
form with the help of:
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i) A mixture of a CDF and a Mellin transform

cm (v, s) = fy dex* 7 (x), (10
0

where f (x) represents the distribution function of the
RV of interest. In (10), cm (y, 1) = ¢ (y) leads to the
CDF and cm (00, s) is the Mellin transform, where the
variable y is real while s is complex.

i1) A mixture of an exceedance distribution function (EDF)
and a Mellin transform

em(y,s) = /Oodxxs_lf (x). (11)
Y

In (11), em(y,1) = e(y) represents the EDF and
em (0, s) leads the Mellin transform.
iii) An interval Mellin transform

b
4 (Va, Voo 8) = / ae . (12)

In (12), um (0, oo, s) represents the Mellin transform.
The functions defined in (10), (11), and (12) have the follow-
ing relationships:
= cm (00, s) —em(y, )
=em(0,s) —em(y,s), (13)
em(y,s) = em(0,s) —cm(y,s)

cm(y, s)

= cm (00, s) —cm(y,s), (14)
im (Yas Y, ) = cm (b, 5) — cm (Va, 5)
= em (Yo, s) —em(yp,8). (15

B. FOR SPECIAL CASES: i.i.d. EXPONENTIAL RVs

Here, we specialize in the closed-form results of the com-
mon core functions for an i.i.d. Exponential RV case with a
common PDEF, f (y) = %exp (—% ; 1) a mixture of a CDF
and a Mellin transform, ii) a mixture of an EDF and a Mellin
transform, and iii) an interval Mellin transform, including the
n-th power of these functions for arbitrary n as

i) Closed-form results for a mixture of a CDF and a Mellin

transform

For exponential case, cm (y, s) can be written as
4 1 x
cm(y,s) = dxx” " =exp|—=). (16)
0 12 14

Then, with the help of [29, (3.381.1)], the closed-form
expression of (16) can be obtained as

1 —s+1 %
cm(y,s) = (:) 14 (s, :) ; a7
14 14

or with the help of [29, (3.381.3) and (3.381.4)], it can
also be written as the form of the gamma function

1 —s+1 y
cm(y,s) = <:) [F () =T <S, :)} . (18)
14 14

where I'(-) and y (-,-) denote the gamma function
and the incomplete gamma function [29, (8.310.1) and
(8.350.2)], respectively.
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Then, with (17) and (18), the n-th power of cm (y, s) for
arbitrary n can be written as

1 —n(s—1) y n
[Cm (y,S)]n - <:> [y (S’ :)}
Y 14
= (5)" ror(-2)]
== L) -Cls,= ). 19
Y Y

Note that by applying the binomial theorem, (19) can be
rewritten as the following sum of the form

n o_ ln" n _nfllin.s
[em (v, 5)]" = <7> §(1>( 1) (7)
n—I
[T ()] [r (s, %)] Qo)

ii) Closed-form results for a mixture of a EDF and a Mellin
transform
Similar to case i) (i.e., cm (y, s)), with the help of [29,
(3.381.3)], we can obtain the closed-form expression of
em (y, s) for exponential case as

/y s—1 1 < x)
em(y,s) = dxx"—exp| —=
0 v v
—s+1
_ (é) r <s, é). @1)
v Y

With (21), the closed-form expression for n-th power can
be written as

1 —n(s—1) n
o =(3)|r(s2)]
12 13
1 n 1 —n-s n
*G)G) )] e
12 12 12
iii) Closed-form results for an interval Mellin transform
In this case, by applying (15) with closed-form results
of cm(y, s) and em(y, s) cases, we can obtain the closed-

form results of im (y,, v, s) and its n-th power form for
exponential case, respectively, as

i) = [ e e (1)
()5 (3)

)3

(1900

J()er )
LA

(24)

e

~<||Y *<||‘<
\/

‘<
N

g
NI
N—"
| I |

and

[lm (Va’ Vb, S)]n =
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V. EXAMPLES

A. EXAMPLE 1: TWO-DIMENSIONAL JOINT PDF OF THE

LARGEST RV AND THE PRODUCT OF REMAINING RVs

In this subsection, we discuss one simple example to derive a

two-dimensional joint PDF of the largest RV and the product

K

of remaining RVs. Let z1 = y1.x, 22 = ]_[ Yk, and Z =
n=2

[z1, z2]. Since the original RVs {y,} are i.i.d. with common

PDF f (x), the K-dimensional joint PDF of the ordered RVs

{yn:x } is simply for y1.x > y2x > --+ > vkk

, YK:K)

=K i) f k) - f (vkx) . (25)

In this case, K ordered RVs can be viewed as

Wik, V2K, -

s VK—1:K s VKK - (26)
21 22

In (26), all the K ordered RVs are considered. Therefore,
as shown in Fig. 1, we directly derive the 2-dimensional
joint PDF by adopting a general two-step approach. More
specifically, following the step one in general case system-
atically as shown in Fig. 1, we can first formulate the original
2-dimensional Mellin Transform as the following K-fold
integral expression

M(Sl,52)=K!/O dyix (i) 7 (nik)

y12K7 VZZKa y3:K7 e
——

Y1:K 1
X/ dyrx (v2.x)f (V2:x)
0

YK—-1:K 1
'./0 dykx (vk:x)? f (vkx). (27)

With (27), to facilitate the inverse Mellin Transform calcula-
tion, this 2-dimensional Mellin Transform should be made as
compact as possible. Here, we can simplify the (K — 1)-fold
integral expression in (27) from y».x to yx.x with the help
of Appendix I (especially, by applying (57)) as the following
(K — 1)-th power of c¢m (-, -) function

YLLK
[0 dyrx@2x)f 25
YK-1:K
. /(; dyk kvk-0'Ff VKK

1 K— 1
(K )[cmmK,sz)] (28)

Thus, with (28), (27) can be simplified as the 1-fold integral
expression

M (51, 82)

K! * g1 K
= Qf—l)Y/o dy1.x(vix)" fyrolem (vik, s .
(29)

With (29), for an i.i.d. exponential RV case, by applying (19),
(28) can be rewritten as

K'l)'< )fé( ' )(_U(_H
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e’} —K—Ds
X {/ dV]:K(Vl:K)yl_leXP<_le:K>(é) 2
0 v )\¥
| AT
« [T (sz)}/[r <sQ, V%)] } (30)

Then, with the compact form of (27) in (30), following the
step two in general case in Fig. 1, we apply the inverse Mellin
transform to obtain the target PDF expression as

f @, 2)

= M {IM(s1,52)}

K /IN\KE ko P
- (K—l)!(%) Z( j >(_” :

j=0

-1 0 s1—1 Y1:K
x M A dyik(yi:k)"" exp A

—(K—1)s3 K—1—
x M) [(é) [T (s2)¥ [F (Sz, ”T")} ” :
Y Y

3D

In (31), with the help of Appendix II, m = K — 1,1 = 0,
p = 0,and g = K — 1 for the inverse Mellin transform of
s2. Thus, the inverse Mellin transform result of s, is obtained
in the form of the generalized incomplete Fox’s H functions
which is defined in Appendix II

—(K—1)s K—1-j
s |() e (a2

K-1.01_ 22 7k (0,1, VK
=UHO,K—1 m(O,I,O) (0,1,0)(0,1, 7 > <(),l, 7 > .
) #=j
#=K—1—j
(32)
Here, if we let
f(J/l:K)|y1:K:zl
<— )/1:K)
=exp| ——
14
K—1,0 2 | - ____
X UHO,K—I |:(7)K_1 (o.1,0)---(0,1.0)(0,1.‘”VK)...(O.LVVK)]VIZK s
:Z]
(33)

with the following inverse Mellin transform property;
MIYST de(x) " f(x)} = f(x), then the inverse Mellin
transform result of 51 can be obtained as the following sim-
plified form

Ms_ll {/(; dVl:K()/l:K)Sl_lf (VI:K)} Zf()/l:K)|y1:K=zl

)
= eXp| —
14
K—1,0 <2
x UHg g7 |:(7)K—1

(34)
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Subsequently, we can finally obtain the closed-form result of
the target two-dimensional joint PDF as

K (1Y &E (k-1 : z
— K <__1>
<K—1>!(7) g( j >( ety

fz1,z2)=

K—1,0 <2
x UH; g |:_(7)K—1

(35)

Here, we would like to emphasize that our derived statistical
result is much simpler (i.e., low computational complexity)
than the original multiple-fold integral form (not the multiple
products of multiple one-fold integral form) based on the con-
ventional Mellin transform-based approaches. More specifi-
cally, if this closed-form result is not available, the numerical
estimation of K-fold integrals in (27) is required. In this
section, we only showed the derivation process of the simple
case which is the derivation of two-dimensional joint PDF of
the largest RV and product of remaining (K —1) RVs among K
ordered RVs. However, similarly, by following the Fig. 1 with
the help of common core functions, we can obtain the desired
joint statistics of any partial products of ordered RVs.

B. EXAMPLE 2: JOINT PDF OF THE PRODUCT OF THE
BEST Ks ORDERED RVs AMONG THE TOTAL K (> Ks)
ORDERED RVs

In this subsection, we discuss the application example to
derive a joint PDF of the product of the best Kg ordered RVs
among the total K (> Kg) ordered RV's which was considered

as the key statistics in Sec. II-A and Sec. II-B. According
Ks—1

IT vuk. Z2 = ykgk, and
n=1
Z = [z1,22], where y1.x > ya.x = -+ > yk:k. Since the

original RVs {y,} are i.i.d. with common PDF f (x), the K-
dimensional joint PDF of the ordered RVs y;,.x is simply

to Fig. 1, we first let Z; =

g W1k, V2Ks " " » VKK)
=KIf i) f 2x) - f (vksix) [F (VKS:K)]K_KS

=KIf vi:x)f 2x) - f (Vksix) [em (vis:k 1)]K_KS,
(36)

With (36), based on Fig. 1, we first need to derive the
2-dimensional Mellin Transform and it can be formulated as
the following multi-fold integration form

M (s1, 52)
[o0)
= K!/ dyix i)™ 7' (Vi)
0
YK 1
X/o dyak (v2x)" " f (Yax)
YKg—2:K 51
/0 dyks—1:x (Vks—1:x)"" f (Vks—1:K)
YKg—1:K o1
X/o dyksk (vesx) " f (Vksik)

x [em (vrgxs )], (37)
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Then, by applying the interchange of multiple integrals,
we can rewrite (37) as

M (51, 52)

o0
:K!/O dyksk (J/KS:K)SZ_If (v&s:x) [em (vks:k 1)]K_KS

o0
X / dVKs—I:K(VKs—I:K)Slilf (vks—1:k)
i

Kg:K
o0
: / dyixk Vi)™ 7 (k). (38)
Y2:K
In (38), the multi-fold integral expression can be simplified

as the following multiple-product of a mixture of a EDF and
a Mellin transform

o0
/ dVKS—l:K(VKs—I:K)Alilf (Vks—1:K)
v

Kg:K

f dyrx (i) (k)
v

2:K

1
T (Kg — D!
Thus, (37) can be finally simplified as the following single
integral expression

[em (vis:x Sl)]Krl- (39)

K! o0 sp—1
M (s1,82) = m/{) dyksk (vesk) " f (Vksik)

x [em (visk., 1)]K_KS [em (vig:x . Sl)]KS_l,
(40)
where, in (40) for i.i.d Rayleigh fading,

Ks—1

[em (visix s1)]

1\ ~&s=Des1=D ' Ks—1
(7))
L\ Es—D) / p ~Ks— s N\ 7Es=D
G G e
v v %
41)
K—Kgs
[em (visx, 1)]
K—K,
=[r(1)—r(1, V"f")} '
v
vrsk \ 15K
~[1-ee (5]
y
K—Kg

_ ,; (K ;KS)(—I)’(exp (-”%))J “2)

Then, substituting (41) and (42) in (40), (40) can be finally
rewritten as

M (51, 52)
K—Ks (Ks—1)+1
K! K — Kg (1
= — _1 _
(Ks — D! ;( j >( y(?)

o -1 visk \ VT
Xfo dykek (vrsk)” (exP <—%>>

139780

—(Ks—1)-5] Ks—1
O R
14 Y

After obtaining this joint Mellin transform result in a com-
pact form, we can derive a target joint PDF through inverse
Mellin transform. Note that this result involves a single one-
dimensional integration, which can be easily and accurately
evaluated numerically using standard mathematical packages
such as Mathematica and Matlab while the original Mellin
transform expression in (37) involves K-fold integrations.
With this 2-dimensional Mellin transform result in (43),
in the next step, we now need to apply the inverse Mellin
transform to obtain the 2-dimensional joint PDF result as

f @) = ML (M (1. 52)
K! K—Kg

! K — Ky 71\ Ks—D+I
= — —1 —
(Ks — D! Z ( J >( )’<7>

j=0

> -1 vk \ VT
X ./\/ls_z1 {/0 d)/KS:K()/KS:K)‘2 (exp (— ; ))
—(Ksg—1)-s1 Ks—1
(7 TGy
4 Y

(44)

In (44), based on [27], the inverse Mellin transform with s;
becomes as the function of generalized incomplete Fox’s H
function

1\~ Ks=Dssi \Ks—1
v v

_ops—o | (1S vk (o ) Yk
= UHg ;) <§> 2l (0'1’ 7) (0‘1‘ 7)

(45)

Then, substituting (45) in (44), (44) can be rewritten as

f@iz) = M M (51, 52)}
K=K (Ks—1)+1
K! K — K 1
e 1y =
wom s () ()

* -1 sk \ Y
></\/l;21 /(; dyksk (vksk) (exp (-%))

ksoro | (17!
s—1, YKs:K YKs:K
x UHp "y (%) <1 (0’1’ 7 ) (0’1’ y )

#=Kg—1

(40)

With this simplified result in (46), by applying the following
inverse Mellin transform property

M { /0 " arwlf <x>} =f @, @7)
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we can obtain the 2-dimensional joint PDF as
f (1, 22)
K—Kg

K! K —Ks ;
P G

J=0

1\ Ks=D+1 2\
) (=)
Y Y

1\ Ks—1 o 2
b b9 2)...
*UHo (%) “ <0’1’ 7) (0’1’7>

#=Kg—1
(43)
Kg—1
Here, let Z' = Z, - Zp where Z1 = [] vuk,Z2 = Vkgk>
n=1
then Z; = g—; and ZZK $ < Z'. Therefore, with the help

of integration by part, we can finally obtain the following
one-dimensional target PDF by taking a single-integration
while the original approach based on the conventional Mellin
transform needs to consider K,-fold integrations in (37)

1
o @) = / f (i, Zz) dz.
0 22

or o Z
= [k f 21, — ) dzr. (49)
z Kg 21

Ky
As a validation of our analytical result, we compare
in Fig. 2 the analytical PDF in (49) with an empirical PDF
obtained by Monte-Carlo simulation. Note that some selected
result shows that simulation results match our analytical
results well.

K=5K,=3,SNR=0dB

[_ISimulation Results
o -~ Numerical Results

0.31

0.2r

0 10 20 36 46 56
FIGURE 2. PDF comparison between the analytical and the simulation
results of PDF of Z' = ﬁ Yn:x for K =5,Kg =3, SNR = 0 dB, and i.i.d.
Rayleigh fading condit?o=n.

VI. CONCLUSION AND DISCUSSION
In this work, we newly introduced the Mellin transform
based systematic stochastic tool to determine the desired

VOLUME 7, 2019

multidimensional joint statistics of arbitrary partial products
of ordered RVs in a unified way. Specially according to
Fig. 1 step-by step with the unified stochastic framework,
we can systematically obtain the desired joint statistics. As an
example of applying our proposed method, we provided some
selected closed-form results on ordered statistics of partial
products of ordered exponential RVs as a special case. To our
best knowledge, this systematic and unified stochastic tool
and related closed-form results have never appeared in the
literature.

Note that if the results of the closed-form are not available
in the joint statistics, especially the order statistics, the numer-
ical computation of multi-fold integral expressions (e.g., the
K-fold integrals given in (27) are required based on the
conventional Mellin transform approaches. However, even
with conventional mathematical computing tools, estimating
them accurately as K increases is difficult because these
multi-fold integral expressions require very high complexity,
in contrast to simply multiplying multiple one-fold integrals
in terms of computation. In particular, when K is large, it is
almost impossible to estimate the analytical results. How-
ever, as a result of the closed-form derived from this paper,
probabilistic analysis is numerically feasible using existing
mathematical calculation tools. This is because it is a form
of summing, not an multiple-fold integral expression. More
specifically, with this multiple-fold integral expression, it is
almost impossible to obtain numerical results physically due
to estimation difficulties (i.e., high computational complexity
and long execution time).

APPENDICES

APPENDIX I: SIMPLIFIED EXPRESSIONS OF

MULTI-DIMENSIONAL INTEGRAL EXPRESSIONS

In this section, we apply an approach similar to that used in [6]

to provide three simplified expressions of multi-fold integral

expressions

a) The simplified expression of the multi-fold integral form

with the upper limit, J,,:
In this case, we consider the following multi-fold inte-
gral with the upper limit, J,,, as

Ym—1:K
In = /(; dym:K(Vm:K)s_lf (Ym:k)
Ym:K 1
X / AYmi1:k Ymr1:6)°" f Vms1:5)
0

YK—1:K
“/o dykk (V)™ (k). (50)

First, for a single integral term in (50), we can rewrite the
following single integral term as the function of c¢m (-, -)
as

YK—1:K
/0 dykx (vex)™'f (vkx)

YK—-1:K ,
= / dyk.xem (ygx, S)
0

em (yk, )|
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=cm(yk-1k,5) —cm (0, )
= cm(YK—1K,S) . (5D

With the simplified result in (51), a following double
integral form can be rewritten as the function of cm (-, -)
as

YK -2:K 1
/ dyk—1:x (vk—1:8)"" f (Yk—-1:K)
0
YK—1:K 1
X/ dyk:x (vk:x)'" f (Yk:x)
0

YK -2:K ,
= / dyg_1.xkcm’ (Yk—1:k,S) cm (YK —1:K, §).
0

(52)
Then, with (52), integration by parts gives
VK -2:K ,
/ dyk—1.xkcm (Yk—-1:k,S) cm (YK —1:K» S)
0

YK-2:K

0

= [em (yk—1k, )]

YK —-2:K ,
- / dyk_1.xkcm (Yk—1:k, 8) cm' (YK—1:K, S)-
0

(53)

Thus, by re-arranging them, the double integral form in
(52) can be rewritten as the form of the second power of
cm (y, s) function

YK -2:K 1
/(; dyk—1:.xk (Yk-1:x)°" f (Yk—-1:k)
YK—-1:K |
X/ dyk.x (vkx)'" f (Yk:k)
0

1 2
= E[Cm (yYk—2:k,9)]". (54)

Similarly, by applying results and approaches used in
(51) and (54), we can rewrite the triple integral form as

YK-3:K 1
/0 dyk 2.k (vk—2:x)" f (Yk—2:k)

YK —-2:K 1

X/ dyk—1:xk (vk—1:8)"" f (Yk—-1:K)
0

YK—-1:K 1

X / dyk.x (vk:x)"f (k)

0

YK -3:K , 1 5
= / dyko.xcm (Yk=2:k,S) E[Cm (Yk—=2:k > 5)]
0

YK-3:K

1
Slem (v, DIN
0

YK -3:K 2 ,
—/ dyx—2:xlem (Yko:k, $)1°em’ (yk2:k , 5).
0

(55)

Then, re-arranging these results gives the following third
power of cm (y, s) function

YK -3:K 1
/ dyk -2k (vk—2:)""f (Yk-2:K)
0
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YK -2:K 1
X / dyk—1:x(vk-1:8)"" ' f (YK —1:K)
0
YK—-1:K |
X/ dykx (vk:x)’ f (Yk:x)
0

1
= 3 lom (Vk—3K, 9. (56)

For general case, by generalizing the approaches used
in (51), (54), and (56), we can finally obtain the m-fold
integral form as the following multiple product from of
cm (-, -) function as

Ym—1:K
I = f dYmk (Vm:K)S_lf (Ym:k)
0
Ym:K |
X /(; dym+l:K(Vm+l:K)S_ f Ymr1:x)

YK—-1:K —1
"/0 dyk.x (vk:x)' ' f (Vk:K)

= m[aﬂ Vm—1:k, $)1E 7L

(57

b) The simplified expression of the multi-fold integral with
the lower limit, J,,:
Using similar manipulations to the ones used in (57),
we have the following simplified expression of the
multi-fold integral with the lower limit, J',,, as

o0
!
T = f
Ym+1:K

00
X/ dymflzK(mel:K)s_lf (Ym—1:x)
Vi

m:K

de:K(Vm:K)S_lf (Ym:k)

/ dyixk (k) ' (k)
y

2:K

1
_’[em Ym+1:x, )] (58)
m.

¢) The simplified expression of the multi-fold integral with
the interval, J”,; (for a < b): Similar to two previ-
ous cases in (57) and (58), we also have the following
simplified expression of the multi-fold integral with the
interval, J”, p, as

Ya:K
J ap = / dyp—1:x Vo1 "' f (Yo—1:x)
Vi

b:K

Ya:K
X / dyp—2:k Vp-2k2 : K)*"'f (Vp2:x)
Yo—1:K
Ya:K I
o / dVat1:k Var1:k)° " f Yasr1:x)
Ya+2:K
— 1 . b—a—1
= m[lm (Vo> Vak» S)] .
(59

APPENDIX II: INVERSE MELLIN TRANSFORM
We can take several approaches to get the PDF expressions
from Mellin transform expressions. For example, we consider
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the existing inverse Mellin transformation table and proper-
ties in [30]. However, applying known tables and attributes
directly to our cases is difficult. Residual theorem [31] may be
suitable for our case, but too complicated and not for uniform
solutions. Please refer to Appendix IIl. As an alternative,
we can apply the generalized upper incomplete Fox’s H func-
tion in [27], [32], which is a suitable approach for uniform
solutions, where the generalized upper incomplete Fox’s H
function is defined as

m,l
UH,>, (c-y)

1
 2nj
]_[F(b ~+Bi-s, B)]_[I‘(l ap—og-s, Ar)
i=1 k=1 (c~y)_st
HF(ak+ak~S,Ak) ]_[F(l—bi—ﬂrs,Bi)
k=H1 i=nr-l1
A ! (al,Oll,Al)~-(a,oz,A;:|
= UH™ |c- pEp P 60
p,q|: v (b13ﬁlyBl)"'(bqsﬁquq ( )
where
e m,l,p, and g are integers such that 0 < m < g and
0<l<p.

o ay,b; € (Candak,Ak,ﬁ,-,Bi,c e R* with 1 <k <p
and1<i<q

n—1
. TIka+ﬁkst—-rIF(1—bk—ﬂk.st
k=n k=n
n—1 n—1
= [T (ax+ar-s,A)= ] T (1 —ar—ak-s, Ax)
k=n k=n
=1.
Note that
y(a,x;b)=y(a,x;b; 1),
v, x)=y(a,x;0)=y(a,x;0;1),
C(a, x; ) =T(a, x; b; 1),
INa,x)=T(a,x;0)=TI (a, x;0; 1),
MNa)=I(,0).

A. EXAMPLE 1) THE INVERSE MELLIN TRANSFORM OF
N —s

K 1

& I T (s eif) ()

In this case, the inverse Mellin transform can be written as the

following residue theorem formation

N —s
1 Ky 1
— ¢ —] |F iB) | = d
27 e L (S,Ol,3)<CN> (x)"*ds

x N
CN me]_[r(s aiBi) (-) ds. (61)

Here, in (60), m = n and [ = 0. Therefore, p should become
0 and ¢ should become N. As a result, the closed-form result
of (61) with UHJ"/ () can be obtained

27_[]% CNl_[F(s a;ifi) ( )
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_ Ky UHNO|:
C

Cn
(62)

B. EXAMPLE 2) THE INVERSE MELLIN TRANSFORM OF

1\ k Y
(1wl 2]
Similarly, in this case, the inverse Mellin transform can be
written as

@) ol )
RO

(63)
Then, in (60), m = n and [ = 0, which leads to p = 0 and

q = n. Thus, the inverse Mellin transform closed-form result
of (63) can be obtained as

ORIy

n,0
= ’ —|(0,1,0)---(0,1,0){ O, 1, 10,1, =
UHG, | G | QL0 >< ) ( :
n—k

=
—

<II=

(64)

C. EXAMPLE 3) THE INVERSE MELLIN TRANSFORM OF

()= 3)]

In the following inverse Mellin transform,
1 —n-s n
[0 )]
14 14
1 n 1 n —S
AT
2nj Je Y Y

the inverse Mellin transform becomes similar to example 2)
whenm = nand/ = 0 (i.e., p = 0 and ¢ = n) in (60).
Thus, the closed-form result of the inverse Mellin transform
(65) can be obtained as

M;! {(-1 ) | [r (s, —yﬂ ]
14 14
x 0’1’)/)”.(0,1’)/)
0,n (—y)n ( 7 v . (66)

— UHn,O

n

D. EXAMPLE 4) THE INVERSE MELLIN TRANSFORM OF

—n-s k n—-k
(7) " [r (=) [r(s2)]
Similarly, the inverse Mellin transform expression can be
written as the following residue theorem format

@ TN
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AL (G

Similar to previous cases, m = n and [ = 0 in (60). As a
result, with p = 0 and g = n, the inverse Mellin transform
closed-form result of (67) can be obtained as

M;! {(%j[r (S’ y?)ﬂr (S’ %ﬂ_k}

- o ) D)) o)

k n—k

(68)

APPENDIX III: INVERSE MELLIN TRANSFORM APPROACH
BASED ON THE RESIDUE THEOREM

In this section, we show an example of a residue theorem
based derivation process to demonstration of the advantages
(i.e., simplicity and unification) of our proposed unified
stochastic tool compared to the conventional residue theorem
based derivation process.

E. THE INVERSE MELLIN TRANSFORM OF T (s)
If we let F (s) = T (s), then based on the residue theorem,
the inverse Mellin transform of F' (s) can be written as

1 c+joo

fx) = —/ F (s)x*ds forc> 0. (69)
2x c—joo

Here, F (s) x~* has poles at s = 0, —1, —2, - - -. Therefore,

(69) can be rewritten as

1
=—2mj- R F -, 70
f@=5--2mis Res | F)x (70)

where each residue can be obtained as

ats =0: sF (S)x_‘Y’S:O=F(S+1)x_‘Y|S:O
=T ()=1

F(s+2)

-5
-1 X
s=1 s

ats =—1: (s+1) F(s) x|

s=1

=-T()x!=—x

_ F(s+3)

—s
=27 (s—|—1)x

ats = —2: (s+2)F(s)x_S|

s=72
ray , x?

= —X =
(=2) (=1 2
and so on. Therefore, (70) can be written as

fx) = Reis s “F (s)x—*

§=0,—1,—
1+( )+x2+_—x3
e+
276
oo

-y (0" _ exp (—x) . (71)
n

!
n=0
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F. THE INVERSE MELLIN TRANSFORM OF [T (s)]"
Similar to the previous case based on the residue theorem,
the inverse Mellin transform of F (s) = [I (s)]" can be
written as

c+joo

1
fn (@) = gj/c.—joo

Here, F (s) x™* has poles at s = 0, —1, —2, - - - . Therefore,
based on the residue theorem, the residue values are as

[T ()]"'x%ds forc>0. (72)

Res F(s)x~*
s=0,—1,-2.-- ()

1 n—1
-1 dsT
for so=0,—1,-2,---
or 1 n—1
= oD de (s+s50)" [T (9)]"x™ ,
. s=—50
forsp=0,1,2,---. (73)

(s—s50)"[C(H]"x

)
=50

Therefore, (72) can be rewritten as the summation form of
residues

n—1

C 1 d BN/ n,.—s
Jn (x):; oD g T IO

(74)

s=—j

In (74), if we let G(s) = x~*(s + )" [T (s)]", then we
still need to derive the n-th derivative term of G (s). Here,
if we let Gé"()y()’) = Z, (s), then for mathematical convenience,
Z, (s) can be expressed in terms of A (s) , A’ (s) , - - , A® (s),
which are regardless of n. For the first derivative term of G (s),
it can be written as

G (=G Zi(5) =G(HA®), (75)

and in (75), Z; (s) = A (s). Similarly, the second and the third
derivative term of G (s) can be written as

GP(5)=G()Z2(5) =G (5)Z1 () +G()Z(s),  (76)
and
GO (5)=G()Z3(5) =G (5)Z2(s)+G () 2/ (s),  (T7)

where (76) and (77) can be rewritten in terms of A(s),
Al(s), - -, A"(s), respectively, as

e =cofaen+a @, s
and
GY(s) = GO{A®Za(5)+2(5)}
= G(s) { (A($))3+3A()A () +A? (5) } . (79)

Here, Z, (s) and Z3 (s) can be written with low-order deriva-
tive terms as

Zo(s) = A H+A ) =AG)Z1 () +2Z1' (5), (80)
Z3(s) = (A(5))> + 34 () A" (s) + AP (s)
=A()Z2(s)+ 22 (s). (81)
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As a result, by generalizing the above special cases, we can
obtain the following generalized result as the recursive
expressions

GV (s) = G($)Zn11(5)
= G ()Zu()+2Z: (5)} . (82)
where

Zur1 () =A)Zn()+ 2 () for Zy(s)=A(s). (83)

With (82) and (83), we can now derive the (n — 1)-th

derivative term of G (s) at s= —j, G"~ 1)(s)| Here G (s)
can be rewritten as
_ . C(s+j+1 "
G = x S{(sﬂ) SAFRRY }
s+ (s+j—D(+))
r i+ 1 "
:x—S{ +j+ D } (84)
s(s+1)---(s+j—1)
here G S PR VAN G Vi VN d
where G (5)]s——;j = x {(— )’j—!} == en, we nee
to derive Z, (s) (— ngs()‘v)) in (82) as A (s) functions. For

Z1(8), Z1 (s) is G((SS)) and it also can be written as % InG (s)
where

r i+ 1
InG(s) = —s1nx+n1n< (sH+j+ 1D )

sSGHD - (s+j—1)
1
=—slnx+n{In(T(s+j+1)) — Zln(s—f-k)
k=0
(85)
Thus, with (85), G(S) (: T lnG(s)) can be obtained as
i—1
G (s) ! 1
=—1 i+ 1) — — 7, 86
G = xR v EiED ;Hk (86)
where ¥ (x) = % InT (x) is the psi (Digamma) function.

Therefore, based on (75), A (s) becomes % In G (s) and it can
be written as

j—1
1
Ay =—Iny+n W)—Zk—_j
k=0
/1
= —Iny+n ‘”(IHZE . (87)
k=1

J
Here, for integerj, ¥ j+1) = —C + %, where ¥ (1) =
k=1
—C (Euler constant). Therefore, (87) can be rewritten as
A s=j=—Iny+ny (+1). (88)

Similarly, for A (s) family function case, we can obtain the
following results

A =n1v'a )+Z

s+0)? =y
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J
1
=n{y DO+ —1t, (89)
,éw
and
@ @ -2
A (s) = (H—
N =) n w ];) ( +k)3 =
j
=n WM)HZ% : (90)
i (k)

Thus, generalizing the above special cases, we can obtain the
following generalized result as

AD (5)
s=

=n WM)HZ()M EENCIY
—J

Here, (74) can be written as the function G (s)

o0 1 dnfl
fo ) = ]:2(; 2T O @l= (92)
where
s C(s+j+1) "
Gw= {s(s+1)~-~<s+j—1)} - O
X (—1y"
GO =yj = i 94)

and the generalized derivative result becomes

=602 Oy
G
- (I'!)n

Asresults, for arbitrary integer n, the inverse Mellin transform

of [T (s)]" can be rewritten in terms of Z (s) family functions
as

Zuoy ey 99)

1

o () = (n —

00 xj(—l)j'n
) Zn—1 (S)|s:_‘v (96)
02 G f

can be obtained with (83) and (91).
Inx + n{y (1) + Z 3
k=1

where Z,_1 (s) IS__]

With (96), if we let L(x, n, j) = —

J
and P; (j) = v (1) + 1! Z 7> with the help of (83), then

f> (x) can be written as
o0

J
fz(X)=Z#

) Z1 ($)|s=—)> 97
=0

where
Zi (s=—j = A (=)
/1
—Inx+2 ‘/’(1”2%

=L(x,2,)). (98)
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Similarly, f3 (x) and f4 (x) can be obtained, respectively as

| /(1)
=3 [ 3 )43 )] 99

'j=0 (]')3
and
1 X (—1Y ,
Jalx) = 52w[{L o, 4, )
j=0

F12L (x, 4, ) Py (j) + 4P> (/)]. (100)

Based on the above derivation process, we can see that it is
difficult to systematically derive the results of inverse Mellin
transform in a unified way for all cases; this is particularly
the case when considering the application of residual theory
in this paper.

Note that for the inverse Mellin transform of [y (s, a)]",
similar to previous cases, if we let F (s) = [y (s, @)]", then
the inverse Mellin transform of F (s) can be written as

1 c+joo
Jo(x) = 2—/
7] Je—joo

where [y (s, @)]" has the poles of order n at s = 0, —1, —2,

[y (s, a)]"xds, (101)

- as
1 dn—l 3
W'W(S—So)nx {PZCRO) i
: =50
for so=0,—1,-2,---
1 dn—l B
= W'W(H‘So)nﬁf ly (s, )] ;
° S=—50
for so=0,1,2,--- .

As a result, the inverse Mellin transform result can be
obtained as

n—1

S
fn<x)=20m o 550"l s @)l
so=

ls=—50

(102)

However, similar to previous cases, with this approach, it is
also difficult to systematically derive the desired result in a
unified way.
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