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Abstract

This paper investigates the effect of hardware impairments (HIs) and imperfect
channel state information (ICSI) on a SWIPT-assisted adaptive nonorthogonal
multiple access (NOMA)/orthogonal multiple access (OMA) system over
independent and nonidentical Rayleigh fading channels. In the NOMA mode,
the energy-constrained near users act as a relay to improve the performance
for the far users. The OMA transmission mode is adopted to avoid a complete
outage when NOMA is infeasible. The best user selection scheme is considered
to maximize the energy harvested and avoid error propagation. To characterize
the performance of the proposed systems, closed-form and asymptotic
expressions of the outage probability for both near and far users are studied.
Moreover, exact and approximate expressions of the ergodic rate for near and
far users are investigated. Simulation results are provided to verify our theoret-
ical analysis and confirm the superiority of the proposed NOMA/OMA scheme
in comparison with the conventional NOMA and OMA protocol with/without
HIs and ICSIL.
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efficiency [1]. Various studies have been conducted to
investigate the performance of NOMA networks [2]. To

Higher spectral and energy efficiency are among the
key objectives of a 5G communication network.
Nonorthogonal multiple access (NOMA) has recently
attracted extensive research interest as one of the promis-
ing techniques. Unlike the traditional orthogonal multi-
ple access (OMA), the main characteristic of NOMA is to
serve multiple users in the same time/frequency/code
domain simultaneously but with different power levels,
which is an effective solution to enhance the spectrum

expand the coverage and further improve the system
performance, cooperative NOMA has been proposed
[3,4]. One research type considers the “strong” NOMA
users as relays to help the “weak” users. However, as
relays, the “strong” NOMA users are threatened by power
scarcity in the cooperative process. Thus, its lifetime
would be shortened. Therefore, the question is how to
enable NOMA users to perform the relaying operation
without consuming their batteries.
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Fortunately, simultaneous wireless information and
power transfer (SWIPT) has been proposed as another
promising technique to improve the energy efficiency of
5G networks, to prolong the lifetime of energy-
constrained devices [5]. To apply SWIPT in practical
scenarios, the time switching and power splitting
(PS) receiver architectures [6] have been introduced,
which can concurrently decode information and harvest
energy from the transmitted radio frequency (RF) signals.
The former processes the received signal at different
times to harvest energy and decode information, whereas
the latter harvests energy and decodes information by
splitting the signal into two streams. The combination of
SWIPT and cooperative NOMA improves the system’s
performance through collaborative behavior and avoids
draining the batteries of the energy-constrained devices
[7,8]. Several studies have proved that in the SWIPT
networks, NOMA can achieve better performance than
OMA by appropriately allocating transmit power and
optimizing the decoding order [9]. However, under poor
channel conditions, NOMA achieves a lower system
capacity than OMA due to inter-user interference [10].
Moreover, the strong NOMA users are unable to act as a
relay to help the weak users in the entire transmission
process [11]. Therefore, it is necessary to switch between
NOMA and OMA when NOMA is infeasible [12].

However, the studies above are analyzed assuming
that all RF components and the channel state informa-
tion (CSI) are perfect. In practice, RF transceivers always
suffer from several hardware impairments (HIs), such as
I/Q imbalance, quantization error, and phase noise [13].
Despite some mitigation algorithms, these impairments
may still limit the system’s performance. Recently, some
studies have considered the HIs in SWIPT [14] and
NOMA [15] networks. Additionally, imperfect CSI (ICSI)
cannot be ignored in practical networks. The
corresponding CSI at the transmitter may be outdated
due to feedback delay, channel variations with time, or
estimation error [16]. Especially for SWIPT NOMA
systems, the ICSI can significantly lose the system’s
performance because the system encoding, decoding, and
energy harvesting highly depend on the CSI quality.
Therefore, the analysis of SWIPT-assisted NOMA systems
with HIs and ICSI is critical. Understanding the impact
of HIs and ICSI on the SWIPT-assisted NOMA systems
has attracted much research interest [17].

Unlike the widely considered SWIPT NOMA systems,
SWIPT-assisted adaptive NOMA/OMA communication
systems have not been sufficiently analyzed yet. In
particular, the impact of HIs and ICSI on SWIPT-assisted
adaptive NOMA/OMA system performance has not been
studied. Meanwhile, most of the studies consider inde-
pendent and identically distributed fading channels. In

practice, it may be more appropriate to consider indepen-
dent but nonidentically distributed (i.n.i.d.) channels.
Additionally, due to HIs and ICSI, successive interference
cancelation (SIC) cannot be error free. There is a residual
power from incompletely canceled previous symbols.
This SIC error can propagate and rise with an increase in
the number of simultaneously connected users [18].
Therefore, we seek to adopt the best user selection
scheme to improve system performance and study
whether it still brings performance gains with HIs
and ICSI.

Motivated by these previous studies, in this paper, we
focus on analyzing the joint effect of HIs and ICSI on a
SWIPT-assisted adaptive NOMA/OMA system with user
selection. A more general scenario, in which all channel
links in the system are i.n.i.d. Rayleigh fading channels,
is considered. In the NOMA mode, the near users employ
PS receiver architecture to harvest energy and act as a
decode-and-forward (DF) relay to forward the far users’
signals. OMA is adopted when NOMA is infeasible. The
main contributions of our work are summarized as
follows:

i. We investigate the closed-form expressions of outage
probabilities for both near and far users. We derived
the asymptotic outage probabilities in the ideal and
nonideal conditions to obtain deeper insights. The
diversity orders of the near and far users are
obtained. The results indicated that there is an error
floor for the near users in the nonideal conditions.
As the transmitting power increases, the outage
performance of far users always decreases, whereas
for the conventional NOMA systems, the outage per-
formance tends to be a fixed constant in the nonideal
conditions [17]. Moreover, due to the HIs and ICSI,
there is no diversity gain obtained using user
selection for both near and far users.

ii. The approximate expressions of ergodic rates for both
near and far users are derived. From the asymptotic
expression of ergodic rates, it is demonstrated that a
throughput ceiling always exists for both near and
far users in ideal and nonideal conditions in the high
signal-to-noise ratio (SNR) region. The power
allocation coefficients a; and a, play critical roles in
the ergodic rates for both near and far users.

iii. Numerical results are presented to verify the correct-
ness of our theoretical analysis. These results show
how the essential system parameters, such as the
transmit power, the number of near and far users,
and the power allocation coefficients, influence the
system performance under HIs and ICSI. Especially,
these results confirm that our proposed system
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always provides superior performance to the
conventional NOMA and OMA systems with/
without HIs and ICSI. Moreover, ICSI has a more
severe impact on the system performance than HIs.
Furthermore, the simulation results indicate that
there is an optimal power coefficient a;, which
maximizes the ergodic rate of far users in the low
SNR region.

2 | SYSTEM MODEL

Consider a downlink multiuser network composed of a
source terminal S and two clusters of randomly deployed
users, that is, K near users N;,i=1,...,K, and M far users
Fj,j=1,..,M, where all nodes are equipped with a single
antenna and operated in a half-duplex mode. Let hap
denote the channel fading coefficient between A and B,
where A€ {S,N;} and Be {N;,F;}. Assume that all
channels in the system are block Rayleigh fading
channels, the channel gains, |hAB|2, are independent and
exponential random variables with means of Aag =d,g,
where dg is the distance between A and B, and « is the
path loss exponent. Additionally, we assume that all
terminals have the same zero mean additive white Gauss-
ian noise (AWGN) with average power Nj.

This paper considers the transmission mode
switching (NOMA/OMA) and the best user selection
scheme in a downlink transmission scenario. Before the
data transmission, S transmits a pilot to estimate the
channel gains and accomplish the selection process. The
best near and best far users are selected through their
respective  channel conditions. Additionally, the
NOMA/OMA switching process depends on the
condition of the channel link S — ;. When |hgy, |* is not
less than a given threshold, NOMA signaling is
adopted, and the selected near user A/ is employed as a
PS-based energy harvesting relay to forward signals to
the selected far user Fj; otherwise, OMA signaling is
adopted.

Note that, in practice, the exact CSI is almost
impossible to obtain due to complex channel environ-
ments. Furthermore, it is essential to consider the
delayed CSI feedback. The time interval between user
selection and data transmission may result in a certain
degree of mismatch between the real value hap and the

estimate h,p, whose relationship can be expressed as
hag = \/E\EEAB ++/1—eapeap, Where eap€[0,1] is the
correlation coefficient between hag and hap [19]. A larger
eap means better CSI accuracy. eap is the zero mean and

unit variance estimation error noise. We assume that hap
and exp are independent.

2.1 | NOMA cooperative transmission
with SWIPT

In the proposed cooperative NOMA scheme, information
transmission in each block is divided into two time slots.
The source or a near user is selected to transmit signal
packets in each time slot, and each time slot has the same
transmission period 7.

2.1.1 | The first phase
Suppose that Ny and F; have been selected for
information transmission (the selection criterion will be
discussed later). According to the NOMA principle, S
transmits a superimposed signal, xy, and xg, for A5 and
Fs, using the powers a; P and a,P, respectively, where a;
and a, are the power allocation coefficients, 0<a; <a;
and a; +a, =1, P is the transmit power of S.

At the near user N, the received signal can be
expressed as

Ysn, = hsn, (VarPxx, +VaoPxe, +1,5) + 1,5, + 1, (1)

where ny, is the AWGN at N,n,~CN (0, kiSP)
and 7,5, ~CN (0, k2 Plhsy,|*) denote the distortion
noises generated by the transmitter and receiver, respec-
tively [20].

By applying the PS-based SWIPT, the signal at Ny is
divided into two parts with a splitting ratio p (0<p<1).
One part is used to harvest energy. Note that the noise
power and the HIs have not been considered [14,21].
The energy harvested by A can be expressed as
Ex, = TnpP|hsy,|*, where 0<n<1 is the energy conver-
sion efficiency. The remaining part is used for informa-
tion decoding. By applying the SIC receiver, N first
decodes the signal xp, and subtracts it from the
superposed signal to detect its own signal xy,. Thus, at
N, the SNR for detecting the far user F symbols and its
own symbols can be expressed as

o = (1-p)asylhsy,|* 5

- (1-p) (al +k§Nx)7|hSNs|2 +1

and
(1-p)ari7lhsy, |
(1-p) <a2€+k§Ns)7|hSNs P+ (1—p)(1—esn)a7+1

(3)

VSNNS =
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respectively, where y=P/N, denotes the average
transmit SNR, ks, =/kis+kZy, and e=(1—, /&y, )2
describes the residual interference due to the impact of
the ICSIL

When NOMA is enabled, the PS-based SWIPT proto-
col first guarantees the correct detection of xp, at N.
Subsequently, Ay can harvest the remaining energy and
be selected to forward xg, to F;. Let y,, and Yr denote the
targeted SNR required to successfully decode the
information xy, and xg,, respectively. The events ygNS 5
must be satisfied. After some algebraic manipulations,
and maximizing the energy harvested, the PS coefficient
can be set as

Yy
<a2 - (al + kéNx) 7f>7|hSNs §

p=max{ 0,1—

We assume that all the harvested energy is used for
transmitting the information from N to Fs. Hence, the
transmit power at Ny can be given by

Py, =En,/T=npP|hsy, |, (5)
At F, the received signal can be expressed as
Ysg, = hs, (Va1 Pxx, + v aPxg, +1,5) + 1,5, + g, (6)

where np, is the AWGN at Fj,
CN (0, ki Plhsr,|”) denote the distortion noise.
Consequently, the SNR at F; that decodes the xp,
transmitted from S can be given by

and My F, ™~

a,7|hsr, |2

a + kéa)ﬂhsa P+1

F
VsF, = (

where kgg, = \/m :

2.1.2 | The second phase

Considering the DF protocol, the received signal at Fj
from N/ can be written as

INE, = V PN ANGE, (XFS + nt,Ns) + 1y g, +NE,, (8)

where 7, ~CN (0, kjy Px,) denotes the distortion
noise. Consequently, the SNR at F; to decode the xp, can
be given by

np7|hs, |’ k. |*
npk, e, 71hsn, e, I +1

2 2
where kn,r, = kt,Ns + kr,Fs'

As in Osorio and others [22] and Yue and others [23],
we assume that the near users’ processing delay is much
smaller than the signal block length. In other words,
there is some time interval between the signals received
by the far user from S and N. Hence, these signals from
S and N can be fully resolvable by Fj, respectively.
Then, F; combines the two signals from the S and N by
the selection combining (SC) technique." Finally, the
achievable SNR for detecting xp, at F; can be given by

9)

YN, =

yf,? = max{yng,nyFs } (10)

2.1.3 | User selection scheme

According to the channel gain between S and N, we
first form a subset Q of K, in which these users can not
only successfully decode both xy, and xg, but also harvest
energy from the source. We selected the best near user
N from the subset Q to enable the selected near user
harvest more energy. Additionally, the best far user F; in
cluster M is selected based on their direct channel link
S — F;. Mathematically, the selected scheme can be
expressed as

N, =arg max|hgy |°, (11)
i€cQ

2
Fy=arg jnéé}a{(’hspj , (12)

and
. . _ 2 1
Q: lZlSlSK,}’U’lSNil —;>0 , (13)

where v=(a; — (a1 + kéNs)yf) /7y

!SC leads to a simple receiver structure that is a good trade-off between
the diversity gain and feasible hardware. Although maximal-ratio
combining (MRC) may give the optimum performance, SC gives the
most superior performance. Another advantage of using the SC is that it
saves more power than MRC [24]. Therefore, in this study, the SC
receiver is considered at the far user.
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2.2 | OMA transmission

OMA signaling is adopted if Q=0, for example, in time
division multiple access. Each user can only occupy half
of the time frame to receives their messages. Similarly,
before information transmission, the best far user Fj
and best near user N ; are selected using (12) and
N 7argmax|hSN | respectively. Hence, the SNR at N
and F can be given by

7lhsn; ?
YN =

= . , }/| SFx| (14)
ksn,7lhsn | +1

}/FS =75 . 2
kg, 7lhsr, > +1

3 | PERFORMANCE ANALYSIS
3.1 | Outage probability
3.1.1 | Outage probability of the near users

In our system, an outage can occur when the near
users cannot detect the signal in both the NOMA and
OMA protocol. Considering independent and random
channels, the outage probability of the near users can be
expressed as

out = Pr{VN; <rmQ= 0} + Pr{yls\’Ns <yp,QF 0}. (15)

The CDF Fp, ,( ) is first analyzed to obtain the outage
probability of ‘the near users. According to Vicario and
Anton-Haro [25], we have

thNg (x) = /thNéllleN; (x|y)fh5N§ (J’)dy, (16)
0

where

X+ Esn,Y
Ty lhgy X1Y) = Xexp — A>

(1 — &N, ) Asn, (1 —esn, )AsN,

BN
fo (1*85N5)/15N ’
(17)

in which Ip(-) is the zeroth-order modified Bessel
function of the first kind [26, eq. (8.406)]. Moreover,

GUO ET AL.
2
figy @) =5 yPr{Héa,é(‘hSN,‘ <y}
PR y
=— l1—exp| —=
Slee(2)
i i
=X e Do
i, k=1 ASNny i1 AsNny
K
where Z*Z ) IZZ Z Substituting (17)
i,n; i=1 n=1n,=1 n=

n<ny<--<n;
and (18) into (16), and using [27, eq. (2.15.5.4)], we
obtain

=) zA—) 19

in; k=1 SNnk k=1 )’SNnk

SN |
where Ank = 1/ ESN; + (1 — SSNs)lSNsZ = .
k=1 ASNny

Thus, we have the CDF of |hgxs * as

Py ()=1-  exp —>

i,n; k=1 ASNnk

Ankx> . (20)

Next, we evaluate the CDF, Fp, (x). To perform further
analyses, we firstly have to find the conditional CDF of

A2 Lo
|hsn,| » which is expressed as

~ 2
FHSNS(Z):PI'{I}}EE%( hSNi’ <Z}. (21)

Actually, it is difficult to compute (21) especially when
the channels are assumed to be i.n.i.d. To overcome this
difficulty, we invoke the technique described in Beaulieu
and Hu [28] to simplify the complexity of the calculation.
In our NOMA protocol, the near user can be selected only
if the event 7|hsy,|> — (1/v) > 0 is satisfied. As in Beaulieu
and Hu [28], the PDF of |hgy, |2 can be rewritten as

fﬁsm (2)
= Lo ¢ @PT{IE QF +f i o) Pr{i € Q}

(22)
= B:5(0) + (1 —Bi);lSlN_ ( A:N )

where B; denotes the probability that the ith near user is
not in the selection set, hence,
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~ 2 1 1
B =Pri{7v|lhew| —=<0p=1— 23
l r{y| sl 2 } exp( ym) (23)

Then, the CDF of |f15Ni |2 can be easily derived as

Z
ESN) . (24)

Now, the unconditional CDF of |hgy, |2 can be given by

F]:lSNi (Z> =1- (1 _Bi)eXp (—

K
Pr(max|hSN| <2) :H . (25)
i=1

Fi @)=

Note that the CDF Fp (z) in (21) and (25) are equal. By
taking the derivative of (25) with respect to z, and
applying some manipulations, we obtaln the
unconditional PDF of the channel gain |hgy, \ as

fig @)= HBié(Z)
+ ZH (1-B,, exp(

i,n; k=1

>
SNnk k=1 ﬂSNnk

(26)

Notably, the expression of f; (z) in (26) includes the
situation where all the near users are not in the set Q.
Therefore, the unconditional PDF of the channel gain
|hsx,|” in our system can be expressed as

S @i, 0= [ [0
_ZH By,) exp( < )i:Al . (27)
Asnng = AsNny

i,n; k=1
Similarly, the PDF of |hgy, |* is given by

Frau )= [Fr i, (21, (@102
0

B I () S x)’

i,n; k=1 k=1 /*SNng

and

F hSNS

ZH (1— By, )Jexp —i An x). (29)

i kol =1 AsNn,

Using (20) and (29) in (15), the outage probability of the

near users P can finally be given by
1
ngt FhsN’ max v_—’ +
v (1 - kSNJn> 7
(30)
1-— a
P, (1 —esn,)azr,

a; — (aze + k§N5>yn —vy,

Note that the equation establishes when v>0,kgy 7, <1
and a; > (axe+kgy )70 + V-

3.1.2 | Outage probability of the far users
With our proposed protocol, the outage events at Fj
can occur in two cases. One is that xp, cannot be detected
at Fs when Q=0; and when Q # 0, the direct and relay
links cannot detect xp, at F,. Therefore, the outage
probability of F can be expressed as

Ph=Pr{r, <7, Q=0} +Pr{ri <yp,Q 0} (31)

F
POMA

F
PNOMA

Because the events yp <y; and Q=0 are independent,
PE,1a can be obtained as

Phn = Pr{ny < yf}Pr{Q —0}

where

Fpg (x)=1— Zexp —Z]: AC"'" x). (33)

Jonj m=1 ASan

This can be computed in a similar fashion as Fjg, (x),

in which Zj,nj = Zﬁl(_lyilzxﬂ eri:l o er\ljzl

n<ny<--<n

and Cy, =1/ (€SFS +(1—esp, )Asp, Y pur (1/ QSan))-
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Additionally, we have the CDF of |hy,p, |2 as
o F 1 i
Poy= F hswg (_) F hsegs \ 7 5 N_
vy 1—ki
SE/f |V
Fiy,, (@) =Pr([iine,| <2) (38)
KXM:P(N Ny)Pr(F,=F,)F;__(2) +Fy, i Fz(r)
= T = IN;j )1 = I b Z SFs _ Z\/f )
i=1 j=1 S P g (az - (a1 +k§Fx)yf)7
K M 1 z
=1- —exp| —= . (34)
2% (55

X
xexp| — < - . (35)
(1 — en,F)ANF, + ENFANT

Now, the second term of (31) can be given by

4
(az - ((11 + kég) ?f) V4

1
LA (i [
3)

P}I\?IOMA =Pr |hSFx|2 <

We let Z=a(7lhsy,|’—1) N’ where a=p
(1—kyy..7s)- Applying (29), (35), and [26, eq. (3.471.9)],
the CDF of Z can be given by

1
Fz(z)= Pf{a(ﬂhSNs ? —;> g, <Z}

1 M i
=1 _FhSNS <V7>

S 2
D DWW (SN
% (ZL: Ankz

i,n; p=1q=1
3
k=1 0‘((1 — eNgR )ANF, + €NSFS/1Nqu)/13Nnk7

1

LA
N
Xexp| — E—
;ASNIM{V}/
d A
xKi[2, 3 e I
= a((1— enyp,)ANE, + ENEAN,E, ) AsNn, 7

(37)

where /C; (-) denotes the first-order modified Bessel func-
tion of the second kind [26, eq. (8.407.1)].

Finally, combining (32) and (36), the outage probabil-
ity of the far users can be obtained as

Note that the equation establishes when kéFJ’f <1
and a, > (a1 + kéFS)yf.

3.2 | Asymptotic outage probability

To gain better insights and ease the computation,
the asymptotic analysis are studied at high SNR
regimes (y—o0). With the equations e‘~1+x
and /Ci(x)=1/x + (x/2)log(2/x) as x goes to O, the
asymptotic outage probabilities for near and far users are
given by

LN k=1
(39)

xexp | —— Ap (1— €Sst)a2yn ,

ASNn, (611 - <028 + ksm) Yn— vyn)

and
. j K M C,

D)3 39y

Lni j,nj m=1p=1 q=1 SFny, (40)

where 6; = ZEC:I (Ank}/f/(l((l — 8Nst)j'Nst + gNstj“Nqu)j'SNnk) .

In the special case of the absence of the HIs and ICSI,
that is, kap=0 and exp=1, where A€ {S,N;} and
Be {N,F;}, the asymptotic outage expressions for
the near users and the far users can be further
approximated as
K1 Y "1
et e )

L

and



GUO kT AL.

k
M+1 1

i—1 SNn, 1

ZZZHKMMSFJﬁNFﬂM S H> 0

pF Ll p=1 q=1 j 4

Kk M S Z ﬂSNnL

ZZZKM’MN o

Lh; p=1 g=1

n<o,

(42)

where p=a; —aryy.

It can be observed that the diversity gain attained
by the near and far users are K and M+1,
respectively, when there are no HIs and ICSI (exg=1
and kag =0, for A € {S,N;} and Be {N;,F;}). However,
when epg#1 and kag #0, because an error floor
appears in the high SNR region, the diversity gain of the
near users reduces to zero. The asymptotic outage proba-
bility of the far users depends on 7 2logy; there is no
diversity advantage of using user selection due to the
ICSI and HIs.

3.3 | Ergodic rate

3.3.1 | Ergodic rate of xy;,

In our considered system, xy, can be detected at the
selected near user successfully in both the NOMA and
OMA modes. Because the weakest link determines the
capacity of the near users, the achievable rate of xy, can
be written as

Cn :% log(l—i—min{ygNS,yN;}). (43)

+ Considering the HIs and ICSI (kag 7 0 and exp # 1)
It is clear that the closed-form expression of ergodic
rate for xy, is difficult to obtain under the HIs and
ICSI. Instead, we provide an approximate expression

for Cn. At high SNR, VHm,min{ygNs,yN;}z

2
min a1|hSst| e We let
(azs+k§NS+v‘hst| +‘12(1*95Ns)) Ko

2
@ |h5Ns |

(a28+k§NS +v|hSNs |2+az (1*€SNS )) )

_ (e )aax
FW (x) - FhSN; (al(a2€+£§Ns+v)x> ’

a1 > (aze+kgy, +v)x. Then, the corresponding ergodic

W= and the CDF

when

rate of xy, can be obtained as

ETRI Journal—WI LEYM

cﬁd:% / log(14x) fy (x)dbx+ / log 1+,€§1Ns>fw<X>dx

1
0 2
SN

1

1
k2

1 11— Fw(x
" 2In2 1+x

0

21n2/z P

d Ank (1 — ESNx)azx 1

£~ JsNn a; — (a2£ + kéNS +v)x IT+x

X —

(44)

where u=min{a;/(aze+kgy +Vv),1/kiy, }- Note that

although the closed-form expression of C{¢ cannot be
obtained, it can also be effectively estimated via the
expression (44).

o No HIs and ICSI (kag =0 and eag =1)

Substituting (3), (4), and (14), when exp=1 and
kap =0, the ergodic rate of xy, can be given by

i 1 . alyf _ 2
C4—"log| 1+min{ —~—7|h . 45
N

For further calculation, we let X =7|hgy, |2, then,
the CDF of X can be given by
Fx(x)=T15,(1—exp(—x/4sn,7)). The corresponding
ergodic rate of xy, under the ideal case can be obtained
as (46) by using [26, eq. (3.352.1)],

arry
ax-ayyf o

cid 1 1 dx 1 hry dx
N=5 0g (1 +x)f x (x)dx+ og 1+ fx(x)
2 A 4 a; — alyf
UZ’U{U
arvy k 1

ay—ayrf

_ 1 / 1 —FX(X)dx: 1 Ze =1 ASNm?
21n2 1+x 2In 24
0 tRAd

k k
. Z 1 arys . Z 1
[  Asnn¥ az—aiyg ) ) — Asnn, V) :|

(46)

where E(-) denotes the expectation of the input
random entity and Ei(-) denotes the exponential inte-
gral function [26, eq. (8.211.1)]. Moreover, because
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limEBi(x) = C +In(~x), when x <0, where C is the Euler where a, > (ay +kgy, )7y is required to hold for (49).
X— S
gamma constant [26, eq. (8.214.1)], hence, in the high No His and ICSI (kxx — 0 and _q
SNR regime 7 — oo, the ergodic rate can be further = O a0 (kap =0 and e5p =1)
approximated as At high SNR, min{ySNS,yéf,yps} ~min {ay/a;, max
{Y, az/al}, V}, where Y = n(?thNS ‘2 — }/f/ (az - alyf>)
z": 1 |hnr,|% let fy (y) be the PDF of Y,V =7|hgg,|*, and the
Cid 2 Zel 1 SNn,Yl og 1+a a”;f ) (47) CDF of V is Fy(x)=][;C 1(1 exp(—T>) There-
Lng 2~y fore, the ergodic rate of xg, can given by

Note that, from (47), the ergodic rate of near users can
be increased by increasing K. However, when

K A -
7 — 00, ez"zl‘mlnﬁ —1, the impact of K becomes ¥ :% /Ofy(y)dy+ /fy(y)dy
unimportant. Therefore, the ergodic rate cannot be fur- &2
ther enhanced either by increasing K or 7. The ergodic
rate is mainly affected by the parameters ay, a,, and Yf- « “

al

3.3.2 | Ergodic rate of xg,

Z .
o J
1—Fy(x 1 P
Because both Ay and Fy are capable of detecting xg, ) ln 2 14+x ~5In 2Ze -
successfully, the achievable rate of xp, can be written as 0 b
.1 (a, ) .1
1 Ei| — i — | —=+1 —Ei —
. SFn,,Y \@1 SFn,,, Y
Cr zilog(l + mln{YgNS’ngaypx}) . (48) m=1"20 m=17E

« Considering HIs and ICSI(kap # 0 and exp # 1) Similarly, the approximate expression of the ergodic rate

At high SNR, min{rﬁNs,yﬁf,yFs} ~min{a,/ for the far users under the ideal case can be obtained as
(a1 +kgy, +v),max{ar/ (a1 +kiy ). rn.e, |» 1/K3p, |- We i
denote f, (x) as the PDF of yyyp. Therefore, the T
st 0 id SFn,, Y
ergodic rate of xp, under the nonideal case can be Cy ~ Zem 1750 og (1 + ) (51)
obtained using (49): ] K
From (51), we observe that the number of far users M
Cgid:%bg 1+ min { 1(:22 _max { aj{ _ ?yNSF;} %}) and the parameter a, positively impact the ergodic rate
a1+ K, +V a1t SF, for the far users. Similarly, when
ay J -
arily, 7 — o0, 2 (Viseon?) _, 1, the number of far users M
:% / log 1 +min{a—22,2i}> £, ()dx becomes unimportant in the ergodic rate, and the ergodic
A ay + Ky, + kg, rate is only related to the parameters a; and a,.

. a 1
+ log 1+min{ ———,—— x)dx
/ & {a1+k§N§+v k§F3}>f7Nst( ) >

a +k5NS

4 | SIMULATION RESULTS

:llog <1+min{ az L}) In this section, we numerically verify the accuracy of
2 a1+ kg, +v kg, our analytical results. For simplicity, throughout the
simulations, we assume that the channel gains of

S§—N;,8—Fj, and N; — F; have the same mean values,

(49) that iS, )“SNi = }vSN; ASF_,- = )«SFy and )“NiFj = /1NFa i=12,..,K
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and j=1,2,..,M, and & =ésp=éeny=¢ and
ksn, = ks, = kn;r; = k. Unless otherwise stated, we con-
sider a two-dimensional topology, the distances between
S—/\/'S,S—]-"S, and ./V'S—.Fs are dSNZd,dSF:3d, and
dnr = 2.5d, respectively, where d=0.5 [29]. Moreover,
we set the path loss exponent asy = asp = anr = 2, the tar-
get data rate Ry =Rp=1bps/Hz, the power allocation
coefficients a; =0.3,a, =0.7, and the energy conversion
efficiency n =0.75.

Figure 1 illustrates the outage probabilities of A5 and
Fs versus 7 for the different numbers of the near and far
users in two conditions, that is, nonideal condition
(6=0.95,k=0.1) and ideal condition (¢ =1,k =0). It can
be observed that, for the near and far users, a significant
outage performance gain can be achieved by increasing K
and M. Additionally, for the near users, the proposed
NOMA/OMA adaptive system is always superior to
NOMA under ideal conditions. When £=0.95,k=0.1,
there are error floors at high SNR, which is consistent
with the discussions on the outage probability for the
near users in Section 3. For the far users, we can observe
that the performance of the proposed NOMA/OMA
scheme exceeds that of NOMA and OMA for all SNR
regions with/without HIs and ICSI.

Figure 2 shows the outage probability of Ny and Fj
versus 7 with different nonideal factors. To quantify the
influence of the HIs and ICSI, we examine the outage
probabilities of the near and far users in three different
cases: £=0.95,k=0; £=1,k=0.1; and £=1,k=0. One
can observe that the outage performance of the near and
far users decreases when ¢ increases and k decreases.
When the HIs exist, the outage probabilities of both near
and far users can improve with the increase of SNR. With
E=1,k=0.1 and £=1,k=0, the near and far users can
achieve full diversity order (i.e., K and M+1),

1P ® 4
S €=0.95,k=0.1 £=095,k=0.1
z 107°F
E
<
)
2
o
& 10
<
=]
o Analytical
Asymptotic
6L % Near user
10 O Faruser e=1 L
—=%= NOMA near users NOMA :’
—=©-— Far users
-—+=- OMA far user with M =2
10 -8 | | L
0 5 10 15 20 25 30
ry
FIGURE 1 Outage probability of N5 and F; versus 7 with
different K and M

ETRI Journal—WI LEYJﬁ

respectively. This means that HIs only reduce the coding
gain. When the ICSI exists, the diversity order of the near
users equals zero at the high SNR region, and the diver-
sity order achieved by F; is reduced to 7 2logy. Hence,
we can conclude that the ICSI has a more severe impact
on the system performance than HIs.

Figure 3 shows the outage performance of users ver-
sus the ICSI parameter & with different kK when 7 =20 dB.
We can see that a lower channel estimation accuracy
results in a higher outage for the near users than the far
users with the same value of k. And the outage perfor-
mance of near users is more insensitive to the channel
estimation accuracy than that of far users. This is because
the ICSI will reduce the users’ diversity gain and lead to
the SIC error, which impacts the performance of the near
users and has no effect on the far users. Additionally, we

10 0 S T T T T T
IR
*
107 3
€=0.95,k=0
Z 107 1
-
O
2 nsk 4
S 10
(5]
o0
] E=1,k=0.1
o 104F ]
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10,5 E Asymptotic 4
* Near user-.simulzftion E=1,k=0
le) Far user-simulation
107 : : . . .
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v
FIGURE 2 Outage probability of F versus SNR with different

nonideal factors

10° T T T T

— Analytical
* k=0 - simultion
O k=0.1- simulation
k=0.3 - simulation |

Outage probability

Far users

10°5 . . .
0.75 0.80 0.85 0.90 0.95 1.00

3

FIGURE 3 Outage performance of users versus the ICSI
parameter ¢ with different k
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FIGURE 4 Ergodic rate of N versus 7 with different Yr

can observe that the outage performance for the far users
degrades significantly when the HIs level k increases
from 0 to 0.3, whereas the performance loss of the near
users caused by the HIs is slightly less with k increasing
when & # 1. This result shows that the effect of ICSI on
the outage performance of near users is more severe than
that of HIs.

Figure 4 shows the ergodic rates of N versus 7 for
different Yf under ideal and nonideal conditions, that is,
¢(=1,k=0 and £=0.9,k=0.1. It can be observed that
the analytical and simulation results match well with
each other, and the approximate analyses are more valid
in the high SNR regime. It can be seen that the ergodic
rate of the near users can be improved by increasing ¢&
and decreasing k. Moreover, we can see that there is a
throughput ceiling as 7 increases in both the ideal and
nonideal conditions. One can observe that the ergodic
rate of the near users increases with the increase of the
required rate y;. This is because, in our proposed
NOMA/OMA protocol, after decoding the signal
correctly, Vs should maximize the collection of energy as
much as possible. Therefore, under the premise of
ensuring the correct decoding, the remaining power is
allocated to N/ for the energy harvested rather than for
performance improvement. Moreover, the ergodic rate is
achieved faster as y increases when the set value y; is
lower, that is, vr=0.5.

Figure 5 shows the ergodic rates of F; versus a; for
different ¥ and M. The figure shows that the asymptotic
ergodic rate expression can considerably approximate the
simulation results in both the ideal and nonideal
conditions. In the ideal conditions, it can be observed
that the ergodic rates of F; can increase as 7 or M
increases. However, the performance gain were negligible
when M increases from 6 to 8 and 7 increases from 20 to

®
1.6 Analytical b
O 5 =10 dB-simulation
M=38 * 7 =20 dB-simulation
1.4+ o 7 =30 dB-simulation 7
————— Cifapproxilnali0|1 forM=2,6,8
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FIGURE 5 Ergodic rate of F; versus a; with different 7 and M

30dB. This is consistent with the approximate results
of (51); the ergodic rate saturates when 7 is very high.
The ergodic rate cannot be further enhanced by increas-
ing 7 or the number of far users M. Moreover, we can
observe that there is an optimal value a; when 7 is low,
thta is, y=10dB. The reason is that a; indicates the
trade-off between the near and far users to decode their
signals correctly. Because the channel condition of link
S — N is better than that of link § — Fy, on increasing 7,
less power (a smaller a;) for Ny is sufficient for decoding
its own signal. Hence, more energy can be allocated to
the far users to improve their performance. However, in
the nonideal conditions, the ergodic rates of F; remain
unchanged with an increase in 7, which shows that the
performance of the far users cannot be improved by sim-
ply increasing the SNR. This is because, when 7 — oo, the
ergodic rates of F is only related to a; and a,.

5 | CONCLUSION

In this paper, we studied the impact of the HIs and ICSI
on the performance of a SWIPT-assisted adaptive
NOMA/OMA system. The closed-form and asymptotic
expressions for the outage probabilities of both near and
far users were derived over the i.n.i.d. Rayleigh fading
channels. The diversity gains attained by the near and far
users are K and M +1 in the ideal conditions, respec-
tively. However, the performance of the near and far
users declined when the HIs and ICSI existed, and the
diversity gains achieved by the near and far users were
reduced to zero and 7 2logy, respectively. Moreover, the
ergodic rates of the near and far users were studied to
gain further insight into the effect of the system’s impor-
tant parameters. The results have shown that there is a
throughput ceiling of the ergodic rates for both near and



GUO kT AL.

ETRI Journal—WI LEYJﬁ

far users in the ideal and nonideal conditions, which
means that the system performance will not be further
improved with an increase in SNR. Analytical and
numerical results demonstrated that, whether the HIs
and ICSI exist or not, our proposed adaptive NOMA/
OMA system with SWIPT obtains better performance
than the conventional NOMA and OMA system. The
effect of the ICSI on the performance of the near users is
more serious than that of HIs. In the ideal condition, the
ergodic rate of the near users mainly depends on ay, a,,
and y;. Power allocation coefficients played a vital role in
the ergodic rate of the far users. Therefore, when current
techniques cannot perfectly remove the impact of HIs
and ICSI, the SWIPT-assisted adaptive NOMA/OMA
system with user selection has great potential for 5G
communication networks and beyond. Appropriate target
rate and power allocation coefficients can significantly
improve the system performance without increasing the
transmission power.
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