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Abstract—Future wireless networks pose several challenges such
as high spectral efficiency, wide coverage, massive connectivity,
low receiver complexity, etc. To this end, this letter investi-
gates an overlay-based cognitive hybrid satellite-terrestrial network
(CHSTN) combining non-orthogonal multiple access (NOMA) and
conventional Alamouti space-time block coding (STBC) techniques.
Herein, a decode-and-forward based secondary terrestrial network
cooperates with a primary satellite network for dynamic spectrum
access. Further, for reliable content delivery and low latency
requirements, wireless caching is employed, whereby the secondary
network can store the most popular contents of the primary
network. Considering the relevant heterogeneous fading channel
models and the NOMA-based imperfect successive interference
cancellation, we examine the performance of CHSTN for the cache-
free (CF) STBC-NOMA and the cache-aided (CA) STBC-NOMA
schemes. We assess the outage probability expressions for primary
and secondary networks and further, highlight the corresponding
achievable diversity orders. Indicatively, the proposed CF/CA
STBC-NOMA schemes for CHSTN perform significantly better
than the benchmark standalone NOMA and OMA schemes.

Index Terms—Caching, hybrid satellite-terrestrial networks, non-
orthogonal multiple access, overlay cognitive radio, space-time
block coding.

I. INTRODUCTION

UTURE wireless networks have to effectively satisfy the de-
mands of ubiquitous coverage, high spectral efficiency, and
massive connectivity. In this respect, cognitive hybrid satellite-
terrestrial networks (HSTNs) incorporating non-orthogonal mul-
tiple access (NOMA) have gained significant research interest
[1], [2]. However, in NOMA, recurrent superposition-successive
interference cancellation (SIC) pair processing results in an
increased complex receiver architecture. Thus, a unique de-
sign while employing the space-time block coding (STBC) is
presented in [3], which dramatically reduces the number of
SICs executed in the system. Moreover, in practice, it is highly
challenging to obtain accurate channel state information (CSI) at
the transmitter, especially in satellite communication (SATCOM)
systems [4]. Consequently, the Alamouti STBC [5] technique can
be exploited in the NOMA-based cognitive HSTNs (CHSTNs)
to achieve full spatial transmit diversity. In this regard, by
considering the heterogeneous fading channel models, authors
in [6] and [7] employed the STBC technique in their analytical
frameworks for the SATCOM system and HSTN, respectively.
Nevertheless, the escalating growth in mobile data traffic
pushes more and more users from using traditional linear broad-
casting services to non-linear streaming services like YouTube
and NetFlix. Accordingly, SATCOMs can facilitate the wide
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area distribution of high-resolution content with reduced latency,
while employing the wireless caching [8]. For this, it provides
the popular contents directly to the end users without decoding
but by storing them into routers, relays, etc., during the cache
placement phase [9].

Inspired by the above research studies, in this letter, we char-
acterize an overlay-based CHSTN for a downlink communication
scenario between a primary satellite transmitter and its receiver
with the aid of a decode-and-forward based secondary terrestrial
network consisting of a single transmitter-receiver pair. Notably,
the considered analytical framework deploys NOMA and con-
ventional Alamouti STBC techniques for signal transmission.
Moreover, the secondary transmitter (ST) has built-in cache
capability to store the popular contents of the primary network
while following the most popular content (MPC) based caching
scheme [2]. In summary, our main contributions in this letter can
be itemized as follows:

« For the considered CHSTN, we first propose the cache-free
(CF) STBC-NOMA and cache-aided (CA) STBC-NOMA
schemes.

o Then, anticipating the feasible implication of imperfect SIC
(ipSIC), we quantify the performance of CHSTN for the
proposed schemes. For this, we derive the outage probability
(OP) expressions for the primary and secondary networks
and thereafter, for comparison purposes, provide the Monte-
Carlo simulations for the benchmark NOMA and OMA
schemes without any caching and STBC techniques.

« Finally, we examine the asymptotic outage performance of
the primary and secondary networks under the proposed
schemes at a high signal-to-noise ratio (SNR) and calculate
their associated attainable diversity orders.

II. SYSTEM DESCRIPTION
A. System Model

Herein, we first discuss the system model for CHSTN under
the CF STBC-NOMA scheme. Although Fig. 1 is drawn based
on CA STBC-NOMA scheme, it can also be adapted for its
CF counterpart by omitting certain links/parts such as caching
phase, cache content, and content storage and replacing adaptive
STBC transmission (Tx) links with STBC Tx links. As depicted
in figure', a primary satellite transmitter-PR pair coexists with
a ST-SR pair. Based on the overlay approach, ST node R gets
the authorization of spectrum access on a secondary basis in
return for participating in primary cooperation on a priority
basis. For this, we assume that the PR is assumed to be aware
of the instantaneous CSI from node R. Accordingly, ST acts

A practical scenario for CHSTN may constitute a source S corresponding
to a geostationary orbit (GEO) satellite and node D,, representing the handheld
device as integrated in Digital Video Broadcast-Satellite Handheld (DVB-SH)
service (in S-band) [10], whereas the secondary nodes R and Dy could be
femtocell users, not having a dedicated spectrum for their communication [2].
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Fig. 1: CHSTN system model.

as a cooperative relay and employs the power-domain NOMA
[1] while forwarding the primary signal and concurrently trans-
mitting its own signal to SR. Further, a direct satellite link is
assumed between nodes S and D,,. As such, PT and ST deploy
the Alamouti STBC technique in their signal transmissions. PT is
equipped with two transmit antennas (Sé) ST is equipped with
two transmit and one receive antennas (Ri and RT), led{l,2},
whereas, PR and SR are provided with one receive antenna each,
represented as D, and D, , respectively. Thus, the overall
system is configured in such a way that the Alamouti 2 x 1
multiple-input-single-output (MISO) mode can be implemented
for both the STBC transmissions from PT and ST. We assume
that each channel experiences uncorrelated quasi-static block fad-
ing. Various channel coefficients related to satellite links follow
shadowed-Rician fading and are marked as ¢';, i € {r,d,,d,},
whereas, channel coefficients for terrestrial links are represented
as hl j» J € {dp,dg}, and are encountered to independent
Nakagaml m fading dlstrlbutlons All receiving nodes are likely
to be subjected to additive white Gaussian noise (AWGN) with
mean zero and variance 2.

B. Channel Model

For satellite links, following the shadowed-Rician fading
model, the probability density function (PDF) of receive SNR

ALy = 1is|gy;|? is given as [1], [2]
ml,—1 gl sl
si CZ(I{) _ 17} i)
fAlS,i(f)*ai Wﬁe ( ] > ; (D
k=0
where 17, = L = 2‘2 5> with P being the transmit power

through satelliteQS which is equally divided between two trans-
mit antennas. Further al = (2bL,mt, (2bl mb, + QL ))"’m/QbSZ,
Bl=1/2L,, 6l = QL /(25L)(25Lml, + QL) with 2%, and O,
are the respectrve average powers of multlpath and hne of-51ght
components, m'; is the 1nteger-valued fadrng severity parameter,
and ¢!(k) = (—1)”(1 mb) . (6H)*/(k!)? with (-), representing
the Pochhammer symbol [11, p. xliii].

The Nakagami-m fading for the terrestrial links yields the PDF
of receive SNR Aij = ﬁr|hlrj 2 as [11, [2]

l
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where 7, = & = 21;”'2 and P, is the transmit power through ST

node R, Wthh is equally distributed between the two transmit
antennas, mm and Ql are the corresponding fading severity
parameter and average power, and I'(-) represents the Gamma
function [11, eqgs. (8.310.1)].

C. STBC-NOMA Signal Model

Under the CF STBC-NOMA scheme, the entire communica-
tion executes in two time phases, each with two time slots. Dur-
ing the Phase-I, satellite S transmits the unit energy signals x4,

and zq, 2 =

and —xd

(obeying El|za,, |?] = E[|zq,, 1) in first time slot
and zj ~in second time slot through antennas S}

and S7, respectrvely, where E[-] denotes the expectation and
* represents the complex conjugate operation. Accordingly, the
received SNR at node 4, ¢ € {r,dp, d,}, can be expressed as

AL +AZ, 3)

Asi,zdp

where x4, is used in subscript to indicate the equivalent SNR
corresponding to the primary signal. If ST node R is able to
decode both signals x4, and x4, successfully, it superimposes
them during the Phase-II with its own signals and generates
the signals z,, and 2, in first time slot and —z;, and z; in
second time slot through antennas R} and R?, respectlvely Here

_ . /(A=p)Pr _ . /Q=p)Py
Zp, = 5 Ld, + 2 ST, and z,, = 5 Ld,, +

pPr

4> With p € (0,0.5) being the power allocation factor
which is judiciously chosen to allocate more power towards
the weak NOMA user D,, complying with |kl d, |2 < |nl, 2
[1]. Hereby, relying on the NOMA principle, user D, decoc(ies
its signal directly. Thus, the received signal-to- 1nterference -plus-
noise ratio (SINR) at node D), is followed as

(1—-p) (Aidp + A?«d,,)

P (A},dp + A%@) +1 @

Ardp,:zzdp =

Next, strong NOMA user D, executes the SIC operation to first
decode the primary signal z4,. Accordingly, the received SINR
at D, can be given as

(1-p) (A}*dq + A%dq)
P (Aidq + A?«dq) +1

Based on the above SINR, user D, tries to cancel the primary
interference received during Phase-1. Consequently, the SINR at
user Dy can be obtained as

&)

Ardq,zdp =

p (A}*dq + A%dq)
(1-p) (Ab, + 43, ) +1

= 77}|th |2 in the denominator arises due

to the SIC error propagatlon whose channel coefficient hl,
is subjected to Nakagami-m fading with correspondlng fadrng
severity parameter and average channel power gain as mqu and

QlD [2]. The PDF of A can be referred from (2) with some
rnanlpulatrons

On the contrary, ST remains silent in case of unsuccessful
decoding of the primary signals x4, and x4, in Phase-I [12].
Since the primary network’s minimum rate requirement may not
be satisfied in this case, the secondary users will not be allowed
to access the licensed spectrum.

D. Caching Model

Let us discuss the CHSTN system model under the CA STBC-
NOMA scheme. Herein, during the caching phase, ST node R
can cache up to C files out of the total N content files (C' < N)
of the library at satellite node S while following the MPC-based
caching scheme. Now, relying on the Zipf distribution for the
content popularity model [13], the probablhty of requesting k-th

file can be given as f; = (kz’\ Zkl 1k with A be the

popularity parameter whose higher value refers to the request on
the high popularity files. We assume here that the file popularity

(6)

Ardq,qu =

where the term Al
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is provided by an intelligent algorithm based on historical
demands and user behavior. Hereby, after the requesting phase,
user D,, gets the required content either directly from the relay
through superposed signal (in one time phase) or from satellite
based on the CF STBC-NOMA scheme.

It is noteworthy that we follow independent and identically
distributed channels from multiple antennas in satellite and relay
by considering that they are lying in a close vicinity [4]. As a
result, for convenience, we drop the superscript ! from all the
notations of the related channel parameters in the succeeding
sections.

III. OUTAGE PERFORMANCE OF PRIMARY NETWORK

In this section, we investigate the performance of the primary
satellite network by deriving the OP expressions under the
proposed CF/CA STBC-NOMA schemes, and thereby provide
useful insights by fetching the diversity orders from the asymp-
totic OP expressions.

A. CF STBC-NOMA Scheme

1) OP Analysis: For a given SINR threshold ~4,, the OP of
user D), under the CF STBC-NOMA scheme can be written
while utilizing maximal-ratio combining (MRC) with the aid of
(3) and (4) as

T g, ,CF
Pouctlp =Pr [Asr,mdp > Vdy > (Asdp,a:dp + Ardp,acdp> < ’de:|

Py
+ Pr |:As7',a:dp < %i,,y Asdp,a;dp < Pde:|a (7)
P>
where 4, = 22Ra, _ 1 with Ry, being the target rate
for user D,. Herein, P, can be obtained as P, = Il
with I, = Pr [AM Z’ydp} = 1-Fa,., Ou) I =
Pr |:Adpvxdp < ’de] = FAdp,wdp ("}/dp) with Adpymdp = A'Sdpvzdp +

Ardp,x ap- Whereas, P> can be computed as P, = I3y with

I3 =1—1; and I, = Pr [Asdp,mdp <vq,| = FAS%MP (Va,)
can be obtained by replacing the subscript r with d, in each
term of I3. In the above lines, F.(-) specifies the cumulative
distribution function (CDF). Next, I; can be derived as given
below in Theorem 1.

Theorem 1: The analytical term I; can be derived as

Mgr—1mgr—1 K1
Z Z Z Z ; C~ n1+1<2+)2 m (m>(—1)g

H10K20m090 g

( s >n1 m+1 Gesn), ,73;4-!@24-1
e s dp P
Br — 6 g+ra+1
Mmgpr—1mg,r—1
2 C Hl)g 52)51' Br r
+ Z Z ﬂr *51“ m+n2+2r 2+1 ns Yy

k1=0 Kko=0

®)

with I'(-, -) being the upper incomplete Gamma function [11, eq.
8.350.2].

Proof: See Appendix A. ]

Now evaluation of I can be performed by following the L-
step staircase approximation approach as in [14]

L—1 . .
i+ 1 )
I, = Z {FAS%MP < i ’de> *FAsdp,mdp (L’de) }
i=0
L—i
» ( L ’de>7 (9)

where Fj, g (+) is given in the following lemma.

Lemma 1: The CDF term Fy ( ) can be expressed as

rdp,xq

1 Myq T
=1—— T ) 711
11 e o
Mpg, —1 Mrdp ®
m=0 g=0 m! F(mrdp) 9 QrdpﬁTax |

(10)

with 0, = (1 — p) — pz.
Proof: The proof is similar to that of Theorem 1. [ ]
2) Asymptotic OP Analysis: To fetch further insights, we
derive the asymptotic OP expression for the primary network
under the CF STBC-NOMA scheme at high SNR (n,, n, — oo,
with Z—i be the constant). Following the preceding sub-section,
the asymptotic OP expression can be written as
Pmdp,CF

out, asy

(1)

We first focus on solving the analytical terms I;*”, I," and
therein F,™ (-), which are derived in Theorem 2.
Fdp

__ gasygasy asy r asy
= IV 4 LY

Theorem 2. The analytical terms I," and F> () can be
rdp,2q,

9 C I€1 IQQ) k1 +1
7 Kl+/€1+2 m
x (=1)™ 72?Hﬂ+2
(k1 + 1) (m+ k2 + 1)’

given as

—1mgr—1k1+1

SEED I W

k1=0 k2=0 m=0

(12)

Mya,,

F (=3 (mrd'ﬁ(_l)m(mmmp)l( o >2m
A'rd,p,mdp = m My, (F(mrdp))Q Qrdpﬁrex .
(13)

Proof: See Appendix B. u

In(11), I = 1—1,"Y and I," can be computed by replacing
the subscrlpt r with dp in each term of I;"”. Expression for
I, can be obtained with the help of (13) and 1,7, and then
incorporating them into (9).

B. CA STBC-NOMA Scheme

1) OP Analysis: Section II-D specifies two possible commu-
nication scenarios for the primary user D, depending on the
contents cached at ST node R. Accordingly, the OP related to the
content file in each scenario depends on the popularity profile.
Thus, the overall OP can be written as the sum of OP multiplied
by their popularity profiles in each scenario as

C N
Tq, ,C Tq,,(a Td,, (b
Pou(ip _Pou(ti @ Zfl—’_Pou(ti © Z fi,
i=C+1
,(a)

where POLll can be referred from (10) on substituting = 7(’1

with Vd =2R4 1 and Pouf” (®) can be followed through (7).

2) Asymptotzc OP Analysis: Herein, (14) can be appr0x1mated

at high SNR to provide asymptotic OP expression of the primary
network under the CA STBC-NOMA scheme as

N
= Poriy) Zfz S
,(b)

i=C+1
(’)/ ) and Pout asy

(14)

Tdp,CA xdp ,(b)
P out7 asy

out, asy

5)

with P (a)fFAasy
rd

out, asy can be written as (11).
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Remark I: Following (11) and (15), after inserting the ex-
pressions for associated terms, one can manifest the diversity
order of the primary satellite network under the CF STBC-
NOMA and CA STBC-NOMA schemes as 2 + min(2,2m,q,)
and min(2m,q,,2 + min(2,2m,q,)), respectively. For this, we
observe the dominant terms at high SNR, which are reflected by
the minimum power raised to ggr. Importantly, these diversity
orders are higher than obtained in [1], i.e., min(1,m,q,).

IV. OUTAGE PERFORMANCE OF SECONDARY NETWORK

This section aims to derive the OP expressions for the sec-
ondary terrestrial network under the proposed CF/CA STBC-
NOMA schemes, and thereby presents the corresponding realiz-
able diversity orders through asymptotic analysis.

A. CF STBC-NOMA Scheme

1) OP Analysis: For a given SINR threshold vq,, the OP of
user D, under the CF STBC-NOMA scheme can be written
while utilizing (3) and (6), as

wdq,CF

Pout =Pr Asr,wdp Z Vdp 5 Ardq Wdg < ’qu:|+PI‘ [Asr,mdp < %l,,}
= 11,0, (a,) + (1= 1), (16)

where g4, = 92Ra, _

D,. In (16), Pou‘fq’ is evaluated by deriving the expression for
CDF term Fy,, . (7a,) as given in Theorem 3.

Theorem 3: The CDF Fy , . (7a,) under hybrid satellite-
terrestrial channels can be expressed as Fjy,, . (ya,) = 1—

(¥1(va,) + ¥2(7a,)), where ¥y (74,) and s (de are provided
SRRyl

as
( me 2me
19 =
m=0 g=0 u=0 v=0 anr

" (m) (m + deq> (m +mpa, — u) (T2)m+mrdq—u—v
g u v (g + mra,)

_ Mrdg T2

( mrdq )m+mmq F(u—i—me)F(v +me) e Qg nr

Q'rdqﬁ; (Tl)—(u+v)(F(me)>2 (T3)u+u+2me ’
a7

1, with Ry, being the target rate for user

Mrdg—1 py mAmeg, m+tmeq, —u

qu

Mydg —

U3 S (e ) () ()

m=0 g=0u=0

ray
y m (TQ)m*g*u F(g + me)F(u + me) e Ordglr
g ) (Th)~(gtw) m!(C(mp,))? (Ty)“Fo+2m,
(18)
1 _ (1-p) Mrag mp,
with 71 = pp T2 ,and T3 = Gagr L T ap,

Proof: See Appendlx C [ |

2) Asymptotic OP Analysis: To obtain the asymptotic OP
expression of the secondary network, we approximate (16) at
high SNR as

Tdg,CF _ rasy prasy
Pout, asy — Il

(a,) + (1 = I}™), 19)

Ardgzq,

where Ff:’dqﬂzd (74,) can be computed using Lemma 2.
q

Lemma 2: The CDF term F”  (va,) can be obtained as
rdq,eq,

Mrdg 2m,. dgq 2m,. dg— g

Rt =Y 3 3 Sl

2
m=0 g¢g=0 s=0 m dq))

: (’”””‘) (2’”””) () ( )
m g S Qrdq 777“

1

mrd

(Ty)o+e Qp, 7\ T(g +mp,)L(s + mp, )
(Ty)9 T 2mmag \ mp, (T(mp,))? :
(20)
Proof: The proof is similar to that of Theorem 2. [ ]

B. CA STBC-NOMA Scheme

1) OP Analysis: Referring to Section III-B, the overall OP
for CA STBC-NOMA can be written as

N
, CA ,(b)
P = poaa® Zfz P > i @D
i=C+1
where P:ll‘fq’(a) = FA,a,.., (74,), which can be directed from
g
Theorem 3 on substituting g, = véq, where 'ygq i
Further, Pouf” 8 _ P(f]fq’ CF, and can be followed using (16).

2) Asymptotic OP Analysis: To provide asymptotic OP ex-
pression of the secondary network under the CA STBC-NOMA
scheme, (21) can be approximated at high SNR as

N
mdq,CA - qu 1dq7(b)
Pout7 asy out, asy E f7 nut, asy E f’ia (22)
i=C+1
Ldg,\A Ldgs
with Poutqaiy) FA“:zq . (7g,) and Poutqaiy) can be written as
q

(19).

Remark 2: Following (19) and (22), after substituting the
expressions for associated terms, one can assess the diversity
order of the secondary terrestrial network under both CF STBC-
NOMA and CA STBC-NOMA schemes as zero, owing to the
realistic ipSIC situation. On the contrary, for perfect SIC case,
one can find the respective diversity orders under the CF STBC-
NOMA and CA STBC-NOMA schemes as min(2,2m,q,) and

min(2 m,q,, min(2,2m,q,)).

V. NUMERICAL AND SIMULATION RESULTS

For numerical results, we set ny, = 1, = n as the transmit
SNR, Rq, = R4, = 0.5 so that 7&1) = 0.414,v4, = 1,74, =
l,q{iq = 0.414, Q.q, = Qpq, = 1, p = 0.3 [1], and L = 100
[14]. Also, we set the satellite parameters as (mg;, bs;, Qs;) =
(2,0.063,0.0005) and (ms;,bs;, Qsi) = (5,0.251,0.279), i €
{r,d,,d,}, for heavy shadowing (HS) and average shadowing
(AS) scenarios, respectively [14]. The parameters related to
considered caching scheme are set as N = 200, C' = 20,
and A\ = 2 [9]. For notation simplicity, we mark CF STBC-
NOMA, CA STBC-NOMA, and Simulation as CF, CA, and
Sim., respectively, in the various figures.

Fig. 2(a) depicts the OP versus SNR curves for primary
network while setting m;.q, = 1 and m,q, = 2. First, it can be
ensured that analytical and asymptotic curves are well matched
with the exact simulation results. As such, it can be seen that the
CA scheme outperforms the CF scheme in the low SNR region
under m,.q, = 1, and throughout the SNR region under m,.q, = 2.
This behaviour can be readily verified through the diversity
orders of 2-+min(2, 2m,4,) and min(2m,q,, 2+min(2,2m,q,))
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Fig. 2: (a) OP versus SNR curves for primary network;

parameters on outage performance.

from the respective curves of CF and CA schemes. Further,
the outage curves corresponding to the proposed CF/CA STBC-
NOMA schemes illuminate better performance as compared to
the simulation curves of benchmark NOMA and OMA schemes.
Moreover, the overall outage performance relatively improves
when satellite links are encountered with AS than its HS coun-
terpart.

Fig. 2(b) illustrates the OP curves for secondary network
against SNR under the setting m;.q, = 2 and m,q, = 3. It can
be visualized from the respective curves that the CA scheme
outperforms the CF scheme owing to the efficient utilization
of available spectrum resources based on the primary contents
cached at the relay. Further, the error floors are observed for
the proposed CF/CA schemes that are associated with the ipSIC
situations and resulting in zero diversity order.

Fig. 2(c) demonstrates the impacts of caching parameters C'
and )\ on the outage performance of primary and secondary
networks, respectively. Apparently, the outage performance im-
proves while increasing the cache size C. This is primarily due
to the efficient use of available spectrum resources while fetching
the contents by user D,, directly from the relay itself. Moreover,
the outage performance ameliorates as the value of \ increases.
As such, a higher value of A refers to the lower-index files with
high popularity and can be stored in the relay with limited cache
capacity.

VI. CONCLUSION

We investigated an overlay-based CHSTN system wherein a
secondary terrestrial network cooperates with a primary satellite
network for dynamic spectrum access. Importantly, the consid-
ered analytical framework deploys the NOMA and conventional
Alamouti STBC techniques for the signal transmissions and ST
has built-in cache capability to store the popular contents of
the primary network. For this, we proposed the novel CF/CA
STBC-NOMA schemes and correspondingly assessed the outage
performance. Hereby, a comparison with benchmark stand-alone
NOMA and OMA schemes revealed that the proposed CF/CA
STBC-NOMA schemes ameliorate the performance of CHSTN
by utilizing the spectrum resources efficiently.

APPENDIX A

The analytical term I; can be expressed using (3) and (7) as

L =Pr[(AL +AZ) >4,], (23)
which can be further computed as
Ydp o
n= [T @) ey
0 Vdp —Y
+/ (/ ngT(T/)dff) faz (y)dy (24)
Ydyp 0

On invoking the associated PDF fj: (-) from (2), and then
simplifying the 1ntegrals using [11, egs. 3.351.2 and 3.351.3]
and binomial expansion [11, eq. 1.111], one can grab the desired
result in (8).

20 T 20
7 (dB) 7 (AB)

(b) (©

(b) OP versus SNR curves for secondary network; (c) Impact of caching

APPENDIX B
Referring to (23), it can be re-expressed as

L =1-Pr[(AL +A2) <g,]

=1- /pr (/pr—y far, (ff)d$> faz, (y)dy.

After inserting the involved PDFs and thereby evaluating the
integral expression using [11, eq. (3.351.1)] while making use
of the series expansion of lower incomplete Gamma func-
tion Y(d,x) [11, eq. 8.354.1], one can get the expressions of
I7™ in (12). Similarly, one can also attain the expression for

FAafzp,mdp (¥) in (13) APPENDIX C

Following the (16), the CDF term F},, ., (7q4,) can be written
with the aid of (6) as ’

FArdq,qu(’qu):l—Pl‘[A dg >Th (AD +A2 ) d +T2:|

=1— (¥1(vq,) + ¥2(74,)) (26)

where 91 (vg4,) and 12(4,) can be evaluated as (17) and (18)
by following the similar steps as in Appendix A.
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