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Energy Efficient Uplink Transmission in Cooperative
mmWave NOMA Networks with Wireless Power
Transfer

Azadeh Khazali, Daniele Tarchi, Senior Member, IEEE, Mahrokh G. Shayesteh, Senior Member, IEEE,
Hashem Kalbkhani Member, IEEE, and Arash Bozorgchenani, Member, IEEE

Abstract—In 5G wireless networks, cooperative non-orthogonal
multiple access (NOMA) and wireless power transfer (WPT) are
efficient ways to improve the spectral efficiency (SE) and energy
efficiency (EE). In this paper, a new cooperative NOMA scheme
with WPT is proposed, where EE optimization with a constrained
maximum transmit power and minimum required SE is
considered for the user grouping and transmit power allocation of
users. We obtain a sub-optimal solution by decoupling the original
problem in two sub-problems: an iterative algorithm is considered
for the user grouping, while, in addition, we utilize the Bat
Algorithm (BA) for solving the power allocation problem, where
BA was proved to be able to achieve a higher accuracy and
efficiency with respect to other meta-heuristic algorithms.
Furthermore, to validate the performance of the proposed system,
analytical expressions for the energy outage probability and
outage probability of users are derived, confirming the
effectiveness of the simulation results. It is demonstrated that the
proposed cooperative NOMA with WPT offers a considerable
improvement in terms of SE and EE of the network compared to
other methods. Finally, the effectiveness of BA in solving the EE
optimization problem is demonstrated through a high convergence
speed by comparing it with other methods.

Index Terms-- Bat Algorithm, Cooperative NOMA, Energy
efficiency, mmWave network, Spectral efficiency, Wireless power
transfer.

I. INTRODUCTION

HE demand for high data rate has increased rapidly in the
last decade. This rapid growth in mobile data traffic should
be accompanied with the same growth in the energy efficiency
(EE) and spectral efficiency (SE) of the network [1]. To this
end, several technologies have been introduced. One of the
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most promising technologies is millimeter-Wave (mmWave)
communication which provides wide bandwidth and high SE.
However, the deployment of mmWave in long-range
communications is challenging due to the high path loss, low
penetration, and high sensitivity to blockage. As stated in [2],
SE and EE improvement of the network can also be afforded by
resorting to the deployment of small-cell networks (SCNs).
Short-range SCNs complement the macro-cell networks to
provide coverage for both indoor and outdoor wireless
networks [3, 4]. SCN is also an effective technology for
deploying mmWave, therefore, a promising approach in 5G for
supporting high data rate demand is combining SCNs and
mmWave [5]. Non-orthogonal multiple access (NOMA) has
been introduced as well for enhancing SE in 5G [6, 7]. The key
concept in power domain NOMA is allocating each orthogonal
resource block with different power levels to more than one
user [6], where at the receiver side of NOMA systems,
successive interference cancelation (SIC) is applied to detect
the desired signal [8, 9]. Moreover, to improve the transmission
reliability of users with poor channel gain, cooperative NOMA
was introduced. Cooperative NOMA enhances the SE of the
network by increasing the diversity gain [10]. Furthermore, the
limited power of the mobile devices has attracted lots of
attention when focusing on their impact in the cooperative
wireless networks.

Beside allocating the optimum power, when minimizing the
power consumption or maximizing the EE of the system,
another method for increasing the lifetime of network is energy
harvesting from radio frequency (RF) [11, 12]. Wireless power
transfer (WPT) is an RF energy harvesting technology
attracting the interests of researchers nowadays. Applying WPT
in cooperative NOMA is an efficient method for increasing the
coverage and lifetime of the network [13-15]. Moreover, WPT
can exploit numerous advantages of the dense deployment of
mmWave SCNs [16], e.g., significant reduction of the path-loss
over the transmission links, improvement of frequency reuse
across a region and reduction in the number of competitors for
given radio resources at each SCN. As an example, in [17], the
authors proved that mmWave SCNs are a viable solution for
improving the WPT performance. In [18, 19], it was proved that
mmWave WPT has the potential to provide better energy
coverage than lower frequencies WPT. Thus, based on the
aforementioned factors, the feasibility of the mmWave
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communication for the WPT application in the future 5G
networks is ensured.
Noting the above, the coexistence of mmWave SCNs and
wireless-powered communications with cooperative NOMA is
a promising approach mainly due to the following advantages:
o The propagation characteristics of mmWaves made their
use suitable in short range communications such as SCNs.

e Highly directional antennas in mmWave networks lead to
a high correlation among users’ channels which is desired
in NOMA [20].

e Cooperative communication improves the SE and EE of
mmWave-NOMA network.

e Integration of WPT with mmWave SCN and NOMA can
further increase the EE of the network.

The aforementioned advantages have motivated us to
consider the use of cooperative NOMA jointly with WPT in a
mmWave SCN scenario. In addition, in order to have successful
SIC at the base station (BS) for NOMA uplink communications,
efficient power allocation is essential. To this end, this work
aims to investigate the implementation of cooperative NOMA
with WPT in the uplink mmWave SCN, for which a power
allocation solution is proposed.

A. Related works
1) Studies on mmWave-NOMA networks

There are several studies that indicate the efficiency of
NOMA in mmWave networks. In [21-24], the authors
investigated the performance of NOMA in mmWave networks
and showed the superiority of NOMA over OMA in terms of
throughput. In [22], to reduce the feedback of channel state
information (CSI), two random beamforming solutions were
investigated. In [25], closed-form expressions of outage
probability were derived for different pairing methods for
machine-to-machine (M2M) communication systems in
mmWave-NOMA scenarios. In [26], the benefit of coexistence
of NOMA and SCN in 5G was explored. Data rate
maximization problem for joint power control and
beamforming of a two-user uplink mmWave-NOMA system
was studied in [27]. Also in [28], an EE maximization problem
for a downlink scenario with hybrid beamforming in a
mmWave multiple input multiple output (MIMO) system was
investigated. In [29], the superiority of NOMA over OMA in a
heterogeneous network with small cell base station (SBS) was
shown. The authors in [30] considered the EE maximization
problem in an uplink mmWave-NOMA massive MIMO
system. In [31], the sum data rate maximization problem was
formulated to jointly optimize the power allocation and hybrid
beamforming in a downlink mmWave-NOMA network.
In [32], the authors investigated the effect of different distance-
based user grouping methods on the mmWave-NOMA network
performance.

2) Studies on cooperative NOMA with WPT

One of the key objectives of future 5G networks is
maximizing the EE. Recent works on wireless power transfer
show its effectiveness in improving the EE of 5G network.
Moreover, the RF signals are able to carry both information and

energy, therefore combining WPT and wireless information
transmission is possible. Motivated by this, recently, the
advantage of simultaneous wireless information and power
transfer (SWIPT) in NOMA networks has been explored
considerably. In [33], a hybrid NOMA scenario was
considered; the transmission in uplink was done by exploiting
the energy which is harvested in the received downlink signal.
In [34], the authors investigated the effect of amplify-and-
forward relay in a cooperative energy harvesting NOMA
scenario. In [35], an EE maximization problem of device-to-
device (D2D) pairs in an energy harvesting NOMA scenario
was studied. The importance of the difference between channel
power gains in a NOMA with SWIPT scenario was discussed
in [36]. The authors proved that when the difference is
sufficiently high, NOMA outperforms OMA in a SWIPT
scenario. In [37, 38], the application of SWIPT in a cooperative
NOMA scenario was considered. Energy harvesting was
performed by the user close to the BS acting as relay for far
users. In [39], the optimization problem was applied on the data
rate to obtain the optimum beamforming and power splitting
ratio for the strong user, which acts as energy harvesting relay
for the weak users in the cooperative NOMA scenario. In [40],
the power minimization problem was studied in a SWIPT-
enabled NOMA scenario with time switching based receivers.
In [41], the EE optimization problem was considered to jointly
obtain the beamforming and power splitting ratio in a
cooperative NOMA strategy.

B. Motivation ad contributions

Unlike the previous works [37-41], we consider an uplink
scenario with the aim of EE maximization in a cooperative
NOMA-mmWave network. To the best of our knowledge, the
co-existence of cooperative NOMA with WPT, mmWave and
SCN in an uplink scenario has not been considered yet. While
the joint use of NOMA with mmWave in SCN has been
considered, we demonstrate that by using WPT it is possible to
further enhance the EE of the system. This is particularly
important in case of uplink scenarios that are strongly affected
by power imbalance of different users. Furthermore, while
previous works were mainly based on time switching WPT,
here we consider power splitting WPT. Despite power splitting
requires more complex hardware implementations [42], it
allows a higher SE with respect to the time switching approach,
since in the latter, data and energy are orthogonally transmitted
in time. Moreover, in cooperative uplink communications with
power splitting methods, the source of data and energy is the
device that is characterized by a limited energy battery [30, 43].
Motivated by these facts, we propose a cooperative mmWave
NOMA with WPT solution for uplink transmission of small cell
users (SCUs). We exploit the power splitting method such that
the source of energy for both users is SBS which has no
limitation in terms of energy. Moreover, in the proposed
scenario, both cooperation and WPT are performed by
consuming one extra time slot. The main contributions of this
paper are summarized as follows:

e Anew cooperative NOMA with WPT in an uplink scenario
is proposed to enhance the EE and SE of the mmWave



SCUs.

e An EE optimization method is formulated to allocate
transmit powers to near and far users.

e  User grouping algorithms are introduced for the proposed
scenario.

e An efficient solution based on Bat Algorithm (BA) is
proposed to solve the optimization problem.

e Analytical expressions are provided for energy outage
probability in a non-linear energy harvesting scenario, for
outage probabilities of near and far users, and diversity
order of users.

The rest of this paper is organized as follows. In Section II, the

system model of cooperative NOMA with SWIPT in a SCN for

uplink is presented. In Section III, the proposed user grouping
scheme and the power allocation method are explained. In

Section IV, analytical expressions are derived for the energy

outage probability and outage probabilities of the proposed

system for near and far users. Numerical results are discussed

in Section V and, finally, conclusions are drawn in Sections VI.

II. SYSTEM MODEL

We consider a cooperative mmWave-NOMA network with
WPT composed of one SBS and two groups of uniformly
distributed users, as {4;} and {B;}. The users in group {4} are
located within the region D, with radius Rg, and a central angle
A around the SBS. The users in group {Bj} are located within
the region Dy with the maximum radius of Rg,, minimum
radius of Rg and central angle of 4 around the SBS, where
Rs, <Rs, < Rg,.

Short distances, around a few tens of meters, between users
and SBS allow the UEs to practically implement WPT. We
assume that each user is equipped with an energy harvesting
circuit and that the direct link between the SBS and far user is
highly attenuated compared to the link between the SBS and
near user, due to the higher distance. WPT technology allows
to exploit a wireless signal for transferring power towards a
remote UE. This is convenient in the considered scenario since
the SBS is supposed to have unlimited energy while the users
are battery powered. In addition, to overcome the high
propagation losses of mmWave band, we assume that the SBS
can transmit energy signal by exploiting M transmit antennas,
while, for more simplicity, we consider that each user has a
single antenna. In the proposed system, we assume that the
users in {A;} harvest energy from the SBS in the mmWave band
and act as relay for decoding and forwarding the messages of
users in {Bj}, where a part of the required power for relay
operation is attained from the harvested energy. In addition, in
the second phase, the users in {Bj} harvest energy from SBS in
the mmWave band. Therefore, the source of energy for both
users in the proposed uplink scenario is SBS which has no
limitation in energy.

The message sent by each user in {4;} is a superimposed
message composed of its message and the message transmitted
by its corresponding user in {B]-}. In the proposed model, full
duplex transmission is considered and the users in {4;} exploit
decode and forward relaying protocol. Perfect signal decoding

is used in relay mode. In the following, we focus our analysis
on two users, UE; and UE,, selected from {A;} and {Bj},
respectively, to perform NOMA, as represented in Fig. 1.

The proposed cooperative NOMA system contains two
phases referred to as direct and cooperative transmission. We
assume the same time duration for the two phases [6, 44]. In
Fig. 2 the two phases are represented, where power-switching
and energy-harvesting methods, exploiting the whole time slot
for both energy and data transmission are considered [42]. This
makes the proposed scenario distinct from the cooperative
NOMA algorithms previously proposed in the literature, which
are based on time switching for the energy harvesting [45-47].
Although time switching has convenient hardware
implementation, it fully dedicates one time slot for energy
transmission which is a disadvantage from the throughput
efficiency point of view [48]. In the proposed scenario, the
simultaneous data and energy transfer without dedicated time
slot is considered, leading to a higher spectral efficient scenario.
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Fig. 1. Proposed cooperative mmWave-NOMA WPT uplink transmission
scheme in SBS.

T T

¢ Energy harvesting at UE1 o Energy harvesting at UE2
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Fig. 2. Proposed process for energy harvesting and information transmission
in cooperative NOMA.

A. Phase 1: direct transmission

During the first time slot, UE, broadcasts its signal (x;)
where E{|x,|?} = P,. Meanwhile, SBS can transmit wireless
energy to UE;. During this phase, UE; receives the message
signal x, from UE, and the wireless energy signal s from SBS
and then combines them. At the same time, SBS receives the
message signal x,. The received signal by SBS (yzs1) and
UEy (Yyg,) are expressed, respectively, as follows [49]:

Vs = haoXz + npgq (D
Yug, = ha1%; + ho1s + 1y 2

where h,, is the channel gain between UE, and SBS, h,;
denotes the channel gain between UE, and UE;, hy; is the
channel gain between SBS and UE,, and n; and ngg, denote
the Gaussian noise at UE; and SBS receiver side with variance



N, and zero mean, respectively. As mentioned, s is the energy
signal with E{|s|?} = P,, assumed as deterministic and known
by UE; [50]. According to [16], the total amount of harvested
power by UE] is:

ﬁH . (eW1Ps|ho1|2 - 1)

eW1Pslho1l? 1 owiw,

where Py represents the maximum harvested power when the
energy harvesting circuit is saturated, and w; and w, are two
constants modelling the EH circuit specifications, such as diode
turn-on voltage capacitance and resistance.

3)

RS1=

B. Phase 2: cooperative transmission

During this phase, the SBS transmits energy to UE,; similar
to the first phase, the total amount of harvested power by UE,
is:

}_)H . (eW1Ps|hoz|2 -1

“4)

p. =
52 eW1Pslhozl? L owiw,

where h, denotes the channel gain between SBS and UE,. At
the same time, UE; sends the superimposed signal x; + x; to
SBS, where x; is the message signal of UE;, E{|x;|*} = P,,
and x, denotes the UE, message signal, E{|x}|?} = P,, relayed
by UE;. UE]; utilizes its primary power which is denoted by
P and the harvested power for decoding and transmission.
Hence, the received signal at the SBS receiver side in the second
time slot can be expressed as:

Vesz2 = hio(xy + x3) + nps, ®)
where h, is the channel gain between UE; and SBS, and ngs,
denotes the received Gaussian noise of SBS with variance N,
and zero-mean. Since the SBS combines the received signals of
phase 1 and phase 2, and the conjugates of h,, and h,,, by
using the maximum ratio combining (MRC) method [51], it is
possible to write the received signal at the SBS side as:

hio h3o
(6)
y = I |}’Bsz I |J’Bs1

At the SBS receiver side, SIC is applied for detecting the
messages [52]. According to NOMA in the uplink mode, the
SBS first decodes the highest channel gain users’ messages;
thus, the highest channel gain user receives interference from
the other users [52]. Then, the lowest channel gain user enjoys
no interference.

Therefore, signal to interference plus noise ratios (SINRs) for
x; and x, are calculated based on the highest channel gain of
users as follows:

1) When the sum of UE, signals is the strongest, i.e.,

|hiol?x5 + [Raol?xy > [hyiol*xy
In this case the signal of UE, is the strongest, hence the SINR
of x, (yyg,) and the SINR of x; (yyg, ) are respectively
formulated as:
|hyol2P; + Ryl P,

= 7
YU = " h hyol? + N, @

_P1|h10|2

(®)

2) When the UE, signal is the strongest, i.e.,
lhiol?x3 + [haol?x2 < [Rygl?x
In this case, the SINR of x; (yyg,) and the SINR of x; (yyg,)
are obtained respectively as:

Py |hyo?

= 9
Yue, [hiol?P; + |hyol?P, + Ny ©

|h1ol?Py + [hyol*P,
Yue, = N
0

(10)

The achievable data rate of each user at the SBS for UE;
(Rscu )and UE, (Rscu ) can be calculated as

Ryg, = Elogz(l + yUEl) an

Rus, = 51082(1 + o) (12)
and the overall EE can be expressed as

EE = Ryg, + Ryg, (13)

Py + P, + P, + Py
where P,;. denotes the circuit power consumption [30, 53]
which is assumed the same for both UE; and UE,.
C. Channel model
In this paper, we introduce a new cooperative mmWave-
NOMA uplink transmission scheme for SCUs where each SBS
is equipped with M antennas and each user has single antenna.
Moreover, as explained before, each SBS supports two groups
of users as {4;} and {Bj}. SCUs and the SBS communicate

through mmWave channel, which contains a line-of-sight
(LOS) path and several non-line-of—sight (NLOS) paths as:

hye _\/—.BkL ( ko) \/— ,BkNLa(ekl)

(14)
/1+d"‘L /1+d“NL
a(®) = \/—M[Le-ﬁw,...,e-f”(M-UG]T (15)

where M is the number of transmit antennas of SBS, d, is the
distance between the SBS and the k-th SCU, B, and Sy n1.
denote the complex gains for LOS and NLOS paths,
respectively, 8, ; represents normalized direction of each path,
a; and ay; indicate the path loss exponents for the LOS and
NLOS paths, respectively, and L shows the number of multi-
paths [25]. Since LOS path is dominant [25], mmWave channel
can be modelled as

m ﬁka(gk)

/1+d,fL

As discussed in [25], to reduce system overhead, random
beamforming is considered in SBS. The beam is described as:

Q=a) an
where v is a random variable uniformly distributed in the range
[—1 1]. Similar to [22], the effective channel gain of the k-th
SCU is formulated as:

fue = (16)
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where Fy, () denotes the Fejér kernel defined as:

sin? (ﬂM (vz— 9k))

M sin? (”(’7 2_ ek)) '

III. PROPOSED EE METHOD

(18)

Fy(v —6;)

Fy(v —6,) =

In this paper, we investigate the joint user grouping and
power allocation problem in cooperative mmWave NOMA
systems. The power allocated to the users are denoted as P =
{P;, P;, P;*} and the grouped users are denoted as U = {UE,,
UE,}. The main objective is to maximize the EE of system
subject to the constraints on the minimum data rate of each user
and total power as follows:

(U*,P*) = argmax EE
U,P
subjectto Ryg, = Rijg,
Ryg, = Ri'g,
0<P +P, <P
0<P, <P

(19)

where U” denotes the optimum user grouping scheme and P*
contains the optimum power of UE; and the optimum powers

. . . . mlTL
of UE; in direct and cooperative modes, respectively. Ryg" and

Ri%, represent the minimum required data rate constraints of

UE; and UE, , respectively, and P{*** is the maximum
transmitted power of UE; evaluated as P{"%* = Ps + Pjp" —

P;, where PJ¥" is the primary power of UE;, Pg, is the
harvested power during the direct transmission phase and P,

denotes the considered constant power for the decoding.

Finally, PJ*** is the maximum transmitted power of UE,
evaluated as PJ"™ = Pg + Pj¥" . Similarly, PJi" is the

primary power of UE,, and Pg, shows the harvested power
during the cooperative transmission phase.

Since the EE in (13) is non-convex [54], the maximization
problem in (19) will be NP-hard and non-convex. Hence, for
more simplicity, the problem can be decoupled into two
independent sub-problems of user grouping and power
allocation, which are explained in the following.

A. User Grouping Scheme

As shown in Fig. 1, the SBS generates randomly a
beamforming vector. Only uniformly distributed users that fall
into the angle 2A will be scheduled to ensure the maximal angle

difference A between selected users and their associated beam.
Thus, it is not required to know all the nodes, while only those
falling in the specified angle. This significantly reduces the
system overhead in an ultra-dense network. Moreover, since the
mmWave transmission is highly directional, in the proposed
NOMA grouping algorithm, we avoid scheduling those users
who may have low signal strength, which enhances the
implementation of WPT, reduces the search between all users
and, thus, reduces system overhead.

The optimal user grouping scheme, when implemented for
NOMA uplink, can be seen as a discrete problem, and solved
by searching over all existing pairs of users. Therefore, to
reduce the computational complexity we propose intuitive
algorithms for user grouping which are described in the
following:

1) Weakest far user with optimum near user (WFON): the

user with the lowest channel gain among the far users
{Bj} is selected to provide high channel gain difference
between paired users, which is desired for NOMA
implementation and reduces the number of iterations to
search over the far users. Then, for each pair of near
users and selected far user, the optimal transmit powers
are calculated based on Algorithm 2 and their EEs are
obtained according to (13). Then, to select a near user
among {A4;}, the user that provides the maximum EE will
be selected as the second node for uplink NOMA
implementation. This scheme is described in more
details in Algorithm 1.

2) Weakest far user with sub-optimum near user (WFSN):
similar to the previous case, first the user with the lowest
channel gain among the far users {Bj} is selected. Then,
for further reducing the complexity, a user grouping
solution based on the fixed power allocation is proposed.
With the observation of the NOMA principle that the
power allocation of far users should be more than near
users [6, 55], the power of users is assumed as P; =
P, = P["** /4 and P, = PJ"**, respectively. Then, the
EEs for each pair of near users and selected far user are
obtained according to (13). Finally, to select a near user
among {A4;}, the user that provides the maximum EE will
be selected as the second node for uplink NOMA
implementation. The pseudo-code of this algorithm is
similar to Algorithm 1, excluding the EE calculation
step.

Algorithm 1. The user grouping scheme

Input: Number of users in D, as L and in Dg as K
Channel gains: |h;|? for k = 1,2,...,K
Output: Optimum users as [*, k*
1. Select optimum user in {B,-}
Calculate / = [|h]%, 15,13, |71
[~,order] = (sort(h), 'ascend”)
k* = order(1);

2. Select optimum user in in angle of 2A
Calculate EE = [EEY, EE?*', .. EELX']
[:, order] = max(EE)

I* = order
3. Return ["and k".

B. Proposed Power Allocation Method

We propose a method exploiting the BA approach for solving
the EE problem. The BA is a meta-heuristic algorithm, inspired



by the echolocation properties of bats. The advantage of BA
over the existing optimization algorithms is its flexibility,
simplicity, and low programming effort [56]. Other meta-
heuristic algorithms such as particle swarm optimization (PSO)
and harmony search (HS), can be considered as a simplified
version of BA where BA performs better than other methods in
finding the optimal solution [57].

The EE optimization problem in (19) is a constrained
optimization problem. To implement BA, we introduce a
penalization function. The goal is to transform the constrained
problem (19) into an unconstrained problem. Note that, in the
proposed EE optimization problem, the third and fourth terms
are constraints on the powers, considered as the positions of the
bats in Algorithm 2. In the updating stage of BA, the generated
position is ensured by the boundaries of the optimization
parameters which are mentioned in the third and fourth
constraint of (19). If the generated position exceeds the
boundaries, it would be limited to the boundary value.
Therefore, the problem is transformed into a maximization
problem as follows:

f(x) =EE —§ - Res(x) (20)

where § denotes the penalizing factor, and the penalty function
is defined as:

Res(x) = min{0, Ry}, (x) — R#

+min{0, Ry%, (x) — Ry

2

2 21

The pseudo code of a generic optimization problem
implemented trough the BA is given in Algorithm 2.

Algorithm 2. Generic implementation of the BA

1.  Objective function f(x), x = (xq,...,%4)7

2. Initialize the bat population x; (i = 1,2,...,n) and v;

3 Define pulse frequency S; at x;

4. Initialize pulse rates r; and the loudness L;
5. while (t < Max number of iterations)
6
7
8

Generate new solutions by adjusting frequency,
Updating velocities and locations /solutions
. if (rand > r;)
9. Select a solution among the best solutions

10. Generate a local solution around the selected best solution
11. end if

12. Generate a new solution by flying randomly

13, if(rand < L; & f(x;) < f(x.))

14. Accept the new solutions

15. Increase r; and reduce L;

16. end if

17. Rank the bats and find the current best x,
18. end while
19. Post process results and visualization

The main steps for EE optimization based on BA are

explained as follow:

e The three parameters in the optimization problem, P;,
P, and P;, are considered as the positions of the bats,
i.e., x in Algorithm 1.

e The boundaries of optimization parameters are P/"**
and PJ*** as described in (19) which are affected by the
harvested energy from mmWave WPT.

e  The number of solutions in the search space is described
by the population size b, which is set to 40.

e  The generation size (G) corresponds to the number of
iterations in the BA, allowing to find the best result.
Here we set G to 20 [58].

o The frequency (Sp x+1) of current bat (b) at time step
k + 1, is updated as

Sb,k+1 = Smin + (Smax - Smin)f (22)
where £ is a random variable uniformly distributed in
the range [0,1], and S,,;; and S,,,, represent the
minimum and maximum values of frequency for the
current bat (b), which are set to 0 and 1, respectively.

e The velocity (Vp x4+1) of current bat at time step k + 1 is
updated with the following rule

Vo1 = Vo + (o = X")Sp k41 (23)
where V}, ;. is the velocity of current bat at time step k,
Xp, is the position of current bat at time step k, and
x* defines the best global solution.

®  Xxp 41 defines the position of current bat at the time
step k + 1 and is formulated as

(24

e Local solution is defined around the best solution as

Xnew = Xoia + §Lxk (25)
where ¢ randomly lies in the range [—1,1], and
L denotes the average loudness of bats at the time step
k.

e As the bat approaches the target, the loudness (Lj y+1)
and pulse rate (7, x4+1) are respectively updated as:

(26)

Tok+1 = Tpo(l —e (27)
where o and o are constant values which are set to a =
o = 0.9 [57]. Initial loudness (Lp,) and initial pulse
rate (1p,9) are selected randomly between [1, 2] and [0,
1], respectively [59].
e The best solution (x*) is updated.

Xpk+1 = Xpg T Vb i+1

Lpyxsr = alpy

—ak)

IV. THEORETICAL ANALYSIS

In this section, we derive the exact analytical expressions for
the energy outage probability of the WPT and the outage
probability of two users to show the efficiency of mmWave
WPT and the proposed NOMA cooperative method. These
metrics are discussed in detail in the following.

A. Energy outage probability
We consider the non-linear model in [16] for the energy
harvesting. Following (3) and (4), the amount of harvested
energy by each user can be written as
}_)H . (eW1Ps|hi|2 — 1)
erPslhi|2 + eWiW2

= (28)
where i € {1,2} is the user ID. In practical situations, the
amount of harvested energy from the SBS has to be higher than
a predefined threshold that we denote as e,;,. Therefore, in the
following it is possible to refer to the energy outage probability
of UE; and UE, as the probability that the users’ harvested



energy is lower than e,,. Mathematically, the energy outage
probabilities of UE; and UE, can be written as P(E;, < e,)
and P(E,, < e.p), respectively. The energy outage probability
of UE] is related to the link between users and SBS. Hence, as
described in (18), the probability density function of the
effective channel gain for the mmWave link can be written as:

(1+d )
M FM(U kek)
Fu— 60

f|h¥Q|(x) (29)

and the energy outage probability of UE, is formulated as [60]:

()

I In \ e”l /
T Py
Pgg, = P| |ho1|* <
UE; |Rox W, P
/1+ t_h EWIWZ\ (30)
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e
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For the special case when e,;, — 0, (30) can be approximated as:
oth
wiwy
. 1+ TP, e
1" 31)
pe o TP, (1 +dg,)
Uk wy Pg Fy(v — 91}51)

that is obtained by considering e™” = 1 — y for y — 0 [60].
Noting that, |v - 9U51| < A, for A — 0 the Fejér kernel can be
approximated as [60]:

TL'ZMZ(V - euE1)2> (32)

FM(V_HUEl)zM<1_ 12

Moreover, by using (1 —x)™! = (1 + x) for x - 0, (31) is
approximated as [60]:

th
1 - wiwz
l + T. P, e
n ) oth
TPy (33)
Py, = 1
VEL Mw, Ps
w*M?*(v — Oyg,)

) 1k s

Using similar steps, the energy outage probability of UE, is
obtained as:

eth
ln<1+T'F_’He 1 2\
eth
g ) ()
Pl?E =1 Mw;Pg FM(V_BUEZ)
g th
1 — eW1W2
l + TP, e
n ) oth (34)
~ TPy )
Mw, P
ZMZ(U_GUEZ ) (1
12
+dfg,)

Therefore, the energy outage probability of users is small for
small distances between the users and SBS. Moreover, for small
values of |v — Oyg, |, the energy outage probability decreases
by increasing the number of transmit antennas M.

B. Outage probability

The outage probability of users in NOMA-based SBS
occurs when the BS cannot decode the signals of UE; and UE,
successfully. Thus, to have successful decoding of signals, the
target data rates for UE; and UE, are defined as R; and R,
respectively, which lead to &; = 2%f1 — 1 and ¢, = 22Fz — 1,
Thus, the outage probabilities of UE; and UE, for the two cases
in the NOMA system are formulated in the following.

1) When the sum of UE, signals is the strongest, i.e.,

|Riol?xy + [Rool?xz > |yl

The outage probability of UE, (PgEZ) in this case can be
expressed as [61]:

Plg, = 1= Plyys, > &) (35)
then the outage probability of UE; (Pf,’El) is also obtained
as [61]:

Pig, = 1= P(Yug, > &1.Yus, > €2) (36)
a) Outage Probability of UE,

The outage probability of UE, is related to the link between
users and SBS. Hence, by using (18), the outage probability of
UE, can be written as (37).

b) Outage Probability of UE;
Exploiting (36),
formulated as in (38)

2) When UE; signal is the strongest, i.e., |hyo|?x5 +
|Rao|?x; < |Ryol®xy:

The outage probability of UE; (PgEl) in this case can be
obtained as [61]:

PI(])El =1—-P(Yyg, > €1) (39)
The outage probability of UE, (P, £,) 18 then expressed as [61]:
Pgg, =1 —=P(Yyg, > €1, Yur, > €) (40)

the outage probability of UE; can be

a) Outage Probability of UE,
The outage probability of UE; can be calculated in a similar
way considering (7), as shown in (41).
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b) Outage Probability of UE,

Similarly, the outage probability of UE, is formulated as
. Nogz=|hz|?Py &1]haol?Pa+Noey
in (42) where nyg, = max{ P T }
Although (42) involves an infinite integral, it can be solved
using computational software such as “Mathematica”.

By comparing the outage probability of UE; and UE, in the
two cases, it can be seen how the transmitted signal in
cooperative phase impacts the outage probabilities of UE; and
UE,. In the first case, the outage probability of UE, exceeds
that of UE;. In the second case, by comparing the integration
intervals, it can be observed that the outage probability of UE;

is greater or at least equal to UE,.

C. Diversity Order Analysis

Here, to gain deeper insights for cooperative network, based
on the derived outage probabilities at high SNR regimes the
diversity order of the proposed approach is obtained:

lOg(PlLJ)Ei )

(43)
log(p)

di = — lim
p—-©

Pr_Pr_ Po
No Ny 2N
probability of users, with i=1,2. Considering (43) and the
analytical results in (37)-(42), the diversity order of UE; and
UE, for the two cases with e =1—1y for y - 0, are
formulated as follows.
1) When the sum of UE, signals is the strongest, i.e.,
|R1o|%x5 + |hgol?x, > [hyg|?x;.

After mathematical simplifications, (37) and (38) can be
formulated as (44) and (45). Then, for p — o0 and €,,&; =1
the diversity orders of UE, and UE; can be defined as:

dy=1,d,=1

where p = , and PgEi denotes the outage

(46)

Proof: By using (44) and (45) and substituting them into (43)
and ignoring the higher order of p in the high SNR regime, the
diversity orders equal to one can be obtained straightforwardly.
This completes the proof.

Remark 1. Note that, differently from the conclusions that the
diversity orders of uplink NOMA systems are zero due to
impact of residual interference [62-65], the diversity order of
the proposed cooperative network is 1. This is due to the fact
that cooperation enhances the received signal of the far user and
enhances the diversity.

2) When UE, signal is the strongest, i.e., |hyo|%x5 +
|hool?x, < [hyiol®xy:

Similar to the previous case, (41) is formulated as (46). Then,
for p - o and ¢,,&, =1, the diversity order of UE; is
obtained as follow:

dy =0
In addition, by considering:
Nogz—|hz|*P; €1|h20|2P2+N0€1} — £1lha0l2P2+Noey
P, " (P—&1Py) (P1—£1P;)
since P, — &, P, goes to zero, the outage probability of UE, and
UE; is the same. Hence, diversity order of UE, is zero too.

Proof: By using (47) and substituting it into (43), the
diversity orders equal to zero can be obtained straightforwardly.
This completes the proof.

Remark 2. Let us note that the difference between this case
and previous case is the decoding order. In this case, the signal
of UE; is decoded first, leading to suffer from the interference
from UE,. This means that the increased power of the desired
signal UE] is offset by interference signals of the cooperation
phase since this signal also gets larger. Therefore, the diversity
order of zero for the users can be solved by considering the
power allocation of users based on the desired decoding order
of users in the BS.

(48)

max {

5
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V. PERFORMANCE EVALUATION can observe the following facts: i) analytical results of (30)

In this section, the efficiency of the proposed cooperative
NOMA-mmWave with WPT approach is demonstrated through
simulation results. To highlight the accuracy of the analytical
expressions obtained in the previous section, simulation results
are presented in the Sections V.A and V.B. In Section V.C, the
impact of different grouping schemes on the SE and EE of the
proposed system is explored. In Section V.D, the performance
of the proposed system is compared with different methods.
Finally, the effectiveness of BA is explored in Section V.E. The
system parameters for the sake of readability are summarized
in Table I [16].

TABLE I SIMULATIONS PARAMETERS

PARAMETER VALUE
Radius Rg, 10 m
Radius R, 20 m
Radius Rg, 30 m
Maximum transmitted power of SBS(P,) 20 dBm
pyyn 0 dBm
Noise power -174 dBm/Hz
Py 0.024 mW
w;y 1500
w, 0.0022

A. Energy outage probability of SCUs

Fig. 3 demonstrates the energy outage probabilities of near
and far SCUs versus the energy threshold (e;,) where Sim
denotes simulation and Ana denotes analytical expressions. We

and (31) match the simulation results well; ii) as expected,
energy outage probability of users increases by increasing the
energy threshold (e;;,); iii) for low values of e, analytical
approximations are very tight; iv) energy outage probabilities
of far users are more than those of near users.
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Fig. 3 Energy outage probabilities of SCU versus energy threshold

(ew)-

Fig. 4 shows energy outage probabilities of far and near
SCUs versus different number of transmit antennas for different
transmit powers. As expected, higher transmit power leads to
lower energy outage probability. Moreover, increasing the
number of transmit antennas results in lower energy outage
probability, since transmission link between SCU and SBS is
improved by providing higher directive gain.
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Fig. 4. Outage probabilities of SCUs versus number of base antennas (M) for
different transmit powers (Ps) .

B. Outage probability of SCU

In Fig. 5, the results of Monte Carlo simulation and analytical
expressions for the outage probability of SCUs with €; = 5 bits
per channel use (BPCU), ¢, =5 BPCU and P, =P, =P,/
2 are presented where we set the signal to noise ratio (SNR) as

SNR=2t=22-"2 Tpe outage probabilities of near and far
Ng No 2Ng

SCUs evaluated in Section IV for different SNRs show that
analytical expressions match the simulation results well and the
outage probabilities of near and far SCUs decrease as the SNR
increases. Moreover, it is possible to observe that the outage
probability of far user is lower than that of the near user, which

shows the impact of proposed cooperative communication on
far user.
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Fig. 5 Outage probabilities of SCU versus SNR for near and far SCUs.

In Fig. 6, the outage probabilities of near and far SCUs versus
target data rate for different SNRs are shown. For the outage
probability of near user, &, is set to 0.5 BPCU and P, = P, =
P, /2. As shown in Fig. 6(a), the outage probability of near user
decreases by increasing SNR. Moreover, the lower target data
rate, the lower is the outage probability as expected. In Fig. 6(b)
instead, &; is set to 0.75 BPCU and P, = P, = P,/10. Also, far
user acts in the same way by increasing target data rate and SNR.
Analytical and simulation results match very well in all figures.
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Fig. 6. Outage probability of near SCU versus data rate (¢;) and far SCU vs.
data rate (&,) for different transmit SNRs.
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C. Performance evaluation of different grouping schemes

In Fig. 7 and Fig. 8, the performance of cooperative
mmWave-NOMA network with WPT for different grouping
schemes is shown. We compare the proposed user grouping
schemes with three reference user grouping schemes: i) random
near random far (RNRF), in which both near and far users are
randomly chosen from {4;} and {Bj}, respectively; ii) nearest
near nearest far (NNNF), in which the nearest near user and the
nearest far user are chosen from {4;} and {Bj}, respectively;
and iii) nearest near furthest far (NNFF), in which the nearest
near user and the farthest far user are chosen from {4;} and
{B;}. respectively [25]. In the RNRF, NNFF, and NNNF
grouping methods, BA is employed for power allocation. As
shown, the best grouping schemes in terms of SE for high SNR
values are WFOF and WFSN, while for lower values their
performance are near to the NNFF. Since, in the NNFF, the
nearest near user is selected, and this user has the highest SE,
with a very high probability this user is the one with the highest
EE. Thus, it is the one selected in the proposed schemes.
Moreover, among the compared schemes, the best grouping
scheme for low SNRs is NNFF, since the nearest user from the
near users group, with the farthest user from far users, result in
high channel gain difference and achieving the best
performance. For high SNRs, the performance of NNFF is very
close to the NNNF where the nearest near user groups with the
nearest far user. The reason is that in high SNRs, the effect of
near user on the whole EE of system is more significant, and in
both grouping methods the same near user is selected. The same
result holds for the cumulative distribution function (CDF) of
EE for different grouping schemes, as shown in Fig. 8. Finally,
the proposed schemes are by far the best grouping schemes in
terms of EE. Also, it has been shown that the sub-optimal user
grouping (WFSN) achieved near optimal results with lower
complexity.
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Fig. 7. CDF of SE for different grouping schemes.
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Fig. 8. CDF of EE for different grouping schemes.

D. Performance comparison

In order to illustrate the efficiency of the proposed system,
we compare the performance in terms of SE and EE with other
benchmarks solutions:

o  WPT without cooperation (WWC): The time
switching method is used to harvest energy. In this
approach, in the first time slot the energy is harvested
by the users from the BS and in the second time slot
both users send their signals by conventional NOMA
uplink method [47].

e Without WPT: In this approach only primary powers
of near and far users are utilized for sending the
superimpose messages of UE; and UE,, and both
direct and cooperative phases are employed.

e F-WPT: In this method, only far users harvest energy
from BS and near users utilize primary powers for
sending the superimpose message of UE;. Both direct
and cooperative phases are employed in this approach.

e N-WPT: In this scheme, energy harvesting mechanism
is considered only for near users and both cooperative
and direct phases are used for data transmission.

e Asynchronous transmission (AT): In this approach the
users start harvesting energy at the same time, while
information signals to the SBS is supposed to be
transmitted at different time instants. The advantage
of this approach is that the user with the best channel
condition, which needs lower power level to transmit
data, will be active first to send data to the SBS.
Conversely, the far user with weak channel gain will
harvest energy over a longer time interval and then
use the rest of the duration to transfer information
uplink [66].

In Fig. 9, the impact of WPT and cooperation on the CDFs
of SE and EE is depicted. In all methods, NNFF is selected for
user grouping and BA is used for power allocation of users. As
shown in Fig. 9(a), the proposed approach with cooperation and
WPT outperforms other methods. Without WPT denotes the
condition that only the primary powers of users are utilized for
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data transmission, leading to degradation of the performance of
cooperation because the near user acts as relay and less power
is utilized for sending whole messages. WWC is less spectral
efficient, because time switching method is used for WPT
where the data and energy are transmitted orthogonally. In
addition, in WWC, the signal is transmitted without cooperation
which degrades the performance of system. WWC has almost
similar performance than AT since in both there is not any
cooperation. However, for lower SE values, WWC outperform
AT, since in AT a higher amount of time is consumed for the
energy harvesting of the far user than WWC, and less time
remains for data transmission, leading to a lower SE. For higher
SE values, AT outperforms WWC, since the SE of near user is
more sensible and in AT more time is consumed for data
transmission of near user than the WWC, leading to higher SE.
As depicted in Fig. 9(b), the CDF of EE of the proposed method
outperforms WWC, without WPT and AT methods remarkably,
confirming that deploying a cooperative network with WPT is
efficient in mmWave-NOMA systems. Also, to confirm the
importance of WPT on near and far users, Fig. 10 compares the
CDFs of EEs of the proposed F-WPT and N-WPT methods. We
observe that WPT on near user is more efficient than far user.
This is due to the fact that near user plays the relay role and
requires more power in comparison with the far user.
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Fig. 9. CDF of (a) SE and (b) EE for different methods.
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Fig. 10. CDF of EE for different methods.

In Fig. 11, the tradeoff between the EE and target data rates
of UE; and UE, is depicted. As shown, the EE in the proposed
and without WPT methods remain fixed until a certain target
data rate and then drops. However, in the proposed method the
EE drops at a higher data rate than the without WPT method.
This is due to the fact that by increasing the target data rate of
UE;, more power is required for transmitting the message of
UE;, hence, the remaining power for cooperative transmission
of UE, decreases. This drop occurs earlier for without WPT
method because of the lower power budget. Moreover, the
reduction of EE occurs at a lower data rate in WWC and AT
methods, since in these methods there is no cooperation
between the users, and increasing the power of one user has no
impact on the others; thus, the imbalance between the target
data rate and power consumption leads to the rapid reduction in

the EE of system.
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2
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Data rate UE2 (BPCU) 0 Data rate UE1(BPCU)

Fig. 11. EE of different systems versus R’Ungf and R{}ﬁ?.

E. Performance evaluation of BA
We demonstrate the effectiveness of BA in finding the
optimum value of power in EE maximization problem, where
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users are grouped based on the NNFF scheme. In addition, the
population size is a critical parameter in the BA. The lower
population size may cause lack of diversity, and a higher
population size may lead to slow convergence [67]. Then, we
present the BA performance with different values of b and
compare the proposed BA solution with two other benchmarks
as below:

e Exhaustive search: the optimum value of EE
maximization problem is found by searching over all
possible values of powers.

e Equal power: power allocation is performed equally as
P, =P, =P,.

As shown in Fig. 12, the proposed BA-based approach with
b=40 and exhaustive search methods are close allowing BA to
reach the optimal value, and both outperform equal power
allocation remarkably. Furthermore, in Fig. 13, the convergence
speed of the proposed EE optimization problem with BA is
depicted, where the normalized EE is achieved by min-max
normalization. It is shown that BA converges after 25 iterations.
More analysis for convergence of BA was done in [68], where
the authors proposed a Markov model for the algorithm and
proved that the state sequence of the bat population forms a
finite homogeneous Markov chain, satisfying the global
convergence criteria.

1
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0.8+
- - ~BAT, b=30 il

BAT, b=40 i
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CDF
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Fig. 12. CDF of EE for different power allocation methods.

1000

1200

1.2

o
®

Normalized avrage EE
<) o
N o

o
)
T

0 10 20 30 40 50
Number of iterations

Fig. 13. Convergence speed of proposed EE optimization problem.

F. Computational complexity of proposed power allocation
and user grouping methods

The computational complexity of the proposed power
allocation method is obtained by considering different steps of
BA as

1. In the initialization of different parameters of BA, the
time complexity is of the order O(2bD+5b), where D
denotes the number of optimization parameters which
is three and b shows the population size.

2. Evaluation of fitness values has the complexity of
O(bD).

3. Updating different parameters has the time complexity
of O(Gb), where G denotes the generation size.

By neglecting the complexity of other simple steps, the
approximated computational complexity of the proposed
algorithm is of O(Gb). It has to be noticed that the WFON has
a complexity of O(KL). Thus, the overall complexity of user
grouping and power allocation is O(GbxKL). Moreover, for
further reducing the computational complexity, WFSN is
proposed where the user grouping is done based on the fixed
power allocation. Hence, by neglecting the computational
complexity of user grouping, the overall complexity is of O(GD).
This complexity is lower than some of the well-known
algorithms in the literature such as the grid search algorithm
[69], where user grouping and power allocation has a
complexity of O((K+L)X*DxNp&*L) and Np is the number of
possible transmit power values of users. while as shown before,
it has approximately the same performance as the proposed
method.

VI. CONCLUSIONS

In this paper, we introduced a new cooperative NOMA with
WPT protocol for uplink in mmWave network in order to
maximize SE and EE of system. The formulated EE
optimization problem was solved by decoupling the original
problem in two sub-problems, where user grouping and power
allocation problems were optimized independently. An iterative
algorithm is proposed for user grouping. Transmit powers are
allocated by using the BA and its efficiency was investigated
through simulation results. In addition, closed form expressions
for energy outage probability, outage probabilities and diversity
order of users were derived which validate simulation results.
We compared the proposed scheme with time switching-based
method as WWC, without WPT and AT scenarios. We obtained
the impact of user grouping on the SE and EE of the proposed
system. The results demonstrate that EE performance achieved
with the proposed user grouping scheme is better than the other
methods. Moreover, it was shown that the energy harvesting at
user side improves the EE of network. In addition, the
efficiency of WPT on the near and far users were explored, and
it was shown that the WPT on near user, that plays the relay
role, is more efficient. Therefore, it is worthy to consider the
joint optimization of user grouping and energy harvesting for
WPT-based NOMA networks as the future work.
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