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Abstract—We investigate the Ergodic capacity (EC) perfor-
mance of device-to-device (D2D) Internet of Things (IoT) relay
non-orthogonal multiple access (NOMA)- simultaneous wireless
information and power transfer (SWIPT) systems where the
relayed communication is supported with direct link. A two-user
case is considered in which a base station transmits symbols to
two NOMA users, and the energy harvesting (EH) based relay
node via a direct link. The EH based relay node harvests the
energy from the BS’s signal and again transmits a superimposed
composite NOMA signal intended for the user with poor channel
condition and for its D2D user to offload its data traffic. A D2D
user offloading is considered to further enhance the spectral
efficiency of the system. We derive the analytical expressions
for the EC of each of the user and the ergodic sum capacity
(ESC) of the system and validate them with simulation results.
In such settings, our results demonstrate that the EC of a node
and the ESC of the system can be improved through the maximal
ratio combining (MRC) scheme compared to a system with single
signal decoding scheme. Our results also indicate that the overall
ESC of the NOMA-SWIPT system can be improved by having
a direct link for a user in the system.

Keywords—Internet of Things, Energy Harvesting, NOMA,
Direct link, D2D, SWIPT, Ergodic capacity.

I. INTRODUCTION

The Internet of Things (IoT) is about to become an integral
part of our daily life with various applications targeting the
smart home, smart city, smart health, smart transportation,
automation, and so on [1]. Since, IoT and its applications
are integrating into our daily life, the number of IoT devices
are expected to skyrocket at an unprecedented rate. Reference
[2] has already predicted that 125 billion IoT devices will be
connected to the Internet by 2030. IoT is considered as one
of the important parts of the fifth-generation (5G) networks
[3]. The 5G and the next generation networks are expected
to be spectrally efficient to support the massive connectivity
requirements of IoT [4]. Moreover, usually, these IoT devices
are battery-operated [5]. Replacing or charging the battery
of IoT devices or networks is often not a feasible option,
especially if it is deployed in chemical plants, nuclear reactors,
underground tunnels, and so on. Thus, energy-efficient data
transmission of IoT devices is a major concern [6]. In this
regard, non-orthogonal multiple access (NOMA) and simulta-
neous wireless information and power transfer (SWIPT) have
been contemplated as a key technology for enhancing spectral
and energy-efficiency to support IoT devices requirements in
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the next generation of wireless networks [7].

In NOMA, multiple user’s signals can be transmitted at the
same time using the same frequency, and code. Specifically, in
power domain NOMA, multiple user signals are multiplexed
in a power domain so that the users with poor channel
conditions are allocated more power compared to the users
with better channel conditions [8]. In NOMA, the transmitter
uses a superposition coding scheme to multiplex different
user signals, and the receiver uses a signal-to-interference
cancellation (SIC) technique to decode and cancel the signal
of the users with poor channel conditions before decoding its
own signal [9].

Relaying nodes represents a practical solution for extending
the life-time and coverage of the network [10]. These relay
nodes of a network can be self-powered through SWIPT [11].
Thus eliminating the need for extra power supply within the
network. However, SWIPT cannot be applied directly for the
information decoding due to the practical consideration of the
energy harvesting (EH) receivers. Therefore, time-switching
and power splitting relaying are two popular EH architectures
widely considered for SWIPT [12]. In this paper, we focus
on the power splitting architecture because it often performs
better than the T'S architecture [13].

A radio frequency (RF) EH and information transmission
system based on NOMA for the wireless powered system
was studied in [14]. Here, the authors thoroughly investigated
the performance of PS architecture for a system model in
which an EH based relay node assisted the source node to
transmit its data, and at the same time it also transmitted
or offloaded its data traffic to its destination node using the
NOMA protocol. Further, the authors in [15] extended the
model by introducing the interfering signal in the system and
investigated its performance. However, no direct links were
considered in their system model, and the data transmission
was done only through the relay link. In severe fading or
shadowing cases, it is reasonable to assume that no direct link
exists between the source and the destination node. However,
in moderate fading or shadowing environments, usually direct
links exist. Consolidating these direct links in the system
could significantly enhance the performance of the cooperative
relaying systems [16]. A joint relay-user selection in an EH
relay network with a direct link was investigated in [17]. Here,
the authors investigated the outage probability of the amplify-
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and-forward full-duplex (FD) relay network, which included
one source node, a multi-relay node, and a multi-user node.
The direct link between the source node and the user node
was considered to convey information.

The authors in [18] investigated the outage performance
of dual-hop decode-and-forward (DF) relay systems in the
presence of a direct link between the source and the destination
node where SWIPT was exploited at the relay by using a
static/dynamic PS scheme. In [19], the outage performance
of EH DF relaying NOMA networks with direct links was
studied. However, the authors did not analyze the ergodic
capacity (EC) of the system model in the presence of direct
links. Studying and analyzing the EC and the ergodic sum
capacity (ESC) of a system is important, especially for delay-
tolerant transmissions where the source can transmit at any
rate upper bounded by the EC. Therefore, motivated by these
works, in this paper, we investigate the EC performance of
NOMA-SWIPT aided D2D IoT relay systems with direct
links. We consider a two-user case where a base station (BS)
transmits symbols to two NOMA users and to the EH based
relay node via a direct link. The PS EH based relay node
harvests the energy from the BS’s signal and again transmits
a superimposed composite NOMA signal intended for the
user with poor channel condition and for its device-to-device
(D2D) user. The reason we have considered a D2D user in
the considered system is to assist the EH based relay node for
offloading its data traffic and thereby further enhancing the
spectral efficiency of the considered system.

In summary, the major contributions of this paper are as
follows:

o Unlike existing works, our proposed system model is
more practical as we have assumed that the UE5 user
has a strong direct link with the BS, and the U E; user
has a weak direct link from the BS. Therefore, the data of
U E; has to be re-transmitted again via an EH based relay
node U F5. Further, U E’5 not only forwards the data of
UE, but it will also transmit the data for its D2D user,
i.e. UE, to offload its data traffic.

o To show the impact of direct links, we have used the
single signal decoding (SDS), and the maximal ratio
combining (MRC) scheme and derive its analytical ex-
pressions for the EC and ESC. We show the performance
gains in terms of ESC of the system by using MRC
scheme.

« Effect of transmit SNR and other EH parameters on the
EC and ESC performance for both the MRC and SDS
schemes were investigated to gain further insight into the
NOMA-SWIPT system.

II. SYSTEM MODEL

The considered cooperative NOMA-SWIPT aided D2D IoT
relay system model with direct links is shown in Fig. 1. Here,
a BS will transmits two symbols, 1 and x5 to UE; and U Es,
respectively, through the direct links. U E; is considered as a
distant user with poor channel conditions compared to U Es.
As UEj5 is a power constrained node that acts as a DF relay,
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Fig. 1. Considered system model for NOMA-SWIPT with direct link

it first harvests the RF energy from the signal of BS using
the PS protocol and then decodes the symbols z; and 2o
transmitted by the BS in the first phase. Also UE; and U E»
receives the information transmitted by the BS through the
direct link in the first phase. Since U E; is a distant user with
poor channel conditions compared to U Fs, the symbol x
is re-transmitted via a energy constrained relay node U FEs.
Further to improve the spectral efficiency of the considered
NOMA-SWIPT system, we have considered that U FEs5 will
also transmit or offload its data traffic to its D2D user U E}y
to enhance the spectral efficiency of the system. Thus, U Fjs
forwards the symbol z; and x, using the NOMA protocol to
UE; and UE, in the subsequent phase.

We have assumed that all nodes are operating in a half
duplex mode. The channel state information (CSI) is assumed
to be known at all nodes. Each of the communication channel
faces an independent Rayleigh flat fading with additive white
Gaussian noise (AWGN) with zero mean and variance o2. The
complex channel coefficient between any two nodes is denoted
by hi ~ CN(0,\p, = d;”) and g; ~ CN(0,A;; = d;")
where ¢ € {1,2,3}, j € {1,2}, CN(0,\s, = d;") and
CN(0, Ay, = d; ") are complex normal distributions to model
the Rayleigh flat fading channel with zero mean variance
An;sAg; and d;, d; are the distances between the two nodes
on the corresponding link, and v is the path loss exponent.
Without loss of generality, it is assumed that |hy|? > |h3|? >
|h2|? and |g1|> > |g2|>. Therefore, \p, > Ang > An,
and A\;, > Ag,. Under the availability of statistical CSI,
these assumptions represent an effective strategy that can be
employed in the system, and it is in line with the previous
works such as [20].

A. System Model based on PS Architecture

Here, a power-constrained node U Es5 splits the incoming
signal into two parts: P and (1 — €) P; by a power splitting
factor e. UE3 harvests energy from the signal of BS using
ePs, where P; is the power of the BS transmit signal. U Ej3



then uses the remaining power (1 — €)Ps for the information
processing and decoding. The PS and NOMA in the consid-
ered system is working in two phases and these phases are
explained in the following:

1) First Phase:

In the first phase, the BS broadcasts the following signal to
UEl, UE2 and UE3

x = v/a1 Py + \/as Poxs (1

where a; and ay are NOMA power allocation coefficients and
ai > as, a1 +as = 1.

The received signal at U E'3, UE; and U E» can be respec-
tively given as:

YuE, = hi(V a1 Pxy 4+ \/aaPexa) + ny, 2)

yum, = ha(V a1 Paxy 4+ \/aaPexa) + nug, 3)

YUE, = h3(\/(l1Ps$1 + \/azpsl‘z) +nuE, @

where nyg,, nug,, and nyg, ~ CN(0,0% = 1) denote the
AWGN at UE3, UE,, and U E, respectively.

In the PS EH architecture, the EH and information decoding
(ID) signal at U E’5 can be given as:

YuEs,EH = hi(\Vea1 Psxy + v eaaPsxa) + nug,  (5)

YuEs,ip = hi(\/ (1 — €)a1 Psxy + /(1 — €)ag Psxa) + ny g,
(6)

Now, the energy harvested at U E'5 can be given as:

Py, = neai Ps|hi|* + neag Ps|hy|* = nePs|hi|* = nePs Xy
@)
where |h1]? ~ X and 7 is the EH efficiency.
The signal-to-interference-noise ratio (SINR) for x1 at U Es,
UE; and UE4 can be respectively given as:
al(l—e)PS|h1\2 al(l—e)PXl

Wes = A= PP+ 02wl —PX, +1 )

21 o a1PS|h2|2 o a1PX2
’YUEI - 2 2 (9)
a2P3|h2| + o CLQPX2+1
21 . a1P5|h3|2 . a1PX3
YE, = 2 5 = (10)
CL2P3|}L3| + o CLQPX3+1
where % ~ P represents transmit SNR, h2|2 ~ X5 and
|hs]? ~ X3.

Now, UFE3 and UFE5 decode the symbol x2 by cancelling
x1 with SIC.

Therefore, the received SINR for x5 at UFE'3 and U E5 can
be respectively given as:

Ve, = a2(1 = ) Plhi]* = az(1 — €) PX, an
Vire, = a2Plha|? = aa P X3 (12)

2) Second Phase:

To further improve the spectral efficiency as well as to
offload its data traffic, U E's forwards the symbol x; and its
own symbol z, to UE; and U E,4 with transmit power Py g,
by following the NOMA protocol. It is worth noting that since
UE; is a distant user with poor channel conditions from the
BS compared to UEj, it is reasonable that the signal z; for
U F is retransmitted.

The received signal at UF; and U E4 in the second phase
can be respectively given as:

Y, = 01 (Vbi Pug,ay + /b2 Pug, @) + il (13)
yite, = 92(Vb1 Pup,e1 + V0o Pup, ) + nify,  (14)

where b; and by are NOMA power allocation coefficients and
by > by, b1 + by = 1.
Now, U E, decodes x, by treating x; as noise.

baPup,|gal?  _ banePX1Ys
b177€PX1Y2 +1

zp 1T
UE, =
* 01 Pug,|g2|? + o2

5)

where [ga]? ~ Ya.
U E, decodes z; after decoding z, and cancelling it through
SIC.

@, I _ bo Py, g1)? _ banePX, Y, a6)
Uk blpUE3|gll2+02 bﬂ]EPlel—i-l
Ve = biPyg|oi? = bi Py, Y1 = binePX Y (17)

where [g;]? ~ ;.

B. Decoding Schemes

1) Single Signal Decoding (SDS) Scheme

In the SDS scheme, each of the users, i.e. UE, UE5, UFE3
and U, immediately decode the signal after reception. Hence,
during the first phase, U E'1, U E», and U3 decode the symbols
1 and xo with the corresponding SINR as shown in Equations
(8) - (12). Similarly, during the second phase, UE; and U E}4
decode the symbols z; and x,. with the corresponding SINR
as shown in Equations (15) - (17).

2) Maximal Ratio Combining (MRC) Decoding Scheme

As the achievable data rate is limited by the inferior channel,
in the MRC scheme, UFE; will not immediately decode the
received signal in the first phase. UE; will instead conserve
the signal and jointly decode the signal through the MRC
scheme after receiving the decoded symbol x; from UFEj
during the second phase. The corresponding SINR during the
second stage for the x; through the MRC scheme at the U
can be given as:

. ., T a1 PX,
Nire =We H B = opx, 11

It should be noted that in our system model, only UFE;
is receiving the data through the direct link and via UEj.
Therefore, MRC is only applied for the signal of UE;. The
users UFEy, UF3 and UFE, decode the symbol with the
corresponding SINR as explained in the SDS scheme.

+ b1776PX1Y1 (18)



III. ERGODIC CAPACITY AND ERGODIC SUM CAPACITY

In this section, we explain and derive the analytical expres-
sions for EC for each of the users and the ESC of the entire
system for both the SDS and MRC schemes. Since MRC is
only applied for the signal of UE}, the EC of UE, and UE,
remains the same for both SDS and MRC schemes.

A. Ergodic Capacity of UFE; for SDS

The achievable data rate of UFE; for the SDS scheme is
given by:

1 1 : 21 1 1 xy,I11
Csps = 5 logy (1 +min(vg'e, » Y'e,» e 108, )))
19)
Theorem 1: The analytical expression for the EC of UE;
for the SDS scheme can be expressed as:
PAp,

1 [P
N 21n2/z:0 1+ 2P

(20)
4Xg, = K1< 4)\gl>\hlz)dz
bineAn, bine

where z = % and K is modified Bessel function of order 1.

Proof: The proof is given in Appendix A.

QhgtAng)=
c4na=u e (a1-=Pag) x

SDS

B. Ergodic Capacity of UFE, for the MRC
The achievable data rate of UFE; for the MRC scheme is

given by:
Cxl _ 1 : T X1 T1
MRC = 5 log, ((1 + mln(VUEzﬁUEgv'YJch))) 21

Theorem 2: The analytical expression for the EC of UE;
for the MRC scheme can be expressed as:

I R A
CAna7I1 = P(aj—vag)
MRC 21112/7_01+7e s /w

. S
1= T—9P(a;—vaz)

z )‘91 ey 2913 _ (creqtege3) Mgy _ oy
ecae ca e cqz ca dz + e binePay
z

ey C4

Ahy e_’\”lmldxld'y

(22)
Proof: The proof is given in Appendix B.
C. Ergodic Capacity of ULy
The achievable data rate of U Ej is given by:
€X 1 : x xT
G = 5 logy((1+ min(v7, 1is,))) (23)

Theorem 3: The analytical expression for the EC of U F»
can be expressed as:

1 _ (kh1+’\h3(1_6)) _ (*hl +/\h3(1—f))
= e” wmt-aF  Ei|eT T ad-or
2In2 < 2
(24)

Ana—xo __
C(UE;Z

where Fj(.) is exponential integral of order 1.
Proof: The proof can be derived by following the similar steps
as in Appendix A and hence it is omitted.

TABLE 1. SIMULATION PARAMETERS

Parameter Symbol | Values
Mean of [h1]? — X1 Ahy 35
Mean of |h2|? — X2 Mg 1.5
Mean of |h3|? — X3 Ahs 3.0
Mean of |g1]?> = Y1 a1 25
Mean of g2|? — Ya g2 1.5
Source Node Transmit SNR P 0-45 dB
Energy Harvesting Efficiency n 0.9
Power Allocation Factor for NOMA | a1 0.8
Power Allocation Factor for NOMA | as 0.2
Power Allocation Factor for NOMA | by 0.2
Power Allocation Factor for NOMA | by 0.8

——SDSAnac=03 | |
° SDSSIme=03
SDS Ana =05
° SDSSim =05
SDS Ana e = 0.7
SDS Sim €= 0.7
08 MRC Ana c = 0.3
MRC Sim ¢ = 0.3
——MRC Ana ¢ =0.5
° MRCSim¢=05
MRC Ana ¢ = 0.7
© MRCSime=0.7
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Transmit SNR [dB]

Fig. 2. Ergodic Capacity of UEl

D. Ergodic Capacity of UE,
The achievable data rate of U E, is given by:

11

T, 1 . .
Cirp, = 5 loga(1+ min(yirz " g ))) - 29)

Theorem 4: The EC of the UE, can be expressed as:

1
CAna—mT _ >
UE4 2In2
A(Dg, +Agy )Y 4(Ng, FAgo )T AR (26)
/if )\hl\/neP(lfQI—blg’yz))\hl K <\/ nler(b;f‘bw)“)
dy
0 1+~

Proof: The proof is straightforward and can be derived by
following the similar steps as in Appendix A.

E. Ergodic Sum Capacity

Now, combining Equations (20), (24) and (26) gives the
analytical expression for the ESC of the system for the SDS
scheme. Similarly, combining Equations (21), (24) and (26)
gives the analytical expression for the ESC of the system for
the MRC scheme.

It should be noted that the integral terms in Equations (20),
(22), (24) and (26) are difficult to evaluate in closed form.
However, it can be solved through numerical approaches using
softwares such as Matlab or Mathematica.
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IV. NUMERICAL RESULTS

In this section, we verify our derived mathematical analysis
for the EC and ESC with Monte-Carlo simulation results. The
simulation parameters used for the experiments are as listed
in Table I, unless otherwise stated. We have used MATLAB
for running the Monte-Carlo experiments by averaging over

10° random realization of Rayleigh fading channels i.e., hq,
ha, h3, g1 and go.

In Fig. 2, we plot the EC of UFE; against the transmit
SNR. Since, in our considered system model, the U F; node
is receiving its data through a direct link from the BS and via
an EH based relay UFE3, we observe that the MRC scheme
outperforms the SDS scheme against all transmit SNR values.
This indicates the performance gain in the EC of U E; node by
consolidating direct link and using the MRC scheme compared
to the SDS scheme. For both the SDS and MRC schemes,
the EC is an increasing function with respect to increase in
transmit SNR. Also, it is interesting to note that as we increase
the power splitting factor from ¢ = 0.3 to ¢ = 0.7, the EC
increases for the SDS scheme. However, the EC decreases
for the MRC scheme as we increase the ¢ from 0.3 to 0.7.
This indicates that lower € is sufficient for the MRC scheme
while higher e is required for the SDS scheme to harvest more
energy for the data transmission. Higher e implies that U E5
can harvest more energy and it can transmit the signal of U F
with more power.

Taking U E1, U E5, and U E as three users in the considered
system, we plot the ESC of the system against the transmit
SNR at € = 0.3 and 0.7 in Fig. 3. As expected, we see that
the MRC scheme outperforms the SDS scheme. However, the
ESC difference between MRC and SDS is clearly seen when
the transmit SNR is less than 35 dB. When the transmit SNR is
above 35 dB, the ESC difference between the MRC and SDS
schemes becomes very small and eventually negligible. The
reason for this is that at such high transmit SNR, i.e., above
35 dB, the relay node U Es can harvest more energy, which
eventually increases the ESC of the SDS scheme. It should
be noted that in our considered system, the MRC scheme is
only applied to the UE; user since it receives data through
the direct link and via U Es.

In Fig. 4, we plot the ESC against the power allocation
coefficient factor by at ¢ = 0.3 and at transmit SNR 15 dB
and 30 dB. The reason for choosing b5 for this plot is that b is
assigned to the distant D2D user U E4, which determines the
fraction of harvested energy utilized by U E3 for transmitting
the data to UF,. For this plot, the other power allocation
coefficient factor b; is fixed at 0.2. We see that at transmit SNR
30 dB, the ESC for both the MRC and SDS schemes increases
with an increase in by. However, at transmit SNR 15 dB, the
ESC curve looks almost saturated when the b, factor is 0.3
and above for both the MRC and SDS schemes. This indicates
that the b, factor plays a dominant role in increasing the ESC
of the system, especially at high transmit SNR. For a NOMA-
SWIPT system, it is obvious that the relay U E53 can harvest
more energy at higher transmit SNR, which will eventually
increase the ESCs of the SDS and MRC schemes with a proper
selection of the power allocation coefficient factor bs.

In Fig. 5, we plot the ESC of the system against the power
splitting factor e at transmit 15 dB, and 30 dB. We observe that
the ESC for the SDS and MRC schemes first increases with
an increase in € until it reaches a maximum point, and then it
starts decreasing. This suggests that that the ESC is a concave



function and it has a maxima at which the ESC of both SDS / ~ Pr <Y1 > ; 2l ) Fx, (x1)day
x B 17’]6Pl‘

and MRC schemes is maximized. In principle, we cannot have 1= PG )

a too high € value, since then too much power will be allocated Oy FAng)y

for EH and too little power for information decoding at the Fy(v) =1—e Plime) x

U E3. Therefore, finding an optimal ¢ is important for the ESC > ] L A .
S . . Ap, € PrnePer 1 dxy

maximization of the considered system. The optimal € can be -

lzﬁ
found out by the Golden section search method as in [21]. (moplar=ye)

Now,
V. CONCLUSIONS AND FUTURE WORK The EC in terms of the CDF F.,(vy) can be written as:

In this paper, we investigated the EC and ESC performance ng%ﬂl = 1 / b [1— FE,(v))dy
of a NOMA-SWIPT aided D2D IoT relay system with direct 2In2 J,—o 1+~
links. A two-user case was studied where a BS transmitted CAna-ay _ 1 /oo Ahy ,% "
two symbols to two users through the direct link and via 505 7 2In2 | (1 +7e
an EH based relay node in the first stage. The EH based o0 IRV R
relay node harvested the energy from the signal of the BS / 3 e trnePE M dy dry
using the PS architecture and re-transmitted the data of the xl:w

distant user with poor channel conditions from the first stage Let z = B — v =2zP — dy= Pdz
and the data for its D2D user using a NOMA protocol in
; . 1 [ P, _Cnating):
the second stage. Analytical expression for the ECs of each Cé“g‘;—ml = / L o7 Ta1-2Paz) x
of the user node and the overall ESC of the system using - 2In2 Joo 1+ 2P
MRC and SDS schemes were mathematically derived and / An, 67%—/\;11@1 dzydz
verified with the Monte-Carlo simulation results. Effect of 2£1=0
transmit SNR and EH parameter-power splitting factor and 1 /,3;2 PAn, (Mg +Ahg)
z

power allocation coefficient factor for NOMA on the EC and C§‘ DS = 2 In 2 e (m==Pe2) x

ESC performance for both the MRC and SDS schemes were 0o xg, ®
studied and investigated. Our results demonstrated that the EC / e~ T MM T dy

—o 1+4+2z2P

of a node and the ESC of the NOMA-SWIPT aided D2D 1=0 .
IoT relay system with direct link can be improved through CcAna—e _ 1 Paz  PAp, —(?ahf_t;hf;)z "
the MRC scheme compared to the SDS scheme. Finally, our SPS T om2 )., 1+2 p°

using the MRC scheme for a single user, the ESC of the whole Arg, 2 K ( \/ Agi A, 2 > dz
system can be improved. bimeAn, bine

For the future work, we would like to investigate the outage  This completes the proof of Theorem 1.
probability and do a thorough comparison of the considered
system model with other energy harvesting architectures. Also,
studying the effect of interference and secrecy capacity in the
presence of eavesdroppers is an interesting topic for our future

results also demonstrated that, by having a direct link and \/

APPENDIX B
PROOF OF THEOREM 2
The CDF of min(y;/'g, , 7/m, Vairc) can be expressed as:

work. a1 PX3 a1(1 —€e)PX,y
F =1-Pr|{ ———— > P
7() r(agPX3+1 —7) r((12(16)13)(1+1
APPENDIX A a1 PXo
PROOF OF THEOREM 1 >, PX, 1 +binePX Y1 > V)
The cumulative distributive function (CDF) of 5y
. e 11 Fiy)=1-Pr(Xs> ————|Pr| X; >
min(V's, » V'e, Y0, YUB, ) €an be expressed as: P(ay — yaz)
8 il wbX: PXY)
=1 D e —— > ) = €
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Now, the EC in terms of the CDF F, () can be written as:
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Substituting F,(y) in the above equation, we get the final
expression as in Equation (22).
This ends the proof of Theorem 2.

—

(1]

(2]

(4]

(5]

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

REFERENCES

J. Jin, J. Gubbi, S. Marusic, and M. Palaniswami, “An information
framework for creating a smart city through internet of things,” IEEE
Internet of Things journal, vol. 1, no. 2, pp. 112-121, 2014.

J.  Howell, “Number of connected iot devices will
surge to 125  billion by 2030, IHS  markit  says,
2017, https://sst.semiconductor-digest.com/2017/10/

number-of-connected-iot-devices- will-surge-to- 125-billion-by-2030/.
S. Li, L. Da Xu, and S. Zhao, “5g internet of things: A survey,” Journal
of Industrial Information Integration, vol. 10, pp. 1-9, 2018.

P. Gandotra, R. K. Jha, and S. Jain, “Green communication in next
generation cellular networks: A survey,” IEEE Access, vol. 5, pp. 11 727-
11758, 2017.

N. Shafiee, S. Tewari, B. Calhoun, and A. Shrivastava, “Infrastructure
circuits for lifetime improvement of ultra-low power iot devices,” IEEE
Transactions on Circuits and Systems I: Regular Papers, vol. 64, no. 9,
pp. 2598-2610, 2017.

A. Orsino, G. Araniti, L. Militano, J. Alonso-Zarate, A. Molinaro, and
A. Iera, “Energy efficient iot data collection in smart cities exploiting
d2d communications,” Sensors, vol. 16, no. 6, p. 836, 2016.

Y. Xu, C. Shen, Z. Ding, X. Sun, S. Yan, G. Zhu, and Z. Zhong, “Joint
beamforming and power-splitting control in downlink cooperative swipt
noma systems,” IEEE Transactions on Signal Processing, vol. 65, no. 18,
pp. 4874-4886, 2017.

K. Higuchi and A. Benjebbour, “Non-orthogonal multiple access (noma)
with successive interference cancellation for future radio access,” IEICE
Transactions on Communications, vol. 98, no. 3, pp. 403—414, 2015.
Z. Ding, X. Lei, G. K. Karagiannidis, R. Schober, J. Yuan, and V. K.
Bhargava, “A survey on non-orthogonal multiple access for 5g networks:
Research challenges and future trends,” IEEE Journal on Selected Areas
in Communications, vol. 35, no. 10, pp. 2181-2195, 2017.

J. Li, W. Liu, T. Wang, H. Song, X. Li, F. Liu, and A. Liu, “Battery-
friendly relay selection scheme for prolonging the lifetimes of sensor
nodes in the internet of things,” IEEE Access, vol. 7, pp. 33 180-33 201,
2019.

L. R. Varshney, “Transporting information and energy simultaneously,”
in 2008 IEEE International Symposium on Information Theory. IEEE,
2008, pp. 1612-1616.

T. D. P. Perera and D. N. K. Jayakody, “Analysis of time-switching and
power-splitting protocols in wireless-powered cooperative communica-
tion system,” Physical Communication, vol. 31, pp. 141-151, 2018.

H. Q. Tran, C. V. Phan, and Q.-T. Vien, “Power splitting versus
time switching based cooperative relaying protocols for swipt in noma
systems,” Physical Communication, p. 101098, 2020.

A. Rauniyar, P. Engelstad, and O. N. @sterb, “Rf energy harvesting
and information transmission based on power splitting and noma for iot
relay systems,” in 2018 IEEE 17th International Symposium on Network
Computing and Applications (NCA). 1EEE, 2018, pp. 1-8.

A. Rauniyar, P. E. Engelstad, and O. N. @sterbg, “Performance analysis
of rf energy harvesting and information transmission based on noma
with interfering signal for iot relay systems,” IEEE Sensors Journal,
vol. 19, no. 17, pp. 7668-7682, Sep. 2019.

J.-B. Kim, I.-H. Lee, and J. Lee, “Capacity scaling for d2d aided coop-
erative relaying systems using noma,” IEEE Wireless Communications
Letters, vol. 7, no. 1, pp. 42-45, 2017.

C. Liu and T. Lv, “Joint relay-user selection in energy harvesting relay
network with direct link,” Physical Communication, vol. 28, pp. 123—
129, 2018.

Y. Ye, Y. Li, F. Zhou, N. Al-Dhahir, and H. Zhang, “Power splitting-
based swipt with dual-hop df relaying in the presence of a direct link,”
IEEE Systems Journal, vol. 13, no. 2, pp. 1316-1319, 2018.

D.-B. Ha and S. Q. Nguyen, “Outage performance of energy harvesting
df relaying noma networks,” Mobile Networks and Applications, vol. 23,
no. 6, pp. 1572-1585, 2018.

M. B. Uddin, M. F. Kader, and S. Y. Shin, “Uplink cooperative diversity
using power-domain nonorthogonal multiple access,” Transactions on
Emerging Telecommunications Technologies, p. 3678, 2019.

A. Rauniyar, P. Engelstad, and O. @sterbg, “Rf energy harvesting and
information transmission based on noma for wireless powered iot relay
systems,” Sensors, vol. 18, no. 10, p. 3254, 2018.





