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NOMA Based Multiuser Uplink Signalling with
Energy Harvesting IoT Nodes
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Abstract—This paper investigates the performance of an uplink
multiuser IoT network in which green self-sustaining IoT users
utilize the energy harvested from the downlink signal for uplink
signalling using NOMA principles. The uplink user with best
link signal-to-noise (SNR) is first chosen. To increase spectral
efficiency, another user is also picked for concurrent transmission
using non-orthogonal multiple access (NOMA) principles. We
demonstrate that the choice of the second user depends on the
target rate and number of users, and is not always the user with
the second-best SNR. The users are selected using a timer-based
mechanism, and no feedback of channel estimates is involved.
Considering the time-switching protocol for energy harvesting,
we obtain expressions for outage probability and throughput of
this scheme. Unlike in traditional uplink NOMA networks, the
transmit powers here are random, and this makes the analysis
and user selection mechanism interesting. Accuracy of the derived
expressions is illustrated by computer simulations.

Index Terms—Energy harvesting (EH), non-orthogonal mul-
tiple access (NOMA), time-switching (TS), outage probability,
throughput.

I. INTRODUCTION

The next generation of wireless communication networks is
expected to facilitate high data rates and massive connectivity.
The inclusion of the Internet of Things (IoT) and machine-
type communication (MTC) has increased the demands for
long-lasting battery life of communication nodes. To meet the
requirements of massive connectivity, efficient spectrum uti-
lization and high energy efficiency, the use of non-orthogonal
multiple access (NOMA) and energy harvesting (EH) has been
widely suggested in literature [1], [2].

The use of NOMA has been widely investigated for down-
link networks where power domain multiplexing is used at the
transmitter, and sophisticated multiuser detection using succes-
sive interference cancellation (SIC) is used at the receiver [3].
In contrast to downlink NOMA where power allocated to
symbols of one user depends on power allocated to other users,
in uplink NOMA each user transmits with its own power, and
at the receiver, the user with the strongest channel gain is de-
coded first. Utilization of uplink NOMA opens up the possibil-
ities for MTC where several low-power machine-type devices
(MTDs) communicate to the access point (AP) [4]. Since [oT
devices have limited battery energy, utilizing their own battery
for information transmission can greatly limit their battery life
and make frequent battery replacement necessary [5]. To avoid
these battery replacements in sustainable IoT devices, the use
of SWIPT-enabled green communication nodes has emerged
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as an appealing alternative [6]. The use of time-switching (TS)
and power-splitting (PS) protocols for simultaneous wireless
information and power transfer (SWIPT) has been extensively
studied in literature [7]. EH-enabled uplink NOMA can help
in providing better channel access to MTDs, thus improving
the spectrum utilization efficiency as well as energy efficiency,
which is the focus of this paper.

Compared to the downlink NOMA framework, literature
on uplink NOMA enabled by self-sustaining communication
nodes is relatively scarce. In [8], a wireless powered uplink
NOMA network was studied where data rate and fairness
were optimized for two decoding schemes, namely fixed and
time sharing. In [9], the ergodic rate of SWIPT aided uplink
hybrid NOMA network was analyzed. Further in [10], resource
allocation schemes were studied to optimize the performance
of the EH-assisted uplink NOMA network. In [11], a position-
based user selection was investigated in the EH-aided uplink
NOMA framework, where the effect of inter-cell interference
was mitigated by carefully setting the base-station density.
Further, in [12], a bidirectional relaying NOMA network was
investigated, and expressions were derived for the ergodic
capacity and outage probability.

In the EH-based uplink NOMA framework, enabling all
users to transmit is not reasonable. This is because the amount
of harvested energy is small and random. In such scenarios,
user selection is essential for attaining higher SE as well as
EE. In this work, we investigate a scenario in which multiple
IoT users are present in the vicinity of the access point (AP).
Out of the multiple users, the user having the best link signal-
to-noise ratio (SNR) gets selected first - we refer to this as the
orthogonal multiple access (OMA) scheme. In this work we
allow one other user to transmit concurrently in a NOMA
scheme. This work demonstrates that the best user to be
selected for uplink transmission along with the user with the
best SNR is not always the user with the second highest SNR
- the choice depends on the target rate and the number of
users. Further, based on the principles of order statistics, we
analyze the performance of the considered system in terms
of outage probability and the system throughput. Moreover,
we show that with the proposed user selection, the system
throughput can be maximized by a judicious choice of the
TS parameter. The derived analytical expressions are validated
through Monte Carlo simulations.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider a communication
network consisting of an access point (AP) and N IoT users
Uj,...,Uy. All 10T users are assumed to possess EH capability.
Each IoT user utilizes the TS protocol for energy harvesting
and information transmission. In TS, the signaling interval of
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Fig. 1: EH powered uplink multiuser NOMA.
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Fig. 2: Illustration of TS-EH protocol.

T duration is apportioned in the ratio o : (1 — ) as shown in
Fig. 2 for EH and information transmission (IT), respectively,
where a € {0,1} is the TS coefficient. The IT occurs in two
phases. In the first phase (of o7 duration), IoT users harvest
energy from the incoming AP’s signal. In the second phase (of
(1 —0)T duration), information transmission takes place from
the selected IoT users! to AP utilizing the harvested energy.

Independent and identically distributed (i.i.d) quasi-static
Rayleigh faded reciprocal channels are assumed between AP
and the IoT nodes. Ay ~ CAN(0,Q) (k € (1,2...,N)) is the
channel coefficient between the AP and the k" ToT node. In
the EH phase, y; received at the IoT node Uy after matched
filtering and sampling is

=VP Iy se + n, (0

where n~ CA(0,N,) is the additive noise sample, s, is the
normalized symbol transmitted by AP (i.e E(|s.|>) = 1), and
P is the transmit power of the AP. The harvested energy Oy
at Uy during the EH phase in a7 duration is given (neglecting
energy from the noise) by

O =

where m € (0,1) denotes the energy harvesting efficiency of
the EH circuit. Using (O, the transmitted power Py of the IoT
node Uy is given by

n ol P i, )

Ok
(1-o)T
If user Uy, alone transmits in the next phase, the received signal
z at the AP is z = /Physy +ng, where ng ~ CNL(0,N,). At the

=P > 3)

n this work, IoT users pair is selected where the first user is selected based
on best SNR while the second best user is selected to ensure best throughput
performance. A detailed explanation of the user selection scheme is provided
later in this paper.

979-8-3503-0219-6/23/$31.00 ©2023 IEEE

AP, the link SNR I of user Uy when it is signalling alone is

oa P

Iy = n——
k 1-oo?

| @
Clearly, the channel coefficient |/|* is a Weibull-distributed
random variable. Denote the order statistics of the link SNRs
by I't) so that

Ty < .. < Ty < oo < Ty, )

Denote the corresponding users by U, the channels by A,
and their symbols by s).

Let us consider that two users chosen for NOMA signalling
are U(,) and U(,,). We discuss the user selection scheme later
in thls paper léor the analysis, we assume that U, and user
Uy transmit unit-energy symbol s(,) and s,,) at information
rates R. The sampled matched filter output z at AP in the
second phase of signalling when both users transmit is given

by
T](X'P|h(n)|2 T]OLP|h(m)|2
z= 7] "o h(n)s(n) + 71 o h(m)S(,n) +ng. (6)

The AP first decodes the symbols of user Uy). The (signal-
to-interference-and-noise ratio (SINR) to decode the symbols
of user U, can be expressed as

o
nmP\h(ml“

r = o 4 . @)
nmp\h(mﬂ +No
After SIC, the SNR I'(,,) to decode symbols of user U, is
o P
1—‘2 = m (52 ‘ | (8)

Before proceeding further, we discuss user selection scheme
that will be used in the analysis. with y;, = 2R — 1, the outage
probability P, is written as

Pr{l'y > v, T2 > Yo} ©))
and the throughput T then becomes
(1—o)(1—P,) 2R,

P, =

T = 10)

In the above expression, the term 1 — o appears due to the
signalling duration used for IT. A factor of 2 appears since
two users transmit concurrently.

A. User Selection

Intuitively it makes sense in accordance with the principles
of NOMA to choose the user with the highest SNR such that
n=N, so that the first user is U(y). This choice increases I'y so

that it can withstand interference from U, i.e., N 125 P|h(y \
Then, we look for the m that yields the highest throughput
However, throughput is still a function of o in addition to m,
and the problem of selecting m" user can be expressed as
follows:

m = arg max t(N,{,q),
L0

where we have written T as a function of N, ¢ and o to
emphasize its dependence on these choices. However, due to
the complexity of the expression for throughput, evaluating
an expression for m (throughput-optimal user selection) is not
feasible. Numerical methods can readily be used to find the
best value of m offline.

A timer-based mechanism is used to select the users. The AP
transmits a pilot that the nodes use to determine the channel
gain and set a timer inversely proportional to the channel gain.
The timer of the node with the best link SNR goes to zero
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first, and it flags the AP - this is the user U(N). The AP waits
for flags until the user Uy, is selected. All other IoTs reset
their timers, and the first phase transmission of EH begins
[13], [14]. To determine the m'" user, the steps are given in
Algorithm 1.

Algorithm 1 Throughput-Optimal User Selection

1: Initialize D ={1,2,...,N}, R, a € (0,1)

2: Evaluate v, =28 — 1

3: Select Uy as the first user for NOMA Signalling. Since
I'1 should be large enough to handle interference of other
users.

4: Select U, user to accommodate with Uy which gives
best throughput such that

m = arg max T(N,/, o).
£,0

B. Order statistics of the Uplink link SNRs

Let X; = |h|* where k € (1,2...,N). Clearly, these are
i.i.d random variables. The probability density function (PDF)
fx, (xx) of random variable X; is given by

1 1
0= vz o075V (an
The cumulative distribution function (CDF) of X} is
1
Fi () = 1= exp (=55 V5% ) (12)
Denote the order statistics of Xi by X() so that
X(U < X(z) <. < X(N) (13)
The joint PDF of Xy and X, [15] is as follows
NI N—m
P Xon G %) = =y =2y X Com)™ )
(Fx (xqv)) = Fx (e )™ 2 fx () fx () (14)

where x(y) > x(;,). In the analysis, we use these order statistics
to derive outage probability and throughput expressions.

III. OUTAGE PROBABILITY ANALYSIS

For the notational convenience let us assume |7y |* = X
and \h(m)|4 = X(m)- So, we can rewrite (7) and (8) as

Noe PXv
ro= e (15)
n lf(xPX(m) +N,
a P
I, = —_— 16
2 T—a N, m (16)
Xm =Y
_ra(-a
N 2 )]

a

Fig. 3: Region to evaluate /; for R < 1.
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Fig. 4: Region to evaluate I, for R > 1.

We have
Po=Pr{T1 > Y, T2 > Yu } a7
Using (15) and (16), we have
_ X _
P, = Pr{w < X < W M}
nop Yen nop

It is important to appreciate that as discussed in (14), X<N> and
X(m) are dependent random variables. We evaluate /; using a
graphical approach. It will be convenient to consider the case
when R <1 and R > 1 separately. The signalling outage can
equivalently be written as

1=Pr{T"y 2 v, T2 >27s} R<ZI

P, = (18)

I
1=Pr{T'y 2 v, T2 27} R>1

b

Case 1: When R < 1.

Let X(y) = X, X(u) =y, and & =nP/N,. In Fig. 3 we plot
X(n) along the x-axis and X,) = on the y-axis. R and R,
can be identified as the non-outage refions in the Fig. 3. The

Yor (1Y) (1—01) Y,h(lf(l))
Eou v Ea

coordinate of points P; and P, are

and (gg’((ll__yj)) , gg‘((ll__y‘i)>) respectively in Fig. 3. We integrate

the joint PDF in this region as

Yo (1=0) /Eou(1=¥m)  x/¥m—(1—-0)/Eau
I = fxy (x,y) dydx
x=Yin(1+yu) (1-0) fEa y=Yu (1—01)/Eat
R,
+ / Sfxy(x,y) dydx
c=tn(1-0d/Ea(1—va)  y=pa(I-)/Ea (19
Ry
Clearly
Ii =R; +R,. (20)

Substituting for R; and R, simplifying using [16, eq. (1.111)]
and integrating using change of variables, we have (21) and
(22) shown at the top of the next page. The detailed proof is
omitted due to the paucity of space. In (21), the integral does
not have a closed form. However, it can readily be evaluated
numerically. /; can be calculated from (20), (21) and (22) for
R< 1.

Case 2: When R > 1

When the target rate is greater than unity, the non-outage

region is shown in Fig. 4. The coordinate of point Pz is

(Ym(lﬂgg)(l—a),y’h(g;“)) in Fig. 4. The non-outage P, is
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determined by evaluating the area under the curve when the
R>1 as

x/Yim—(1-a) /&a
Po=hL = fxy (x,y)dydx
x=Yin (1+¥m) (1-0t) /0t y=vu(1—01) /Eat

8

(24)

Using (14), for I, simplifying using [16, eq. (1.111)] and
integrating using change of variables, we have (23) shown
at the next page. In (23), the integral does not have a closed
form. It can, however, be computed numerically. The outage

probability is given as
1-1 1,
Po N {1 - 127

IV. THROUGHPUT MAXIMIZATION

Clearly, the throughput depends on the choice of a. This is
because for oo = 1, the IoT users harvest the energy for the en-
tire signalling duration and no information can be transmitted,
and throughput remains zero. On the other hand, for a0 =0,
no energy is available for information transmission, which also
results in zero throughput. Therefore an optimal choice of TS
parameter o is crucial to maximizing the throughput. for a

fixed target rate R, the optimization problem can be formulated
as

when R<1

when R >1 (25)

o0f =arg max T, s.t. O<a<l, (26)
o

where o* denotes the optimum TS parameter at which the
throughput is maximized. Due to the involvement of complex
mathematical functions in the expression for the outage proba-
bility in (25), it is impossible to obtain an accurate closed-form
expression of the a*. However, o* can be determined using a
one-dimensional offline search.

V. SIMULATION RESULTS

This section validates the derived analytical expressions
through numerical simulations and provides useful insights
regarding user selection and the TS EH parameter for various
system parameters. We note that E[|h;|?] o< d;” ® where d; is the
distance between AP and IoT node Uy, ¢ (assumed to be 4) is
the path-loss exponent and N (assumed to be 5) is the number
of IoT users present in the vicinity of the AP. We assume d; =1
unit, and noise variance, N, = 1. Unless mentioned otherwise,

o Simulation o = 0.1,
x  Simulation a = 0.4,

- - -Analysis

10%¢ n=0.8, R=1 bpcu, %3 A
N=5,m=2 * 5

104F ~

10,5 L L L L L L L L
0 5 10 15 20 25 30 35 40 45
P (dB)

Fig. 5: P, vs P (dB).
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the other system parameters are considered as P = 20 dB,
n=0.8, R=2 bpcu, and o0 =0.2.

Fig. 5 illustrates the variation of outage probability versus
transmit power for different values of o. As anticipated, the
outage probability decreases with increasing P (dB). We plot
P, for two different values of «, i.e., 0.1 and 0.4, and R=1
bpcu. We observe that varying o significantly affects the P,.
The reasons for this have been discussed earlier. Analytical
and simulation results match, confirming the correctness of
the expressions.

Fig. 6 demonstrates the variation of throughput with trans-
mit power P when the highest SNR user from the cluster is
paired with U, for different values of m (user selection)
for uplink transmission. Clearly, the derived expressions are
validated by simulations. It is readily noticed that with increase
in P, the throughput increases initially and gets saturated at
higher values of transit power. This saturation is due to a fixed
target rate and TS parameter. It is clear that m has to be chosen
carefully, and the user with the second highest SNR is not the
best choice. This is an important observation. It can be seen
that this choice of m depends on P (it also depends on 7;j,).

Fig. 7 demonstrates the variation of the throughput with o
for different values of m (user selection mechanism). It can be
noticed that the optimal value of the TS parameter is different
for different user pairings. The choice of m depends on o.
We observe that the throughput is a quasi-concave function of
o. At oo =0, no energy can be harvested by IoT users, which
results in zero throughput. As o increases, the throughput also
increases (more energy is available for information transmis-
sion). The throughput attains a maximum value at the optimum
TS parameter. A further increase in o beyond o causes a
reduction in the throughput as the information transmission
time (1 — )7 decreases. Therefore, a judicious choice of o
is essential for maximizing the throughput. Further, it can
also be observed that the best user to be selected for uplink
transmission along with the user with the best SNR is not
always the user with the second highest SNR - the choice
depends on the target rate and the number of users.

Fig. 8 demonstrates the variation of the throughput with o
for various R values. It is clearly noticed that, as expected,
NOMA outperforms OMA at low target rates, and OMA is a

3.5

o Simulation m = 2
, + Simulation m = 3 xxxx)‘}a‘,Q
x Simulationm =4|  x* b %
¢ Simulation m = 5| ,* ¢ )
25 Analysis BRI
2 . o

7 (bpcu)

1-0-0-C- B8 8-0-0-C-B 4

\

05t gl Q0 n=0.8, a=0.2,
R R=2 bpcu, N=5
¥«
e P00t .
0 10 20 30 40 50 60

P (dB)

Fig. 6: T vs P (dB).
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better option at high target rates. In most IoT applications, the
target rates are low, and energy considerations and the need to
provide service to a large number of nodes become important.
The analysis presented in this paper is clearly of great practical
importance.

In Fig. 9, we plot throughput vs rate for different values
of m (user Uy and user U, selected together). Initially,
throughput increases with an increase in rate, and then attains
a maximum value at a certain rate value. A further increase
in rate causes an increase in outage probability, which in turn
results in a decrease in throughput. Therefore operating the
system at the optimum target rate can result in maximum
throughput.
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Fig. 8: T vs o for different R.

VI. CONCLUSION

Due to the ever-increasing number of energy-constrained
machine-type devices (MTDs), analyzing the performance of
networks with energy-harvesting green self-sustaining MTDs
is essential. In this article, we analyzed the performance
of a NOMA-based uplink signalling with energy-harvesting
IoT users assuming that the time-switching protocol is used
for harvesting the energy. We allow concurrent transmission
by two users in the uplink and derive expressions for the
system throughput and outage probability. Out of N users,
the optimum user selection mechanism selects the user with
the best link SNR along the one having the m" largest SNR,
with the throughput optimal choice of m dependent on various
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parameters. From the simulation results and the analysis, it
is seen that an optimal value of the time-switching protocol
exists for a particular user pair. In the extended version of this
paper, different user selection schemes will be considered, and
the analysis will be generalized to arbitrary number of users.
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