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Abstract: This paper considers an uplink wireless powered multichannel internet of things (MC-IoT)
system with multiple hybrid relays, each serves a group of wireless-powered I0TDs. For coordinating
radio frequency wireless power transfer (RF-WPT) and wireless information transfer (WIT), two
cooperative protocols integrating non-orthogonal multiple access (NOMA) and orthogonal multiple
access (OMA), namely hybrid NOMA-frequency division multiple access (FDMA) and hybrid NOMA-
time division multiple access (TDMA), is proposed. For both protocols, we investigate cooperative
resource allocation problems and aim to maximize the sum data delivered by all the IoTDs, subject to
the peak transmit power constraint and the total consumable energy constraint of the hybrid relays.
The problem with the hybrid NOMA-FDMA is first decomposed into two subproblems, one for time
and power allocation of each hybrid relay and its associated IoTDs, and the other one for channel
allocation among them. After some properties of the optimal solution are discovered and a series
of transformations is performed, the former subproblem is solved by the bisection search and the
Lagrange duality method, and the latter subproblem is solved by the Kuhn-Munkres algorithm. The
problem with the hybrid NOMA-TDMA is first convexified by proper variable transformations and
then solved by the Lagrange duality method. We provide extensive simulations to demonstrate the
superiority of the proposed schemes. It is shown that various system parameters play key roles in the
performance comparison of the two schemes.

Keywords: radio frequency wireless power transfer; internet of things; cooperative resource allocation;
NOMA; OMA

1. Introduction

Far-field radio frequency wireless power transfer (RF-WPT) has been proposed as a
promising technology to provide continuing energy to Internet of Things (IoT) networks
and IoT devices (IoTDs), such as wireless sensors [1,2]. Specifically, energy is broadcast by
power stations via radiated RF electromagnetic waves, and IoTDs can harvest energy from
these RF signals. Compared to near-field WPT which can only transfer energy in a very
short distance, far-field RF-WPT can transfer energy over a longer distance.

Since RF signals can not only carry information but also energy, RF-WPT can support
simultaneous wireless information and power transfer (SWIPT) [3]. Usually, SWIPT is
adopted in a downlink transmission scenario, where an access point (AP) transmits infor-
mation bearing RF signals to IoTDs, and IoTDs can receive information as well as harvest
energy from these signals based on the power-splitting or the time-switching protocols [4,5].
Another application of RF-WPT is a wireless powered communication network (WPCN),
where energy signals are first wirelessly broadcast by a hybrid access point (HAP) to IoTDs
in the downlink, then IoTDs utilize the harvested energy to perform wireless information
transfer (WIT) in the uplink [6,7].

Recently, relay-based cooperative communication technology has been applied to
communication networks with RF-WPT [8]. In the case that only IoTDs are wirelessly
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powered, relays can cooperatively transfer energy to IoTDs and information to IoTDs or
AP. In [9], a three-node WPCN with a hybrid relay, where a wireless-powered source node
was assumed to harvest energy from the hybrid relay, was considered, and the system
throughput was derived in closed form. In [10], a WPCN with a hybrid relay and multiple
wireless-powered source nodes was considered, and a distributed medium access control
protocol was proposed. In [11], a time division multiple access (TDMA) based WPCN with
a hybrid relay, where the relay was assumed to act as a power beacon was considered, and
the exact and approximate expressions of the ergodic throughput were derived. In [12],
a three-node WPCN with a hybrid relay was considered, and a cooperative protocol was
proposed for coordinating RE-WPT and WIT. In [13], IoTDs were assumed to be wiretapped
by an eavesdropper, and various secure performance metrics were evaluated under the
random user selection scheme and the best user selection scheme. In [14], a relay was
proposed to first charge the IoTDs and then cooperate to inject jamming jamming signals to
interfere with an eavesdropper, and the joint power allocation and time allocation were
optimized to maximize the system secrecy rate. In [15], an unmanned aerial vehicle (UAV)
was proposed to act as both a power source and an information relay for IoTDs, and an
algorithm for jointly optimizing the time allocation, the transmit power of the UAV, the
UAV flight trajectory to minimize the energy consumption of the UAV was proposed. In
the case that only relays are wireless-powered, two cooperative protocols namely the time
switching-based relaying and the power splitting-based relaying have been proposed for
cooperative WIT [16]. In [17], an amplify-and-forward (AF) SWIPT relay system with
a direct link was considered, and the expression of the system outage probability was
derived. Ref. [18] considered a multi-hop decode-and-forward (DF) relay system with
SWIPT relays, and the source node transmit power and the minimum system rate were
minimized and maximized by optimizing the power splitting ratio under the quality-of-
service (QoS) constraints of the relays and the destination nodes, respectively. In[19],
a two-way buffer-aided multi-relay system with SWIPT relays was considered, and the
expression of the system throughput was derived and maximized by optimizing the relay
selection and power allocation. Ref. [20] considered a single wireless-powered relay system,
and the time allocation and the energy consumption of the relay were jointly optimized
to maximize the sum throughput. In [21], a multi-relay system where the relays were
assumed to use power-splitting SWIPT was considered. The throughput of the network
was maximized by optimizing the power, bandwidth assignment and power splitting
ratio. In [22], by considering that relays have finite data buffer and finite energy storage,
a relay selection algorithm based on data and energy buffer status was proposed. In [23],
both time switching-based relaying and power splitting-based relaying were considered,
and the total system energy consumption was minimized under the latency constraint.
In [24], based on the time switching-based relaying, by taking the channel aging effect
into consideration, a joint relay selection, transmit beamforming, and power allocation
algorithm was developed to maximize the system throughput. In the case that both IoTDs
and relays are wirelessly powered, the harvest-then-cooperate protocol has been proposed
for the relays to first harvest energy then cooperatively transmit information [25]. In [26],
a cooperative relaying protocol was proposed for the wireless-powered source node and
the relay, and the expressions of the throughput and the outage probability were derived.
In [27], an energy and data buffer-aided relay system, where the source node and the
relay was assumed to be wirelessly powered, was considered, and the expression of the
average throughput was derived. In [28], [oTDs were divided into groups, and the system
throughput was maximized by optimizing the power allocation.

Besides, non-orthogonal multiple access (NOMA) is a technology that supports mas-
sive access to devices in the same spectrum band simultaneously [29,30], and has been
applied to relay-based systems with RF-WPT. In [31], a two-user NOMA system, where the
SWIPT near the user was assumed to act as a relay for the far user was considered, and
the expressions for the outage probability were derived under different relaying protocols.
In [32], a NOMA system assisted with a power-splitting SWIPT relay was considered, and
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the ergodic rate and the outage probability expressions were derived. Ref. [33] considered
a video multicast NOMA system assisted by a SWIPT relay, and the average transmission
power of the AP was minimized by jointly designing the transmit power and the multicast
beamforming at the AP. In [34], a full-duplex a relay-based system with multiple SWIPT
users was considered, and the minimum system rate was maximized by optimizing the
subcarrier allocation, power allocation, relay selection and power splitting ratio consider-
ing both NOMA and orthogonal frequency division multiple access (OFDMA). Ref. [35]
considered a two-user NOMA system with a SWIPT relay, and the source node’s average
power consumption was minimized by optimizing the transmission scheme using the
Lyapunov optimization. In [36], a NOMA scheme with two wireless powered relays were
proposed, where two relays alternately harvest energy and forward information, and it
was shown that the system throughput is improved compared to the orthogonal multiple
access (OMA) scheme. Ref. [37] considered a NOMA system with a near user, a distant
user and a full-duplex battery-aided wireless powered relay, and analyzed the throughput
under a proposed static battery energy scheme and a dynamic battery energy scheme.

In this paper, inspired by the technologies of RF-WPT, relay-based cooperative com-
munication and NOMA, we consider an uplink wireless powered multichannel Internet
of Things (MC-IoT) system consisting of an AP and multiple hybrid relays, each of which
serves a group of wireless powered IoTDs. The AP and the hybrid relays are assumed to
be powered by constant energy sources such as a power grid, and the IoTDs are powered
by harvesting energy from energy signals broadcast from the hybrid relays. For coordi-
nating RF-WPT and WIT, we propose two cooperative protocols integrating NOMA and
OMA, namely hybrid NOMA-frequency division multiple access (FDMA) and hybrid
NOMA-TDMA. In the hybrid NOMA-FDMA, each hybrid relay and its associated IoTDs
are allocated with a channel, and each hybrid relay first broadcasts energy to the IoTDs,
then the IoTDs transmit information to the hybrid relay based on NOMA, and finally,
the hybrid relays transmit the gathered information to the AP based on FDMA. In the
hybrid NOMA-TDMA, each hybrid relay and its associated IoTDs are allocated with a time
slot and can use all the channels, each hybrid relay first broadcasts energy to the IoTDs,
then the IoTDs adopt NOMA on all channels for transmitting information to the hybrid
relay, and finally the hybrid relays transmit the gathered information to the AP based on
TDMA. For both protocols, cooperative resource allocation such as joint time, power and
channel allocation are required to be designed carefully for maximizing the sum of the data
transmitted from all the IoTDs.

In comparison with the previous works on wireless-powered IoT relay systems [9-28]
which adopted FDMA or TDMA as a multiple access scheme for the IoTDs, the proposed
work in this paper adopts NOMA for the IoTDs transmitting their information, which
can thus support massive IoTDs. Compared to the works on wireless powered IoT relay
systems with NOMA [31-37] which only considered a relay serving a group of IoTDs,
this work considers a more complex scenario with multiple hybrid relays and multiple
groups of IoTDs, which requires allocation of resources and coordination among the hybrid
relays and groups of IoTDs. Note, that the works [9-28] also did not consider the scenario
of multiple hybrid relays serving different groups of IoTDs. It is noted that in previous
works [9-28], only multiple access of the [oTDs is considered, while not only multiple
access to the IoTDs but also multiple access to the hybrid relays are considered in this
paper, which leads to more complex design problems than those in previous works. Note,
that due to the high complexity of the successive interference cancellation (SIC) adopted
by NOMA, the number of users in a NOMA group is normally restricted [30]. Thus,
to support massive 1oTDs, usually, IoTDs are divided into multiple groups, where the
transmission within each group is based on NOMA and the transmission between groups
is based on OMA. Such hybrid NOMA-OMA schemes have been researched in existing
literature [38—42]. In [38], an uplink transmission system with a hybrid NOMA-FDMA
was considered, and the system energy efficiency was maximized by jointly optimizing
the user grouping, channel and power allocation based on the matching theory. In [39],



Electronics 2024, 13, 99

4 of 25

a downlink hybrid NOMA-FDMA transmission system was considered, and the user
grouping and power allocation were jointly optimized to maximize the system energy
efficiency based on the search-and-allocation approach. In [40], a downlink hybrid NOMA-
TDMA transmission system was considered, and the energy efficiency and the throughput
were jointly maximized based on the multi-objective optimization. In [41], the energy
efficiency of a downlink hybrid NOMA-TDMA transmission system was maximized by
optimizing the time and power allocation based on the sequential convex approximation
method and the second-order cone approach. In [42], the sum rate of a downlink hybrid
NOMA-FDMA transmission system was maximized by optimizing the user association,
the channel and power allocation based on deep reinforcement learning. It is worth noting
that this paper is different from the existing works on hybrid NOMA-OMA such as [38-42].
First, relay-based cooperative communication technology was not considered in [38—42],
where it is considered in this paper. Second, user devices were powered by conventional
energy sources in [38-42], where they are powered by RF-WPT technology in this paper.
Third, either hybrid NOMA-TDMA or hybrid NOMA-FDMA was considered in [38—-42],
where they are both considered in this paper.
In summary, the main contributions of this paper are briefly listed as follows:

*  We consider an uplink cooperative wireless powered MC-IoT system model with
multiple hybrid relays and multiple groups of IoTDs, and show how to efficiently
charge the IoTDs by RE-WPT of the hybrid relays and forward information to the
AP assisted by the hybrid relays. Two cooperative protocols integrating NOMA and
OMA, namely the hybrid NOMA-FDMA and the hybrid NOMA-TDMA are proposed
for coordinating RF-WPT and WIT. Both protocols aim at maximizing the sum of
the data delivered by all the IoTDs and cooperative resource allocation problems are
formulated subject to the peak transmit power constraint and the total consumable
energy constraint of the hybrid relays.

¢ To solve the problem with the hybrid NOMA-FDMA, we decompose the problem
into two subproblems, one for time and power allocation of each hybrid relay and its
associated IoTDs, and the other one for channel allocation among them. After some
properties of the optimal solution are discovered and a series of transformations is
performed, the former subproblem is solved by the bisection search and the Lagrange
duality method and the latter subproblem is solved by the Kuhn—-Munkres algorithm.
To solve the problem with the hybrid NOMA-TDMA, we convexify it by proper
variable transformations and solve it by the Lagrange duality method.

e  Simulation results show that the proposed hybrid NOMA-FDMA /TDMA outper-
forms its corresponding benchmark. It is also shown that which one is better, the
hybrid NOMA-FDMA or the hybrid NOMA-TDMA depends on the peak transmit
power constraint, the total consumable energy constraint and the number of IoTDs.
Specifically, the hybrid NOMA-FDMA is more preferred over the hybrid NOMA-
TDMA when the peak transmit power limit is large, the total consumable energy limit
is small, or the number of 1oTDs is small, and the hybrid NOMA-TDMA is more
preferred over the hybrid NOMA-FDMA otherwise.

The rest of this paper is organized as follows. The system model and the formulated
problems for the two cooperative protocols are presented in Section 2. Resource allocation
schemes for the two cooperative protocols are proposed in Section 3. Simulation results
for verifying the proposed schemes are presented in Section 4. Conclusions are drawn in
Section 5.

2. System Model and Problem Formulation

We consider an uplink wireless powered MC-IoT system with one AP, M hybrid relays,
and several IoTDs sharing N channels, as shown in Figure 1. We assume N = M, which
can be achieved beforehand by admission control of hybrid relays accessing the AP. (In
practical communication scenarios, we face spectrum scarcity in IoT systems, i.e., N is
normally smaller than M. Thus, admission control or scheduling can be performed to admit
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N hybrid relays and their associated IoTDs to operate on N channels at each time, such
that each hybrid relay and its associated IoTDs can be allocated with one channel if FDMA
is applied.) Denote the set of IoTDs served by hybrid relay m as K. It is assumed that
there are no direct links between the AP and the IoTDs. Each hybrid relay first broadcasts
RF energy to its served IoTDs, then, each IoTD delivers its data to the serving hybrid relay,
finally, each hybrid relay decodes and forwards all the gathered data to the AP. After the AP
receives the data from all the IoTDs, it will store the data, or process the data and then send
the results (such as the control signals to activate related actuators) to the corresponding
nodes. For example, for environmental pollution monitoring loT applications, the deployed
sensors need to regularly sense the environment and send the data to the AP, then the data
may be stored in a local database, or be processed and the results may be sent to related
agencies. It is noted that this paper focuses on the uplink data transmission from the IoTDs
to the AP, and the downlink transmission of the results is ignored since either the results
do not need to be transmitted or the size of the results is normally much smaller compared
to the transmitted data.

(@) Hybrid
relay

N
N
N

A

| \‘ |
é Hybrid 1elay 1 /'

éIOT device IoT d y

——————— » Downlink RF-WPT
< Uplink WIT

Figure 1. System model.

Let Py, and E;; denote the peak transmit power limit on each channel and the total
consumable energy limit of hybrid relay m, respectively, and let g, , k, My i, a0 Y n
denote the channel gains on channel # from hybrid relay m to IoTD k € K, from IoTD
k € Ky, to hybrid relay m, and from hybrid relay m to the AP, respectively. It is assumed
that the channel gains on all the channels are known. It is also assumed that the total
transmission time is normalized to 1 and all the channels follow slow fading, where the
channel gains are constant within the scheduled transmission time. Two multiple access
schemes, namely hybrid NOMA-FDMA and hybrid NOMA-TDMA, are proposed.

2.1. Hybrid NOMA-FDMA

In the hybrid NOMA-FDMA, each hybrid relay and its associated IoTDs are assumed
to operate on one channel and are exclusively allocated with one channel for RE-WPT
and WIT. Let ay,, € {0,1} denote the channel allocation, where &, , = 1 indicates that
channel 7 is assigned to hybrid relay m and &y, , = 0 indicates otherwise. Then, we have
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ZnN:1 &y = 1,Vmand an\le &mn = 1,Vn, which indicate that each hybrid relay is allocated
with one channel and each channel is allocated to one hybrid relay, respectively. The
transmission of each hybrid relay and its associated IoTDs is divided into three time phases,
as shown in Figure 2, where RF-WPT and WIT are performed at different time phases. In
the first phase with duration 1y ,, for hybrid relay m and its associated IoTDs, hybrid relay
m transmits wireless energy with power p;, , on channel n, where 0 < py;, < Py,. The
energy harvested by IoTD k € K, is written as 71,y k 2nN:1 Qo PmnSmm i, Where Gy, ¢
denotes the energy harvesting efficiency of IoTD k € K,,. In the second phase with time
T, for hybrid relay m and its associated 1oTDs, all the IoTDs served by hybrid relay m
send data to hybrid relay m based on NOMA. Let b,, , ; be the transmit power of IoTD
k € K;; on channel n. The consumed energy of the IoTDs in this phase shall not exceed
the total harvested energy, i.e., T, ZnN:1 Cmnbm ke < TLmCmk ZnN:1 CmnPmnSmnk- (Itis
assumed that the harvested energy at each IoTD is used only for data transmission, and
there exists a built-in battery for powering the circuits in each IoTD. Note, that since usually
the data sensed by IoTDs such as sensors are very limited [43], the harvested energy is
sufficient for transmitting these data. For example, it was demonstrated that the data rate
achieved by an RF-WPT transmitter is on average 5 kbps and at maximum 5 Mbps [44],
which is enough for transmitting sensing data in most cases [45].) The sum data delivered
by all the IoTDs to hybrid relay m can be written as [46]

N ‘ b
R =To,m Z &, log, (1 + LicKy, (;nz,n,z mn,i ) @

n=1

In the third phase with time 13 ,, for hybrid relay m and its associated IoTDs, hybrid relay
m sends the collected data from all the IoTDs to the AP. Let g, , be the transmit power of
hybrid relay m on channel # in this phase, where 0 < g,, » < Py;. Then, the data transmitted
from the hybrid relay m to the AP is written as

N
Rom = B3 Z Xm,n 10g2 (1 + W) (2)
n=1 o

The sum data delivered by all the [oTDs served by hybrid relay m to the AP is the minimum
data achieved in the second and the third phases [47], i.e., min(Ry ,, Ra,,). The total
consumable energy constraint of the hybrid relay is given as

N
2 ‘Xm,n(Tl,um,n + T3,mﬂm,n) < Epn, 3)

n=1

for Vm.

Our objective is to maximize the sum data delivered by the IoTDs by jointly designing
the channel allocation, power allocation and time allocation, subject to the peak transmit
power constraint and the total consumable energy constraint of the hybrid relays. Define
T1 = {Tm, Ym}, To = {12, Vm}, T3 = {13, Vm}, & = {amn, Vm,n}, p = {pmn, Vm,n},
b = {byni, Vm,nk} and g = {qmn, Vm,n}. The problem is formulated as (P1)

M
max min(Rq,,, R 4
T T b mZ::l ( 1,m 2,m) ( )
N
st Y tmn =1,Ym, (5)
n=1
M
Xmy =1,Vn, (6)
m=1
mn € {0,1},Vm, n, (7)

T+ Tom + T < 1,Ym, (8)
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Tl,m 2 0/ Tz,m Z O/ T3,m Z O/ Vm/ (9)
N N
TQ,m Z bk < TmCmk Z Cmn P &mn ks V11, K, (10)
n=1 n=1
N
Z am,n(Tl,um,n + TS,mﬂm,n) < Eu,Vm, (11)
n=1
0< Pmn < Py, bm,n,k >0,0< mmn < Py, Vm, n, k. (12)
4 T1,1 721 | [T3)1
T1,2. T2,2 | 73,2
» T13 1 To3 | T3,3
=
Q L ] °
C@ L L] L]
= . . .
O
TLM=1 | T2 M—1 | T3, M1
] T1,M | To,M | T3,M
Time N

"~~~ Phase of downlink RF-WPT and energy harvesting

| Phase of uplink WIT from IoT devices to hybrid relays
| [ T 1] Phase of uplink WIT from hybrid relays to AP

Figure 2. Frame structure of the hybrid NOMA-FDMA.

2.2. Hybrid NOMA-TDMA

In the hybrid NOMA-TDMA, each hybrid relay and its associated IoTDs are assumed
to operate on all channels and use all the channels for RF-WPT and WIT for an allocated
time slot. For a given time slot allocated to hybrid relay m and its associated IoTDs, the
transmission is further divided into three time phases, as shown in Figure 3, where RF-WPT
and WIT are executed at different time phases. The first time phase with duration 7y ,, for
hybrid relay m and its associated IoTDs are used for hybrid relay m transmitting energy
with power py; », Vn on all channels, where 0 < p;, , < Py, Vn. The energy harvested by
IoTD k € K, in this phase is given by Ty .G & YN P 8mnk- The second phase with time
Ty, for hybrid relay m and its associated 1oTDs are used for all the IoTDs sending data to
hybrid relay m utilizing NOMA on all channels based on the harvested energy. Let b,,, ,,
denote the transmit power of IoTD k € K,; on channel 1, where

N N
,m Z bk < TmGmk Z Pmn&mnk- (13)

n=1 n=1

Then, the sum data delivered by all the IoTDs to hybrid relay m is expressed as [46]

N . b h .
Rl,m = Tz,m Z 10g2 <1 + ZlGKm 07"”2,71,1 m,mn,1 > ) (14)
n=1

The third phase with time 73 ,, for hybrid relay m and its associated IoTDs is used for
hybrid relay m sending the gathered data from all the IoTDs to the AP, with the transmit
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power g, Vi on all channels, where 0 < g, , < Py,. The data transmitted from hybrid
relay m to the AP can be written as

N
Rom = Tom ) log, (14 1230 ). (15)
n=1

The sum data delivered by all the IoTDs served by hybrid relay m to the AP is min(Ry ,,, R ).
The total consumable energy constraint of the hybrid relay is

N
Z (Tl,mpm,n + TS,m‘]m,n) < Em, (16)
n=1
for Vm.
T1,172,1|73,1 TL,M |T2,M | T3, M
A
%)
E
C‘t L] []
< . .
vﬂ L) [ )
@)
A
Time -

"~ ] Phase of downlink RF-WPT and energy harvesting

1 Phase of uplink WIT from IoT devices to hybrid relays
| [ T T 1] Phase of uplink WIT from hybrid relays to AP

Figure 3. Frame structure of the hybrid NOMA-TDMA.

With the objective of maximizing the sum data delivered by all the IoTDs, the power
allocation and time allocation are jointly designed under the peak transmit power constraint
and the total consumable energy constraint of the hybrid relays. Define 71 = {1y, YV},
T = {mounVm}, 13 = {1BmVm}, p = {pmn,Vm,n}, b = {by .k Ym,nk} and
q = {qmn, Vm,n}. The problem is formulated as (P2)

M
g By K ) "
N N
s.t. To,m Z bm,n,k < Tl,m(?m,k Z Pmn&m,n ks Vm, k, (18)
n=1 n=1
M
Y (it T+ ) <1, (19)
m=1
Tl,m Z 0/ Tz,m Z 01 T3,m 2 0/ VWl/ (20)
N
Z (Tt,mPmn + BmGmn) < Em,Vm, (21)
n=1

0 < pmn < Py, bm,n,k >0,0 < qun < Py, Vm,n, k. (22)
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3. Resource Allocation Schemes
3.1. Hybrid NOMA-FDMA

The following properties of the optimal solution of the problem (P1) are proposed for
simplifying the problem.

Proposition 1. The constraint in (10) is satisfied with equality by the optimal solution to the

T,m ém,kpm,ngm,n/k
R Vm,n, k.

problem (P1) and by, ,, =

Proof. See Appendix A. [

Proposition 1 indicates that each IoTD shall use up all the available harvested energy
for information transmission. This is consistent with the intuition that the harvested energy
at the IoTDs shall be fully used for maximizing the transmission rate.

Proposition 2. The optimal solution to the problem (P1) satisfies pmn = Py, Vm, n.

Proof. See Appendix B. O

Proposition 2 indicates that the transmit power of each hybrid relay for RE-WPT shall
be chosen as its maximum value. This is because by transmitting the maximum power at
the hybrid relays in the RE-WPT phase, the time for RE-WPT can be reduced and the time
for WIT can be increased for a higher information rate.

According to Proposition 1, Proposition 2 and the constraint in (5), the Ry ,, in (1) can
be rewritten as

N

T, P

Rl,m =T2,m 2 Xm,n 10g2 <1 + “ rg Z gm,igm,n,ihm,n,i> . (23)
n=1 TZ/mU icK,,

Further according to Proposition 2 and the constraint (5), the constraint (11) is reformulated
as following without loss of optimality of the problem:

Tl,mpm + B udmn < Em, Vm, n. (24)
Then, by defining Ry ,, ,, as
T,m Py,
Rl,m,n =T2,m logz 1+ > 2 Cm,igm,n,ihm,n,i ’ (25)
©mI” ek,

and Ry, , as

Romn = Tom logy (1+ 127t ), (26)

the objective function of the problem (P1) can be rewritten as Zn]\le ZnNzl Qo DN(RY 4y 10, R )
We first assume that channel # is allocated to hybrid relay m and its associated IoTDs,

and optimize Ty ,;, T2,m, T3,m and qm,» as

Tl,m,Ter%;fm,qm’n min(Ry 1, Romn) (27)
st.Tim+Tom+TBm <1, (28)
Tm=>0,Tm 20,1, >0, (29)

T,mPm + BmGmn < Em, (30)

0< Gm,n < Py. (31)
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To solve the problem in (27), we introduce an auxiliary variable # to rewrite the problem as

max n (32)
T,m T2,m, T3,mMmm,MN
s.t. Rymn =1, (33)
RZ,m,n Z 17/ (34)
(28) — (31).

Let #* denote the optimal objective function value of the problem in (32). The problem
in (32) is infeasible for 7 > ¥, and is feasible for 7 < 57*. Therefore, the problem in (32) can
be solved optimally by a simple bisection search over #, and for each search, the feasibility
of problem in (32) with a given # is checked. In order to check the feasibility of the problem
in (32) with a given 7, the following problem is formulated as

min Tl,mpm + W mqmn (35)
T,m T2,msT3,mqm,n

s.t. (28),(29), (31), (33), (34).

Note, that the problem in (32) with a given 7 is feasible only when the optimal objective
function value of the problem in (35) is no larger than E,,. For solving the problem in (35),
we reformulate it by substituting g, » by tmn = 13 mqmn as

min T, m P+ Umn (36)
T,mT2,m,T3,mMm,n
S.t. 0 S Um,n S T3/um, (37)
TP G P i
Ty 10g2 <1 + 1,mEm Zzeﬂi; é(;nz,zgm,n,z m,n,z) > 7, (38)
,m
Um,nYmn
1 1+ ————= ] >y, 39
B,m og2< + — > >N (39)
(28), (29).

This problem is convex. To further simplify this problem, we present the following property
of its optimal solution.

Proposition 3. The constraints in (38) and (39) are satisfied with equality by the optimal solution.

Proof. See Appendix C. O

Proposition 3 indicates that the sum data transmitted by all the IoTDs served by each
hybrid relay shall be equal to the data transmitted from the hybrid relay to the AP.
From Proposition 3, we have

Tz,mUz (ZTZ;Im — 1)
M B ek S’ 40
T3,m02 <2737m — 1)
Umn = P . (41)

By inserting the above expressions into the problem in (36), we can simplify it as

e e
T o> <2 om 1) T o> (2 B — 1)

min + (42)
T2,ms3,m ZieKm gm,ig m,n,ihm,n,i Ymn
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/.
T2,m¢72 (2 2m — 1)

s.t. +Tm+ B <1, (43)

Py ZieK,,, gm,igm,n,ihm,n,i " i
Tam > . (44)

10g2 (1 + HZUZWI,II)

T©,m > 0. (45)

The problem in (42) is convex and thus can be solved by the Lagrange duality method [48].
The partial Lagrangian is written as

i e
Ty 0> (2 2m — 1> T3 0> (2 B — 1>
+

):ieK,,, é{m,igm,n,ihm,n,i Ym,n

i
T o> (2 2m — 1>

P ZiEKm ém,igm,n,ihm,n,i

L (T2,mz T3,m )\)

where A is the non-negative dual variable with respect to the constraint in (43). The dual
function is obtained as given by
G(A) = min L(mm, Bm A) 47)
T©,m/T3,m

s.t. (44), (45).

The partial derivatives of L(Ty,,, T3,m, A) Over Tp ,, and T3 5, are given by,

o2 (1+ 4 1
OL(T2m, Tam, A) _ ( P’”) <<1 _ e 1n2>2T2,m _ 1> + 2, (48)
0T, m ZieKm Com,i&mm,iltmmn,i T,m
and
2 1
L (@m B A) _ © ((1 = 171n2>2f3,m - 1) +A, (49)
0T3,m Ymn B
. . aL(Tz m:/ 3 m,/\) o . . . .
respectively. By setting ——3==#= = 0, the optimal 1, for solving the problem in (47) is
obtained as /
+
In2
T = T - , (50)
icKm Smismmnimmni —1
v ( (g 1))

where (.)" = max(.,0) and W(.) denotes the Lambert W function [49]. Further by setting

aL(TZ,m/T3,mr)‘)
aT3,n1

solving the problem in (47) is obtained as

= 0 and taking the constraint in (44) into consideration, the optimal 73 ,, for

7 7In2
T3,m = Max , (51)
! logy (1+ 2222 ) "1+ w( (A2 —1)e1)
The dual problem of the problem in (42) is given by
max G(A). (52)

A>0

The above problem can be solved by a bisection search [48].
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After solving the problem in (27) for all hybrid relays and channels, the problem (P1)
is simplified as the problem of optimizing «:

M N
mo?x 2 Zam,an,n (53)

m=1n=1

s.t.(5) — (7),

where Ry;,n = min(Ry 4, Romn) is the optimal value of the problem in (27) for given
m and n. This problem is an assignment problem and can be efficiently solved by the
Kuhn-Munkres algorithm [50].

Algorithm 1 summarizes the proposed solution to the problem (P1). The complexity of
the scheme in Algorithm 1 is analyzed in the following. Since the bisection searches for up-
dating A and 7 converge in — log, € and — log, £ operations, where € and ¢ are the accuracies
of obtaining A and 7, respectively, the complexity of the steps 1-17 is O(MN log, € log, ¢).
Since the complexity of the Kuhn-Munkres algorithm is O(N?) [51], the total complexity
of the scheme in Algorithm 1 is O(MN*log, €log, ¢).

Algorithm 1 Proposed scheme for solving the problem (P1).
1: form =1to M do

22 forn=1toNdo

3: Initialize 7,11, Ymax-

4: repeat

5: Let n = M

6: Initialize Ay, Amax-

7: repeat

8 Let A = AuintAmar

9: Obtain 1, and 13, from (50) and (51), respectively.

10: Set Ajax = Aif (43) is satisfied; otherwise, set A, = A.
11: until A converges.

12: Obtain 74 ,,, and u,y, , from (40) and (41), respectively.

13: Set Win = 17 if T P + mn < Eiy; otherwise, set #0x = 17.
14: until # converges.

15: Set g, = %/ Tmn = Tm Rmn = ms Bmpn = Tm, and Ry = 17.
16:  end for ’

17: end for

18: Obtain & by solving the problem in (53) by the Kuhn-Munkres algorithm.
19: For Vm, set Ty, = Timn* Tom = T2,mn*s Bm = T3,mn+, where ay, ,+ = 1.
20: For Vm,n, set pmn = 0,gmn = 0if 0y, = 0, and set py,,n = Py, otherwise.

T,m ‘:m,k Pmn8mnk

21: For Vm,n,k,setb,, ,x = o
uy ,m

if &y, = 1, and set by, , p = 0 otherwise.

3.2. Hybrid NOMA-TDMA

We first present the following property of the optimal solution of the problem (P2) for
simplifying the problem.

Proposition 4. The optimal solution to the problem (P2) satisfies pmn = Py, Vm, n.

Proof. It can be proved similar to Proposition 2. [J

Proposition 4 means that each hybrid relay shall transmit at its maximum power for
RF-WPT. The reason for this is similar to that explained for Proposition 2.
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By using Proposition 4 and letting e, , x = T,mbyn i, Ymn = B mGmn, Ym,n,k, the
problem (P2) is reformulated as

M
P max m; min(Ry , Ro,m) (54)
N N
s.t. Z €,k < Tl,mgm,kpm Z Smn ks Vm/ k/ (55)
n=1 n=1
N
Tl,mNPm + Z Umn < Ep, Ym, (56)
n=1
em,n,k 2 O/O S um,n S T3,mpm/ vm/ n/ k/ (57)
(19), (20),

where e = {ey, ,, , Ym,n,k}, u = {10, Vm,n}, and

N EiEK emnihmni

Rim = Tom ;::110%2 (1 + ’;2,,”,0,2 , )’ (58)
N UmnYm,n

Rom = Tam ’; log, (1 + 71_?;”102’ > (59)

It can be shown that the problem in (54) is convex and its partial Lagrangian is

M M
L(t1, 72, T3,6,u,A) = Y min(Ry,, Rom) — /\< Y (Tim + T+ Tam) — 1) , (60)

m=1 m=1

where A is the non-negative dual variable with respect to the constraint in (19). The dual
function of the problem in (54) is then obtained as

G(A) = max L(ty, 72, 73,€,u,A) (61)

T1,T2,T3,6,U

s.t. (20), (55) — (57).

The above problem can be decomposed into M problems, each for a hybrid relay m, as
given by

max min(Ry ,, Rom) — Tim — To,m — Bym (62)
T, T2,m,T3,m,€mUm
N N
s.t. 2 Cmmk < Tl,mgm,kpm Z Sm,n ks vk, (63)
n=1 n=1
N
T1,m NP + Z Umn < Em, (64)
n=1
Cmnk >0,0< Umn < T3,mpmr vn, k, (65)
Tm > 0,Tm > 0,73, > 0. (66)

where e;; = {ey , x, V1, k} and uy, = {um, Vn}. By introducing an auxiliary variable 7,
this problem can be reformulated as

max n (67)

T,m T2,m s T3,m,€m,UWm,1]
st.Rim — Tim — Tm — Bm = 1,Vm, (68)
RZ,m —Tm— Tom— Bm =1, Vm, (69)

(63) — (66).
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Since for 7 > 5*, where 17* is the optimal value of the problem in (67), the problem is
infeasible, and the problem is feasible for # < #*, by conducting a bisection search over 7,
we can optimally solve the problem in (67). For each search, the feasibility of the problem
in (67) with a given 7 can be checked by solving the problem:

N
min T NPy + Yty (70)

T,m s T2,m T3, m,€m Um =1

s.t. (63), (65), (66), (68), (69).

It is noted that only if the optimal value of the problem in (70) is smaller than or equal to
E;, the problem in (67) is feasible.

Proposition 5. The optimal solution of the problem in (70) satisfies the constraint in (63)
with equality.

Proof. See Appendix D. [

Proposition 5 means that the available harvested energy at each IoTD shall be used
up for information transmission, the reason for which is similar to that explained for
Proposition 1.

From Proposition 5, we have

N N
Tl,m‘:m,kpm Z Smunk = Z Cmn ks vk, (71)

n=1 n=1

from which, we get
N
‘ e .
Ty = LicKy Ln=1 L (72)
Pm Zie]Km ém,i anl Smn,i

By inserting (72) into the problem in (70), we have

N
Zze]Km Zn L6m, L + Z Umn (73)

m
T T ey, U .
2,mst3,mCm MWm ZIEKW Cm’l n 1 gm nz n=1

N Y, N

icK,, €mn,iltm,n,i

s.t. o E logz (1 + L 5 > — Tm — B,m
n=1 ©,m0

N
_ ZieKm anl Cm,n,i
N
P Yiexk,, Gm,i o1 §mn,i

N
UmnYmn
Tam ) 108, ( 1+ =250 ) — Ty — Tam
T3 02
n=1 3,m

> 1, (74)

N
YicK,, Ln—1 Cm,n,i

_ >1, (75)
Pm ZieKm gm,i ZnNzl Smn,i
é’m k ZnN 1 8m,nk
Zemnk_ Z Zemnzr ’ (76)
Zze]Km ‘:m i Zn 1 8mn,i icKy, n=1
0<uyn < T3,um/ vn, (77)
emnk = 0,Umu > 0,1k, (78)
Tom 2> 0, 3m > 0. (79)

This problem is convex. The Lagrangian of this problem can be written as given by

N
NZ:GK Zn 1 Cmn,i +§:umn

L(TZ,H’IIT?),MIequmII’lIVI{nk}l{wn})
ZzeK ‘;mzzn 1 8mmn,i n=1
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N Y e hoo. Y ZN— e .

X | Tom Z 10g2 <1 + €Ky, m,n,21 m,n,z) — Ty — Tom — €Ky, nlem,n,z —y
n=1 ©2,m0 Py, ZieKm Cm,i anl Smm,i
N N
UmnYmmn ZieK,n Zn:1 Cim,n,i

—v| B Y log, (1+7T 2 )7T2,m7‘[3/mfp = -7 |+ Yo

n=1 3,m m ZieKm i;m,z anl Smn,i jEKm

N Ei ZN . N N
m,j Lun=18m,n,j
X ( em,n,j - N Z 2 Cm,n,i + Z wﬂ(um/n - T3,um), (80)
n=1 ZiEKm Cm,i Zn:l 8mn,i icK,, n=1 n=1

where pu, v, mi, k € Ky and wy,n = 1,..., N are the non-negative dual variables asso-
ciated with the constraints in (74), (75), (76), and (77), respectively. The dual function
G(u,v,{m}, {wn}) of the problem in (73) is the optimal value of the problem given by

min L(TZ,mrT?),m/ €m, Um, ,ur v, {nk}r {wn}) (81)
T2,m,T3,m,€m,Um

s.t. (78), (79).

Given 1, and T3 ,, the problem in (81) of optimizing e;; and u,, can be decomposed
into N subproblems given by

+v
N + me - ZjeKm njgm,jz

N 1 8mn,j
. n=1asmmn,j
min Z emn,i Z Tim,n,j

N
{emnx>0,Yk} >0 YK, Cm,i Ype1 Smn,i icK,y, j€Kn
YieK,, €mn,iftmn,i Um,nYm,n
— UT 10 1 + == m TS T — VT 10 1 + e T
HT2,m 108y ( To 02 3,m 1082 T3 m02
+ (14 wn)umn- (82)

Let L;; , denote the objective function in (82). The problem in (82) is convex. By introducing
dual variables ¢y, Vk for the constraints e,, , > 0, Vk, the Lagrangian of the problem in (82)
is Limn — Ljek,, ¥jem,n,j, and the following KKT conditions must be satisfied by the optimal
solution of the problem in (82) as [48]

0Ly n
S o, (5
aem,n,k
lpkem,n,k =0, (84)
with ¢, > 0,e,, ,, x > 0, where
+
Ly, N+ % — LjeK,, TTjCm,j Y Smnj Wl i
aemlnlk ZiEKm Cm,z EnNzl gm,n,i (Tzlmaz + ZiGKm em,n,ihm,n,i) 1n2
+ 7T — Py (85)

Proposition 6. The optimal e, , x, Vk for the problem in (82) is ey, ,,+ > 0 and ey, = 0,
Vk # k*, where k* and e, , x+ are given by,

utv N
) 1 N+ 5= = YieK,, 7TjGm,j Ln=1mmn,j
k* =arg min ; B I = I]\[ il L v ), (86)
kGKm m,n,k Zl‘GKm gm,l Zn:l gm,n/i
and +
2
U (%
em,n,k* = Tz,m — , (87)
NJ’_%_ZjeKm ﬂj(:,n,]' ZnN:1 gm,n,j + 7Tk* h’l 2 hm,n,k*
ZieKm ém,z‘ ZnNzl Emn,i
respectively.

Proof. See Appendix E. [
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Proposition 6 indicates that only one IoTD is chosen for transmitting on each channel,
which means that NOMA used for the IoTDs transmitting their information on all channels
is reduced to FDMA.

For obtaining the optimal uy, ; for the problem in (82), the ai:ﬁ: can be obtained as

aLm,n V3,mYmn

Ol n " (T3,m0'2 + um,n'}’m,n) In2 (®8)
aLm n o __
= 0as
2 +
v (%
= — . 89
Hmn = T3m < (1+ wy)In2 ')/m,n> (89)

Given e;; and u,, the problem in (81) of optimizing 1 ,, and 13 ,,, can be simplified as

P
min - — Ho,m Z lng (1 —+ ZZEKW( mn,i"tmn,i

> + (p+v)Tom

T2,m/T3,m n=1 Tz,m 02
UmnYm,n N
— VT3, z log, (1 + 4_[' 02/ > + (u+v)Bm — BmPm z Wy (90)
n=1 3,m n=1
s.t. (79).

By setting the partial derivatives of the objective function in (90) to zero with respect to 7 ,,
and T3 ,;, we have the following expressions

N Y e, il N Yi Com,m it n,i
log, (1 M) i€Koy Cmn il —p—v=0, (1
H Z 0g» ( + T ; Tz mUz + Zig]Km em,n,ihm,n,i) In2 rer oy
UZIO 1+M —U% an’Ymn —I/-I-P ﬁw :0 (92)
n=1 &2 T3, (72 =1 (T3 m‘T + Um,nYm, ﬂ) In2 o mﬂ=1 ! .

From (91) and (92), it is unable to obtain closed-form expressions for the optimal 1 ,
and 13, that minimizes the objective function in (90). Since the objective function in (90)
is concave, the optimal 1, ,, and 13, can be numerically obtained by bisection searches
from (91) and (92), respectively.

To summarize, the problem in (81) is solved by iteratively optimizing e, and u,,
given 1, and 13 ;;, and optimizing 1, and 13, given e, and u,;, which is known as the
block coordinate descend method [52]. The iteration is guaranteed to converge to a local
optimum, since in each iteration, the problem of optimizing e, #;; or T, T3, is solved
optimally, and the objective function is non-increasing and lower-bounded [53]. After
G(u, v, {m},{wn}) is obtained, the dual problem of the problem in (73) for maximizing
G(p, v, {m}, {wn}) over u, v, {m} and {wy } is solved based on the ellipsoid method [54].

Finally, the dual problem of the problem in (54) for minimizing G(A) over A is solved
by a bisection search. Algorithm 2 summarizes the proposed solution of the problem
(P2). Since the ellipsoid method for updating u, v, {7ty }, {wn } and the bisection search for
updating # converge in w and — log, ¢ operations [54], where J and ¢ are the
accuracies of obtaining the optimal G(u, v, {7}, {wn}) and 7, respectively, the complexity

2
of the steps 5-20 is O (— QHK'”HI;]) NInge). Since the bisection search for updating A

_1(2+|K;u|+N) Nlogzelog2£>

converges in — log, € operations, the total complexity is O ( o
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Algorithm 2 Proposed scheme for solving the problem (P2).
1: Initialize A, Amax-
2: repeat
3: form=1toMdo
4: Initialize #in, Ymax-
5: repeat
6: Lety = W
7: Initialize p, v, {7}, {wn }-
8: repeat
9: repeat
10: forn =1to N do
11: Obtain ey, , ¢+ from (87), where k* is obtained from (86).
12: Obtain uy, , from (89).
13: end for
14: Obtain 1, ,, and 13, by bisection searches from (91) and (92), respectively.
15: until the improvement of the objective function in (81) converges.
16: Update u, v, {7y}, {wn } by the ellipsoid method.
17: until y, v, {7t }, {wn } converge.
18: Obtain 14 ,, from (72).
19: Set fyin = 17 if Tt NPy + L1 thmn < Ep; otherwise, set ffax = 17.
20: until 7 converges.

21:  end for
22: Set Ay, = Aif Z%ﬂ(ﬁ,m + Tom + T3m) > 1; otherwise, set Ay = A.
23: until A converges.

Cmnk _
24: Set by, i = g:’n rqmn =

u
T;n;: 7 Pm,n = Pm; \V/m, n/ k

4. Simulation Results

The AP is located at the center, and 8 hybrid relays are randomly located around the
AP in a ring with an inner radius 100 m and outer radium 200 m. For each hybrid relay,
there are 5 IoTDs randomly distributed around it in a ring with an inner radius of 5 m
and an outer radius of 20 m. The noise spectral density is —130 dBm/Hz. The channel
gain model is 107#d 25z, where d is the distance and z is a random variable with unit
mean exponential distribution. There are 8 channels, each with a bandwidth of 1.25 MHz.
Besides, P, = 10 W and E,, = 15], Vm.

Four benchmarks are considered for the purpose of comparison. The benchmark
hybrid NOMA-FDMA and the benchmark hybrid NOMA-TDMA are similar to the pro-
posed hybrid NOMA-FDMA scheme and the proposed hybrid NOMA-TDMA scheme,
respectively, except that the time of the second phase and the time of the third phase for
each hybrid relay and its associated IoTDs are the same, which is a typical assumption
frequently used in relay systems [31-33,35]. The benchmark TDMA assumes that the entire
WIT is based on TDMA similar to [11]. The benchmark NOMA assumes that the entire
WIT is based on NOMA similar to [55].

Figure 4 plots the sum of the data delivered by all the IoTDs versus the total con-
sumable energy limit E;,. It is seen that the proposed hybrid NOMA-FDMA achieves
higher sum data than the benchmark hybrid NOMA-FDMA and the performance gap is
small when E,; is small and is more obvious when E,; is large. With the increase in E,,
the sum of the data obtained by the proposed hybrid NOMA-FDMA saturates. This is
because each group of the IoTDs is allocated with a unique channel in the hybrid NOMA-
FDMA, and when E,, is large, the peak transmit power limit P, will be the bottleneck
of the performance and the available energy is thus not fully utilized. It is also shown
that the proposed hybrid NOMA-TDMA achieves higher sum data than the benchmark
hybrid NOMA-TDMA and the benchmark TDMA, and the performance gap increases
as E;; increases. The sum data achieved by the hybrid NOMA-TDMA is shown to also
saturate when E,, is large, and the saturation point is much larger than that of the hybrid
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NOMA-FDMA. This is due to the fact that each group of IoTDs can use multiple channels in
the hybrid NOMA-TDMA and the available energy can be fully utilized even if E,, is large.
In addition, it is seen that the proposed hybrid NOMA-TDMA always outperforms the
benchmark TDMA and the benchmark NOMA, while the proposed hybrid NOMA-FDMA
always outperforms the benchmark TDMA and only outperforms the benchmark NOMA
when Ej; is not large. Therefore, based on the above-mentioned difference between the
proposed hybrid NOMA-FDMA and the proposed hybrid NOMA-TDMA, it is shown
that the proposed hybrid NOMA-FDMA outperforms the hybrid NOMA-TDMA when
E;; is small, and the proposed hybrid NOMA-TDMA outperforms the proposed hybrid
NOMA-FDMA when E,, is large. This indicates which one is preferred, the proposed
hybrid NOMA-FDMA or the proposed hybrid NOMA-TDMA, depending on the value of
Ey,. Particularly, the proposed hybrid NOMA-FDMA is preferred when E;;, is small and
the proposed hybrid NOMA-TDMA is preferred when E,, is large.

2

_.
3

Sum data (Mbits)

q —6— Proposed NOMA—-FDMA

1 —8— Proposed NOMA—-TDMA

—#— Benchmark NOMA—-FDMA
Benchmark NOMA—-TDMA
Benchmark TDMA
Benchmark NOMA

|

l

5 10 15 20 25 30 35 40
Em (J)

Figure 4. Sum data versus the total consumable energy limit E,;;.

Figure 5 plots the sum data delivered by all the IoTDs versus the peak transmit
power limit Py,. It is shown that the sum data increases as P, increases and such increase
slows down when Py, is large. It is also shown that the proposed hybrid NOMA-TDMA
achieves higher sum data than the proposed hybrid NOMA-FDMA when Py, is small, and
the proposed hybrid NOMA-FDMA outperforms the proposed hybrid NOMA-TDMA
when Py, is large. This is because when Py, is small, the hybrid NOMA-TDMA can better
utilize the available energy of the hybrid relay by using multiple channels, while the
hybrid NOMA-FDMA cannot fully utilize the available energy, and when P,, is large,
the hybrid NOMA-FDMA can utilize the available energy more conveniently and may
take the advantage of the frequency diversity by proper channel allocation. This means
that the proposed hybrid NOMA-TDMA is preferred when Py, is small and the proposed
hybrid NOMA-FDMA is preferred when Py, is large. In addition, it is shown that the
proposed hybrid NOMA-FDMA always outperforms the benchmark NOMA-FDMA and
the proposed hybrid NOMA-TDMA always outperforms the benchmark NOMA-TDMA,
the benchmark TDMA and the benchmark NOMA. This indicates that by properly selecting
the scheme between the proposed hybrid NOMA-FDMA scheme and the proposed hybrid
NOMA-TDMA scheme, the system performance can be improved compared to existing
benchmark schemes.

Figure 6 plots the sum data delivered by all the IoTDs versus the number of IoTDs
K, where the numbers of the IoTDs associated with the hybrid relays are assumed to be
the same and denoted as K. It is shown that the sum data achieved by all the schemes
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increases with the increase of K. When K is small, the proposed hybrid NOMA-FDMA
is shown to outperform the proposed hybrid NOMA-TDMA, and the performance gap
decreases as K increases, and finally the proposed hybrid NOMA-TDMA outperforms the
proposed hybrid NOMA-FDMA when K is large. This indicates that the proposed hybrid
NOMA-FDMA is preferred when K is small, and the proposed hybrid NOAM-TDMA is
preferred otherwise. It is also shown that either the proposed hybrid NOMA-FDMA or the
proposed hybrid NOAM-TDMA outperforms all the benchmark schemes. This verifies the
superiority of the proposed schemes compared to the existing schemes.

2.4 \ \

—©— Proposed NOMA-FDMA
2.2 | | —8— Proposed NOMA—-TDMA
—#— Benchmark NOMA—-FDMA
ot Benchmark NOMA—-TDMA
Benchmark TDMA
Benchmark NOMA

Sum data (Mbits)

15 20 25 30
Py (W)

Figure 5. Sum data versus the peak transmit power limit Py,.

3 T T
—©— Proposed NOMA—-FDMA
—+8— Proposed NOMA—-TDMA
—#— Benchmark NOMA—-FDMA
25+ Benchmark NOMA—-TDMA 4

Benchmark TDMA -
Benchmark NOMA c

Sum data (Mbits)

0.5 L I I I I
2 4 6 8 10 12
Number of IoT devices K

Figure 6. Sum data versus the number of [oTDs K (P, = 10 W).

In addition to the sum data performance metric illustrated in the above figures, in the
following, we compare the proposed schemes with the benchmark schemes in terms of
other performance metrics. First, we consider the IoTD fairness index which is defined as

2
%zrkr)z [56], where ry, is data delivered by IoTD k and K is the total number of IoTDs and can
k

be used to measure the fairness among IoTDs. Note, that a larger value of the [oTD fairness
index means that the IoTDs are more fair. Figure 7 compares the IoTD fairness indexes
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achieved by different schemes. It is seen that as E,, increases, the IoTD fairness indexes
achieved by the proposed hybrid NOMA-FDMA and the benchmark hybrid NOMA-FDMA
increase and then saturate when E,; is very large. This indicates that higher consumable
energy at the hybrid relays can let the IoTDs with inferior channel conditions obtain more
chances to deliver data in these two schemes. It is also seen that with the increase of E,;;,
the IoTD fairness indexes achieved by the proposed hybrid NOMA-TDMA, the benchmark
hybrid NOMA-TDMA, the benchmark TDMA and the benchmark NOMA decrease. This
means that these schemes allocate more energy resources to the IoTDs with superior channel
conditions under higher consumable energy at the hybrid relays. In addition, it is seen
that the proposed hybrid NOMA-TDMA provides higher IoTD fairness compared to the
proposed hybrid NOMA-FDMA when E;, is small, and vice versa. It is also seen that the
IoTD fairness indexes achieved by all the schemes are relatively low. This is because all the
schemes are greedy at maximizing the sum data delivered by all the IoTDs, and ignore the
fairness issue among the IoTDs. Thus, if IoTD fairness is of concern, new schemes with
IoTD fairness shall be designed.
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Figure 7. Performance comparison in terms of IoTD fairness index.

Then, we consider the hybrid relay load fairness index which is defined as
(ijn(Rl,erZ,m))zz [57]

K E(mjn(Rl,erZ,m))
relays. Note, that a larger value of the load fairness index means that the loads of the hybrid

relays are more even. Figure 8 compares the hybrid relay load fairness indexes achieved
by different schemes. It is seen that the load fairness indexes achieved by all the schemes
are relatively high. This indicates that the load distributions among different hybrid relays
are relatively even. It is also seen that with the increase of E;;, the load fairness indexes
achieved by the proposed hybrid NOMA-FDMA and the benchmark hybrid NOMA-FDMA
increase and then saturate when E;, is very large. This means that higher consumable
energy at the hybrid relays can let the hybrid relays with inferior channel conditions collect
more data from the IoTDs in these two schemes. In addition, it is seen that as E,; increases,
the load fairness indexes achieved by the proposed hybrid NOMA-TDMA, the benchmark
hybrid NOMA-TDMA, the benchmark TDMA and the benchmark NOMA decrease. This
indicates that these schemes are greedy at allocating more energy resources to the hybrid
relays with superior channel conditions. It is also seen that the proposed hybrid NOMA-
TDMA provides higher load fairness compared to the proposed hybrid NOMA-FDMA
when E,; is small, and vice versa.

, and can be used to measure the load distributions among hybrid
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Figure 8. Performance comparison in terms of hybrid relay load fairness index.

Finally, we consider the algorithm computation time to measure the complexity of
the schemes. Figure 9 compares the algorithm computation time achieved by different
schemes. It is seen that the algorithm computation time increases as M increases. This
is consistent with the time complexity analysis in Section 3 that the time complexity is
an increasing function of M. It is also seen that the proposed NOMA-FDMA achieves
the lowest algorithm computation time among all the schemes, while the benchmark
NOMA achieves the highest algorithm computation time. This means that the proposed
NOMA-FDMA is of low complexity while also achieving the highest sum data in some
cases as shown in the previous figures. In addition, it is seen that the proposed NOMA-
TDMA achieves higher algorithm computation time than the proposed NOMA-FDMA,
especially when M is large. Note, that although the proposed NOMA-TDMA has higher
time complexity than that of the proposed NOMA-FDMA, it can achieve higher sum data
in some cases as discussed above.
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Figure 9. Performance comparison in terms of algorithm computation time.
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5. Conclusions

In this paper, the cooperative resource allocation problems for an uplink wireless
powered MC-IoT system consisting of an AP and multiple hybrid relays, each of which
serves a group of wireless-powered IoTDs, are investigated. Two cooperative protocols,
namely hybrid NOMA-FDMA and hybrid NOMA-TDMA are proposed for coordinating
RE-WPT and WIT. The target is maximizing the sum data delivered by all IoTDs, subject
to the peak transmit power constraint and the total consumable energy constraint of the
hybrid relays. The problem with the hybrid NOMA-FDMA is first decomposed into two
subproblems, and then solved by the bisection search, the Lagrange duality method and
the Kuhn—-Munkres algorithm, while the problem with the hybrid NOMA-TDMA is first
convexified by proper variable transformations and then solved by the Lagrange duality
method. Simulation results demonstrate the effectiveness of the proposed schemes. It is
shown that the proposed hybrid NOMA-FDMA outperforms the proposed hybrid NOMA-
TDMA when the peak transmit power limit is large, the total consumable energy limit is
small, or the number of IoTDs is small, and the proposed hybrid NOMA-TDMA outper-
forms the proposed hybrid NOMA-FDMA. It is also shown that either the proposed hybrid
NOMA-FDMA or the proposed hybrid NOMA-TDMA outperforms all the benchmark
schemes in the existing literature. Note, that IoTD fairness and hybrid relay load fairness
are not of concern in this paper while taking them into consideration when designing the
cooperative resource allocation schemes in wireless-powered MC-IoT systems can be left
as future work.
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Appendix A

Proof of Proposition 1. Suppose that the optimal solution satisfies the constraint in (10)
with inequality. Then, the b, ,,  with a;,,, = 1 can be increased such that the constraint
in (10) is satisfied with equality, and Ry ,, in (1) will be increased. In this case, the objective
function value may be increased due to the increase of Ry ,,,. Thus, the constraint in (10) can
be satisfied at equality by the optimal solution. Then based on this and the constraint in (5),

it can be easily obtained that b, , x = W, Vm,n, k. O

Appendix B

Proof of Proposition 2. Suppose that 7, 73, 73, &*, p*, b* and g* is the op{tim{al Sf)lu’/cior},
where pj, ,, < Py, is satisfied for given m and n. Then, construct a solution t;, T,, T3, &, p ,
b and q,, where ‘rl1 =17, T’z = T3, ‘r/3 = T3, o = o, p, =p, b =b* and q, = g%, except
that P:n,n = Py and Ti,m = p"'ﬁ:l””. It is easily seen that Tll, 'rlz, Té, o, pl, b and q, satisfies
all the constraints and its objective function value is equal to that of 77, 75, 73, &%, p*, b*
and g*. Therefore, the optimal solution satisfies py,, = Py, Vm,n. O

Appendix C

Proof of Proposition 3. Suppose that 7}, , 75, 73, and uy, , is the optimal solution that
satisfies the constraints in (38) and (39) with inequality. Then, we can construct a solution
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T s Qs T3 and Uy, ,, where T, = 15, and 73, = 15,,. The valuesof 7, ,, < 7/, and
! . . . . e .
Uy < Uy, , are determined such that the constraints in (38) and (39) are satisfied with

. . ! / . .
equality, respectively. Thus, 7, , Py + ty,,, < T{,,Pm + ty, , and all constraints are still

.o I ’ ’ l . . . .
satisfied by T s Tomr Tam and u,, ,. This contradicts with the assumption that 7.'1*, m 7.'2*, m,
T3, and uy, ,, is the optimal solution. [

Appendix D

Proof of Proposition 5. Suppose that the optimal solution satisfies the constraint in (63)
with inequality. Then, if we increase the value of e;; in the optimal solution such that the
constraint in (63) is satisfied with equality, all the constraints are still satisfied and the
objective function value is unchanged compared to the optimal solution. Therefore, the
constraint in (63) can be satisfied at equality by the optimal solution. O

Appendix E
Proof of Proposition 6. From (83), the following equality holds:
N + | 7T: . Nﬁ . h
P, ~ LjeK, 1]\1 Smj Ln=t 8 = > T2 mltm ik — T+, Vk. (A1)
ZiEKW Cm,i anl Smn,i (TZ,m‘T + ):ieKm em,n,ihm,n,i) In2

Since the left hand side of the above equality is independent of k, the following equality
holds for any x # y:

W, mMm,ny
(TZ,maz + Zie]K,,, em,n,ihm,n,i) In2

HT2m B x
(TZ,m‘Tz + Zie]Km em,n,ihm,n,i) In2

—Tx+Px = Tty (A2)

Suppose that there are two arbitrary x and y that ey, > 0 and e,y > 0. From (84), we
have ¢ = ¢, = 0. Applying this to (A2), the following equality holds for x # y:

FT2,mhm,n,x T — P‘TZ,mhm,n,y
— Ty =
(1'2,m0'2 + ZieK,,, em,n,ihm,n,i) In2 ('1—2,m‘72 + ZieKm em,n,ihm,n,i) In2

—y.  (A3)

Since 71y and 71y are constant in the problem in (82), and furthermore hy,,;,x and hy, ,,y are
independent random variables, the probability of satisfying the equality in (A3) is zero.
Thus, at most one ey, , « for given m and  is positive.

Suppose that e, ,, j» > 0 with ¢« = O and e, , x = 0,k # k*. Then, from (Al), the
ey njke in (87) can be easily obtained. Since e, > 0,9+ = O and ey, ., = 0,9, > 0,
Vk # k*, from (A1), it follows that

ptv N
N + Pu EjeJKm ”jérm,j Y1 8m,n,j _ VTz,mhm,n,k* e (Ad)
ZieKm gm,i ZnNzl Smn,i (TZ,mUZ + €k hm,n,k*) In2 ’
+v N
N+ 5 = Djek 766m)j Yot &mnj WO b a A5)
ZieK,,, gm,i ZnNzl Smn,i n (T2,m02 + em,n,k*hm,n,k*) In2 ’
from which, it can obtain the following inequality given by
+
1 N+ Lmv B EjEKnl njgm,]' Z1I’>I:l gm,n,j
2 N + T+
m,n,k* ZieKm gm,i anl Smn,i
+
1 N + MT,J/ - ZjEKnx njgmlj ZnNzl gm,n,j
=7 N + 7T ). (A6)
m,n,k ZieKW, gm,i anl Smn,i

Thus, k* can be obtained as given by (86).
This completes the proof. O
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