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Abstract—Future wireless networks pose several challenges
such as high spectral efficiency, wide coverage, massive connectiv-
ity, low receiver complexity, etc. To this end, this letter investigates
an overlay-based cognitive hybrid satellite-terrestrial network
(CHSTN) combining non-orthogonal multiple access (NOMA)
and conventional Alamouti space-time block coding (STBC) tech-
niques. 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 expres-
sions 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 demands of ubiquitous coverage, high spectral effi-
ciency, and massive connectivity. In this respect, cognitive
hybrid satellite-terrestrial networks (HSTNs) incorporating
non-orthogonal multiple access (NOMA) have gained signifi-
cant research interest [1], [2]. However, in NOMA, recurrent
superposition-successive interference cancellation (SIC) pair
processing results in an increased complex receiver architec-
ture. Thus, a unique design while employing the space-time
block coding (STBC) is presented in [3], which dramati-
cally 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].

Manuscript received 6 September 2022; accepted 4 October 2022. Date
of publication 10 October 2022; date of current version 9 December 2022.
This work was supported by the Luxembourg National Research Fund
(FNR) through the CORE Project (ARMMONY): Ground-Based Distributed
Beamforming Harmonization for the Integration of Satellite and Terrestrial
Networks under Grant FNR16352790. The associate editor coordinating
the review of this article and approving it for publication was A. Liu.
(Corresponding author: Vibhum Singh.)

The authors are with the Interdisciplinary Centre for Security Reliability
and Trust, University of Luxembourg, 1855 Luxembourg City, Luxembourg
(e-mail: vibhum.singh@uni.lu; sourabh.solanki@uni.lu; geoffrey.eappen@
uni.lu;  rakesh.palisetty@uni.lu;  thang.vu@uni.lu;  juan.duncan@uni.lu;
symeon.chatzinotas @uni.lu; bjorn.ottersten @uni.lu).

Digital Object Identifier 10.1109/LWC.2022.3213367

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
broadcasting services to non-linear streaming services like
YouTube and NetFlix. Accordingly, SATCOMs can facili-
tate the wide 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
characterize an overlay-based CHSTN for a downlink commu-
nication 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 conventional Alamouti STBC techniques for sig-
nal transmission. Moreover, the secondary transmitter (ST) has
built-in cache capability to store the popular contents of the pri-
mary network while following the most popular content (MPC)
based caching scheme [2]. In summary, 1) For the considered
CHSTN, we first propose the cache-free (CF) STBC-NOMA
and cache-aided (CA) STBC-NOMA schemes; 2) Then, antic-
ipating 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 com-
parison purposes, provide the Monte-Carlo simulations for the
benchmark NOMA and OMA schemes without any caching and
STBC techniques; 3) Finally, we examine the asymptotic out-
age 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

Let us discuss the system model first for CHSTN under the CF
STBC-NOMA scheme. Herein, a primary satellite transmitter-
primary receiver (PR) pair coexists with a ST-secondary receiver
(SR) pair, and are denoted as S — D, and R — Dy, respectively. !

A practical scenario for CHSTN may constitute a source S corresponding
to a geostationary orbit (GEO) satellite and node Dp 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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Based on the overlay approach, ST node R gets the authorization
of spectrum access on a secondary basis in return for partici-
pating 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 as a cooperative relay
and employs the power-domain NOMA [1] while forwarding
the primary signal and concurrently transmitting its own signal
to SR. Further, a direct satellite link is assumed between nodes
S and Dy,. As such, primary transmitter (PT) and ST deploy the
Alamouti STBC technique in their signal transmissions. PT is
equipped with two transmit antennas (Stl), ST is equipped with
two transmit and one receive antennas (R} and R;), | € {1,2},
whereas, PR and SR are provided with one receive antenna
each, represented as Dp - and Dq " 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 imple-
mented for both the STBC transmissions from PT and ST. We
assume that each channel experiences uncorrelated quasi-static
block fading. Various channel coefficients related to satellite
links follow shadowed-Rician fading and are marked as géi,
i € {r,dp,dy}, whereas, channel coefficients for terrestrial
links are represented as h 2 J € {dp, dq}, and are encountered
to independent Nakagaml -m fading distributions. All receiving
nodes are likely to be subjected to additive white Gaussian
noise (AWGN) with mean zero and variance o2.

B. Channel Model

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

Al =1s|gg|* is g1ven as [l] 2]
gl_sl
o ()
I (z ; ey
where 7, = 77“‘ = P 5 with Pg being the transmit

power through satelhte S, Which 1s equally d1V1ded between
two transmit antennas. Further, o = (2b!,m! /(2bL.m!. +

QLy)ymsi /2wl g = 1/2bL, 80 = Qgi/@bgi)@bgim; +
Qsi)’ with 2bi2 and Qél are the respective average powers
of multipath and line-of-sight components, méi is the
integer-valued fading severity parameter, and ( l(/{) =
(-1 — méi)n(éé)“/(m!)Q with (), representing the
Pochhammer symbol [11, p. xliii].

The Nakagami-m fading for the terrestrial links yields the
PDF of receive SNR Al = nr|h |2 as in [2, eq. (6)], where

=% = Py and P,n is the transmit power through ST

node R, which s equally distributed between the two transmit
antennas, ml and Q . are the corresponding fading severity
parameter and average power, and I'(-) represents the Gamma
function [11, eq. (8.310.1)].

C. STBC-NOMA Signal Model

Under the CF STBC-NOMA scheme, the entire commu-
nication executes in two time phases, each with two time
slots. During the Phase-I, satellite S transmits the unit energy
: : 2] _ 21
signals zq, and x4, (0bey1ngE[|:pdpl| ] = Ellzg,, 7] =
1) in first time slot and —xd and xd in second time

P2
slot through antennas S} and S2, respectlvely, where E[]
denotes the expectation and * represents the complex con-
jugate operation. Accordingly, the received SNR at node i,
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i € {r,dp,dy}, can be expressed as Ay ., A1 + Agl,
where x4, is used in subscript to indicate the equlvalent SNR
corresponding to the primary signal. If ST node R is able
to decode both signals Td,, and z4 ) successfully, it super-
imposes them during the Phase-II with its own signals and

generates the signals z-, and z, in first time slot and —z

and 2z in second time slot through antennas R} and RZ,
respectively. Here, z,, = %Idp + 4/ PT T, and

1—p) Py
Zry =\ ( 2p) Tq,, +

L, T/ pP7 %d,,» With p € (0,0.5) being
the power allocation factor whlch is Judiciously chosen to allo-
cate more power towards the weak NOMA (far-away) user D,
complying with \hl |2 < |hl |2 [1]. Hereby, relying on the
NOMA principle, user D, decodes its s1gna1 directly. Thus,
the received signal-to-interference-plus-noise ratio (SINR) at
node D, is followed as

(1=p) (Aidp + Agdp)
p(Aidp +A§dp) +1
Next, strong NOMA (nearby) user D, executes the SIC oper-

ation to first decode the primary signal z;,. Accordingly, the
received SINR at D, can be given as

1 2
(1=p) (Ardq + Ardq)
p(A},dq + Azd() +1
Based on the above SINR, user D, tries to cancel the primary

interference received during Phase-I. Consequently, the SINR
at user Dy can be obtained as

(A}“d +Ardq)
(1=p)(AD, +43 ) +1

‘ 2

2

po »Tdp -

3)

T’dq 7xdp -

4)

rdll »Tdg =

where the term AZD = 77}|hl in the denominator arises due

to the SIC error propagatlon whose channel coefficient h! D,
is subjected to Nakagami-m fading with corresponding fadmg
severity parameter and average channel power gain as mp,

and Qé)q [2]. The PDF of Aqu can be referred from [2, eq.
(6)] with some manipulations.

On the contrary, ST remains silent in case of unsuccessful
decoding of the primary signals Td,, and Zd,, 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

Now considering the system model for CHSTN under the
CA STBC-NOMA scheme, wherein 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 follow-
ing the MPC-based caching scheme. Thus, relying on the
Zipf distribution for the content popularity model [13], the
probability of requesting k-th file can be given as f, =
(kX Z,]X 1k /\)_1 with \ be the popularity parameter whose
higher value refers to the request on the high popularity files.
We assume here that the file popularity is provided by an
intelligent algorithm based on historical demands and user
behavior. Hereby, after the requesting phase, user D), gets the
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required content either directly from the relay through super-
posed signal (in one time phase) or from satellite based on the
CF STBC-NOMA scheme.

It is noteworthy that we follow independent and identi-
cally distributed channels from multiple antennas in satellite
and relay by considering that they are lying in a close vicin-
ity [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 pri-
mary satellite network by deriving the OP expressions under
the proposed CF/CA STBC-NOMA schemes, and thereby pro-
vide useful insights by fetching the diversity orders from the
asymptotic OP expressions.

A. CF STBC-NOMA Scheme

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

zq ,CF
Py =Pr |:A57'7Idp > Vdy> (Asdp,mdp + Ardp,mdp) < ’de}
Py
+ Pr [Asr,zdp <Yy Nsdy g, < Wd,,}, ®)
P
where vg, = 22Ray _ 1 with Rg, being the target rate for

user Dy,. Herein, Pq can be obtained as Py = I11o with I; =
Pr[Asr,zdp > ’de] =1- FAsr,zd (’de)’ L= Pr[Adp,xdp <
P)/dp] = FAdpyzdp ('Vdp) with Adp,xdp = Asdp,xdp + Ardp,xdp'
Whereas, P can be computed as Py = I3]4 with I3 =1—1;
and Iy = Pr[ASdpy-po < 74,) = FAsdp,zd (74,) can be
obtained by replacing the subscript » with d; in each term
of I3. In the above lines, F.(-) specifies the cumulative
distribution function (CDF). Next, [; can be derived as given
below in Theorem 1.
Theorem 1: The analytical term I can be derived as

mgr—1mg-—1 K1 m

=3 Y Y Y e ("

k1=0 ko=0 m=0g=0

g\ _roin) ytretl
X e s Yap T
(57‘767‘) g+ra+1
Mgr—1 mgr—1
"N ¢(r1)¢(r2)ra! ( Br — ¢ )
+ 2> P ke 41, ,
mZ::O @2::0 “ (Br — &y )r1trat2 " s Ty
(6)
with T'(-,-) 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 1
I~ Z{FA%’% <L ’de) - 1*—'1\%1%,(1p (L’Yd?’)}
=0

L—i
X FA"dpxwdp ( T ’ydI,)v (7

where F'p

rdp g (+) is given in the following lemma.
*dp
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Lemma 1: The CDF term Fy , () can be expressed as
ap

! F(m oy )
F(mrd ) rdp Qrdpﬁrem

I(g +mpa,)” Yim\ - Qrzd’,’ih
e p
m'I’(de ) g

FApo,zd (z)=1-

Myd, —

;;E:

M4y
(o) ®)
rd, 770z
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 (75,1, —
0o, with & be the constant). Following the preceding section,
the asymptotlc OP expression can be written as

g4, ,CF

outasy = 11 B+ BV ©)
We first focus on solving the analytical terms I;"™, IJ™ and
therein FaLby (), which are derived in Theorem 2.

d

Theorem 2: The analytical terms I} and FXsy (+) can
rdp,74,,
be given as
mer—1mgr—1 K141
as C(k1)C(k2) (K1 +1
E¥=1-3%> > > a Zm)éﬁ(lm)
k1=0 Ko=0 m=0
§1+~1+2
O D e D) (10)
Mrdy, m (71)m(m T myy )_1 p— 2"’erp
as R rd, Tdp Tdp
FAry.Zp,];dp (z) = mZ::O < mp) . (F('ﬂl.,vdp))Q <Q7‘dp77~7“9z> .
1D
Proof: Proof of Theorem 2 can be followed using the steps
as in [2, Appendix D]. |
In (9), I3 = 1— 1" and I} can be computed by replac-

ing the subscrlpt r w1th dp in each term of I Y Expression
for 12 can be obtained with the help of (11) and [ asy, and
then incorporating them into (7).

B. CA STBC-NOMA Scheme

1) OP Analysis: Section II-D specifies two possible com-
munication 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

N
Tap A _ 54, (@) Zdy, (b)
Poufcl ou[t) Zfl Ouf; Z fia (12)
i=C+1
where Poui’( 2 can be referred from (8) on substituting
T = 'yd with *yd =284 _ 1 and Posfc’ (2) can be followed

through (5).

2) Asymptotic OP Analysis: Herein, (12) can be approxi-
mated at high SNR to provide asymptotic OP expression of
the primary network under the CA STBC—NOMA scheme as

Xjﬁ,aa

i=C+1

P (®)
ut ,asy

a;dp )

out ,asy Z fl

Pacdp 7CA
out,asy
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depv()

out,asy Can be written

) 7( )
with P ¥ sy = FK?ZPY% (v p)
as (9).

Remark 1: Following (9) and (13), after inserting the expres-
sions 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(2,2 m,q, )
and min(2 myg,,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 oz Importantly,
these diversity orders are higher than obtamed in [1],
min(1, myq,).

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
realizable diversity orders through asymptotic analysis.

A. CF STBC-NOMA Scheme

1) OP Analysis: For a given SINR threshold v4,, the OP
of user Dy under the CF STBC-NOMA scheme can be written
as

x4 ,CF

Pou{é =Pr [AST,de > 'devAqu,wdq < 'qu:| +Pr [AST»ZdP < ’Yd,,:|
= IFAy, ., (a,) + (1= 1), (14)
where 74, = = 924, —1, with R, being the target rate for user

CF
D,. In (14), P

(74,) under hybrid satellite-

)

out is evaluated by deriving the expression
for CDF term Fjy, rdg oy ('ydq) as given in Theorem 3.
g
terrestrial channels can be expressed as FAqu o (qu) =
g
1 — (¥1(va,) + ¥2(74,)), where ¥1(vq,) and 2(vq,) are
Mrdg — 1 m m+deq m+mr,iq u
a)= 20 20 > X
y (m> (m + mrdq) <m + Mrd, — u) (TQ)ermmqfufv
g u v (g + myq,)
§ M, m+mmq F(u + me)F(U + me) 67 Qrdq r
Qra, 17 (T1) =+ (C(mp,))? (T5)" 20
Mpq, =1 0 2m
I b O
m=0 9=0 u=0 \ 2D, u Q"dqﬁr
Mgy T

Theorem 3: The CDF FAqu .
g
provided as
(—1)9 me 2me
m=0 g¢g=0 wu=0 m! F(mTrlq) QDqﬁ;"
Mrdg )
(15)
Qrdq nr

o (Y@ Mgt o Ut o) _e

(T1)~(9+w) m!(L(mp,))? (T3)u+g+2muq )
(16)
. 1— o’ m,
with Ty = (50, Ty = and Ty = grte Ty +
me
QDqﬁ;'
Proof: See Appendix B. |

2) Asymptotic OP Analysis: To obtain the asymptotic OP
expression of the secondary network, we approximate (14) at
high SNR as

zq,,CF
oug,asy = IlasyFXSTdyq ('qu) (1 - Iasy)’ (17)
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where FXSTL ) (74,) can be computed using Lemma 2.
q

Lemma 2: The CDF term F/‘?Z (qu) can be obtained as

Mydg 2Mrdy 2MMrdg — g

LTSRS JD DR e S
Arg, Tdg

2
m=0 ¢g=0 s=0 m’rd‘l))

2m,,
™ Myq, er‘dq 2mrdq -9 ( Mrd, > "
m g s Qg nr

y (Ty)97%s (QDﬁ?>g+s I'(g + mp,)L'(s + mp,)
(T5)975= 2 \ mp, (I'(mp,))?

1

mrd

(18)
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

T4y, CA PPl (a) $dq7(b)
Pout - out Zfl out

(@)

where POut

(19)

N
>t

i=C+1
B , . .
=Fy, tg.r4, (v dq), which can be directed from

Theorem 3 on substituting qu = 'yfiq, where yzlq = 2Ry _q,

b dg > .

Further, Poz’t’ () P;&‘é , and can be followed using (14).
2) Asymptotic OP Analysis: To provide asymptotic OP
expression of the secondary network under the CA STBC-

NOMA scheme, (19) can be approximated at high SNR as

zq,,CA xdq,(a qu,
Pyt asy = Poutasy Zfz P asy Z £ (0)
i=C+1
thq(a)_ asy deq() b .
with P sy = Ardg oy ('Yd ) a out,asy Can be written
g
as (17).

Remark 2: Following (17) and (20), after substituting the
expressions for associated terms, one can assess the diver-
sity 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, 2 myy,) and min(2 myy, , min(2, 2 myq, ).

V. NUMERICAL AND SIMULATION RESULTS

For numerical results, we set ngs = Nro=1 as the trans-
mit SNR, de = R4, = 0.5 so that ’yd = 0.414, 'yd =1,

Ya, = 1 Vd = 0414, Qpy, = Qpyg, = 1, p = 0.3 [1],
and L = 100 [14]. Also, we set the satellite parameters
as (msi, bsz, Qs ) (2, 0.063, 0.0005) and (msi, I’si» Qsi) =
(5,0.251,0.279), ¢ € {r, dp, dg}, 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. 1(a) depicts the OP versus SNR curves for primary
network while setting m,g, = 1 and m,g, = 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
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() My, = 1 (i) 1ma, = 2

(i) Primary Network

(ii) Secondary Network

Outage Probability

NOMA (HS)
NOMA (AS)
OMA (HS)
OMA (AS)

ntﬁboom i

10 20 10 20
7 (AB) 7 (dB)

Fig. 1.
performance.

low SNR region under m,q, = 1, and throughout the SNR
region under m,; = 2. This behaviour can be readily ver-
ified through the diversity orders of 2 + min(2,2m,y,) and
min(2 myq,, 2+min(2, 2 myg, )) from the respective curves of
CF and CA schemes. Further, the outage curves correspond-
ing 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 counterpart.

Fig. 1(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 con-
tents 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. 1(c) demonstrates the impacts of caching parameters C
and )\ on the outage performance of primary and secondary
networks, respectively. Apparently, the outage performance
improves 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
A 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 considered analytical framework deploys the NOMA and
conventional Alamouti STBC techniques for the signal trans-
missions 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 amelio-
rate the performance of CHSTN by utilizing the spectrum
resources efficiently.

APPENDIX A
The analytical term I} can be expressed using (5) as

I = Pr[(A; + AET) > vdp}v

which can be further computed as

2y

10
o 10 20 30 10 20 30
7 (dB) 7 (dB)

(a) OP versus SNR curves for primary network; (b) OP versus SNR curves for secondary network; (c) Impact of caching parameters on outage

Yap [ [0
I :/ / fay, (@)dz | fpz (y)dy
0 Ydp—Y

+ /wp (/0 fA%T(x)d‘T)ngr(y)dy‘ @2)

On invoking the associated PDF f,; (-) from [2, eq. (6)], and
then simplifying the integrals usinng [11, egs. (3.351.2) and
(3.351.3)] and binomial expansion [11, eq. (1.111)], one can
grab the desired result in (6).

APPENDIX B
Following the (14), the CDF term FAqu . (Va,) can be
written with the aid of (4) as !
Fipiyy (V) = 1= Pr[Aly, = Ti (Kb, + A%, ) = A%y, + 0]
=1- (Y1(vaq,) +v¥2(7a,)), (23)

where %/Jl(qu) and 19 (ydq) can be evaluated as (15) and (16)
by following the similar steps as in Appendix A.
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