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ABSTRACT Wireless-powered communication (WPC) is a promising technology for varied smart network
applications in the industrial, commercial, and security sectors. It employs a large number of connected
low-powered user equipments (UEs) in which the harvested energy from electromagnetic radiations is used
for signal transmission. However, efficient resource allocation schemes are still required to optimize the
performance ofWPC networks over limited power and spectrum environments. In this paper, a new approach
of wireless-powered multiple-input multiple-output non-orthogonal multiple access (WP-MIMO-NOMA)
is designed by employing harvest-then-transmit protocol with joint time-split and power control (TS-PC)
techniques to optimize the network performance and lifetime with affordable complexity. We derive the sum
rate, UEs’ rates, and rate region expressions based on power-domain NOMA and successive interference
cancellation (SIC) decoding. An optimal joint TS-PC (OJTS-PC) scheme is proposed to maximize the
network sum rate with enhanced user-fairness under constrained harvested energy level, uplink transmit
power, and minimum UE’s rate. Besides, a near-optimal greedy TS-PC (GTS-PC) algorithm is designed
to reduce computational efforts significantly. For comparison, we derive the rate expressions for the
reference WP-MIMO-OMA system based on orthogonal frequency-division multiple access (OFDMA) and
time-division multiple access (TDMA). Numerical results validate the effectiveness of proposed resource
allocation schemes in terms of realized sum rate, UE’s rate, and user-fairness without scarifying the limited
power of far UEs. This will prolong the lifetime of WPC networks operating over constrained power and
bandwidth resources.

INDEX TERMS Wireless-powered communications, MIMO-NOMA, rate analysis, resource allocation,
fading channels.

I. INTRODUCTION
With the vast developments of wireless technologies for
5G and beyond era, the number of connected user equip-
ments (UEs) like smart and Internet of Things (IoT) devices,
sensor nodes, and intelligent appliances is predicted to be
increased in a massive scale worldwide. This will support
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a smart lifestyle with important applications in varied indus-
trial, commercial, and security sectors [1], [2], [3], [4].
To achieve this ultimate target, great research efforts have
been conducted by the academia and industrial commu-
nities to address the key challenges in this field such
as massive connectivity, low energy consumption, high
data transmission rates, flexible multiple access schemes,
wider coverage range, user-fairness, and reasonable system
complexity [5], [6], [7], [8], [9].
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A. RELATED WORKS AND MOTIVATIONS
In different wireless applications and services like IoT, sen-
sor networks, and biomedical implants, the UEs are mostly
battery-powered devices of constrained energy and may be
deployed on a large-scale (hundreds to thousands) over wide-
range areas. To prolong the network lifetime, this requires
continuous replacement of the consumed UEs’ batteries, due
to data gathering, signal processing, and wireless information
transfer (WIT) processes. This may potentially represent an
impractical task with a high maintenance cost, particularly in
rural, difficult terrain, and hazardous areas. In this context,
energy harvesting (EH) from ambient radio frequency (RF)
signals is considered as a promising and sustainable far-
field wireless power transfer (WPT) technique for the near-
perpetual operation of energy-efficient green networks of
low-powered UEs [2], [6]. It employs simple RF to direct cur-
rent (DC) rectifiers (i.e. rectennas) for charging the embedded
energy storage units (batteries or super-capacitors) at theUEs.
The high flexibility of WPT techniques makes the critical tar-
get of charging anytime-anywhere possible without the need
for high investment in the infrastructure [5], [7]. However,
efficient resource allocation must be realized for integrated
WPT and WIT schemes in wireless-powered communication
(WPC) systems operating over constrained power and band-
width environments.

On the other hand, multiple-input multiple-output (MIMO)
[10], [11], [12], [13] and non-orthogonal multiple access
(NOMA) [14], [15], [16], [17], [18] schemes are consid-
ered essential parts for modern and next-generation wire-
less systems due to additional degree of freedom (DoF).
Furthermore, the integration of MIMO-NOMA schemes can
effectively support the massive increase of connected UEs
and the associated data traffic over the limited spectrum and
power resources [4]. In MIMO systems, the base station
(BS) or the access point (AP) can be equipped with a large
number of antennas to enhance the spatial multiplexing and
array gains considerably. This allows simultaneous transmis-
sion of tens to hundreds of UEs without the need for extra
power, time, frequency, and code resources [1], [4]. Further-
more, NOMA is considered recently by the 3rd Generation
Partnership Project (3GPP) as a possible work-item for full
inclusion in beyond 5G networks [15]. Based on the power-
domain, NOMA utilizes different power levels for K sup-
ported UEs (two or three in practical systems) according to
their associated channel gains [16]. For instance, weak users
in the uplink (UL) can use low transmit power to extend the
lifetime of their batteries while attaining the minimum rate
and error performance targets. This has also a direct impact
on satisfying the essential power difference with the strong
users for efficient successive interference cancellation (SIC)
decoding at the receiver. It has been shown that NOMA can
significantly outperform the conventional orthogonal multi-
ple access (OMA) techniques in terms of channel capacity
without significant loss in the error rate performance [13],
[14], [15], [16]. Besides, the integration of power-domain
NOMA with other OMA schemes of N DoFs offers two-fold

or more user connectivity (i.e. massive connectivity of more
than KN UEs) [16], [19].

The integration of RF-based WPT and WIT schemes has
been investigated in the literature of multiuserWPC networks
considering different time-split and/or power-split (control)
strategies [20], [21], [22], [23], [24], [25]. An intensive
review of the contribution aspects in this important research
topic is presented in [5]. In [7] and [20], the feasibility of
equipping the BS with massive MIMO antenna arrays for
efficient downlink (DL) WPT has been investigated over
fading channel environment. It shows an extendedWPT range
for a given outage performance target.

The critical problem of optimal resource allocation
for simultaneous wireless information and power transfer
(SWIPT) has been studied to maximize the energy efficiency
of cellular IoT networks [2] with MIMO [1] and NOMA [3],
and also for heterogeneous networks with NOMA [8]. In [21],
a joint optimization scheme for power and time control dur-
ing WPT and WIT phases, respectively has been presented
to maximize the sum rate of secondary users in cognitive
radio networks. However, this approach adopts the conven-
tional time-division multiple access (TDMA) for WIT in
the UL channel. In [22], power-splitting has been used for
SWIPT-enabled DL NOMA by considering a controlled part
of the BS power for WPT and the other portion for the WIT
process. The presented optimization problem for joint power
allocation and splitting control aims to concurrently maxi-
mize the total DL rate and EH at the users while maintaining
the minimum requirement for the user rate and EH level.
In [23], a joint user-pairing and power allocation algorithm
has been presented for SWIPT DL network. The BS of the
considered scheme employs a WIT beamforming matrix for
supported NOMA users and a WPT beamforming matrix
for EH users concurrently. It aims to maximize the spectral
efficiency of NOMA users and the energy efficiency of EH
users while satisfying the quality of service (QoS), EH level,
and network power consumption requirements.

On other direction, harvest-then-transmit (HtT) protocol
has been adopted for integrated WPT and WIT techniques in
WPC networks [6], [9], [24], [25]. For HtT applications, the
communication time frame is divided into two parts through a
controlled time-split parameter. In such a case, the BS (or AP)
performs DL WPT phase at first to facilitate EH by con-
nected UEs. Then, the UEs can exploit their harvested energy
for the UL WIT phase toward the BS. In [6], [9], and [24],
UL NOMA has been utilized for WPC network that employs
single-antenna BS and UEs. The investigated scheme in [6]
has demonstrated the tradeoff between achieved data rates
and fairness of connected UEs by utilizing SIC with fixed-
decoding order or time-sharing decoding (more complex)
strategies. Toward this end, two QoS-based approaches have
been presented: maximizing the minimum rate of supported
users (i.e. symmetric rates), and maximizing the system
sum rate while improving the minimum individual user rate
(i.e. non-symmetric rates). The presented results have
revealed that NOMA with time-sharing offers enhanced
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system performance compared with the reference OMA
represented by TDMA. In [9], the tradeoff between the
achieved sum rate and user-fairness has been revealed. It has
been shown that the optimal sum rate and time allocation
can be achieved with user-fairness through NOMA with
time-sharing and SIC process of fixed-decoding order. The
obtained results outperform that of TDMA when the sup-
ported users are located at different distances from the BS.
Differ than [9], the aim of the proposed power and time
control scheme in [24] is to show the tradeoff between user
rate and fairness. In [25], power-splitting has been utilized
in the first phase for DL SWIPT (i.e. dividing the BS power
into two parts forWIT andWPT). Then, the harvested energy
by each UE is exploited in the second phase for UL NOMA
transmission. The presented outcomes have demonstrated
that the DL power-splitting and time-splitting parameters
have a direct impact on the tradeoff between UL and DL
ergodic rates.

B. AIMS AND CONTRIBUTIONS
To provide cost-effective techniques for the critical requests
of 5G and beyond, this work aims to significantly improve the
performance and lifetime of multiuser WPC networks over
constrained power and spectrum resources. Efficient resource
allocation schemes are designed for integratedWPT andWIT
to maximize the system sum rate with enhanced user-fairness
and affordable complexity. The key issue of user-fairness
can be attained in terms of maximum equal UEs’ rates
(i.e. max-min fairness) irrespective of their channel condi-
tions, or unequal UEs’ rates (i.e. proportional fairness) by
allowing maximum rate transmission for strong channel UEs
(to maximize the sum rate) while satisfying the minimum rate
request of weak channel UEs [4], [9], [24]. These approaches
with the aid of NOMA are very important for alleviating the
inherent double near-far problem in WPC networks (i.e. far
UEs from the BS may get low EH levels compared with the
near UEs, but must utilize more transmit power for sum rate
maximization) [9], [24]. Reducing the computational efforts
(complexity) is also considered to minimize the consumed
power towards green WPC networks [1], [2], [4], [5], [6].

In this paper, a new approach of wireless-powered MIMO-
NOMA (WP-MIMO-NOMA) networks is proposed by
employing HtT protocol with joint time-split and power con-
trol (TS-PC) schemes. The BS is equipped with multiple
antennas for energy transmission (ET) and to support data
transmission (DT) from single-antenna UEs of constrained
EH level, UL transmit power, and minimum data rate. Over
the adopted time frame structure, UEs perform EH during
the DL phase and then utilized the stored power in the UL
phase for NOMA signal transmission. For the latter, a SIC-
based receiver is considered at the BS to perform multiuser
signal detection. It should be noted that the previous works
in [6], [9], [24], and [25] have considered the basic net-
work scenario of single-antenna BS. Moreover, the problem
of multi-antenna and joint optimization of time-split and

UL power allocation has not been tackled. The main contri-
butions of this paper are summarized as follows:
• A complete system design of a multiuser WP-MIMO-
NOMA network over realistic channel environment
(large-scale and small-scale flat Rayleigh fading) is pre-
sented. It includes the transmission time frame structure
for HtT strategy, DL model for ET, and UL signal model
for DT.

• We derive the sum rate and individual UE’s rate expres-
sions for the UL WP-MIMO-NOMA channel with SIC-
based decoding. Besides, we present the rate region
equations for two UEs scenario to show the optimal
operating point that maximizes the sum rate with desired
user-fairness. For completeness and comparison pur-
poses, rate expressions are derived for the referenceWP-
MIMO-OMA based on orthogonal frequency-division
multiple access (OFDMA) and TDMA schemes.

• Optimal joint TS-PC (OJTS-PC) scheme is proposed
to maximize the sum rate with improved user-fairness
under constrained EH level, UL transmit power, and
minimum UE’s rate. Moreover, a near-optimal greedy
TS-PC (GTS-PC) algorithm is designed to reduce the
computational complexity considerably. The proposed
techniques have a direct impact on mitigating the inher-
ent double near-far problem in WP-MIMO-NOMA
communication network.

• The effectiveness of the proposed designs is vali-
dated through analysis and numerical simulations com-
pared with the reference WP-MIMO-OMA schemes.
The achieved results demonstrated valuable tradeoffs
between the achieved sum rate, UE’s rate, user-fairness
(proportional or max-min), and complexity. This will
lead to near-perpetual and green operation of varied
WPC networks over constrained power and spectrum
resources.

C. PAPER ORGANIZATION AND NOTATIONS
The rest of this paper is organized as follows: Section II
presents the system design of WP-MIMO-NOMA with the
adopted time frame structure, ET model, and DT model.
Section III deals with the sum rate and rate region analysis
of the considered system model. In Section V, rate analysis
for the referenceWP-MIMO-OMA systems is presented. The
designed resource allocation schemes including problem for-
mulation and proposed algorithms are provided in Section IV.
Numerical results and discussion are shown in Section VI.
Finally, Section VII concludes the paper.
Notations: Bold-face uppercase and lowercase letters

denote matrices and vectors, respectively. Plain lowercase let-
ters stand for scalars. CM×Ndenotes complexM × N matrix.
Superscripts [.]∗, [.]H, and [.]T stand for complex conju-
gate, conjugate transposition, and transposition, respectively.
E [.] stands for the expectation operator. IM stands forM×M
identity matrix. ‖.‖ stands for the Euclidean vector norm
while |.| denotes the determinant for matrices and magnitude
for vectors.
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II. SYSTEM DESIGN OF WP-MIMO-NOMA NETWORK
A. SYSTEM MODEL
Consider a generalized WP-MIMO-NOMA network of
K single-antenna UEs communicating with a common BS
over the same time-frequency channel domains. The BS is
equipped with M antennas and located at the cell center as
shown in Fig. 1. The connected UEs are randomly deployed
within the network cell assuming sorted distances from the
BS as d1 < . . . < dk < . . . < dK . Over normalized
system bandwidth (W = 1), the HtT protocol is adopted for
each transmission time frame of duration T which is divided
between the DL and UL into two phases through controlled
time-split parameter α; 0 < α < 1. In the first phase and
to facilitate ET link, a fraction αT is used in the DL by the
BS to broadcast wireless power Ps towards the UEs. The
remaining portion of the time frame (1− α)T is assigned for
the second phase to allow DT from UEs with total received
power constraint Pt at the BS. In this case, the UEs utilize
their harvested energy (from the first phase) for simultaneous
DT in the UL through power-domain NOMA with power
parameters {βk}Kk=1 ; 0 < βk < 1 where

∑K
k=1 βk = 1.

For the entire transmission time frame T of ET and DT
links, the UEs’ channels hk = [h1k · · · hMk ]T ∈ CM×1; k =
1, . . . ,K between each UEk and the BS are assumed to be
known at the BS, where hmk ;m = 1, . . . ,M represents the
complex gain between UEk and mth receive antenna due to
large-scale path loss and small-scale fading. In this case,
the composite channel model of UEk is given as [4], [17],
and [23]

hk =
√

Lkgk ; k = 1, . . . ,K (1)

where gk= [g1k · · · gMk ]T∈CM×1 is the flat Rayleigh fading
channel vector whose entries gmk are zero-mean unit-variance
complexGaussian coefficients betweenUEk andmth antenna,
and Lk = d−ϑk represents the large-scale path loss of UEk
based on the distance dk from the BS and path loss exponent
ϑ of considered wireless environment.

B. ET LINK MODEL
In the DL channel (i.e. phase 1 of the time frame), the BS
performs ET through emitted RF signals of average power
Ps towards the UEs using the allowed time fraction αT . The
aggregate EH by UEk can be found over fixed hk as [6]

Ek = GSGkηkζk ‖hk‖2 Ps(αT ) (2)

where GS and Gk are the directional antenna gains of the BS
and UEk , respectively, and ηk ; 0 < ηk < 1 is the energy
harvesting efficiency for receiver architecture of UEk with ζk
RF-to-DC conversion factor capability.

C. DT LINK MODEL
In the UL, i.e. phase 2 of time (1 − α)T , the UEs
can exploit their harvested energy during the ET link for
DT over their channels (hk ; ∀k) using the achieved pow-
ers

{
pk = Ek

/
(1− α)T

}K
k=1. The received signal model

FIGURE 1. System design of WP-MIMO-NOMA network with the
considered transmission time frame structure.

at M receive antennas r ∈CM×1 can be written as

r =
∑K

k=1
hk
√
pkvk + n (3)

where vk denotes the transmitted symbol of UEk with
E
[
vkv∗k

]
= 1, and n = [n1· · · nM ]T∈CM×1 is i.i.d. complex

additive white Gaussian noise (AWGN) vector with elements
having zero-mean and variance σ 2

n .
At the BS receiver and for efficient SIC-based multiuser

signal detection, the received signals from all UEs should
have sufficient power difference to manage the NOMA chan-
nel interference [4], [16]. Therefore, the received UEs’ pow-
ers {Pk = βkPt }Kk=1 are controlled during the time period of
DT link (1−α)T based on the following total received power
constraint:∑K

k=1
Pk =

∑K

k=1
βkPt =

∑K

k=1
pkLk . (4)

Therefore, the transmit power of UEk can be given by

pk =
βkPt
Lk
;k = 1, . . . ,K . (5)

For SIC with the assumption that P1 > . . . > Pk > . . . >

PK due to the UEs’ proximity from the BS and associated
path losses, the power difference from any two successive
UEs must fulfill the following condition [13], [16], [17]:(

Pk −
∑K

l=k+1
Pl

)
≥ δPk ; k = 1, . . . ,K − 1 (6)

where the factor δ < 1 is used to realize the target system
error performance.

III. RATE ANALYSIS FOR WP-MIMO-NOMA
A. SUM RATE
The achievable sum rate of designed WP-MIMO-NOMA
system can be given in terms of the UEs’ rates as

RNOMAsum =

∑K

k=1
Rk (7)
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where Rk is the achievable rate of UEk based on its allowed
transmit power and bounded by Rk ≥ R0; ∀k , and R0 stands
for the minimum UE’s rate constraint.

Based on the UL sum rate capacity of multiuser MIMO
channels [4], [12], [26], the achievable sum rate of received
signal model (3) can be given for fixed channel realization as

RNOMAsum ≤ (1− α)T log2

∣∣∣∣∣IM +
K∑
k=1

hkpkhHk
σ 2
n

∣∣∣∣∣ . (8)

Using (5) of the allocated UEs’ powers, the above sum rate
equation can be written in terms of the power control coeffi-
cients {βk}Kk=1 as

RNOMAsum ≤ (1− α)T log2

∣∣∣∣∣IM + γ
K∑
k=1

βk

Lk
hkhHk

∣∣∣∣∣ (9)

where γ = Pt/σ 2
n is the average signal-to-noise (SNR) ratio

at each antenna of the BS receiver.
For SIC with fixed decoding order from UE1 to UEK

during each time frame, the achievable rate of UEk ; k =
1, . . . ,K − 1 is given by

Rk ≤ (1− α)T log2

∣∣∣∣∣IM +
(
γβk

/
Lk
)
hkhHk

IM + γ
∑K

i=k+1
βi
Li
hihHi

∣∣∣∣∣ .
(10)

On the other hand, the rate of UEK at the last stage of SIC
without interference from other UEs can be given as

RK ≤ (1− α)T log2

∣∣∣∣IM + γ βKLK
hKhHK

∣∣∣∣ . (11)

Thus, the ergodic sum rate for WP-MIMO-NOMA operating
over randomly varying channel realizations can be found as
E
[
RNOMAsum

]
while the individual ergodic UE’s rate is given

by E [Rk ] ;∀k .

B. RATE REGION FOR TWO UEs SCENARIO
To demonstrate the rate region of WP-MIMO-NOMA,
we consider the case of two UEs scenario. For UEs’ rates,
R1 and R2, the pentagon rate region over constant channel
realization can be found based on the capacity expressions
in [26] as the set of all sum rates (R1,R2) satisfying (9) and
the following UE’s rate constraints

R1 = (1− α)T log2
∣∣∣IM + (γβ1/L1

)
h1hH1

∣∣∣ (12)

R2 = (1− α)T log2
∣∣∣IM + (γβ2/L2

)
h2hH2

∣∣∣ . (13)

Themaximum rate points for UE1 andUE2 can be achieved
through (12) and (13), respectively as if the other UE is not
connected. On the other hand, constraint (9) is related to the
achievable sum rate when both of the UEs are communicating
simultaneously with the BS. The operating corner point in
the pentagon rate region can be realized using SIC to decode
UE1 first with the interference from UE2, followed by SIC to
decode the interference-free signals of UE2. Thus, the optimal
sum rate point that characterizes the tradeoff between the sum

rate and UEs’ rates can be found using (13) and the following
expression

R1 = (1− α)T log2

∣∣∣∣∣IM +
(
γβ1

/
L1
)
h1hH1

IM +
(
γβ2

/
L2
)
h2hH2

∣∣∣∣∣ . (14)
The other corner point can be found when the SIC process

is reversed by decoding UE2 first with interference fromUE1.
Signals of UE1 can be estimated then at the second stage
of SIC without interference from UE2. The achievable UEs’
rates for this point can be found using (12) and the following
equation

R2 = (1− α)T log2

∣∣∣∣∣IM +
(
γβ2

/
L2
)
h2hH2

IM +
(
γβ1

/
L1
)
h1hH1

∣∣∣∣∣ . (15)
IV. RATE ANALYSIS FOR WP-MIMO-OMA
In this section, and for completeness, we provide the sum
rate and UEs’ rates for the reference WP-MIMO-OMA over
normalized bandwidth (W = 1). It is based on the well-
known OFDMA and TDMA schemes. The main difference
with the considered system model of WP-MIMO-NOMA in
Section II is based on the utilized scheme for DT in the UL
channel while the ET model is the same for DL. For this case,
the UEs are transmitting their signals in the UL (i.e. phase 2)
over orthogonal frequency/time sub-channels while the BS
employs interference-free single-user detection. The transmit
power for each UE is therefore given based on equal received
power strategy

{
Pk = Pt

/
K
}K
k=1 as

pk = Pt
/
(KLk) ;k = 1, . . . ,K . (16)

In this case, the critical double near-far problem will be
realized in WP-MIMO-OMA networks since the far UEs
from the BS may secure low EH levels compared with the
near UEs, but require more transmit power for the sum rate
maximization [9], [24].

A. OFDMA-BASED WP-MIMO-OMA
In this scheme, the UEs are allocated orthogonal frequency
sub-channels of bandwidth {Wk}

K
k=1 and transmitting their

signal simultaneously at the same time period represented
by (1 − α)T . Therefore, the sum rate for OFDMA-based
WP-MIMO-OMA

(
ROFDMAsum =

∑K
k=1 Rk

)
of total band-

width W =
∑K

k=1Wk can be written for fixed channel
realization as

ROFDMAsum = (1− α)T
K∑
k=1

Wk log2

∣∣∣∣∣IM + γhKhHKWLk

∣∣∣∣∣. (17)

Thus, the ergodic sum rate for random channel realizations
can be found then as E

[
ROFDMAsum

]
. Note that for rate region

characterization, the rate of each UEk (Rk ) depends on the
allocated sub-channel bandwidth Wk . Accordingly, equal
ergodic rates can be found as R1 = R2 = . . . = RK for
the case of equal bandwidth allocation

{
Wk = W

/
K
}K
k=1.
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B. TDMA-BASED WP-MIMO-OMA
The UEs in this scheme are allocated orthogonal time sub-
channels of duration {Tk}Kk=1 within the allowed portion of
the time frame in phase 2 (i.e.

∑K
k=1 Tk = (1 − α)T ),

and transmitting their signals concurrently at the same sys-
tem bandwidth W . Thus, the sum rate for TDMA-based
WP-MIMO-OMA

(
RTDMAsum =

∑K
k=1 Rk

)
can be given for

fixed channel as

RTDMAsum = (1− α)T
K∑
k=1

Tk log2

∣∣∣∣∣IM + γhKhHKKLk

∣∣∣∣∣. (18)

The ergodic sum rate for this scheme with random chan-
nel realizations can be found then as E

[
RTDMAsum

]
. From the

above expression, it can be seen that the UE’s rate is linearly
proportional to the amount of allocated time sub-channel.
Consequently, when equal time division strategy is used, i.e.{
Tk = (1− α)T

/
K
}K
k=1, the rate region of connected UEs

will have equal rates as R1 = R2 = . . . = RK .

V. PROPOSED RESOURCE ALLOCATION SCHEMES
In this section, joint TS-PC schemes are proposed for
WP-MIMO-NOMA to maximize the achievable sum rate
with user-fairness by optimizing the EH for supported UEs
and power consumption for the DT phase. The considered
approaches are vital for mitigating the exhibited double near-
far challenge. Through time-split parameter α and power
control coefficients {βk}Kk=1, far UEswill be allowed to secure
sufficient EH level for DT with low transmit power while
attaining sum rate maximization target. The important trade-
offs between utilized network parameters (K , α, and {βk}Kk=1)
and achieved performance are analyzed.

A. PROBLEM FORMULATION
To provide efficient resource allocation (TS-PC) algorithms
for WP-MIMO-NOMA, the following EH, UL power, and
minimum rate constraints are considered:

1) EH CONSTRAINT

C1 : Emin ≤ Ek ≤ Emax; k = 1, . . . ,K (19)

where this constraint is used to ensure the required EH level
for wireless-powered UEs that have embedded recharge-
able batteries (or super-capacitors) of maximum energy
level Emax . On the other hand, Emin stands for the minimum
energy level (threshold) required for signal processing and
DT in the UL based on pmin setting over the time period
(1 − α)T . In this case, sufficient time of αT during phase 1
for the ET link is required for UEk to satisfy the energy level
condition C1 and hence, prolong the network lifetime without
sacrificing the targeted network performance.

2) UL POWER CONSTRAINTS

C2 : Pt =
∑K

k=1
pkLk︸ ︷︷ ︸
βkPt

(20)

C3 :

βk − K∑
l=k+1

βl

 ≥ δβk ; k = 1, . . . ,K − 1 (21)

C4 :
(

Emin
(1− α)T

)
︸ ︷︷ ︸

pmin

≤ pk ≤
(

Emax
(1− α)T

)
︸ ︷︷ ︸

pmax

(22)

where C2 is used to attain the total received power con-
dition (Pt ) from all UEs, while C3 ensures the essential
minimum received power difference δPk ;k = 1, . . . ,
K − 1 between any two successive UEs through power
control parameters {βk}Kk=1. The later condition is very
important to handle the inter-user interference and perform
efficient SIC at the BS receiver. Constraint C4 stands for
the required transmit power for each UE during DT in
phase 2.

3) MINIMUM RATE CONSTRAINT

C5 : Rk ≥ R0; k = 1, . . . ,K (23)

where C5 is used to warrant the minimum rate for each UE
(particularly the weakest user, UEK ). Therefore, the upper
and lower bounds of the system sum rate, RNOMAsum , can be
written based on (9) and (23) as

KR0 ≤ RNOMAsum ≤ max
α;{βk }

k
k=1{

(1− α)T log2

∣∣∣∣∣IM + γ
K∑
k=1

βkhkhHk
Lk

∣∣∣∣∣
}
. (24)

For the operating corner point at the pentagon rate region
with proportional fairness, the optimization problem can
be formulated by maximizing the system sum rate RNOMAsum
through (10) and (11) under C1− C5 and for each channel
realization as

max
α;{βk }

k
k=1

[
(1− α)T

{
K−1∑
k=1

log2 |IM

+

(
γβk

/
Lk
)
hkhHk

IM + γ
∑K

i=k+1
βi
Li
hihHi

∣∣∣∣∣
+ log2

∣∣∣∣IM + γ βKLK
hKhHK

∣∣∣∣}]
subjectto : C1− C5. (25)

Note that the overall sum rate maximization (25) is a
mixed-integer nonlinear programming hard problem that
requires an exhaustive search for the optimal joint TS-PC
parameters. Moreover, closed-form solution for the opti-
mal joint solution (α∗ and

{
β∗k

}K
k=1) is very difficult to be

derived due to the determinants operations and co-channel
interference terms. Therefore, we develop efficient opti-
mal and near-optimal algorithms using 1 and � division
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FIGURE 2. The rate performance of K = 2 UEs WP-MIMO-NOMA using
OJTS-PC and GTS-PC algorithms and M = 1 as a function of SNR
compared with the reference schemes: (a) Sum rate; (b) UEs’ rates.

steps of equal sizes for α and {βk}Kk=1 parameters,
respectively.

B. PROPOSED ALGORITHMS
1) ALGOTRITHM 1: OPTIMAL JOINT TS-PC (OJTS-PC)
SCHEME
In OJTS-PC algorithm, the optimization process is performed
jointly by searching for the optimal power coefficients using
� division steps over all possible time-split parameter set-
tings through 1 steps. The optimal resource parameters

that maximize the sum rate (25), α∗ and
{
β∗k

}K
k=1, will be

used for the system operating point based on the considered
SIC receiver (i.e.

{
R∗k
}K
k=1 and RNOMA∗sum ). This procedure

is updated dynamically when the UEs’ channels hk ;∀k are
changed. The pseudocode of OJTS-PC scheme is shown in
Algorithm 1 with complexity efforts of O

(
�1KM3

)
for

channel matrix manipulations that include multiplication,
addition, inversion, and determinant calculations. Note that
the multiplication of two M ×M complex matrices requires
M3 computations while the inverse of each matrix involves
Eigenvalue decomposition ofM3

/
6 calculation efforts [4].

Algorithm 1 OJTS-PC Scheme for WP-MIMO-NOMA
Input: K , Ps, Pt , GS , δ, T , σ 2n , R0, �, 1, pmin, Emax , and {Gk ,

ηk , ζk , hk} for k = 1, . . . ,K .
1: Define the set of UEs as 9 = [1, 2, . . . ,K ], sorted

according to path losses in ascending order, i.e. L1 < L2 < . . . < LK .
2: Find: τ = 1

/
1 and µ = 1

/
2�.

3: Set α = 0 and RNOMAsum(1,1) = 0.
4: for n = 1to1 do
5: Update α = α + τ .
6: Calculate: {Ek }Kk=1 in (2) and the limits Emin and pmax .
7: if {Ek }Kk=1 satisfies C1 then
8: Set β1 = 0.5.
9: for l = 1to� do
10: Update β1 = β1 + µ.

11: Calculate: {βk }Kk=2 based on
K∑
k=1

βk = 1 and C3.

12: Find: {pk }Kk=1 that satisfies C2 and C4.
13: Calculate: {Rk }

K−1
k=1 using (10) and RK using (11).

14: if [{Rk }Kk=1 satisfies C5] AND [
∑K

k=1 Rk > RNOMAsum(n,l)]
then

15: Update RNOMAsum(n,l) =
∑K

k=1 Rk , α(n,l) = α, and{
βk(n,l)

}K
k=1 = {βk }

K
k=1.

16: end if
17: end for
18: end if
19: end for
20: Choose the indices that satisfy the optimization in (25):

(n, l)∗ = arg max
n∈,{1,...,1}
l∈{1,...,�}

RNOMAsum(n,l).

21: Find the associated system parameters as:{
R∗k
}K
k=1 =

{
Rk(n,l)∗

}K
k=1

, RNOMA∗sum = RNOMAsum(n,l)∗ ,

α∗ = α(n,l)∗ , and
{
β∗k
}K
k=1 =

{
βk(n,l)∗

}K
k=1

.

Output: α∗,
{
β∗k
}K
k=1,

{
R∗k
}K
k=1, R

NOMA∗
sum .

Algorithm 2 GTS-PC Scheme for WP-MIMO-NOMA
Input: K , Ps, Pt , GS , δ, T , σ 2n , R0,1, pmin, Emax , and {Gk , ηk , ζk , hk , β∗k }

for k = 1, . . . ,K .
1: Define the set of UEs as 9 = [1, 2, . . . ,K ], sorted according to

path losses in ascending order, i.e. L1 < L2 < . . . < LK .
2: Find: τ = 1

/
1 and {pk }Kk=1 using (5) which satisfies C2.

3: Set α = 0 and RNOMAsum = 0.
4: for n = 1to1 do
5: Update α = α + τ .
6: Calculate: {Ek }Kk=1 in (2) and the limits Emin and pmax .
7: if {Ek }Kk=1 satisfies C1 then
8: Check if the set {pk }Kk=1 satisfies C4.
9: Calculate: {Rk }

K−1
k=1 using (10) and RK using (11).

10: if [{Rk }Kk=1 satisfies C5] AND [
∑K

k=1 Rk > RNOMAsum ] then
11: Update RNOMAsum =

∑K
k=1 Rk and α∗ = α.

12: end if
13: end if
14: end for
15: Find the associated system parameters as:{

R∗k
}K
k=1 = {Rk }

K
k=1, R

NOMA∗
sum = RNOMAsum , α∗.

Output: α∗,
{
R∗k
}K
k=1, R

NOMA∗
sum .

2) ALGOTRITHM 2: GREEDY TS-PC (GTS-PC) SCHEME
To reduce the exhaustive search efforts for calculating the
optimal parameters, a low complexity near-optimal GTS-PC
scheme is proposed considering pre-defined power control
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FIGURE 3. The rate performance of K = 2 UEs WP-MIMO-NOMA using
OJTS-PC and GTS-PC algorithms and M = 2 as a function of SNR
compared with the reference schemes: (a) Sum rate; (b) UEs’ rates.

parameters based on the number of connected UEs. Based on
the utilized parameters

{
β∗k

}K
k=1 that satisfies

∑K
k=1 βk = 1

and C3, optimal time-split parameter α∗ can be selected
through 1 division steps to maximize (25). The associated
system rates can be found then as

{
R∗k
}K
k=1 and RNOMA∗sum .

The considered procedure is repeated once the UEs’ channels
are changed. The pseudocode is shown in Algorithm 2 with
considerably reduced computational efforts of O

(
1KM3

)
.

VI. NUMERICAL RESULTS AND DISCUSSION
In this section, numerical simulations are conducted using
MATLAB environment to demonstrate the effectiveness of
proposed algorithms (OJTS-PC and GTS-PC) for designed
WP-MIMO-NOMA network. For K UEs and M receive
antennas, the achieved ergodic sum rate, UE’s rate, and rate
region outcomes are averaged over 104 channel realizations
and presented in bit/s/Hz. The results are compared with
reference WP-MIMO-OMA based on OFDMA or TDMA of

FIGURE 4. The rate performance of K = 2 UEs WP-MIMO-NOMA using
OJTS-PC and GTS-PC algorithms and M = 4 as a function of SNR
compared with the reference schemes: (a) Sum rate; (b) UEs’ rates.

equal sub-channel divisions. The adopted simulation parame-
ters are: network cell radius of 50m;K = 2 and 3 for practical
NOMA [16], [25]; M = 1 → 4; PS = K ; Pt = 1; GS = 1;
{Gkηkζk = 1}Kk=1; T = 1; W = 1; ϑ = 3.8; δ = 0.5;
1 = � = 20; and R0 = 0.1 bit/s/Hz. The considered power
parameters for GTS-PC scheme are β1 = 0.8 and β2 = 0.2
for the case of K = 2, while β1 = 0.7, β2 = 0.2, and
β3 = 0.1 are used for K = 3. Note that the parameters
(α∗, β∗k , Ek , and pk ; ∀k) are changed from one channel
realization to the other. Thus, the relationship between these
parameters is not presented due to the ergodic simulation
environment.

For K = 2 UEs scenario, Figs. 2, 3, and 4 demonstrate the
sum rate and UEs’ rates as a function of SNR considering
M = 1, 2, and 4, respectively. As can be seen, the sum
rate of designed algorithms outperforms that of the reference
schemes over the entire range of SNR, and increased sig-
nificantly as the spatial diversity increased (i.e. M ≥ K ).
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FIGURE 5. The rate region of K = 2 UEs WP-MIMO-NOMA using OJTS-PC
and GTS-PC algorithms at SNR = 20dB compared with the reference
schemes: (a) M = 1; (b) M = 2; (c) M = 4.

Besides, GTS-PC provides close performance (near-optimal)
to that of OJTS-PC and outperforms the reference OFDMA

FIGURE 6. The sum rate of K = 3 UEs WP-MIMO-NOMA using OJTS-PC
and GTS-PC algorithms and M = 2, 3, and 4 as a function of SNR
compared with the reference schemes.

and TDMA, respectively for any number M . Note that the
sum rate gain for M = 1 (less than the number of UEs)
in Fig. 2(a) depends completely on the power-domain of
NOMA. Consequently, the achieved rate of UE2 in Fig. 2(b)
is increased as the SNR increases while UE1 demonstrate
higher performance at low to moderate SNRs, and then sat-
urated at high SNRs owing to high inter-user interference
compared with the noise power. Hence, far UE can take the
advantage of SIC to achieve higher rate regardless of the low
transmit power level. The equal UEs’ rates point (with max-
min fairness) is found at the intersection between R1 and R2
curves as 2.15 bit/s/Hz at 15 dB and 1.85 bit/s/Hz at 13 dB for
OJTS-PC and GTS-PC, respectively. ForM ≥ K , both of the
UEs have increased rates as the SNR increases due to spatial
diversity gain. This has the effect on mitigating the double
near-far challengewith proportional fairness tomaximize the
sum rate. The benchmark schemes (OFDMA and TDMA) of
equal sub-channel divisions provide equal UEs’ rates for all
M values as expected. Summary of the realized outcomes at
SNR of 20 dB is shown in Table 1.

Fig. 5 demonstrate the rate region of K = 2 UEs at target
SNR of 20 dB and for M = 1, 2, and 4. Points ‘‘A’’, ‘‘B’’,
‘‘C’’, and ‘‘D’’ denote the operating rates of supported UEs
using OJTS-PC, GTS-PC, OFDMA, and TDMA schemes,
respectively. It can be seen clearly that the proposedOJTS-PC
algorithmwith SIC provides the optimal sum rate (R1+R2) at
the upper corner of the pentagon rate region and outperforms
GTS-PC for all M values. This demonstrates valuable trade-
offs between the sum rate, UE’s rate of proportional fairness,
and complexity. For instance in Fig. 5(b) whenM = 2, points
A = (4.743, 5.492) and B = (5.204, 4.501) are obtained
for OJTS-PC and GTS-PC, respectively. The reference rate
point C = (3.26, 3.26) for OFDMA has better performance
than D = (2.82, 2.82) for TDMA. However, both of them
are located inside the rate regionwith significant performance
gap.
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TABLE 1. Summary of rate results of K = 2 UEs WP-MIMO-NOMA using OJTS-PC and GTS-PC algorithms at SNR of 20 dB compared with the reference
WP-MIMO-OMA system based on OFDMA and TDMA schemes.

TABLE 2. Summary of rate results of K = 3 UEs WP-MIMO-NOMA using OJTS-PC and GTS-PC algorithms at SNR of 20 dB compared with the reference
WP-MIMO-OMA system based on OFDMA and TDMA schemes.

In Fig. 6, the sum rate outcomes for K = 3 UEs scenario
are shown as a function of SNR considering M = 2, 3, and
4 antennas. The achieved results validate the superiority of
proposed algorithms compared with the reference OFDMA
and TDMA systems over the entire range of SNR and for
any number of M . Moreover, the sum rate gain is increased
significantly as the spatial diversity increases (M ≥ K )
which provides additional DoFs for signal detection. For
instance at SNR of 20 dB and M = 4, optimal sum rate of
17.311 bit/s/Hz is realized by OJTS-PC while sub-optimal
performance of 15.975 bit/s/Hz is obtained by GTS-PC that
considerably outperforms OFDMA and TDMA schemes by
about 8.3 and 9.7 bit/s/Hz, respectively. Fig. 7 demonstrates
the achieved UEs’ rates in this scenario as a function of SNR.
For the case ofM = 2 (i.e. insufficient spatial diversity since
M < K ), the system performance relies mainly on the power-
domain. Thus, the stronger UE (i.e. UE1) demonstrate higher
performance at low to moderate SNRs, and then saturated at
high SNRs due to high inter-user interference from the other
UEs (UE2 and UE3) compared with receiver noise power.

Owing to the adopted SIC decoding procedure, UE2 and
UE3 of low and free interference levels, respectively show
increased rates as the SNR increases, regardless of their low
transmit powers. This also has direct impact on attaining
the limited EH based on their far distances compared with
UE1. The UEs can operate in max-min fairness mode with
approximately 3.47 bit/s/Hz at 19.5 dB and 2.88 bit/s/Hz at
17.3 dB for OJTS-PC and GTS-PC, respectively. On the other
hand with the availability of spatial diversity when M ≥ K ,
all supported UEs operate in proportional fairness mode to
maximize the system sum rate. The achieved UEs’ rates are
increased as the SNR increases regardless of their proximity
from the BS and power conditions. The reference OFDMA
and TDMA schemes of equal sub-channel division provide
equal UEs’ rates for all M values as expected. For example
at SNR of 20 dB with M = 4, OJTS-PC scheme provides
about 6.829, 5.821, and 4.661 bit/s/Hz for UE1, UE2, and
UE3, respectively compared with 2.534 and 2.066 bit/s/Hz
for UEs in OFDMA and TDMA systems, respectively.
It should be noted that the performance gain of the proposed
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FIGURE 7. The UEs’ rates of K = 3 UEs WP-MIMO-NOMA using OJTS-PC
and GTS-PC algorithms as a function of SNR compared with the reference
schemes: (a) M = 2; (b) M = 3; (c) M = 4.

WP-MIMO-NOMA comes at the cost of inherent inter-user
interference compared with interference-free OMA schemes.

Although SIC decoding is used to mitigate this problem,
it may lead to slight error performance loss. This issue is
beyond the scope of this paper andwill be considered in future
work. Summary of the achieved results at SNR of 20 dB is
presented in Table 2 to show the important system tradeoffs.

VII. CONCLUSION
In this paper, WP-MIMO-NOMA with HtT policy has been
designed as a key technology for 5G and beyond to improve
the network performance in terms of sum rate, UE’s rate,
and user-fairness with the least implementation complexity.
Through adopted transmission time frame structure, sup-
ported UEs accomplish EH during the DL to perform DT in
the UL phase based on controlled power-domain NOMA. For
the UL channel with SIC detection, the sum rate, UEs’ rates,
and rate region expressions have been derived considering
the key parameters for time-split and power control. Optimal
and near-optimal resource allocation schemes denoted as
OJTS-PC and GTS-PC, respectively are presented to max-
imize the sum rate with the desired user-fairness under con-
strained EH, UL power, and minimumUEs’ rates targets. The
former algorithm has computational efforts of O

(
�1KM3

)
due to an exhaustive search for the optimal solution while the
latter has much less complexity of O

(
1KM3

)
. The achieved

results validated the effectiveness of proposed algorithms
compared with the reference WP-MIMO-OMA based on
OFDMA and TDMA schemes. It has been shown that a
significant increase in the sum rate and UE’s rate can be
realized with valuable tradeoffs in desired user-fairness (max-
min or proportional) and complexity toward near-perpetual
network operation.
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