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Abstract—This paper investigates the impact of residual
transceiver hardware impairments (RTHIs) on cooperative non-
orthogonal multiple access (NOMA) networks, where generic
a — p fading channel is considered. To be practical, imper-
fect channel state information (CSI) and imperfect successive
interference cancellation (SIC) are taken into account. More
particularly, two representative NOMA scenarios are proposed,
namely non-cooperative NOMA and cooperative NOMA. For the
non-cooperative NOMA, the base station (BS) directly performs
NOMA with all users. For the cooperative NOMA, the BS
communicates with NOMA users with the aid of an amplify-
and-forward (AF) relay, and the direct links between BS and
users are existent. To characterize the performance of the
proposed networks, new closed-form and asymptotic expressions
for the outage probability (OP), ergodic capacity (EC) and
energy efficiency (EE) are derived, respectively. Specifically, we
also design the relay location optimization algorithms from the
perspectives of minimize the asymptotic OP. For non-cooperative
NOMA, it is proved that the OP at high signal-to-noise ratios
(SNRs) is a function of threshold, distortion noises, estimation
errors and fading parameters, which results in 0 diversity order.
In addition, high SNR slopes and high SNR power offsets achieved
by users are studied. It is shown that there are rate ceilings for
the EC at high SNRs due to estimation error and distortion noise,
which cause 0 high SNR slopes and oo high SNR power offsets.
For cooperative NOMA, similar results can be obtained, and it
also demonstrates that the outage performance of cooperative
NOMA scenario exceeds the non-cooperative NOMA scenario in
the high SNR regime.

Index Terms—a— fading channels, hardware impairments,
imperfect CSI, imperfect SIC, NOMA

I. INTRODUCTION

ITH unprecedented application of smart devices, wire-

less communications operators are facing a great chal-
lenge due to the exponentially increasing data service [2]. Non-
orthogonal multiple access (NOMA) has been proposed as a
promising technique to address this challenge for the fifth-
generation (5G) mobile networks, such as spectrum efficiency,
quality-of-service (QoS) and massive connectivity [3]. In gen-
eral, NOMA techniques can be classified into two categories,
namely, code-domain NOMA [4] and power-domain NOMA
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[5]." The dominant feature of NOMA is to allow multiple users
to share the same time/frequency/code resources with different
power allocation according to their channel conditions. At the
receiver, the superimposed information is decoded by using
successive interference cancelation (SIC) algorithms [6].

Recently, NOMA has been extensively studied in wireless
communication [7-10], and some of NOMA techniques have
been accepted by 3GPP, e.g. downlink multiuser superposition
transmission [11] and massive machine type communication
[12]. In [7], the performance of downlink NOMA systems
was studied for randomly deployed users, in which analytical
expressions for the outage probability (OP) were derived in
closed-form. [8] proposed a new power control scheme and
derived closed-form expressions for the OP and achievable
sum rate of uplink NOMA systems. With the emphasis on
physical layer security, [9] investigated the secrecy perfor-
mance of large-scale NOMA networks, where both single-
antenna and multiple-antenna assisted transmission scenarios
were considered. The coverage, ergodic capacity (EC) and
energy efficiency (EE) of large-scale heterogeneous networks
(HetNets) were analyzed in [13], where a new transmission
framework combining NOMA with HetNets was proposed.
Considering the combination of NOMA and simultaneous
wireless information and power transfer (SWIPT) technolo-
gies, a cooperative SWIPT NOMA protocol was proposed in
[10], where users with better channel conditions were used
as energy harvesting relays to help users with worse channel
conditions.

One common characteristic of the aforementioned works is
that perfect radio frequency (RF) components are assumed at
the transceivers, which is impractical for the realistic systems.
In practice, all RF components suffer from several types of
hardware impairments, such as amplifier non-linearities, in-
phase/quadrature imbalance, phase noise, quantization error
[14]. Although some compensation and calibration algorithms
are used to mitigate the influence of such individual hardware
impairments, there are still some residual transceiver hardware
impairments (RTHIs) due to estimation error, inaccurate cal-
ibration and different types of noise [15]. Theoretic analysis
and experiment results have demonstrated that the RTHIs can
be modelled by an additive distortion noise [14, 16]. To this
end, several works have studied the aggregated impact of
RTHIs on system performance [17-19]. [17] indicated that
RTHISs resulted in a fundamental capacity ceiling, which can

'In this paper, we focuses on power-domain NOMA techniques, and we
simply use “NOMA” to refer to “power-domain NOMA”.



not be eliminated by increasing the transmit power. In [18],
authors proposed a linear channel estimator in the presence of
RTHIs. Considering two types of relay selection strategies,
the outage behavior of decode-and-forward (DF) relaying
networks in the presence of RTHIs and co-channel interference
was explored in [19].

A. Motivation and Related Works

Although the aforementioned works have laid a solid foun-
dation with providing a good understanding of NOMA and
RTHIs, to the best of our knowledge, the only relevant studies
have been reported in [20-22] and [23-25]. In [20], authors
investigated the performance of NOMA-based cooperative
full/half-duplex relaying networks and derived closed-form
expressions for the exact OP and the network throughput.
Regarding the line-of-sight propagation environments, an ap-
proximate analysis method for NOMA-based relaying systems
over Rician fading channels was proposed in [21]. Authors
in [22] analyzed the outage behavior of amplify-and-forward
(AF) NOMA relaying and derived closed-form expressions
for the exact OP and lower/upper bounds. As for hardware
impairments, [23] quantified the impact of residual hardware
impairments on AF and DF relaying networks over Rayleigh
and Nakagami-m fading channels. In [24], the exact expres-
sions for the OP and symbol error rates of two-way AF
relaying networks were derived, where hardware impairments
at the relay node is considered. The outage performance
of SWIPT cooperative multi-relay networks with hardware
impairments constraints have been investigated in [25].

More recently, [26] has analyzed the impact of RTHIs
on the performance of NOMA-based AF relaying network
under the assumption of no direct link. Nonetheless, it has
the assumption that perfect channel state information (CSI) is
available, which is a great challenge due to estimation errors
and feedback delay. Cooperative NOMA relay systems with
CSI for ideal hardware conditions were studied in [27,28].
[27] investigated the performance for the relay-aided NOMA
systems under the condition of statistical CSI. [28] studied the
performance of NOMA by assuming two types of imperfect
CSI, namely estimation error and statistics CSI. Also, the
joint impact of RTHIs and imperfect CSI has been studied
in [29], but not in cooperative NOMA networks. Moreover
[29] analyzed the joint impact of RTHIs and imperfect CSI on
the outage performance of multiple antenna systems with SIC
detections. In practical systems, the decoding error might be
inevitable during SIC detections, which results that the inter-
ference cannot be canceled completely, namely imperfect SIC
[30]. Therefore, there is still a dearth of research contributions
on the performance analysis of cooperative NOMA networks
with RTHIs, imperfect CSI and imperfect SIC.

B. Contributions

Motivated by the aforementioned discussion, in this paper,
we study the impact of RTHIs and imperfect SIC on cooper-
ative NOMA relaying networks. In addition, imperfect CSI is
taken into account by considering two representive channel
estimation models: i) The variance of channel estimation

error is a non-negative fixed constant; ii) The variance of
the channel estimation error is a function of the transmit
average SNR. The generic a—p fading channel is adopted
since it is widely used to characterize the nature of non-
homogeneous fading environment, where the surfaces are
correlated nonlinear environment [31]. In addition, based on
the different parameter settings, this versatile model can be
used to capture the fading characteristics of several channel-
s. For instance, Gamma (a=1), Nakagami-m (@=2, u= m),
Weibull (¢« = m,pu = 1), and Rayleigh (¢« = 2,4 = 1)
[31]. Unfortunately, a @ — g model makes the analysis of
cooperative NOMA networks more complicated, as the results
of the above fading model cannot be directly extended to this
one. Moreover, two typical scenarios are considered: i) The
base station (BS) directly sends information to multiple users,
namely non-cooperative NOMA; ii) The BS communicates
with users with the assistance of an AF relay, and the direct
links between BS and users are existent, namely cooperative
NOMA.

Different from [32]: i) We investigate the effect of RTHIs
and imperfect CSI on the system OP, EC and EE; ii) We
consider the more realistic case, where the imperfect SIC exists
during the procedure of SIC; iii) Relay location optimization
for the cooperative NOMA scenario is analyzed.

The primary contributions of this paper are summarized as:

e Non-cooperative NOMA: We derive exact expressions for
the OP of the near user and the far user. To obtain more
insights, we further carry out the asymptotic analysis in
terms of OP at high signal-to-noise ratios (SNRs) for the
two users and obtain diversity orders. We demonstrate
that for the first estimation model, the diversity order is
zero, while for the second estimation model, the diversity
order is fixed constant, which is determined by fading
parameter and the number of users.

e Non-cooperative NOMA: We derive the analytical expres-
sion in terms of EC for the two users. For obtaining more
insights, we further derive the high-SNR slopes and high-
SNR power offsets for the EC in the high SNR region. It
reveals that there exist capacity ceilings in the presence
of distortion noise and channel estimation error, which
results in zero high-SNR slopes and infinity high-SNR
power offsets.

o Cooperative NOMA: We derive the closed-form expres-
sions for the OP of cooperative NOMA. To obtain deeper
insights, the asymptotic behaviors and diversity orders
are explored in the high SNR regime. Similarly, we
demonstrate that for the first estimation model, there are
error floors for the OP, which results in zero diversity
orders. For the second estimation model, the OP can
be improved as the SNR increasing and diversity order
approaches a positive constant.

o Cooperative NOMA: We study the ergodic capacities by
deriving approximate closed-form expressions for the two
users. Similarly, the high-SNR slope and high-SNR power
offset analyses are carried out. The results clearly show
that there are rate ceilings for the EC, which results in
0 high-SNR slopes and oo high-SNR power offsets. For
ideal conditions, high-SNR slope is 1/2, and high-SNR
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Fig. 1: Illustration of multiuser NOMA networks

power offset is constant, which is determined by fading
parameters and the number of users.

e Relay Location Optimization: For the cooperative NO-
MA, we optimize the relay location with fixed power
allocation from the perspectives of minimize the asymp-
totic OP of the considered networks.

e Energy efficiency: We analyze the EE performance of the
considered communication networks. We conclude that
estimation errors have significant effects on the system
EE at mid SNRs. Additionally, by optimizing the relay
location, cooperative NOMA has a higher EE corre-
sponding to non-cooperative NOMA since cooperative
NOMA scheme can achieve higher EC than that of non-
cooperative NOMA.

C. Organization and Notations

The remainder of this paper is organised as follows. In Sec-
tion II, we introduce the general hardware impairment model
for the two scenarios. In Section III, new analytical expressions
for the OP and diversity order are derived and discussed. In
Section IV, approximate analytical expressions for the EC are
derived and the asymptotic analyses in terms of high SNR
slope and high SNR power offset are analyzed. The location
optimization problem is formulated and analyzed in Section
V. Section VI evaluates the EE of overall networks. Section
VII showcases numerical results according to the Monte-Carlo
simulations to validate the correctness of theoretical analyses.
Section VIII concludes the paper and summarize the key
findings.

We use E{-} to denote the expectation operation, while
£ denotes definition operation. A complex Gaussian random
variable with mean p and variance o2 reads as CA'{u,o?}.
I'{-} represents the Gamma function, while n! is the factorial
operation. Finally, fx(-) and Fx (-) are the probability density
function (PDF) and the cumulative distribution function (CDF)
of a random variable, respectively.

II. SYSTEM MODEL

We consider a cooperative NOMA AF relay network as
depicted in Fig. 1. There is one source (5), i.e, BS, that
aims to communicate with N destinations (D) with the aid
of an AF relay (R). In this paper, two typical scenarios are
considered: i) S directly communicates with D,, (1 < n < N);
ii) S communicates with users D,, with the help of an AF
relay R, and the direct links between S and D,, are existent.
We assume all nodes are equipped with one antenna. We also
assume that d, is the distance between S and R, dq,, is the

distance between S and D, d,q, is the distance between R
and D,,.

In practice, perfect CSI is supposed to be unavailable due
to some types of errors. The common way to obtain CSI is
channel estimation?. By using linear minimum mean square

error (LMMSE), the channel coefficient is denoted by

(1)

where §; denotes the estimated channel coefficient, and e; ~
CN (O, ogi) represents the channel estimation error. Note that
g; and e; are uncorrelated due to the orthogonality property
of LMMSE algorithm.

In this paper, we consider two types of channel estimation
error models:

1) quz is fixed and independent of the average SNR;

2) 02 is a function of the average SNR, where ¢, can
be approximated as a Gaussian random variable [33]. The
variance of the error can be modeled as 02, = €; /(1 + 07€2;),
where €; = d; @ is the variance of Gir Y 1s the transmit SNR,
0>0 depends on the cost of acquiring CSI in the light of
the training pilots power consumption and reflects the quality
of channel estimation. It is worth pointing out that 6 can be
expressed as d=ecL [34], where ¢ denotes the ratio of pilot
energy to date energy, L denotes the number of pilot symbols.
Thus, the varlance of the estimated channel g; can be given
as ) = Q; — 02 —6792/ + 57v8Y).

Defining channel gain p; = |g;|, as in [35], the PDF and
CDF of estimated channel are given as.

9i = §i +e; (i = sr,rdy, sdy)

e A
folw) =222 )7 i srrdaysda, @
28, % T'(ps)
e C N
e \Pi T

F =1- —_— = 3

b (@) 2::0 — (/@) SENC)

where «; > 0 and p; > 0 are the nonlineari-

ty power exponent and the number of multipath clus-
ter, respectively, 3; = E(z)T(pi)/T(pi +2/a;), E(z) =
P20 (s + 2/@) /(u2 T (1)), where #; is defined as the 7; =
“/E(R%)-root mean of the amplitude of random variable.

Using order statistics [36], the PDF and CDF of the ordered
variable, psq, , are given by

Han N-n nHe—1
fpoan(@)=EY (=) Foes@ [Fpoa, ()], 4
k=0
'—N—n N_n (_l)k n—‘,—k,
Fro (2) =2 3 ( . )n B, @] )
where = = %

Without loss of generality, we assumed that the estimated
channel gain between S and D,, are sorted as |gsq,|*> <
|Gsar > < -+ < |gsay |* [5].

2In practice, in order to obtain the knowledge of the channel, the transmitter
is requires to send training sequence to receiver during some portion of the
transmission interval.



A. Non-cooperative NOMA

According to NOMA protocol, .S sends 25:1 vVa, Pst,, to
D,,, where z,, is the message for the n-th user with E(|z,,|) =
1, P, is the average transmit power of S, a, is the power
allocation coefficient for ensuring the fairness among users
with a1 > ag > -+ > ay, and ny:l an = 1. Thus, referring
to channel estimation error mode in [37] and distortion noise
model in [23], the received signal at D,, is expressed as

N
Ysd, = (gsdn + esdn) (Z V anPsxn + nsdn> + Nsd,, 5 (6)
n=1

where 7,4, ~ CN (0,x2; Ps) is the aggregated distortion
noise from transceiver; k44, represents the level of hardware
impairment at transceivers, which can be measured in practice
based on the error vector magnitude (EVM) [38]; ngsq, ~
CN (0, Nyq, ) represents the additive white complex Gaussian
noise (AWGN). In addition, we define v = P;/Ngq,, .

According to NOMA protocol, SIC is carried out at users.
Considering imperfect SIC, the received signal-to-interference-
plus-noise ratio (SINR) for D,, to decode D;’s message x;,
7 < n, can be expressed as

_ aj’Yﬁsdn
Vsd,j—n=— ~ - ~ )
Y (Aj +A;+ “gdn) Psd,tdgy, (Ugsdn v(Hw2, )+ 1)
N ()
where A; Zp 16505, 0 < & < 1 indicates imperfect

SIC, {5 = 0 and s = 1 denote perfect SIC and no SIC,
respectively; A; = Z;V: j+1 @p» @ is the path loss parameter.
If z; is detected under the condition of imperfect SIC, the
received SINR at D,, to detect its own message is given by

an’Yﬁsd”
VAt Bn+12, ) g, %, (02, 7 (1442, ) +1)

N ®)
= Zq:n+l aq-

Ysd,, =
where A,, = Zg;ll &ap, Ay

B. Cooperative NOMA

For cooperative NOMA, the entire transmission process is
accomplished in two time slots.

The first phase: S transmits the superposed signal to R
and D,, according to the NOMA protocol. Thus, the received
signal at R and D,, are given as

y; = (g; + €;) (Z\/anpxn+7r>+n7,2—sr sdyn, (9)

where 7; ~ CN (0, KJQP denote the distortion noise from
transceivers, n; ~ CA (0 ( N;) is the AWGN noise.

At the receivers, the received SINR at D,, to decode D;’s
message x;, j < n under imperfect SIC, is expressed as

aj’YﬁSdn
Vsd,j—n=""7= ~ - )
v (Aj +A,+ “gdn) Psd,tdog (Ugsdn 1+ “gdn)+ 12
(10)

For the case of imperfect SIC, after D;’s message x; is
detected, the received SINR at D,, to detect its own message
Z, is given by

Nod. = anvﬁsdn
"y (An+An + ﬂ?m) Psa, Ty, (Ugsdn v(1+K2)+ 12
1)

The second phase: The relay amplifies and forwards the
received signal to the intended users, then the received signal
at D,, is obtained as

Yrd, = (grdn + e'r‘dn) (Gysr + 777'dn) + Nyrd,, » (12)
A

where G = \/ (e [ e i o T
plification factor, 7.4, ~ CN (O,Iﬁdn Pr) is the aggregated
distortion noise from R and D,, n.q, ~ CN (0,N.q,)
represents AWGN noise, P, is the transmit power at R. For
convenience, we have the following definitions: Ay, = Ps/Ng,
and A.q, = P/Nyq, as the SNR at S and R, respectively.
We further assume A5, = c17, Arq,, = c2y, Where ¢; and ca
are constants.

Here, the SIC can be invoked by D,, for detecting D;. Thus,
the SINR for D,, to decode D;’s message under the condition
of imperfect SIC can be given by

is the am-

B ;16272 psrprd,

Yrd,j—n=

16257 (AﬁrAﬁrd) Psrir d HOLC s H P22 W +¢Bn

(13)

where d = kI, + K2, 4+ KLKEZ, . Gim
&, (102, Q+d) trd 1) o -
dg, (01702 (1 er) + “gd + 1) b3 = dsrd?dn
X (c1c27?02 erd (4+d)+eryo? (1412,)+ceyo?2, dn(l—&—n,,?dn)—&-l).

onsidering imperfect SIC, when the message x; is decoded
from the superposed message, the SINR for D,, to decode its
own message is obtained as

2
AnC1C27Y" PsrPrd,

ciezy ( n+An+d) Psrrdyy HOLCIOsr T P2 CNr d TP
(14)

Yrd, =

IIT. OUTAGE PROBABILITY ANALYSIS

In this section, we explore the outage behaviors for the two
scenarios by deriving the exact expressions for the OP.

A. Non-cooperative NOMA

1) OP: The outage event occurs at D,, when D,, fails to
decode its own signal or the signal of D;, the OP at D,, can
be expressed as

P, =1-Pr(E¥N

ou

Esd )’

n,n

5)

where Ede denotes D,, can successfully decode D;’s signal,
which can be expressed as

n,] = {F)/Sd,j—>n >'ythj}
Venjdag,, (Ggsdn’y(l +K2 )+ 1) A

e = v (aj— (Aﬁﬁj J’_K“gdn)%hj) oy
(16)




where 7,; is the target date of Dj, satisfies

aj > (Aj + Afr"ﬁd") Vehj-

The exact expressions for the OP of D,, for ideal/non-ideal
conditions are given in the following theorem. All through
this paper, we have ks, = Kpa, = Ksa, # 0,0¢,r = 0c,, =
Oesa,, 7é 0, 517 7é 0 and ks = Rrd, = Ksd, = 070-657” =
Oerq, = Oe,q, = 0, & = 0 for non-ideal conditions and ideal
conditions, respectively.

(16)

Theorem 1. For oo — u fading channels, the exact analytical
expressions for the OP of D,, can be given as’
e Non-ideal conditions

nte
) sdn ‘1
N— Hsd ﬁsd
nni__ — N—n E]-) e (ﬁ*d") \
r =y (S
k=0 m1=0
17)
where 0} = max 0;.
1<j<n
e Ideal conditions
Asdy o, M
k Hsdnflei(ﬂjTln) : Uil 2
pm 1d_~ J(N—n ) 1— Z Bsdyp,
out — = n+tk S~ mq! '
(18)
where 9; = max — %
1 1<j<n y(a;—AjYens) "
Proof: By plugging (16) into (15), we can obtain
Pr.=1—Pr{ps, >0:}. (19)

where 0 = max 6;. Then, substituting (4) into (19), (17) can
<j<n
be obtained after some manipulations. For ideal conditions, the

closed-form expression for the OP of users can be obtained
by setting x; = 02 = 0. ]

2) Diversity Order. In the presence of non-ergodic fading
channels, diversity order is an key metric of performance
evaluation, which can be used to characterize the effects of
system and fading parameters on the OP of the proposed
NOMA networks. To this end, we carry out the diversity order
analysis in the high SNR region. Diversity order is defined as
the negative slope of the OP versus SNR on the log-log scale
s [39]

l PTL o0
d=— lim M. (20)
y—00 log v

In the following, we first provide the asymptotic expression
for the OP at high SNRs (y — 00).

Corollary 1. At high SNRs, the asymptotic OP for D,, can
be given by
e Non-ideal conditions

, Nesdy Fsdy,
= 2
Pn,ni _ — ( S1 )
out,00 ~ n ’
' (/’Lsdn ') Bsdn

3In this paper, we have the assumption that y is an integer. For non-integer
1, we can obtain the approximate expression by flooring and ceiling.

1)

Yenjdia, oc,, (1+k24, )
where ¢ = max n__
1<j<n aj— (A +A+RZ, )’)’thj
Yinjdg 14+rK3
gty (100,
1<j<n v(ai—(25+28,+k2, )vins
e Ideal conditions

n,id g 191
Pout co — (M d |)n B d
SQn * SCn

YenjdSa, —=/__N!

=

= T nl(N—-n)!"

. We note that ¢; =

] when a . is a function of SNR.

nosd, Msdy,

(22)

where 1 = max
1= 1<j<n Y(aj=vin;A;5)’

Corollary 2. The diversity orders of the n-th user for non-
ideal/ideal conditions are given by

e Non-ideal conditions: For fixed and variable estimation
error model, the diversity order can be given respectively by

R
e Ideal conditions
d11181td _ nasd;ﬂsdn ) (24)

Proof: By plugging (22) into (20), the diversity order
achieved by D,, is obtained. [ ]
Remark 1. For ideal conditions, the OP is determined by the
number of destinations and fading parameters. The diversity
order is “*4zkedn For non-ideal conditions, when o2, is
fixed, there is a floor for the OP, which is irrelated to the
average SNR. For this case, diversity order is zero due to
the fixed estimation error. When O-zi is a function of SNR,
the diversity order is the same with ideal conditions since the

channel can be accurately estimated in the high SNR regime.

B. Cooperative NOMA

1) OP: In this scenario, the users can combine the received
signals from the S and R by using selection combining.

P’IL

e =[1—Pr(E N nE“)]

25
[1—Pr(Eszﬂ~~~ (25)

nE]

where EST]d denotes D,, can successfully decode D;’s signal.
Thus, E”d can be expressed as

E:L’:‘]d = {'Yrd,jan > 'Ythj} (26)

prd. > ¢1,n%hj
" coy ( = Vthj (Aj“FAj + d))

(i (d)Z,nCZ'Vprdn + ¢3) }
101y (pra, — ;) |’

1>

1/)_]'7

Psr >

where (26) follows from a; > (Aj +A;+ d) Ythj-

It is difficult to derive the exact expression for the OP of
D,, due to high complexity of integral. We circumvent this
problem by deriving the approximate expressions for the OP
in the following theorem.

Theorem 2. For o —
be approximated as

u fading channels, the OPs of D,, can



e Non-ideal conditions

N—n kf Hsa,l bdn 1
proni = N—n\(1) {_ ﬁgdn (H )
out P k n—l—k\ od

Hsr—1 HrdyLl ﬂsr M (L;: ) 7‘7?‘12 «l/j" rdn 3

> > ( ) (@ > on
| | b

mo=0msz=0 ma:ms: Bsr

where ¥} = max t;, T = ciﬁfzn

1<j<n
e Ideal conditions

n,id_ _N_n N —n\(-1) ( /Mn ﬁSdn
P RE
k=0 n—&-kk sd
ard,, 13

éd,ﬁm

, (28)
mao=0m3=0
ds
where 1o = max %, U3 =
1<j<n CI'Y(”'J J”/thJ)

max ’Ytth1 dn .

1<j<n cav(a;—A;venj)
Proof: See Appendix A. ]

2) Diversity Order: Similarly, in order to obtain more
insights, we focus on the asymptotic analysis in terms of
diversity order at high SNR regime. By using (27) and (28),
we observe that the asymptotic OP for the D,, at high SNRs
in the following corollary.

Corollary 3. Ar high SNRs (7 — o0), the asymptotic OP of
D, is given by
e Non-ideal conditions
CrdpPrdy,
S3 2
Brdn

n%sdytsdy

(e~
Pn,ni = Bsdn, Bsr,

Xsrisr

00— = n + (29)
outeo (,usdn!) ,U/sr! M'r‘dn! )7
A/fh7ds1‘a-€ (1+d)
where = max ar ,
52 1<j<n ( (A +A; -‘rd)’Ythj)
’Y“LJdrdn 5d (1+d)
S = max We note that
3 1<j<n aj— (A +A_]+?)Pyth]
_ Yehjdg, (1+d) _
= max A N . =
52 1<5<n Yar(a;— (8 +8;+d)ven;) 3
h;d%, (1+d . .
max Yendra, (14d) when o2 is a function
1<j<n Yrdn (a]_(Aj+Aj+d)'Yt}Lj) K
of SNR.
e Ideal conditions
N%sdp Hsdy QXsritsr rdpHrdn
(7 ™
id —\ Bsdn, Bsr, Brdn
Poitoo=E' 7 —+ — | GO
(Msdn ) Hsr: Hrd,,
= _ N!
where =/ = AN
Proof: Taking the SNR into large (y — 00), F,_, (6},),
F,,. (7) and F, , (i) can be respectively calculated as

. sdp Msdp o
(ﬁen ) ( . ) sriter
_ *) — =/ \Psdn — \Bsr
Fs, (07) =2 L F,. (1) .
Co I
* _ rd
Fprd" (wn) - n/le : u

Next, the diversity orders are obtained in the following
corollary.

Corollary 4. The diversity orders for the OP of the n-th user
are given by

e Non-ideal conditions: For fixed and variable estimation
error model, the diversity orders can be given respectively by

d;;;; ;=0 (31)

™ ni . (NQsq, Msdd’asrusr Nogq,, /J/sd,,ﬁ'ardn Hrd,
2nd,v =min 9 ’ 2 5

e Ideal conditions

dn,id _ in<nasdnﬂsd7,+o‘sr,ufsr no‘sdnﬂsd,{i’ardn ,Ulrdn>. (32)

2nd — 9 ’ 2
Proof: By substituting (29) and (30) into (20), we can
complete the proof after some simplifications. [ ]

Remark 2. For ideal conditions, the outage performance is
improved as the average SNR increasing. The diversity order
is determined by the minimum value (nsq, fsd, + Qsritsr)/2
and (nasa, fsd, + Qrd, fird, )/2. For non-ideal conditions,
when the estimation error is fixed, the asymptotic OP is a
fixed constant, and results in zero diversity order. When O'zi is
a function of SNR, the diversity order is the same with ideal
case since the channel can be accurately estimated in the high
SNR regime.

IV. ERGODIC CAPACITY ANALYSIS

In this section, we analyze the EC performance for these
two scenarios over o — u fading channels with hardware
impairments and imperfect CSI, where the imperfect SIC is
also taken into account.

A. Non-cooperative NOMA

1) EC: The achievable sum rate for the served users of the
considered networks is obtained as

N
Z logy (1 4 7sa,, )-

Riin = (33)
n=1
The EC can be expressed as
N
C’sum = Z E {10g2 (1 + VSdn)}' (34)

n=1
Then, we focus on the approximate analysis since it is a
great challenge to obtain an exact expression for the EC. The
following theorem provides the approximate expressions for
the EC.

Theorem 3. For a — p fading channels, the approximate
expressions for the EC can be expressed as
e Non-ideal conditions
>7 (35

anYXsd
1 + n
( @/'lesdn + Wsd

Clim™ Z log,

n=1



n—lfn—1 (=0T (san +52-)
_= RELLES
where Xsq, == k§—0< i > (}J’Sdﬁa 5 ) ;
= D(prapn ) (N—n+k+1) sdn

@/n = An+An + Hgdn, Wsd,, =
s, (Ugsdn'y (14+r2, )+ 1).
e Ideal conditions
a anYX
Cd ~N log, [ 14— 2sd ) (36)
su 7; g2 < ’YAnXsd,,L + d?dn
Proof: See Appendix B. ]

In the following, we focus on the asymptotic analysis for
the EC at high SNR regime, which can be used to analyze the
high SNR slope and the high SNR power offset. The asymptotic
expressions are given in the following corollary.

Corollary 5. At high SNRs, the asymptotic EC expressions
are given as
e Non-ideal conditions

N
i U X sd
Cmieon S log, (1 - . G7
sum Z 0gy ( + @/nxsdn n w/sd”> ( )

n=1

e [deal conditions

C;imoo ~ 1Og2 (aNFYXst) . (38)

where @' gq, = d%; o?  (1+ K2, ). Wenote that @' sq, = 0
at high SNR regime when szn is a function of SNR.

Proof: Based on the analytical results in Theorem 3, after
some simple manipulations, the asymptotic EC expressions
can be obtained by considering v — oc. ]

2) High SNR Slope and high SNR Power Offset: To get
deeper insights into EC performance at high SNRs, we aim
to provide the high SNR analysis for the EC in terms of the
high-SNR slope and the high-SNR power offset. We can write
the asymptotic EC in a general form as [40,41]

COO

sum

= Seo (logyy — L) +0(1), (39)

where v is the average SNR, S, and L., are the high-SNR
slope in bits/s/Hz( in 3 dB) and the high-SNR power offset in
3 dB units, respectively. The two metrics are defines as

Seo = lim Csum, Coum . (40)
1535 Togy 8w

Based on the derived results for the EC in (35) and (36),
we aim to obtain the high SNR slope and power offset for
non-ideal/ideal conditions.

Lo = lim <10g27 —
’Y-}OO

Corollary 6. The high SNR slope and the high SNR power
offset for non-ideal/ideal conditions are obtained as
e Non-ideal conditions

Sh =0,L% = oo, (41)
e Ideal conditions
Sid =1, 29 = log, (42)

Proof: By plugging (37) and (38) into (39) and (40) and
after some manipulations, (41) and (42) can be attained. H

Remark 3. For non-ideal conditions, Cy,,, tends to a fixed
value as the SNR approaches the infinity, resulting in a zero
high SNR slope and an infinity high SNR power offset, which
means that for high rate networks, the performance is limited
by distortion noise and estimation error. For ideal condition,
the high SNR slope is 1, which is irrelative to the fading
parameters, distortion noise and estimation error. The high
SNR power offset is a fixed constant, which only depends

1
on 10g2 m .

B. Cooperative NOMA

1) EC: As following the fact that target SINRs of the users
are dominated by the users’s channel condition. As previously
mentioned fyg, < - < fedy < v < Pedy < < Psdys
Vsdjn = Vsd; 1S always holds but 7.4, > vrq; may not
correct when prq, < prq;- We consider selection combining
at the users, the target SINRs of users can be given as vy, =
max (’ysdj,%dj). Therefore, the achievable date rate of D,
can be expressed as

Llog, (1 + max (Ysq, , Yr ,if pra, > prd;
Rn:{g 82 (1 max (voa, %ea)) s 3 pra, > pra; o

3logy (14 7sa,) » if pra, < pra;

in which % accounts for the fact that the whole communication
process occupies two time slots.

Recalling that p,.q; and pq, are independent distributed
random variables, we have Pr(pra,>pra,)=Pr(pra,<pra,)=
%. From (43), the achievable sum rate of the considered
networks is then obtained as

N
. 1/1 1
Rim=2_3 (2 log, (1-+max(3sa, . 4, )+ 5 1085 (1 mdn)) .

n=1
(44)

Therefore, the EC of all the users can be expressed as

N
1 1
Csum = § (2E {210g2 (1 =+ max (’YSdnJ Fy?“dn))}
n=1

1 1
+§E {210g2 (1+ ’stn,)}> .

Now, we focus on the approximate analysis since it is
challenging to obtain an exact expression for the EC. The
following theorem provides the approximate expressions for
the EC over o — p fading channels.

(45)

Theorem 4. For a — u fading channels, the approximate
closed-form expressions for the EC of users can be expressed
as

e Non-ideal conditions

For non-ideal conditions, the approximation expression for
the EC of users in (46) is at the top of next page.

e [deal conditions

For ideal conditions, the approximation expression for the
EC of users in (47) is at the top of next page.

F(MH—%%

T(pr)

Proof: See Appendix C. [ ]

where ©",, = A+, +d, x1 = I = sr,rd,.



N
P 1 anYXsd anc12Y* XsrXrd
cM o~ (log (1—|—max( R , - n
s 4 7;1 2 ’Y@nXsdn + Wsd,, 610272611)(57‘)(7“@,, + Cl’Y(Zsl,nXsr + 627¢2,71X7“dn + ¢3,n
UnYXsd
+ log (1 + ; = >> , (46)
2 ’Y(—)nxsdn + wsdn
S a anC1Cay?
Clm ’NVZZ log, (14 max - n¥Xsdn —, — 1y Xfrxrd” - —
n=1 ’Y(An +An) Xsd, +dgy  crc27? (An +An) XsrXrd, TC17dyg Xsr+C27dg Xra, +dg.d7y
+ 10g2 1 + AnYXsd, 7 (47)

Y (An + An) Xsdy, + dfdn

TABLE I: Diversity order (DO), high SNR slope (HSS)

and high SNR power offset (HSP) for the two scenarios

Scenarios | Hardware | DO HSS | HSP
Ideal Nsdy Ksdy 1 log, (%)
First - e AN Xsdpy
Non-ideal | 0(1st) ;—>2—>%2(2nd) 0 )
Ideal min (7la.=;dnﬂsd27,,+asrﬂsr7 nasdnusdn;ardnurdn ) % logy 1 T
Second maX@NXs de’lN\/W)
Non-ideal | 0(1t) ; min("dafadutOrtr Tdufidy Srdalioda) (0nd) [0 [ oo

To obtain insightful expressions, we focus on the asymptotic
analysis for the EC at high SNR regimes. The asymptotic
expressions are given in the following corollary.

Corollary 7. At high SNRs, the asymptotic expressions for EC
are given as

e Non-ideal conditions

For non-ideal conditions, the asymptotic expression for the
EC is given as (48) at the top of the next page.
where (b/l,n = dd CQUgrdn(l—I—d)’ ¢/2 = d§r010357.(1+d)’ ¢/3,n =
dé dé 2.,04d), @', = d%y o2 (1+K2,).

srrd, g

rdy,
01620—257‘ erdy,
Note that ¢, = 0, ¢2 =0, ¢35, =0, w'sq, = 0 at high
SNRs when Ugi is a function of SNR.

e Ideal conditions

For ideal conditions, the asymptotic expression for the EC
is given as (49) at the top of the next page.

2) High SNR Slope and High Power Offset: Based on the
results of (46) and (47), the high SNR slope and high SNR
power offset are obtained in the following corollary.

Corollary 8. The high SNR slope and the high SNR power
offset for non-ideal/ideal conditions are obtained as
e Non-ideal conditions

St=0,L% = oo, (50)
e Ideal conditions
: 1
id _ —
Soo - 23
1 (28

LS =log,

Xsdpn XsrXrd ’
max (CLNXSCIN,G,N1 /4ij\i+xrdNN )

Proof: By plugging (46) and (47) into (39) and (40), after
some manipulations, (50) and (51) can be attained. [ ]
Remark 4. For non-ideal conditions, Cy,,, tends to a fixed
constant as the SNR approaches the infinity, resulting in zero
high SNR slope and infinity high SNR power offset, which
means that for high rate networks, the performance is limited
by distortion noise and estimation error. For ideal condition,
the high SNR slope is %, which is irrelative to the fading
parameters, distortion noise and estimation error. The high
SNR power offset is fixed constant, which only depends on

1
As shown in Tabl\z I, the divers>ity order, high SNR slope
and high SNR power offset are summarized to illustrate the
comparison. For convenience, we use “DO”, “HSS” and
“HSP” to denote diversity order, high SNR slope and high
SNR power offset, respectively.

XSdN Xser‘dN

IOgQ
max| aNXsdpy AN Xsr+Xrdy

V. RELAY LOCATION OPTIMIZATION

In this section, our objective is to find the optimal location of
relay R for cooperative NOMA scenario with the asymptotic
OP. We consider an one-dimensional linear topology network,
where the S, R and D,, stand in a line and R is on the line
between the S and D,,. Then, we have dsq, = dsr+drq,. The
relay location ratio is defined as ¢ = dy,/dsq, . We formulate
the optimal relay location problem based on the minimize
asymptotic OP.

Problem Formulation: For given sum distance dsq,,
dsr=Cdsa,, dra,= (1 —()dsa,, the optimal relay location



Cni,ooN AnXsd,

An X srXrd,

an Xsdy,

sum
n=1

N
1
VE log, 1+ max , +logy | 14+ ————"—1), (48
4 (gg( <@’n><sdn+w’sdn ellnXSTXT’dn+¢/1,nxsr+¢,2xrdn+¢,3,n)> g2( @'nXsdner'sdn)) (*9)

i 1 ANYXsrXrd
Clim ™7 (10g (max (amxsd s ) | Fan Y Xsdy ) - (49)
4 2 v Xs’r'+X'rdN N
ratio ¢* is reduced to Therefore, the optimal relay location ratio (* can be ob-
minimize Pg;;uoo( o) tained by solving the derivation of f ({) as follows

. (52)
subjectto1 > (>0

Then the asymptotic expression of OP in Corollary 3 can be
rewritten in terms of the ratio ( as

n =/
Pout,oo (C) = XSdn (53)
Otsrzl-bbw x Srdp Mrdy
X, d
agrugrc&(ﬁ r) Crdp Prdy® ( Brd "
o [ L TV N
Msr! Mrd,, -
nogd, Psdy
. . 9 s
For ideal conditions, X,q, (1/ ﬁs(d m )d 7 ,
X = d®, max Jihg
sr i sdn 1 <5< e1v(a;—(B;48,)vins)’
X, = d% max Tthj ; For non-
rdn sdnp 1<j<n chy(aj—(Aj-‘rAj)’Ythj) ’
nogd, Psdy
ideal  conditions, X,q, = 61/ 55?;; )d B
2 sdnp,*
5 YthjOe, (1+d)
X = d¥, max e =
s sdn 1 <j<n ag—(B5+05+d) s i
g Venj a?,,‘dn (14d)
sd.

max = .
n1<j<n a;—(8;+A,+d)ven;
To minimize the asymptotic OP of (53) in terms of the ratio
(, it can be simplified to minimize the following term
Crdy Frdy
_ (an) 2
Ordn tran®\ B,
pog T el
Hrd,,
(54

Qsrlisy
2

f@)—c“*?ﬁ(&ill

We first prove that the function f ({) is convex with respect
to C.

Lemma 1. The optimal relay location ratio (* which mini-
mizes the asymptotic OP in Corollary 3 is unique with fixed
power allocation.

Proof: The second derivative of function f(¢) with
respect to ¢ can be derived as

QsrHsr
2

Xsr

f”(C) _ asrﬂsrd(asrﬂsrd - 1>C“srfz‘sr& _92 (,657'

2 2 ! (53)

ST

Srdp Prdy

X'"dn

+ Qyrd, ,U/rdnd (a'r‘dn lff'r‘dnd

2 2 trd,!
We note that f” (¢) > 0 for ¢ € [0, 1] in (55), which implies
that the first derivative f’ () is a increasing function. Since
f1(0) <0, f/(1) > 0, thus f (¢) is convex with respect to ¢,
i.e., f/(¢) = 0 has a unique solution in the interval [0,1]. ®

9@—0%“?%ﬁiﬁmj.

Qsrisr

Xor 2
as'r'gs'r'd —1 557«

/ 0557',“57'65
= Lorller® (56)
[ 5 ¢ ]
Updy Frdy
X4, p
_ Qrtyfray By etafeia® g (5o 0
2 rd,, ! ’

It is intractable to obtain the closed-from solution of the
equation of (56), if not impossible. In the following, the
channels g5, and g,q4, are assumed to be independent iden-
tically distributed, i.e., asy = Qpd, = Q, fbsr = fbrd, = [
Bsr = PBra, = B, in order to obtain deeper insights on the
optimal relay location ratio (*.

Theorem 5. Assuming that the channels s, and §rq, are
independent identically distributed, the optimal relay location
ratio (* can be obtained as
1
C* = 1
1 + ( Xsr

&— 2
an
Xrdy,

(57)

for ideal conditions, Xs./Xq, = ca/c1; for non-ideal con-

ditions, X/ Xrq, = 02 /02

€sr Crdy "

Remark 5. From (57), we can observe that the optimal relay
location ratio ¢* is determined by c1, cs, o, ¢ and & for ideal
conditions, the optimal relay location ratio can be derived as

= % when c¢; = co. However, it is determined by str’
e s Qs and & for non-ideal conditions. (* is % when
2 IL_ 0-2
€sr T €rd, "

VI. ENERGY EFFICIENCY

EE has been as an important criteria to evaluate the perfor-
mance of wireless communication systems, which is defined
as the bits of information reliably transferred the receivers per
unit consumed energy at the transmitters [20]

_ Total date rate
~ Total energy consumption’

VEE (58)
where the total date rate is the sum rate, whereas the total
power consumption denotes the sum of the transmitted power.

Next, we analyze the EE of two different scenarios in the
following theorem.
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Fig. 2: The OP of the users for the two scenarios versus SNR

A. non-cooperative NOMA

Theorem 6. The EE of the proposed networks for non-
cooperative NOMA is expressed as

2Rlst

I/EE — sum
TP, ’

where T’ denotes the transmission time for the entire commu-

nication process, while R}*! can be obtained from (33).

sum

(59)

B. cooperative NOMA

Theorem 7. The EE of the proposed networks for non-
cooperative NOMA is expressed as

2R2nd

sum

T(Ps+ P.)’

where R2™ can be obtained from (44).

sum

VEE = (60)

VII. NUMERICAL RESULT

In this section, some numerical results are provided to vali-
date the accuracy of the theoretical analyses for the considered
two scenarios. Complementary performance evaluation results
obtained by means of Monte Carlo computer simulation trials
will also be presented in order to confirm the accuracy of
the theoretical approach and the analytical results. Hereinafter,
unless other specified, specific values for the various system
parameters are assumed as follows: o; = 2, u; = 1, ¢ =
c2=1,N=2,j=1n=2, v, =2dB and v, = 5dB,
aj ="7/8, an =1/8, dsg, = 1m, dsq, = 0.8m, dg = 0.1m,
drd,» = dsdj _dsr = ()9m, drdn = dsdn _dsr = O7m, a=4.
In the following simulation, we assume that the systems have
the imperfect but good SIC performance with small value
& = 0.005. Also, in the simulation, two different types of
channel estimate error are considered: 1) fixed ‘731:’ and 2) a;
is a function of 2, = Q;/(1 + 6v8;).

Fig. 2 shows the OP of the users for the two scenar-
ios versus SNR, obtained by cooperative NOMA and non-
cooperative NOMA, with 0., = 0.01,x; = 0.1, £ = 0.005.
Moreover, cooperative orthogonal multiple access (OMA) and
non-cooperative OMA curves are provided for the purpose of
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o, =0.01,£=0.005,~, = 0.1 (Black)
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'_% - -0~ - D, (Non-cooperative NOMA)
_8 102 S \\\ ---- Asymptotic -
a Y Simulation
)
© 3 N
£ 100 F e 7
8 --------------- -—-g -@--—-:z&:-—--é'-'-b-—ﬁ—-—é
N
&\
<+ | N -
10 . %
® \
N N
® \
10° frm==-= i bbb T--—- T et
0 10 20 30 40 50 60

SNR (dB)

Fig. 3: The OP of the users for the two scenarios versus SNR

comparison. The target rate for the orthogonal user yp, is
set to Yen, = Zf:;l Vth, bit per channel user (BPCU). The
exact OP curves of the users for non-cooperative NOMA are
given by Monte-Carlo simulation and perfectly match with
the analytical results derived in (17). The approximate OP
curves of the users for cooperative NOMA are also given by
(27) and well approximate the Monte-Carlo simulation curves.
Additionally, we can observe that NOMA is capable of the
outperforming OMA in terms of OP.

Fig. 3 shows the OP of the users for the two scenarios versus
the SNR with {o,,&1,k;} = {0,0,0; 0.01,0.005,0.1}. For
the ideal conditions {o.,,&1,x:} = {0,0,0}, the exact and
asymptotic OP curves are plotted according to (17), (18)
and (21), (22), respectively. For the non-ideal conditions
{0¢,,&1,x:} = {0.01,0.005,0.1}, the lower bounds and
asymptotic results for the OP are derived by (27), (28) and
(29), (30), respectively. We can observe that the theoretical
analyses match precisely with simulation results across the
entire SNRs. Moreover, the OP approaches a fixed constant
when the average SNR grows into infinity due to the fixed
estimation error, which results in zero diversity order. These
results verify the conclusion in Remark 1 and Remark 2. Com-
paring with two scenarios above, cooperative NOMA provides
better outage performance than non-cooperative NOMA one
due to the extra cooperative diversity gain.

Fig. 4 presents the OP of the users for the two scenarios
versus SNR with 6 = {0.2,0.5,1}. In this simulation, we
set k;, = 0, & = 0.005. One can observe that the OP
increases as § decreases at a positive finite . This means
that smaller J causes larger estimation error and results in
severe performance loss. Moreover, as expected, better channel
estimation quality (large §) can significantly improve the
outage performance for all user. Finally, we can also observe
that NOMA can enhance the fairness between near user and
far user by allocating more power to the far user.

Fig. 5 plots the OP of the users for the two scenarios versus
SNR for varying o = {2,3,4}. We assume u; = 1, 0., =
0.01, k; = 0.1, & = 0.005. We can observe that the OP of
the users for a larger a outperforms that of smaller one, which
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for different o

means that the nonlinearity of o« — p fading channels can be
exploited to improve outage performance. In addition, for non-
ideal conditions, there exist error floors of OP due to the fixed
estimation error, which is consistent with the analytical result
of Corollary 4.

Fig. 6 plots the OP of the users for the two scenarios versus
SNR with three different cases: i) O—Zi =0,& =0,k =0
ii) 02, = 0,& = 0.005,k; = 0.1; iii) 0?2 = H?—;m,fl =
0.005, x; = 0 with § = 1. A specific observation is that the far
user is more sensitive to the distortion noise than the near user,
while estimation error is of significant to outage performance
of the users due to inaccurate CSI. In addition, the differences
of OP between ideal conditions and non-ideal conditions are
almost ignored at low SNRs.

Fig. 7 plots the OP of the users for the two scenarios versus
dg, with dsd] = 10m, dsdn = 8m, drdj dsdj — dg,
drd, = dsq, — dsr. The path loss parameter is set as & = 3.
Additionally, we set 0., =0, {1 =0, k; =0 and 0., = 0.01,
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& = 0.005, k; = 0.01 for ideal and non-ideal conditions,
respectively. For ideal conditions, we can observe that D;
have better outage performance when d,,. =~ 5m, D, have
better outage performance when dg. ~ 4m. This is because
that the optimal relay location ratio is obtained as (* = 1/2
when ¢; = c¢o, which is consistent with the result of Remark
5. For non-ideal conditions, we can also observe that D; have
better outage performance when dg. ~ 5m, D, have better
outage performance when d,,. =~ 4m. This can be explained
by the fact that the optimal relay location ratio is ¢* = 1/2
when o, = 0e,, , which is also consistent with the result
of Remark 5. '

Fig. 8 plots the approximate EC of the users for the two
scenarios versus the SNR with different relay positions; these
curves are obtained using (35), (37), (46) and (48). We set
a; = 9, p; = 1, dgy = {0.5m,4.5m}, dyq; = 10m,
dsdn = 8m, d'rdj = dsdj — dgr, drdn = dsd71 - dsr, a =4,
oe; = 0.01, & = 0.005, x; = 0.1. Comparing Fig. 8 (a) and 8
(b), it can be observed that when d,, = 0.5m, i.e., the relay is
nearer to the BS, non-cooperative NOMA provides better per-
formance than that of cooperative NOMA; when dg, = 4.5m,
cooperative NOMA outperforms the non-cooperative NOMA,
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which is intuitive. This means that by carefully selecting the
relay location between source and destination, the EC of the
cooperative NOMA can be maximized.

Fig. 9 plots the approximate EC of the users for the two
scenarios versus dg with dsg; = 10m, dsq, = 8m, drq;, =
dsq; — dsps dra, = dsq, — dspr. In this simulation, parameter
values are set & = 3, 0., =0, §&§ = 0, k; = 0. We can observe
that when the relay is nearer to the BS or the users, non-
cooperative NOMA outperform cooperative NOMA, otherwise
cooperative NOMA provides better performance than non-
cooperative. When d,- is about 4.5m, i.e., the position of the
relay lies in the middle between the BS and the users, we can
also observe that in this point, cooperative NOMA achieves
the optimal performance, which is consistent with the results
of Fig. 8.

§; s §= s g: H :
0.05

0.15 0.20

=03-0,,0,, =0.)

- ®e o o=

0.10

7., ©.

0

0.00 0.25 0.30

sdy

Fig. 11: The EC of the users for the two scenarios versus o.__

Fig. 10 shows the EC for the two scenarios versus hardware
impairments kg, with o; = 0, &, = 0. The distances is set as
dsr = 4.5, dgq; = 10m, dgsq, = 8m, the path loss parameter is
& = 4. The hardware impairments parameters K4, , Ksd, are
selected to yield K,q, = Ksr and Kgp + Ksd,, = 0.3.* One can
observe that the EC for cooperative NOMA first decreases
and then increases with the increases of k.. However, the
EC for non-cooperative NOMA increases with kg, increases.
This is due to the fact that when g, increases, the relay links
has serious hardware impairments, the direct link has small
hardware impairments.

Fig. 11 shows the EC for the two scenarios versus estimation
error o, with x; = 0, & = 0. The distance is set as ds, = 4.5,
dsq; = 10m, dsq, = 8m, the path loss parameter is & = 2.
The estimation error parameters o, , and o , are obtained
according to o, = 0., and o, + Oc,, 0.3. We
can observe that the EC for cooperative NOMA is better

4As stated in [38], the typical value of & is [0.08,0.175]. For the purpose
of comparison, we set the arrange of summation ks, + Ksq,, is [0, 0.3].
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versus SNR

than that of non-cooperative NOMA when o, is small.
This can be explained that when o, is small, the direct
link has serious estimation error. Also, this figure shows the
user communicates with BS according to the direct link for
cooperative NOMA when o, is larger.

Fig. 12 plots the EE of the two scenarios with two different
relay location: i) dy = 1m; ii) dg, = 4.5m. In this simulation,
we set k; = 0.05, & = 0.005, 0., = 0.05, dsq; = 10m,
dsq, = 8m, and T" = 1. The curves for cooperative/non-
cooperative NOMA are obtained from (59) and (60), respec-
tively. We can observe that the cooperative NOMA scenario
with dg = 4.5m has a higher EE compared to non-cooperative
NOMA at high SNR region. However, the non-cooperative
NOMA scenario outperform cooperative NOMA scenario with
dsr = 1m at high SNR region. The reason is that the total rate
date is maximize when the relay located in the middle between
the BS and the users.

VIII. CONCLUSION

In this paper, we analyzed the performance of cooperative
NOMA networks over over aw — p fading channels, where
three realistic factors are taken into account, namely RTHIs,
imperfect CSI and imperfect SIC. Two typical scenarios were
considered insightfully. The analytical expressions for the OP
and EC for the two scenarios were derived. For the first
estimation model, owing to the channel estimation error, there
are error floors for the OP, and the diversity order for the
two scenarios are 0. For the second estimation, the diversity
orders for the two scenarios are constant, whose values are
the same with ideal conditions. This happens because at high
SNRs, the second estimation model can capture the exact CSIL.
Specially, the optimal relay location is obtained by minimize
the asymptotic OP. For EC, the high-SNR slope and high-
SNR power offset are zero and infinity due to the noise and
estimation error. In addition, the system energy efficiencies
of NOMA-based relaying network for the two scenarios were
discussed in delay-limited transmission mode.

APPENDIX A: PROOF OF THEOREM 2

Based on the fact that the D,, needs to decode all of the
users, whose the channel conditions are worse than its own,
and using (16) and (26), the OP of D,, in (25) can be rewritten
as

Pout = [1 = Pr(psa, > 0,)]

J1

X |:1—PI' (prdn > Q/J:w Psr >

(A1)

’l/):; (¢2,n02'7prdn + ¢3,n)>:|
P1nc1Y(pra, —¥5) )1

Ja
where 9::1max 0;, and ¥}, = max ;.
<g<n

1<j<n
Using the PDF of pgq, in (5), J; can be obtained as

Ji=Fp,, (60) (A 2)
:N (N_ >( DR e {ﬁsdn a g
_szzo k) ntk m; <ﬂ )
Next, J> can be transformed into
B lPr ParPra, ¢1C272 25 "(b: C Preyydon A3
pw;?fl n_|rprd7£§'7¢2 n 4 3.

It is difficult to obtain the exact results, but we can use the
inequality zy/(x +y + 1) < min (z,y) to approximate it as

Jo=1 — Pr (min (psrc101,n; Prd, C202,n) > Yrcada n)

(A4)

207 P2,
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By using (3), J2 can be expressed as
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where 7 = zw $am

Substltutmg (A 2) and (A.5) into (A.1), the proof is com-
pleted. For ideal COHdlthIlS the OP expression can be obtained
by setting x; = cr =0 in Theorem 1.

mo !m3 !
(A.5)

APPENDIX B: PROOF OF THEOREM 3

For o — p fading channels, we can obtain

n—1 -1 (—1)kﬁs ,LF Hsd,, + a2d
E{M}ZEZ@ ) 0T (e, + 52
I(

tsa,) (N — n+k+1)(’“d" =)

k=0
(B.1)
Using the approximation [42]
E < log (1 + )} ~ log (1 + ) (B.2)
{ Ty *\" " E{y}

and (B.1), (34) can be converted to (35). When «; = 0., = 0,
(35) can be reduce to (36).
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APPENDIX C: PROOF OF THEOREM 4

By applying the equality (B.2), (45) can be converted to
(C.1), shown at the bottom of the next page.
For a — p fading channels, we can obtain

B (,UI + a%)
I (pr)

(C2)

E{Pl}: ,IZST,Tdn,

By plugging (C.2) and (B.1) into (C.1), we can obtain (46).
When k; = 0., = 0, (46) can be reduce to (47). In the special
case of ideal conditions, the closed-form expression for the
EC of users can be obtained by setting x; = ‘731: =0 in
Theorem 4.
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