IEEE

[ Letters| VOL. 7, NO. 11, NOVEMBER 2023

Sensor networks

7500604 \%‘Sensors Coundil

On the Performance of Cache- and Energy Harvesting-Assisted NOMA in D2D
Communications With Hardware Impairments

Alok K. Shukla!** ", Jules M. Moualeu®**
Fambirai Takawira®"*

, Prabhat Kumar Upadhyay'** ™,
, and Pedro H. Juliano Nardelli***

! Department of Electrical Engineering, Indian Institute of Technology Indore, Indore, Madhya Pradesh 453552, India
2 School of Electrical, Information Engineering, University of the Witwatersrand, Johannesburg 2001, South Africa
3 School of Energy Systems, Lappeenranta-Lahti University of Technology, 53850 Lappeenranta, Finland

*Graduate Student Member, IEEE
**Senior Member, IEEE

Manuscript received 16 August 2023; accepted 24 August 2023. Date of publication 5 September 2023; date of current version 10 October 2023.

Abstract—In this letter, we investigate a cache- and energy harvesting (EH)-enabled device-to-device (D2D)- aided
nonorthogonal multiple access (NOMA) network with hardware impairments at the transceiver nodes. Considering
imperfect successive interference cancellation at the legitimate users, we derive the analytical expressions of the outage
probability (OP) for both a cache-free (CF) and a cache-aided (CA) relaying system. In addition, the asymptotic behavior
of the proposed scheme is studied in order to get further insights on the impact of the system parameters. Extensive
Monte Carlo simulations reveal the superiority of the proposed scheme over the CF relaying system, and are shown to

validate the accuracy of the derived analytical framework.

Index Terms—Sensor networks, caching, device-to-device (D2D), energy harvesting (EH), nonorthogonal multiple access (NOMA),

outage probability (OP).

[. INTRODUCTION

Future wireless networks are expected to face significant challenges
because of the rapid growth of intelligent applications that place strin-
gent requirements on spectral efficiency (SE), energy efficiency, and
latency. The synergy of wireless caching and nonorthogonal multiple
access (NOMA) (see [1] and [2]) has resulted in an improved SE
and network coverage. Specifically, the authors in [1] investigated
the coverage probability by exploiting stochastic geometry, whereas
the authors in [2] designed two NOMA-based caching schemes,
namely the push-then-deliver and the push-and-deliver schemes and
subsequently examined the outage probability (OP) and cache hit
probability.

Meanwhile, the energy limitations of battery-operated devices are
another challenge for the design of futuristic communication networks.
To this end, energy harvesting (EH) through a radio frequency (RF)
signal is one of the promising technologies to power the wireless net-
work. The joint study of EH and wireless caching has been done in [3]
and [4]. Specifically, a device-to-device (D2D) network was proposed
in [3], wherein each mobile user (MU) is assisted with a cache storage
and an EH-circuitry. The authors proposed a content delivery strategy
and categorized the MUs into three modes, namely self-satisfied, D2D
communication, and cellular communication, taking into account the
file’s popularity and the energy limitation. Gautam et al. [4] examined
two maximization problems, namely the relay-destination throughput
maximization and the energy stored maximization, and presented
the relay selection and power allocation algorithms, respectively, for
the cache- and EH-assisted relay transmission. However, to the best
of the authors’ knowledge, the amalgamation of EH, NOMA, and
wireless caching is still in its infancy. Recently, Ren et al. [5] proposed
simultaneous wireless information and power transfer (SWIPT)-
enabled wireless caching networks with NOMA and evaluated the
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performance by optimizing both the power and time allocation factors.
It is noteworthy that most of the reported studies either addressed an
EH structure with a separate energy source or assumed the EH to be a
separate entity from caching. Recently, the work of [6] has tackled the
mathematical intractability of an EH-based cognitive NOMA system
through a deep learning approach. However, wireless caching is not
considered in that work, let alone the practical issues of hardware
impairments (HIs).!

Motivated by the preceding discussion, we propose novel EH-
assisted D2D-aided NOMA network with hardware impairments and
wireless caching, where a cache-enabled power splitting (PS)-based
receiver architecture is employed at the near user (NU) to act as a
decode-and-forward (DF) relay. The main contributions of this letter
are summarized as follows. 1) We derive the OP expressions of
all the users considering HIs and imperfect successive interference
cancellation (ipSIC). To get useful insights for the considered system,
we evaluate the cache hit probability using the derived expressions
of the OP. In addition, the asymptotic behavior of the proposed
system is studied to assess the impact of the various parameters
on the proposed system. 2) A comparison between a cache-aided
(CA) relaying scheme and its cache-free (CF) counterpart is car-
ried out wherein the superiority of the former over the latter is
illustrated.

The rest of this letter is organized as follows. Section II presents the
system model. Section III shows the performance analysis. In Section
IV, numerical and simulation results are discussed. Finally, Section V
concludes this letter.

II. SYSTEM MODEL

As shown in Fig. 1, we consider an EH-assisted D2D-aided NOMA
network with wireless caching consisting of a base station (BS) node P,
two NUs (D, as node R and D;; as node Q), and a far user (FU) (D, as

'In practical RF transmissions, the transceivers may be subjected to hardware distortions
as a result of the I/Q imbalances, phase noises, and amplifier nonlinearities [13]
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Fig. 1.

System model.

node S) over Rayleigh fading.? Herein, node R acts as a PS-based EH
DF relay [12] with caching capacity and cooperates by forwarding the
intended information received from BS to node S. However, there is no
direct communication between BS and FU D, due to heavy shadowing
and long distance. All the nodes are assumed to be equipped with a
single antenna. Due to the energy restriction on node R, it first harvests
energy from the signal emanating from node P and then splits the
corresponding received power to relay the information of FU D, and
to transmit Dy, signal.

The channel coefficient between any two nodes i and j is denoted by
hij ~ CN(0, 1;;), with zero mean and variance A;;, where A;; = d,.;”,
i€(pr),je€(q,rs)i# j,and v and d;; denote the pathloss expo-
nent and the normalized distance, respectively. Under statistical chan-
nel state information, it is assumed that the average channel powers as-
sociated withlinksi — j,areorderedasi,, > A, X Apy > Apr > Ag,
without loss of generality [7]. It is assumed that all the receiving nodes
are subjected to additive white Gaussian noise (AWGN), defined as
CN(0, 0?) with o2 being the noise variance. The probability density
function and the cumulative distribution function of an exponen-
tial random variable Z £ |h; jlz with mean 1;; are given by f7(z) =
ﬁ exp(ﬁ) and F;(z) =1 — exp(;f_j), respectively, where z > 0.

A. Caching Model

The content files are classified into active files and proactive files
based on distinct needs. In other words, an active file is defined as a file
that the user is presently requesting, and a proactive file is a file that the
user is not requesting at the moment but in future [ 10]. Therefore, when
BS broadcasts the information, the received signal at node P pushes
the active files for D, and stores the proactive files of D,. The active
and proactive content files are stored in a finite content library denoted
by Fo = {fuys fars - > fay} and F,, = {f,, foos - - - [y )> TESPECtively,
where, N and M denotes the number of active and proactive files.
Following the most popular content-based caching scheme [10], node
R can cache up to C files during the content pushing phase out of the
M total content files (C < M) of the library at BS. Moreover, based
on the statistical property of the Zipf distribution, the probabilities

of requesting the mth most popular files f,, (1 <m < M) can be
M .

given as [3] P(f,,) = (m* Y ;. i7*)~" with x > 0 as the shape
parameter denoting the content popularity skewness. The overall
communication in the proposed system model occurs in the two
information processing (IP) phases over a transmission block of
duration T as described in the following.

B. IP Phase-1

During IP Phase-1 of duration 7'/2 (denoted by #;), BS node P
broadcasts the superimposed signal Xp = Zi:l V8;Pyx;j + n,, toward

>The adoption of the D2D communication is motivated by the fact that in typical 5G
application scenarios, such as massive machine-type communications and the Internet of
Things, “users” may be low-cost sensors deployed in small geographical areas, where both
LOS and/or non-LOS exist, which can be better modeled by the Rician fading channel.
However, most of the existing D2D-aided cooperative NOMA-based literature [8], [9]
mainly consider the Rayleigh fading channel which is reasonable and suitable for rich
scattering scenarios without LOS, and for its simplicity in typical cellular situations. The
obtained results pertaining to our proposed work would serve as a benchmark for future
works that will consider more general fading distributions.

node R, which is overheard by node Q. Here, P, denotes the BS transmit
power, x; is the intended signal for D, §; is the power allocation factor,
j € (1,2), with Z;l 8;=1,8, > &, and ny, ~ CN(O, prPp) is the
distortion noise with 2, being the level of impairment at node P. Thus,
the signal received at node R can be given by ygr = hyXp + 0o, + Opr,
where 7,p, ~ CN(O0, QfD]Pp|hp,|2) is the distortion noise with €,p,
being the level of impairment at node R, and ¥, denotes the AWGN
variable. Herein, node R bifurcates the received signal as ﬂygr for
EH and /(1 — ﬁ)y;}, for information transmission, where 0 < 8 < 1
represents the PS factor. The received signal for EH at node R is writ-
ten as ﬂyg,_ = /B(hyXp + 0,0, + V). Thus, the energy harvested
at node R is given by Ej, = Bu(P,81 + P,82) | hy|* L = Bup,|hy P L,
where L (0 < p < 1) indicates the energy conversion efficiency. Note
that HIs are omitted because all nonideal factors can be encompassed in
p [11]. Thus, the transmit power of node R for the remaining % period

canbe givenby P, = TE—/"z = Bulh,, |*P,. The received base-band signal

at node R is given by /(I — ﬂ)y;‘r = (I = BhpXp + nrp, + Npr,
where N, = /(1 — B)¥,, + Urr, and Ugg is the sampled AWGN due
to RF to base-band signal conversion.

Following the NOMA principle, node R first decodes
signal x, treating x; as noise, and then applies successive
interference cancellation (SIC) to decode signal x;. Thus, the
signal-to-interference-plus-noise ratios (SINRs) at node R to decode
x; and x;, respectively, can be given by

2t = (1= B)ayp/ (Aryp + 1) M
Vot = (1= B)81vpr/ (Faypr + 1) @

where  y,, = p,h,, with p,=P,/c* denoting the transmit
signal-to-noise ratio (SNR), A; =4, +Q§,, A, = r182+§2[2,r,

Q= /%, + Q) (0 <7 <1) being the residual

interference (RI) parameter; 7, = 0 denotes the perfect SIC (pSIC)
case. Moreover, the signal broadcast by BS is overheard by node Q and
then decodes the stronger signal x, while considering the weak signal
x1 as noise. Thus, the received SINR at node Q can be computed by

Vo2t = 83Vpg/(Aszypg + 1) 3)

where vy, = pphpg. Az =8 + QIZ,q, and Q,, = ,/Q? + Q2 with
Q,, denoting the level of impairment at node Q.

and 1

C. IP Phase-2

In the next 7'/2 time period (denoted by #,), upon successful de-
coding of x, at node R, it transmits the superimposed signal Xz =
V83P.xy + +/811Px11 + 1, Where x, and x;; are intended signals
for S and Q, respectively, n,, ~ CN(0, Q2 P,) is the distortion noise
with €, being the level of impairment at node R, and 83 and 4y,
are the PAFs. Here, we assume that d,, > d,,, yielding 83 > &;; with
83 + 811 = 1. Thus, the received signal at node S can be expressed
as y2 = h,sXg + 0rp,Nrp, + Uy, Where 9, is the AWGN variable and
nrp, ~ CN(O, QszP,‘|hm |2) is the distortion noise with 2,p, being the
level of impairment at node S. The received SINR to decode x;, at node
S is given by

yh = M
BRYpr s |2 AL + 1

where Ay = 811 + 7, with Q. = | /Q2 + Q7 .

In order to maximize the spectrum utilization, P simultaneously
transmits the new signal £, to node Q with transmit power /87 P,, for
81 € (0, 1), during the second phase. However, during the second phase
transmission, Q receives a composite signal Xz which can be estimated
and partially eliminated by using the received information of x, during
IP phase-1. Therefore, the received signal during the second phase
at node Q is given by y;fq = (hpy (/87 Py + 01p) + 1) + (Mg Xi +

“
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Nrg) + Bpg, Where 1,4 ~ CN(O, quPp|h,q|2) is the distortion noise
with €,, being the level of impairment at node S. Hereby, node Q
first decodes xy; by considering £; as noise and then perform SIC to
decode its own signal. Thus, the received SINR at node Q to decode
x1; and Xy, respectively, can be given by

SIIﬂHVprlhrqlz

X2 — 5
Tr T As + By prii P2, + 1 ®

.
#1.0 81Vpa

Yog o = (6)
r quQ?,q + Vprlhrqlzﬂ() +1
As = 87 + 2 As

P = punn + Q)
/QZ + Q2

T O<1 <1) is the RI parameter, and 7, =0
denotes the pSIC case.

Ill. PERFORMANCE ANALYSIS

where Qp,, =

In this section, we comprehensively analyze the performance of
the CF/CA EH-assisted D2D-aided NOMA network in terms of OP
and cache hit probability. Moreover, we also derive the asymptotic
expressions for the OP to get additional insights. For this, we consider
the target data rates as ry, r,, and ry; for Dy, D,, and Dy, respectively.

A. CF Scheme

1) OP of NU Dy: The NU D; is said to be in outage if it is unable
to decode either of the symbols x; or x,. Therefore, the OP expression
for D, can be obtained as

Plop =1—=Pr[y2" >R,y > R ©)

out,D

where R = 2?1 — 1 and Ry = 2?2 — 1. By making use of the in-
volved SINRs from (1) and (2) in (7), and performing some algebraic
manipulations, P! p, can be expressed as

> 7 out,

Pop, =1 —=Pr[|h,|> > max{By, Bi}/p, | ®)

th th .
where By = % and B, = W. Under the conditions 6, >

A RY and 51 > A,R™, (8) is further evaluated as P!! bep, =1— e(’ﬂrﬂﬂ)

where A; £ max{8,, B,}. The asymptotic expression for P\, p, at
high SNR (p, — o0) can be deduced by making use of approximation
e ~ 1 — x for small x to get

Py = Al/)‘prpp (9)

out,D

2) OP of NU Dy;: The OP for Dy, can be formulated as
P~

oy = 1 —Pr [ypq NS thh |1 oS Rth ]/3‘}‘12 - Rtlhl] (10)

where R}, = 2?11 — 1. By substituting the associated SINRs from (3),
(5), and (6) in (10), and through some algebraic manipulations, Py p,,
can be reexpressed as

P2, =1=Pr[Z>8B/p,]

out,Dy;

X Pr{Z < BsXY — By Z > Bs + BXY] (11
where Z £ [hy |, X X 2 |hpl? Y 2 |hyl?, By =RY/(8) — AsRY),
=M = 8= M ad 8=

ppAsBs. The OP Py p,, in (11) can be further evaluated through the
following theorem.
Theorem I: Under the conditions §; > (A;RY N 2 thlhl Yand §;; >

Q) RN, P2y, in (11) yields
(-+2)
Pout‘D” =1—e\ rm (Pl - PZ) (12)
where $; and P, can be given by

o o i)
P =1— f iy (13)
)\rq 0 )"prBly + )‘qu

-8B Apg
P,=1+ %JT;*W)EI % (14)
)"pr)‘-rqBG )\pr)"rq86

where E;(-) is the first-order exponential integral function [15, Eq.
5.1.1].

Proof: Follow the similar line of steps as used to derive [6, App.
Al. |

Although the expression in (13) is given in a single-integral form,
it can be computed effectively using mathematical software, such
as Mathematica or Maple, and does so in a lot less time than the
Monte Carlo simulation method. Moreover, the asymptotic expression
for the OP of D;; at high SNR can be deduced by approximating

. . 811 BWyprlhig|? 5
he involv INRs in (1 Yoy WPVl and sy
the involved S s in (10) as Y T Tls By T P, and Yoa
51V

———L___ and making use of approximation ¢ * >~ 1 — x for
Vo B +¥prlhrg 2 As & PP
x — 0. It can be given by

B Bs— B }‘far}‘-r
—1- (1 _ 2 ) ( 6 3) ): q. (15)
PpApg Apq

3) OP of FU D,: For D,, the outage occurs either when node R is
unable to detect the symbol x, or when node S is unable to detect any
symbol in conjunction with the successful detection of x, at node R.
Therefore, the OP expression for D, can be expressed as

Ptz ,asy

out,Dyg

P2

out,Dp

=Pr(y>" <R} +Prly2" = Ry, y2" < RY].  (16)

By invoking the respective SINRs in (16) with some mathematical
rearrangement, P2, can be reexpressed as

> % out,Dy
" By By B,
Powp, = Pr X < 22| 4+pr X>—V<— (17)
' Pp Pp Xpp
RY
where X £ |hp,|2, V £ |h?, and B; = s LR Further, POZm Dy

in (17) can be analytically evaluated under the conditions 8, > A,RY
and 8, > A RY as given in the following theorem

Theorem 2: The analytical expression for P,
fading channel can be obtained as

=08 N 18\ (8B
e - B L ()
1=0 . )\r.tpp )"rs Iop )"rspp

where E, (+) is the /th order exponential integral function [15, Eq. 5.1.1].

Proof: By following the similar steps as used to derive [6, Appendix
B], one can derive the expressions in (18). | |

Remarks : Although the OP expression in (18) contains an infinite
series, numerical results reveal that it swiftly converges to the exact
solution with only the first 60 terms.

Further, by making use of approximation e ™ ~ 1 — x for small x
and following the similar steps used to derive (18) in [6, Appendix
B], the asymptotic expression for P2, p, at high SNR can be obtained

over Rayleigh

oul Dy

as
, B B B
P =1 +< . )Eu( °>- (19)
' )‘prpp }‘rx)‘prpp )‘rspp
B. CA Scheme

For the CA scheme, the OP of users Dy; and D, can be given
by PéfanA = Z, IP(fpm) ougs Where g € {Dyy, D}. Similarly, the
asymptotic expression for the OP of the proposed CA scheme is given

by

Pt ZP(fpm Pl (20)

C. Cache Hit Probability

The cache hit probability is defined as the probability that the file
requested by a user (D, and D) is found at the local cache of node R
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Fig. 3. Cache hit probability versus SNR.

and can be deduced as

C
Ph =D P (1= Pip)- (3))
i=1

IV. NUMERICAL AND SIMULATION RESULTS

Without the loss of generality, we set §; = 0.15, §3 = 0.6, o}, =
0.15,8=0.2,p=0.7, x =2, M =100, C = 20, and 0> = 1. Fur-
thermore, we set Qy, = Q,p, = Q4 = Q2 = Q,p, = R,y = Qoasthe
level of HIs such that @, = Q,, = Qp, = 2./Q. These param-
eters are determined as the error vector magnitudes. Considering
the 2-D (x,y) plane, the positions of nodes P, Q, R, and S are
given, respectively, as follows: (0,0), (0.5, —0.5), (0.5,0.5), (2,0),
and (—0.2, —0.45), respectively. The pathloss model is adopted, i.e.,
Aij = d;;” with pathloss exponent v = 3.

Fig. 2 shows the OP performance versus transmit SNR (p,) for
users Dy, D,, and D;; under the pSIC and ipSIC cases. Herein, we
set the parameters as r; = r, = r; = 0.5 bps/Hz with HI levels Q2 =
{0, 0.15} and SIC levels 7; = 1, = {0, 0.15}. It can be observed that
an increase in the level of RI parameter yields a deterioration of the
performance of Dy and Dj;. This is an indication that the decoding
capability of D, and D,; decreases with an increase in the ipSIC level.
Moreover, an increment in HI levels worsens the outage performance,
which is evident from the pertinent curves. In addition, we compare
the outage performances for the CA and the CF relay schemes of
the proposed system. The obtained results show the superiority of the
former scheme over the latter one, which is due to the effective use of
caching at the relay node leading to the decrease of the transmission
load and the optimization of the link performance. Furthermore, the
asymptotic curves attained from derived expressions (for all the users)
and the corresponding simulated ones overlap in the high-SNR regions,
which validates the proposed asymptotic analysis.

Fig. 3 shows the variation in cache hit probability with respect to
transmit SNR (p,,) with distinct content popularity parameter x . It can
be observed that the cache hit probability increases with increase in
x from 0.1 to 1, which is obvious because higher x corresponds to
requests for files with high popularity, which is consistent with the
numerical results shown in Fig. 3.

V. CONCLUSION

In this letter, we have investigated the performance of a cache-
and EH-assisted D2D-aided NOMA network. The performance of the
underlying system has been examined in terms of OP for both the
pSIC and ipSIC scenarios with/without wireless caching. In addition,
we also analyzed the cache hit probability and asymptotic behavior
of OP to provide useful insights into the achievable diversity order.
Our results have revealed the superiority of the CA scheme over its
CF counterpart, and have further demonstrated its effectiveness to
overcome the bottleneck of energy and spectral constraints for the
D2D-aided NOMA network.
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