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1 | INTRODUCTION

1.1 | Fundamentals

Khuong Ho-Van'?

Abstract

This paper demonstrates improved throughput and energy efficiency of wire-
less communications by exploiting nonorthogonal multiple access (NOMA),
multiple input-multiple output (MIMO), and radio frequency energy harvest-
ing (EH) technologies. To assess the performance of NOMA MIMO communi-
cations with EH (MMe), we consider the nonlinear characteristics of EH
devices and propose explicit expressions for throughput and outage probabil-
ity. Based on our results, the system performance is significantly mitigated by
EH nonlinearity and is considerably improved by increasing the number of
antennas. Additionally, by appropriately adjusting the system parameters, our
NOMA MMe innovation can avert complete outages while optimizing system
performance. Moreover, the results demonstrate the superiority of the NOMA
MMe over its orthogonal multiple access MMe counterparts.

KEYWORDS
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their distinct transmit power levels within the same fre-
quency band. Notably, sequential decoding in combina-
tion with interference cancelation can be carried out to
ensure low outage probabilities (OPs). To improve energy

Modern 5G/6G wireless networks must provide diversi-
fied communication services for a large number of users
while ensuring service quality [1, 2]. Nevertheless, cur-
rent spectrum shortages and energy-saving policies pose
critical challenges to the design of such networks. There-
fore, additional throughput and energy efficiency coun-
termeasures are needed.

A promising method is nonorthogonal multiple
access (NOMA) [3, 4] as it attains high throughput due to
the overlapping transmissions of different users based on

efficiency, NOMA users can harvest radio frequency
energy inherently available in the environment, such as
from high-power television and radio broadcast facilities.
Notably, 5G/6G users are already equipped with afford-
able energy harvesting (EH) circuits [5, 6]. Interestingly,
the literature has focused only on the linear EH (IEH)
characteristics needed to analyze basic system perfor-
mance [7-12]. However, EH circuits comprise non-linear
components, such as capacitors, diodes, and inductors.
Thus, to more precisely and realistically measure system
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performance, non-lIEH (nlEH) characteristics must be
modeled. Thus far, several nlEH models have been pro-
posed, including [13-19].

Our NOMA multiple input-multiple output (MIMO)
communications with harvested energy (nOMMe) is
shown in Figure 1. It enables a source (S) to broadcast a
NOMA signal to far (D1) and near (D2) destinations. To
self-power its transmissions, S must harvest energy from
a power beacon (B). In addition to the throughput
improvements provided by NOMA, nOMMe benefits
from high throughput and energy efficiency via multiple
antenna deployments for all users. Notably, the multiple
antennas at Sites B and S help S harvest energy more effi-
ciently and stably, which improves overall EH efficiency.
Furthermore, multiple antennas offer more throughput
options based on the antenna array processing (AAP) at
the D2 site. Specifically, with multiple antennas, Site S
can simultaneously transmit multiple data streams on
multiple antennas to D1 and D2 to increase the data rate.
Furthermore, D1 and D2 destinations can implement
AAP methods, such as zero-forcing (ZF) detection, to
reduce the OP [20]. As such, NOMA communications
with the harvested energy for all multi-antenna users in
Figure 1 is expected to achieve high energy efficiency and
system throughput (TP). Nevertheless, the TP and OP of
the nOMMe under nlEH have not been analyzed to verify
whether it provides these advantages. Hence, this study is
the first to do so.

1.2 | Existing works

The authors of [17] investigated uplink NOMA commu-
nications with EH (nOe), where various NOMA sources
transmitting information to the same destination require
two phases to complete the EH and information trans-
mission (IT), as illustrated in Figure 1. Site B supplies
energy to NOMA sources through wireless power

1

(d), Hy) ku
N
1
1 (do, Ho) D1
/ N (dy, Hy) Destination 1
ku Ny S
B Source :
Beacon k}\‘%
D2
EH: Energy harvesting
IT: Information transmission Destination 2
Energy harvesting NOMA downlink
) EH phase: vL - IT phase: (1 -v)L ’
FIGURE 1 Proposed NOMA MIMO communications with

harvested energy.

transfers during EH. During the IT phase, all NOMA
users broadcast their information to the same destina-
tion. The authors of [17] optimized the EH duration by
considering nlEH, but their average secrecy OP formula
was not explicitly explained. The authors of [21] studied
the special scenario of [17] using two NOMA sources.
Subsequently, [21] proposed a user grouping scheme to
maximize the energy efficiency of nlEH, providing a good
OP approximate analysis.

Downlink nOe was investigated in [22-24], where S
site broadcasts NOMA signals to D1 and D2 destinations.
Then, [25] extended the works of [22-24] to include
many destinations. The researchers of [22-25] provided
approximate analyses of the OP and TP, and [25] maxi-
mized the sum rates. Although site S harvests wireless
energy using single [22, 23] or multiple antennas [25], its
processes are based on 1EH, which is unrealistic in real-
world applications. Moreover, D2 site scavenges wireless
energy from S site using single antennas with nlEH [24];
nevertheless, the scavenged energy is unclear for what
purpose. By exploiting feedback messages, [24] recom-
mended three communication mechanisms.

A downlink nOe with D1 and D2 destinations was
later studied, in which a transmission to D1 was aided by
a relay designed by [26-28]. The D2 case was also consid-
ered [29-33], which scavenges energy from a NOMA
source. The authors of [28] and [29] considered a nlEH
method at a relay and presented an approximate analysis
of the OP. Meanwhile, [26] maximized the sum rate for
the 1EH case, and [31] and [32] optimized a D2 site’s data
speed and both the entire transmission power and energy
efficiency for the nlEH case, respectively. Extending the
study in [28] to the context of multiple relays, [34]
and [35] proposed a relay selection to aid NOMA commu-
nications from Site S to D1 and D2 destinations. Further-
more, [36] extended the work of [28] to include two relays
that exchange roles to support D1. The authors of [36]
later presented a throughput analysis, but it lacked the
specificity needed for major improvements. In contrast, to
utilize multiple relays [34, 35], [37] considered the case of
multiple D2 destinations in which only one is selected to
support the D1 destination. The authors of [38] and [39]
extended the work of [28] to include multiple destina-
tions. However, [27, 30, 33-39] analyzed the system per-
formance for the IEH case. As an alternative relaying
method, an intelligent reflecting surface was used as a
relay to forward data from Site S to D1 and D2 [40-42].
The sum rate of the nlEH was optimized in [40] and that
of IEH was optimized in [41, 42]. However, no perfor-
mance analysis was mentioned in [26, 31, 32, 40-42].

In summary, [17, 21-38, 41, 42] studied trivial system
models with single-antenna NOMA users to exploit APP
methods for performance enhancements. However,
only [39] considered all multiple antenna users.
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TABLE 1 Literature review.

All multiantenna nlEH

Reference users? consideration?
[17] No Yes
[21] No Yes
[22] No No
[23] No No
[24] No Yes
[25] No No
[26] No No
[27] No No
[28] No Yes
[29] No Yes
[30] No No
[31] No Yes
[32] No Yes
[33] No No
[34] No No
[35] No No
[36] No No
[37] No No
[38] No No
[39] Yes No
[40] No Yes
[41] No No
[42] No No
Our work Yes Yes

Consequently, the literature does not present OP and TP
analyses for the system model shown in Figure 1, which
leverages nlEH and all multiantenna users so that more
energy may be harvested at Site S. Theoretically, data can
be transmitted at a higher rate at Site S by exploiting the
multiplexing gain of the antenna array, and a better
throughput can be achieved at D1 and D2 destinations by
applying APP methods. In this study, we analyze the OP
and TP of this system model for the first time, which
provides rapid rating and optimization of TP and OP for
realistic implementations. Table 1 summarizes the differ-
ences between our study and the related ones.

1.3 | Contributions

The contributions of this study are as follows:

« We propose the nOMMe in Figure 1, in which all
users (B, S, D1, and D2) employ multiple antennas to

Performance analysis Downlink NOMA
in closed-form? communications?
No No
Yes No
Yes Yes
Yes Yes
Yes Yes
Yes Yes
No Yes
Yes Yes
Yes Yes
Yes Yes
Yes Yes
No Yes
No Yes
Yes Yes
Yes Yes
Yes Yes
No Yes
Yes Yes
Yes Yes
Yes Yes
No Yes
No Yes
No Yes
Yes Yes

improve energy efficiency and system throughput.
Furthermore, we appropriately characterize nlEH cir-
cuits for our model® in [13] at Site S.

« For a prompt performance evaluation, we present the
OP and TP analyses for the proposed nOMMe consid-
ering EH nonlinearity.

« We rate and optimize nOMMe’s system performance
in numerous practical contexts, showing that EH
nonlinearity considerably deteriorates system perfor-
mance, which is strongly mitigated by accreting the
number of antennas. Moreover, the nOMMe model
averts complete outages and attains optimum
throughput by appropriately setting system parame-
ters. Furthermore, the nOMMe is considerably

*Note that diverse nlEH models have been proposed in many works,
including [13-19]. Among these, the model in [13] is widely applied to
performance analysis problems as its characteristic renders the analysis
tractable [28, 29, 40].
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superior to OMA MIMO communications with EH
(OMMe) counterparts.

1.4 | Paper structure

Section 2 describes the proposed nOMMe, and Section 3
presents its OP and TP analyses. Section 4 derives upper
bounds for OP and TP corresponding to high transmit
power and 1EH scenarios. Section 5 discusses the theoret-
ical and simulated results from numerous realistic
contexts. Finally, Section 6 concludes this paper. The
detailed derivations in Sections 3 and 4 and the OMMe’s
OP and TP analyses are presented in Appendices A and
B, respectively.

2 | NOMME
Figure 1 depicts the basic nOMMe system model” com-
prising Sites B, S, D1, and D2. This model exemplifies
downlink communications in a mobile system. Site S is
assumed to be power-limited; thus, it must scavenge
energy from Site B, which can be configured as a dedi-
cated power beacon, just like a radio/television broad-
casting station. In the proposed system model, Site B
powers the operation of Site S during the EH phase,
which has a vL duration, where v € (0,1) is the time-
splitting factor. However, Site S creates the NOMA signal
to broadcast to the D1 and D2 destinations during the IT
phase whose duration is (1 —v)L. To improve both EH
efficiency and system throughput, Sites B, S, D1, and D2
are, respectively, equipped with Np, Ng, N;, and N,
antennas. Multiple antennas enable the S site to effi-
ciently scavenge energy from the multiantenna power
beacon, B site, during the EH phase for improved effi-
ciency. The S site then transmits multiple parallel data
streams through S-Dd MIMO channels during the IT
phase for improved spectral efficiency by exploiting the
multiplexing gain of MIMO channels. Additional
throughput improvements can be provided by applying
AAP methods at the Dd site, where d={1,2}. Further-
more, Ny > N is assumed to be capable of detecting sig-
nals at Dd over the S-Dd MIMO channel.

Let Hy, H;, and H, denote channel matrices of sizes
NgxNg, Ny xNs, and N, x Ng, respectively, which

YOur work studies the NOMA of each cluster at two destinations, as a
high number of destinations in each cluster is shown to increase
complexity while reducing efficiency [43, 44]. A two-destination NOMA
configuration was integrated into 3GPP-LTE-A [45, 46]. Nevertheless,
grouped pairs of destinations are beyond the scope of this study.
Interested researchers should read [4, 21, 31, 34, 47] for a complete
explanation of this issue.

represent the MIMO channels between Sites B and S, S
and D1, and S and D2, respectively. Rayleigh fading is
assumed for all channels; hence, entries of H; and
i=1{0, 1, 2}, represent independent and identically dis-
tributed (iid) complex Gaussian random variables (1v’s),
where [H;],,, ~N(0, ;). To account for path-loss effects,
we model ¢; =pA, " where u is the path-loss decay, 4; is
the corresponding transmitter-to-receiver distance, and p
is the fading power at a reference distance of 1 m [14].

As seen in Figure 1, Site B powers Site S via a wireless
power transfer through the MIMO channel, Hy, during
the EH phase. This considerably increases the quantity of
scavenged energy at Site S and ultimately improves the
overall throughput. As a result, site S scavenges
Es = uLt(P/Ny)|[Ho|?, where |[Ho||*= "1, S0 |[Hol,, |
is the squared Frobenius norm of H,. P is the entire
transmit power of Site B, which implies that P/Np is the
transmit power of the B site’s antenna, and 7€ (0,1) is
the energy conversion efficiency. Because the IT phase
has a duration of (1 —v)L, the power converted from Eg
is Es/((1 —v)L), which may be used by Site S to commu-
nicate with D1 and D2 destinations during the IT phase.
However, owing to nlEH characteristics [13], Site S trans-
mits the NOMA signal during the IT phase with the
following power:

w P 2 P 2
— - IHol%, v [Ho["<Q,
P 1 l/NB NB
S =
[179) p 5
, —||Ho||" > <,
- N, [ Hol (1)
Uo, 0LG,
|7 e>g,

where Q is the power saturation threshold,
U=(ww/(1-1)) (P/Ns), T=2Q/(1-v), G=(Q/v)(Ny/P),
and © = || H,|*.

Notably, (1) precisely reflects the nlEH characteris-
tics. Specifically, when the input power does not exceed
Q, the output power is U®, which is linearly proportional
to the input power; otherwise, the output power will
become saturated at Q. Furthermore, when Q is high
(Q — o0), nlEH becomes 1EH, as anticipated.

During the IT phase, Site S sends an Ng x 1 signal
vector, X, with Ng symbols in the form of a NOMA signal
to the D1 and D2 destinations (Table 2). This implies that
the n™ entry of vector x has the form,
Xn = \/WX1n + /1 —yXan, Where x1, and X, are individual
symbols intended for Sites D1 and D2, respectively. Here,
E{|xin|*} =E{|x2:/*} =1 and y is the power percentage
allotted for transmitting x;,. According to the NOMA
principle, D1 is the farther destination, whereas D2 is the
closer station. x;, is therefore allocated more power than
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TABLE 2 Frequently used symbols.

Symbol Interpretation

T Energy converting efficiency

p Fading power at the reference distance

[Glyn Entry at row m" and column n'" of matrix G

[m], The n'" entry of vector m

G* Conjugate transpose of matrix G

E{-} Expectation operator

7() Incomplete lower Gamma function

y Received signal vector

Fy(") Complementary cumulative distribution
function (CCDF) of Y

H Channel matrix

fr() Probability density function (PDF) of Y

Pr{-} Probability operator

() Complete gamma function

v Additive noise vector

Fy(:) Cumulative distribution function (CDF) of Y

N(0.,j) Zero-mean and j-variance complex Gaussian
random variable

Ks(+) Modified Bessel function of the second kind of order b

X Transmit signal vector

v Time-splitting factor

dy Distance from B to S

d; Distance from S to D1

d, Distance from S to D2

Np Number of antennas at B

Ng Number of antennas at S

N: Number of antennas at D1

N, Number of antennas at D2

L Total time of two phases

u Path-loss exponent

P Entire transmit power of B

Q Power saturation threshold

W Power percentage allotted for transmitting x;,,

Noise variance

™

K Target spectral efficiency

Ag Overall OP at Dd

Adn OP of the n symbol stream at Dd
Ty Throughput of Dd

Xon; hence, y > 0.5. Accordingly, Dd, d = {1, 2}, receives
an Ny x 1 signal vector as follows:

| Ps
=Hy/— R 2
Ya d NSX+Vd ( )

where v, is the N4 x 1 noise vector at Dd, and the nt?
entry is [vq], ~N(0, €).

Dd recovers its desired information, xg,, via two-step
signal detection, where MIMO detection is performed in
Step 1 to recover the NOMA signal, x,,, and NOMA detec-
tion is carried out in Step 2 to restore the individual sig-
nal, x4,. In this study, MIMO detection is illustrated as
ZF detection [20]. However, other MIMO detections,
such as minimum mean squared error detection, which
are relatively more complicated but attain better perfor-
mance, can be employed. Based on the ZF detection, the
received signal vector, y,; is first multiplied by

V/(Ns/Ps) (H; Hy) 'H;, resulting in

~ N, * *
Yo =\ po(HiHy) 'Hjy,
s (3)
=X+ &(H; Hd) lHd V4
Pg

From (3), we can see that the ZF detection decouples
the received signal vector, y,, into Ng symbol streams,
where the n'" symbol stream is rewritten as

b;d]n = \/l/_/xln +v1- YXon + [ﬁd]n’ (4)

where [ig], = [«/(NS/PS)(HJ Hd)_lvad]n.

Based on (4), Dd decodes its desired symbol, x4, as
governed by NOMA detection. Because y > 0.5, Site D1
restores its private symbol, x1,, directly from [y, ], without
recovering x,,. Consequently, the signal-to-interference
plus noise ratio (SINR) needed for Site D1 to recover xj,
from (4) is

At y
. ~ 12
d{’vl-l]/in+[vl]n| } (5)
_ v
_1_1//+(D1n’

where ®g, :E{|[ﬁd]n|2}, d={1,2}.

Because y > 0.5, Site D2 first restores the D1 site’s
message, X1,, using X, for the interference and subse-
quently removes it® induced by x;, before recovering its
private symbol, x,,. Accordingly, Site D2 recovers xi,
using the SINR from (4) as follows:

“In this paper, D2 recovers x,, solely if it has decoded x,,, correctly. The
criterion for correct decoding is discussed later. Consequently, the
remaining interference after removing x;,, from the D2 site’s received
signal does not exist.
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Axm _ ll/
2 T 12
:.{‘s/l—l//)Qn‘F[VZ]n’ } (6)
o 4
71_V/+(D2n

and X, with the signal-to-noise ratio (SNR) from the

signal,  [,], = V2], — VX1 = V1= WXz, + [2],, calcu-
lated as
Xon 1_1//
2 T (i~ 12
={ a1} (7)
-y
Dy
3 | EXACT PERFORMANCE
ANALYSIS

In this section, we first analyze the OP, which reflects the
probability that the accomplished channel capacity is
below the target spectral efficiency, K. Subsequently, the
TP analysis is deduced from the OP analysis. Both the
proposed TP and OP facilitate prompt performance eval-
uation without exhaustive simulations.

Note that ZF detection decouples y, into Ng symbol
streams at Dd, d={1, 2}; thus, the OP is identical for
any symbol stream. Therefore, we first focus on the n'
stream, followed by using its analytical result to obtain
the overall OP.

Let Ag, be the OP of the n™ symbol stream in Dd.
Then, the overall OP at Dd is

Ag=1—(1—Ag)"s. (8)

3.1 | Outage probability of the n®
symbol stream at the far user, D1

The OP of the n symbol stream at Site D1, Ay, reflects
the probability that Site D1 decodes x;, unsuccessfully. If
so, its accomplished channel capacity for recovering x;,
subceeds K:

Ay, =Pr{(1-v)log,(1+A7") <K}
= Pr{A%" < Ao}

v
=Pr{———— <A
{1—W+¢1n 0} (9)
W
F= (6;), —— > Ay,
q,ln( 1) l—ll/ 0
LY,
1-y

ETRI Journal—WI LEYM

where Ag=2K/0"Y_1, 0, =Ao/[w—(1—w)A|, and
@y, =1/®y,, d= {1, 2}. Moreover, factor (1 —v), prior to
the logarithm in (9), occurs because the duration of the
IT phase is (1—v)L. Appendix A presents the CDF of
@y, g, (2)-

Comment 1: Equation (9) implies that because
Ag=2K/0=%) _1, D1 incurs a complete outage, Aj, =1,
when the target spectral efficiency, K, EH duration, v,
and power-splitting factor, y, are configured improperly,
where Ao >wy/(1—y). Nevertheless, a complete outage
event can be averted by configuring K, v, and y such that
Ao <y /(1—1y). Thus, nOMMe provides an upper bound
to the target spectral efficiency, K < — (1 —v)log,(1 —w),
to eliminate a complete outage at Site D1.

3.2 | Outage probability of the n™
symbol stream at the near user, D2

The OP of the nt symbol stream at Site D2, A,,, reflects
the probability that Site D2 restores x,, unsuccessfully.
Two events can cause D2’s outage. First, Site D2 may fail
to recover x;, because the attained channel capacity for
its recovery subceeds K. Second, Site D2 may recover xi,
precisely because the attained channel capacity for its
recovery exceeds K, but it fails to decode x,, because the
attained channel capacity for its recovery subceeds K:

Axy =Pr{(1—-v)log,(1+A3") <K}
+Pr{(1—v)log,(1+A3")>K,
(1-)log,(1+A$") <K} (10)

= Pr{A}" < Ao} +Pr{A" > Ag, A < Ao}
=1- PI‘{A;CM > A0’A32C2n > Ao}

Substituting (6) and (7) into (10) yields

v 1-y
Ay, =1-P > A > A
an r{l—vl+®2n 0 (DZn 0}
1 A 1 A
1—Pr{ > 0 > 0}, L
_ Dy Wy —(1—y)Ag @2 1-y ) 1-y
W
1, —— <A
1— 0
F$2n(92)’ 1— >A0,
1, LSAO,
1—
(11)

where 0, = max([Ao/(w — (1 —w)Ao), Ao/ (1 —w)).
Comment 2: Because Ay=2K/0-*) _1, (11) handles
the D2’s outage, A,, =1, when the target spectral effi-
ciency, K, EH duration, v, and power-splitting factor, v,
are configured improperly, where Ao>w/(1—w).
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Nevertheless, the system configuration can prevent com-
plete outage events by selecting K, v, and w such that
Ao <w/(1—y). Thus, nOMMe provides an upper bound
to the target spectral efficiency, K < — (1 —v)log,(1 —w),
to eliminate a complete outage at D2.

Comment 3: Equations (9) and (11) show that the OP
of Dd is contingent on multiple specifications: K, v, y, P,
Ng, Ns, N1, Ny, Q, and 7. Thus, target performance
can be attained by appropriately configuring these
specifications.

3.3 | Throughput
The throughput of Dd for our nOMMe model with delay-
limited communications is expressed as

T4 ZNS<1—1/)K(1—Adn), (12)

where Ng appears in (12) because Site S transmits Ng
symbol streams simultaneously.

It can be observed from (12) that the throughput of
Dd is also jointly configured by multiple parameters, K,
v, w, P, Ng, Ns, N1, N,, Q, and 7, because they affect Ay,.
Consequently, the target throughput is met by flexibly
configuring these parameters based on their available
value ranges.

4 | PERFORMANCE UPPER
BOUNDS

In this section, two performance upper bounds for
nOMMe corresponding to two contexts, IEH (2 — o0)
and high transmission power (P— o0), are discussed.
These upper bounds reveal the best performance that Dd
can attain.

4.1 | Linear energy harvesting (Q — o)
The OP of the nOMMe for the IEH case is analyzed to
quickly compare its counterpart and illustrate its impact
on outages and throughput performance. Recall that
nlEH reduces to IEH when Q — co. When Q — o0, (1) is
reduced to Pg — U®. Consequently, according to the der-
ivations in Appendix A and the expectation of ® over
[0, 00], we obtain the OP of Dd as follows:

FE ), V> A,
AIEH _ dn 1—y
dn —
1, —— <Ay
11—y ’

where

Fte) = [y, (P = vO Y (e

00" N2t (Nse\
F(NsNB) k=0 [l §0dU

Ngez

[~
x/ NNk it i
0

NgNp+k
2 N¢—Ns 1 [ Ngez 2
-1 =
['(NsNg) &=k=0 kI \@opqU
N58Z
XKnsnp—k | 2 ,
e PopaU
(14)

where [50, eq. (3.471.9)] is used to compute the last inte-
gral in (14).
Therefore, the overall OP of Dd is

At =1 (1- g™ (15)

and the throughput of Dd is

TEH =Ns(1-v)K(1-ALY). (16)

4.2 | High transmit power (P — o0)

When P — oo, the energy scavenger becomes saturated,
leading to Ps — J. Consequently, by the derivations found
in Appendix A, without considering the expectation with
respect to P, we obtain the OP of the nth symbol stream
at Dd as

where

F5, @) =Fg, (Ps=J)

1 ef% Ng—Ns Z€ Nge k (18)
=1— Pd — | — .
k=0 k' q)d.]

Therefore, the overall OP of Dd is

AF=1-(1-43)" (19)

and the throughput of Dd is
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T3 =Ns(1-v)K(1—Ag). (20)

5 | DEMONSTRATIVE RESULTS

This section presents numerous theoretical/simulated
results to assess the outage and throughput performance
of Dd in our proposed nOMMe model using its key
parameters. The analytical expressions presented in
Sections 3 and 4 were computed to generate the theoreti-
cal results (The.). Monte Carlo method [48] was used to
produce simulated results (Sim.) for comparison and to
corroborate the analytical expressions.” Subsequently,
nOMMe is compared with its OMMe counterpart, whose
analytical results are presented in Appendix B. For dem-
onstration purposes, communication terminals are arbi-
trarily placed in a two-dimensional plane, and their
parameters are listed in Table 3 [49].

5.1 | Transmission-related parameters
(P, v, y, K)

Figure 2 reveals the OP of Dd against P for the nOMMe
model. The figure shows that the precise (asymptotic)
analyses agree with the simulations for the entire range
of P (high), confirming the accuracy of the theoretical
expressions presented in Sections 3 and 4. Additionally,
nlEH agrees with IEH at low P, where the OPs for the
nlEH match those of the IEH in the range of P<12.5
dBW, as expected, owing to nlEH characteristics, where
the output powers of nlEH and IEH are similar when
their input powers, P, are low. Nevertheless, when P
increases, the OPs of IEH are significantly lower than
those of nlEH, as anticipated, because the output power
of nlEH becomes saturated, whereas that of 1EH con-
tinues to increase with accreting input power. Thus, the
difference in OP between 1EH and nlEH considerably
increases with an accreting P. Interestingly, P can be
optimally selected such that the optimal P is approxi-
mately 13.8 dBW, as shown in Figure 2, to minimize the
OPs for nlEH. The optimum P represents the 1EH-to-
nlEH transition.

Figure 3 reveals the throughput of Dd against the tar-
get spectral efficiency, K, for the nOMMe model. The
figure shows that K can be optimally set to achieve the
highest throughput. For example, the highest throughput
of Site D1 is achievable by setting the optimum value of
K =0.4 bps/Hz for N; =6 and N, = 5. This result makes

9Both simulated and theoretical results throughout this paper are
generated using MatLab software.
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TABLE 3 Frequently used parameters of communication

terminals.
Parameter Value
Position of B (—10, 0) m
Position of S (0,0) m
Position of D1 (50, 0) m
Position of D2 (20, 10) m
Total power of B P=12dBW
Noise power &=—70 dBm
Path-loss exponent u=27
Time-splitting factor v=04
Power-splitting factor w=0.9
Power saturation threshold £2=0dBm
Quantity of antennas at B Ng=3
Quantity of antennas at S Ng=4
Fading power at the reference distance p=1072
Energy conversion efficiency 7=0.7

Ng=3,Ns=4,N;=6,N,=5,v=04,y=0.9,Q=0dBm, K=0.1 bps/Hz, 7= 0.7
A -

—— [ T T T T T

101 F
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DI1: IEH & Sim. A

D2: IEH & Sim. N
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03k = = =DI:IEH & The. ‘.
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Outage probability
2
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P (dBW)
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FIGURE 2
power of Site B.

Outage probability against the total transmit

sense because K balances the OP and the transmission
rate. Moreover, Figure 3 demonstrates the throughput
improvement provided by increasing N as predicted due
to the efficacy of the ZF detection as the number of
degrees of freedom, N = N4 — N + 1, increases.

Figure 4 exposes the throughput of Dd against v,
which represents the power percentage allocated for
transmitting information intended for Site D1. Note that
w > 0.5 because x;,. That is, the information intended for
Site D1 is allocated more power than x,,, which repre-
sents the information intended for Site D2. This figure
demonstrates that the throughput of Site D1 increases,
whereas that of Site D2 decreases with increasing y for
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P=12dBW,Ng=3,Ns=4,v=04,y=0.9,Q=0dBm, r=0.7
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FIGURE 3 Throughput against the target spectral efficiency, K.
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FIGURE 4 Throughput against the power-splitting factor, y.

the nOMMe model. This makes sense because increasing
yw accretes the power needed to transmit X, while
decreasing the power needed to transmit Xxp,. As
expected, the OMMe throughput is unchanged with
changing y. Nevertheless, the nOMMe throughput is sig-
nificantly higher than that of the OMMe, revealing the
improved spectral efficiency of NOMA over its OMA
counterpart. Furthermore, accreting the number of anten-
nas at Dd improves the throughput for both nOMMe and
OMMe. That is, the throughput in the cases of Ny =8
and N, =7 is higher than that in the cases of N; =6 and
N, =5. This result is reasonable because increasing Ny
makes the ZF detection at Dd more efficient.

Figure 5 reveals the throughput of Dd against v,
which reflects the time percentage for EH. It can be seen
that v can be optimized to achieve the highest throughput
for both nOMMe and OMMe. The optimal value of v bal-
ances the time needed for the EH and IT phases. As in
Figure 4, Figure 5 reveals the superiority of the nOMMe

P=12dBW,Ng=3,Ns=4,y=0.9,Q=0dBm, K=0.2 bps/Hz, 7= 0.7

0.7 T T T T DI: Ny =6 & N> =5: NOMA
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FIGURE 5 Throughput against the time division factor, v.

over the OMMe and the respective throughput improve-
ments from increasing N4 for both.

5.2 | Energy harvesting-related
parameters (Ng,7,Ns,Q)

Figure 6 presents the OP of Dd versus the power satura-
tion threshold, Q, for the nOMMe. As expected, the per-
formance of Dd is considerably ameliorated by accreting
Q. Additionally, it is saturated at a high Q, where the
nlEH approaches the IEH, as anticipated. Thus, the anal-
ysis in Section 4.1 is validated. Moreover, the IEH outper-
forms the nlEH. Furthermore, Figure 6 demonstrates the
performance improvement with increasing Ng4, as pre-
dicted due to the efficacy of the ZF detection.

Figure 7 shows the throughput of Dd against the
number of antennas, Ng, at Site S. It was expected that
increasing Ns would help Site S harvest more energy and
improve the throughput of Dd for both nOMMe and
OMMe models. Figure 7 supports this improvement,
where the throughput increases considerably with an
increasing Ng for both nOMMe and OMMe models.
However, a high value of Ng reduces the effectiveness of
ZF detection owing to the decrease in the number of
degrees of freedom; thus, the throughput decreases after
its peak value as N continues to increase. For instance,
Figure 7 shows that the throughputs of Sites D2 and D1
reach their peak values at Ny =7 and Ng =6 for nOMMe
and OMMe, respectively. Moreover, the nOMMe model
attains a significantly higher throughput than does the
OMMe model, again verifying the efficacy of NOMA
compared with its OMA counterpart.

Figure 8 exposes the throughput of Dd against the
energy conversion efficiency, 7, at Site S. It was antici-
pated that increasing v would assist Site S in scavenging
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more energy, thereby improving the throughput of Dd
for both nOMMe and OMMe models. Figure 8 demon-
strates this improvement, where the throughput increases
with an increasing z for both models. Furthermore, the

P=12dBW,Ns=4,v=04,y=0.9,Q=0dBm, K=0.2 bps/Hz, 7= 0.7
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FIGURE 9 Throughput against the quantity of antennas at
Site B.

nOMMe model attains a significantly higher throughput
than does the OMMe model, again verifying the efficacy
of NOMA compared with its OMA counterpart.

Figure 9 demonstrates the throughput of Dd against
N3. It was anticipated that accreting Ny would aid Site S
in harvesting energy more efficiently, thus improving the
throughput of both nOMMe and OMMe models. Figure 9
reflects this improvement, where the throughput
increases with an increasing Ny for both nOMMe and
OMMe models. Like the results shown in Figure 4,
Figure 9 illustrates the superiority of the nOMMe model
to the OMMe model and the throughput improvements
when increasing Ny for both.

6 | CONCLUSIONS

In this study, two key performance metrics, TP and OP,
were analyzed for the proposed nOMMe model, which
considers the practical concerns of the nlEH and the mul-
tiantenna users. The proposed analysis was represented
in a closed form, which directly provides insights into the
proposed nOMMe model, leading to its full performance
evaluation under different crucial parameters. Multiple
results reveal that nlEH considerably mitigates system
performance, and the desired performance is achieved by
configuring multiple parameters, K, , v, P, Ng, Ns, Ny,
N, Q, and 7. Remarkably, nOMMe can avert complete
outages by fine-tuning K, v, and y, which ensures opti-
mum performance with optimal Ns and P. Moreover,
their increase considerably improves overall system per-
formance. Furthermore, the proposed nOMMe model is
superior to its traditional OMMe counterpart.



il—Wl LEY-ETRI Journal

LE-THANH and HO-VAN

Although this study analyzes the TP and OP metrics of
the nOMMe model for the first time, it still has some limi-
tations. Specifically, this study investigates typical Rayleigh
fading channels and illustrates MIMO detection using only
ZF detection. As such, more general fading channels, such
as Nakagami-m fading [9], may reflect a better match to
the field measurement data and better-but-more compli-
cated MIMO detectors, such as the minimum mean
squared error detector. These aspects should be consid-
ered in future works. However, for more general fading
channels and complicated MIMO detectors, the SINR
statistics are complex to derive. A feasible technique to
address this is to approximate or bind the SINRs to a
simpler form, from which closed-form statistics can be
derived. Furthermore, this study investigates only the
nlEH model of [13]. Therefore, our future work will con-
sider other practical and complicated nlEH models
[14-19]. Nevertheless, other practical and complicated
nlEH models cause the Pg statistic to differ from (1).
Thus, it is difficult to derive, which causes the perfor-
mance analysis to become intractable. To overcome this
issue, approximating or simplifying Ps may be sufficient.
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APPENDIX A: THE CDF OF @y,

As per [20], ®g, = q%dn is rewritten as ®g, = %
whose PDF conditioned on Ps is expressed as (Wi Ha) ],
( ) ZNd*Nse*Z/‘I’d (
< (2|Ps) = , Al
fcbdn | S (Nd _NS)IT{d\Id—Nﬁl )

where ¥4 = @ Ps/Nse.
Therefore, the CDF of ®,, conditioned on Ps is given
by

B, (@Ps) = [ f, (xlPs)ax
0

Ns—Ng—1
(T o / NaNsp=x/Pag,  (A2)
N4 —Ng)!
1NN 2
a =0 kg

where the second integral is solved using [50, eq.
(3.351.1)].
The CDF of @, is defined as

Fg,(2) =Pr{®aw <z}

=Ep,{Pr{®q, <z|Ps}} (A3)
= EPS {FEdn (Z|PS) } .
Using Ps in (1), we simplify (A3) as follows:
G
Fg, @) = [ Fa, @Ps=U0)o(x)dx
0
. (A4)

Fg,, (2|Ps =J)f g (x)dx

_l’_
Q\S

To compute (A4), we must find the CCDF, CDF, and
PDF of ©. Because © = ||H||> =N, SN |[Ho),,|* is
the sum of NgNg with iid exponential rv’s w1th mean ¢,

® is gamma-distributed [25] with the PDF as
o VBNs 1,
o) = Fhomy e e, the CDF as Fox) ~ZaNse,

and the CCDF as Fg(x)= %ﬁ@"’“ Invoking (A2)

and fg(x), we obtain a closed-form representation of the
first term in (A4) as follows:

A = / :<1_e‘” () IkaONSk' (‘”de> )f@,(x)dx

—NsNp

k k

@0 7" —Na-NsZ Nge

—Fo(G) — Ay b
o(C) [(NsNg) £—k=0 k!( U)

¢ _x _Nsz
x [ e 0 watiNsNe—1=k gy
0

_r(NeNs,G/p) g™ Na-NsZ¥ [ Nse )
- F(NBNs) (NsNB) k=0 k' (de

Nge
/1 S NsNp—1—k
u 1Q ue o uC ’

(AS5)

where 9, = and (,=%(9,+1). The
Gaussian-Chebyshev quadrature in [51] with Q repre-
senting the complexity-accuracy trade-off is invoked to
approximate the last integral in (A5). Q=150, which
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warrants exceptionally high accuracy, is used to compute
the theoretical results in Section 5.

Similarly, by invoking (A2) and fg(x), we obtain the
closed-form representation of the second term in (A4) as
follows:

B :Fsd" (Z|Ps :])F@(G)

eyt Ny’
k=0 k! \ pg] (A6)
X(l_V(NBNs,G/%))
I'(NgNs)

Substituting (A5) and (A6) into (A4), we obtain the
closed form, Fg_(z), thus completing the presentation in
Appendix A.

APPENDIX B: ORTHOGONAL MULTIPLE
ACCESS MIMO COMMUNICATIONS WITH
HARVESTED ENERGY

In the OMMe, the IT phase is separated equally into two
stages, each with a duration of 1—5”L, during which S
transmits information sequentially and directly to D1 and

D2. As a vresult, Dd receives the signal as
yd:Hd,/ﬁ—Sssdevd, where s;=[X4 .. deS]T is the

Nj x 1 signal vector of Ng symbols intended for Dd, (-)"
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is the transpose operator, and d={1, 2}. Then, Dd per-
forms only the ZF detection; hence, the SNR for Dd to
detect x4, is Aifld” = Dy, Accordingly, the channel capac-
ity achieved by Dd is Rq =15*log, (1+ @, ), where factor
1%“ is performed before the logarithm, as S transmits
information to Dd only in 152L. Consequently, the OP of

the n'* symbol stream at Dd is

AP =Pr{Ry <K} =Pr{®4, < Ao} =F5, (Ay), (B1)

where Ay = 22K/0-1) 1,
Therefore, the overall OP of Dd is

AP =1 (1A, (B2)

and the throughput of Dd is

TdOMA:Nsl_U

K(1—A3™). (B3)

OMMe is considered a baseline communication
scheme. Given the closed-form expressions of AYM* and
TOMA, it is convenient to compare the performances of
OMMe and nOMMe models, from which the advantages
of each can be promptly revealed.





