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Abstract

In this paper, we consider a two-way relay non-orthogonal multiple access (TWR-NOMA)
system with residual hardware impairments (RHIs) and channel estimation errors (CEES),
where two group users exchange their information via the decode-and-forward (DF) relay by
using NOMA protocol. To evaluate the performance of the considered system, exact analytical
expressions for the outage probability of the two groups users are derived in closed-form.
Moreover, the asymptotic outage behavior in the high signal-to-noise ratio (SNR) regime is
examined and the diversity order is derived and discussed. Numerical simulation results verify
the accuracy of theoretical analyses, and show that: i) RHIs and CEEs have a deleterious
effects on the outage probabilities; ii) CEEs have significant effects on the performance of the
near user; iii) Due to the RHIs, CEEs, inter-group interference and intra-group interference,
there exists error floors for the outage probability.
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1. Introduction

Non-orthogonal multiple access (NOMA) has been identified as a promising technique for

the fifth generation (5G) mobile communication network since it has the advantages of low
latency, massive connectivity and high spectral efficiency [1-3]. In general, NOMA can be
classified into two categories: power domain NOMA [4] and code domain NOMA [5]. For
power domain NOMA, multi-users can be simultaneously served by the same base station
using the same resource, while for code domain NOMA, the signals of different users are
spread by using different codes and then multiplexed over the same time-frequency resources
[6]. In this paper, we consider the power domain NOMA. It is worth noting that the power
domain NOMA mentioned through this paper will be replaced by NOMA. For NOMA
systems, in order to ensure a trade-off between throughput and user fairness, more powers are
allocated to the users with poorer channel conditions. At the transmitter, the superposition
signals are sent by power multiplexing, while the signals can be separately decoded at
receivers by successive interference cancellation (SIC) [7].

Cooperative communication is another effective way to improve spectral efficiency, reduce
transmit power and broaden the network coverage [8]. To further improve the system
performance, two-way relay (TWR) was proposed for its ability to exchange information with
the aid of a common relay with bidirectional information-transmission [9]. For combat
channel fading and improve transmission reliability, the diversity behavior of the generalized
MIMO TWR networks was studied in [10], where a two relay antenna selection (RAS) scheme
was proposed. In [11], the outage behavior of a TWR network subject to a nonlinear
transmission at the relay was studied, where fixed-gain and variable-gain amplify-and-forward
(AF) relay were taken into account. Considering mixed asymmetric line-of-sight
(LoS)/non-LoS (NLoS) fading scenario, the authors in [12] investigated the outage probability
and channel capacity of the TWR networks. In [13], a distributed robust beamforming scheme
was designed to minimize the total transmit power of the cognitive TWR networks. To further
enhance the performance, the multi-antenna technique was introduced to the TWR networks
[14], in which an optimal linear beamforming scheme was proposed to minimize the weighted
mean squared error. As a further advance, massive multiple-input multiple-output (MIMO)
inspired TWR network were involved in [15], where the impact of residual hardware
impairments (RHIs) was investigated by considering Rician fading channels.

Recently, the combination of TWR and NOMA, known as TWR-NOMA, has drawn a
considerable research attention, since it exploits advantages of both TWR and NOMA [16-19].
In [16], the outage probability and ergodic rates of a TWR-NOMA system were investigated,
in which perfect and imperfect SIC were analyzed. Sparked by full-duplex, the authors in [17]
proposed a full duplex cooperative NOMA system, the outage probability and ergodic
capacity of the proposed system were derived. For increase the system throughput and reduce
the signaling overhead, the multi-pair TWR-NOMA network were developed in [18], in which
an optimal group decoding scheduling scheme joint fair rate allocation was proposed for
uplink and downlink. With the emphasis on secure transmission, different decoding schemes
of the NOMA-based full-duplex TWR networks were proposed in [19] based on SIC for the
legitimate users, relay and eavesdroppers.

Although the above-mentioned works provide a solid foundation on the TWR-NOMA
systems, one of the limitations of the above works is that the perfect hardware is assumed. In
practice, due to deploying low-cost and low power efficiency RF components, the transceivers



5372 Tian et al.: Performance Analysis of Two-Way Relay NOMA Systems
with Hardware Impair-ments and Channel Estimation Errors

are prone to hardware imperfections and impaired by some types of hardware impairments,
such as in-phase/quadrature-phase (1/Q) imbalance, amplifier non-linearities, and phase noise
[20-22]. Although some signal processing algorithms can be used to compensate for the above
imperfections, there still remains some RHIs due to estimation errors, inaccurate calibration
and different types of noise [23], [24]. As stated in [20] [22] [25], the RHIs have significant
effects on the system performance. The authors in [20] quantified the aggregated impact of
RHIs on dual-hop relaying systems. The joint impact of RHIs and imperfect CSI on the
multi-relay NOMA system was investigated in [22]. The authors in [25] derived the
expressions of outage probability and approximate ergodic sum rate for analysis the
deleterious effect of RHIs on the dual-hop NOMA network. The performance of wireless
communication systems in the presence of RHIs has been extensively studied, e.g., see
[26-28] and the references therein. The authors in [26] analyzed the effect of RHIs on the
ergodic channel and ergodic sum rates of optimal and linear minimum mean-square-error
(MMSE) receivers of MIMO systems. In [27], authors investigated the lower bound for the
achievable sum rate of regular and large-scale MIMO systems with zero-forcing receivers in
the presence of RHIs. In [28], exact closed-form expressions of outage probability and
asymptotic expressions were derived in a TWR cooperative network with opportunistic relay
selection, and the allocation of the fixed hardware impairments are analyzed as well. Recently,
there are some research works dealing with the performance analysis of related topics of
NOMA with RHIs, e.g., [29-31]. In [29], the authors investigated the performance of the one
way cooperative NOMA network with RHIs by deriving a closed-form expression for the
outage probability. Considering RHIs at the relay, [30] derived analytical expressions for the
outage probability and symbol error rate of a TWR network. In [31], a one way relay dual-hop
NOMA network with RHIs at source, relay and destination was considered, in which the
outage probability, asymptotic individual ergodic rate (IER) and ergodic sum rate (ESR) were
obtained. Nevertheless, the above works assume that all nodes have perfect channel state
information (CSI). In fact, the performance of wireless communication system is greatly
affected by wireless channel, such as shadow fading and frequency selective fading, which
makes the path between transmitter and receiver very complicated. Due to randomness nature
of wireless channels, it is a great challenge to obtain perfect channel knowledge. The common
way of doing this is to use some estimation algorithms to obtain the estimated. However, the
perfect estimation is not available due to channel estimation errors (CEEs). Therefore, it is of
significance to investigate the joint impact of RHIs and CEEs on the TWR-NOMA system.
Motivation and Contribution: Motivated by the above discussion, different from the
existing works on TWR-NOMA systems, we investigate the performance of TWR-NOMA
systems in the presence of RHIs and CCEs, where two groups NOMA users exchange their
information with the aid of decode-and-forward (DF) relay. The contributions of this paper are
summarized as follows:
® Contrary to the existing research works on the performance of TWR-NOMA, we
consider two practical factors, namely, RHIS and CEE. We aim at investigating the
joint effects of the two factors on TWR-NOMA networks, which is a valuable
problem for practical system analysis and design.
® \We derived exact closed-form analytical expressions for the outage probability of the
far users and near users. In addition, we also derived exact analytical expressions for
the outage probability of the considered network under the condition of ideal RF
components and CSI.
® \We examine the asymptotic outage behavior of the users and discuss the diversity
order in the high signal-to-noise ratio (SNR) region. It reveals that RHIs and CEESs
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can cause the outage performance to deteriorate. Moreover, the results show that there
exists an error floor for the outage probability due to inter/intra group interference and
CEEs, and the diversity order is zero. Additionally, CEEs have a deleterious effect on
the outage probability on the near users.

Organization: The rest of this paper is organized as follows. In section Il, we present the
TWR-NOMA system model in the presence of RHIs and CEEs. The exact closed-form
analytical and asymptotic expressions for the outage probability and diversity order are
derived and discussed in section Il1. In section 1V, we present some numerical and simulation
results to verify the accuracy of our analysis. A brief summary of this paper is concluded in
section V.

Notations: In this paper, the main notations are shown as follows: E{-} denotes the
expectation operation, Pr{-) is the probability, I1() denotes the continuous multiplication

operation, 2.{} is the summation.

2. System Model

A TWR-NOMA system is considered, which consists of one two-antenna relay & and two
groups of NOMA users G, ={U,,U,} and G, ={U,,U,} as illustrated in Fig. 1. For NOMA
users, we assume that two types of users are deployed: U, and U, are the near users, and U,
and U, are the far users. The users of same type aim to exchange their informations via a
two-antenna relay R, namely R, and R,. In addition, there is no direct link between two
groups of users due to heavy shadowing. We also assume that all users are equipped with a
single antenna and operate in a half-duplex mode. &;, i €{1,2,3,4}, denotes the channel

fading coefficients between U/, and R, where % follows independent Rayleigh random
variables with |i,[* ~CN (0,87).

Fig. 1. System model
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In practice communication systems, it is a great challenge to obtain perfect CSI due to the
CEEs. Thus, the channel fading coefficient can be modeled as h,=h, + ¢, , where h, represent
the estimated channels coefficient, e, are the CEEs, which can be modeled by Gaussian

random variable with e, ~CN (0,57 ) [32].

The whole communication is completed in two phases: 1) multiple access channel (MAC)
phase; 2) broadcasting (BC) phase.
1) MAC Phase: In this phase, two pairs of users simultaneously transmit the respective

information to the intended antenna of the relay, and the received information at R, (R,)

suffers from interference from the users of G, (G, ). Thus, the received signals at R, and R,
are respectively given by

Yr, zhl\/aipuxl+h2\/a2PuX2+wl|2+77r+an ()
Yr, =h, a3Pl1X3+h4\]a4R1X4+w1l1+77r+nR2 (2)

where x; are the transmitted signals by the user U, , with E{x;} =1, i€{1,2,3,4}. P, is the
transmission power. a,,a,,a, and a, are the corresponding power allocation coefficients,
satisfying a, >a,, a +a, =1, and a, >a,, a, +a, =1; |, is the inter-group interference
signal (IS) from R, with 1, =h,\[a,P, %, +h,\/a,P, %, ; @, €[0,1] is the impact level of
inter-group IS at R; 1, is the inter-group IS from R, with I, =h\fa,P, x +h,\/a,P, x,; ng
and n. are additive white Gaussian noise (AWGN) with zero mean and N, variance at R,
and R, , respectively; 7, represents the received RHIs at relay with

17, ~CN (0, kP, Zi4=1|hi |2 ) %, is used to characterize the aggregated level of RHIs from the

relay [33].
According to the DF protocol of NOMA, R, first decodes x, by treating signals from the

users of another group as inter-group IS. Then, the received signal-to-interference plus noise
rates (SINR) at R, to detect x, is given by

~ |2

h| a
2 4 2, 4
a2 +Zpu Kr +Zpu
k=1 j=3

2 4 4
where & =3 " pdia +D) @p,0ea;+ ), kpd, +1, and p, =P, /N, denotes the
transmit SNR at the user nodes.
Then, the SINR at relay to decode x, is given

Py

7Rax1 -

- - — ©)
h, A, h

o @a; +4

~ 12
hZ aZ

P
4 2 4
Zpu hk‘ Krz + Zpu
k=1 j=3
2) BC Phase: In this phase, the relay decodes and forwards the received signals to all users.
More specifically, the antennas R, and R, send the superposed signals (,/blPr X, ++/b,P. xz)

7R—>x2 -

(4)

~ |2
hj‘ @,a; +9
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and (Jb3 P.x; ++/b,P. x4) to G, and G,, respectively, where P, is the transmission power at
the relay, b,,b,,b, and b, are the power allocation coefficients. According the NOMA
protocol, the far users are allocated more power than the near users b, >b,, with b, +b, =1
and b, >b,, with b, +b, =1.

The received signals at U, and U, denoted by y, and vy, , can be respectively expressed
as

2 4
Yo, =h4(21/biP, X, +77t)+wzh4z b,P.x; +n, (6)
i1 =3

where @, e[O,l] is the impact level of inter-group IS at the user nodes, n, and n, are
AWGN with mean power N, at U, and U,, respectively; #, represents the RHIs at the relay

2 4
Yo, :h{ZJbiPr X, +77tj+w2h3z b,P.x; +n, (5)
i-1 i=3

transmitter node, 7, ~CN (O,KER), k, 1s used to characterize the aggregate level of
impairments in the transmitter hardware.

We assume that the signals x, from the users can be correctly decoded at R in the MAC
phase. U, decodes the desired signal x, after using SIC to decode and eliminate x,. The
effective SINR at U, for the detection of x, is given by

A | 2 b,

= ()

<2 ~2 2
o |y b1+pr‘h3‘ K +@,p, | +4

}/U3—>><2

where 9, = p, 82 (1+ &7 +@,)+1, p, =P, /N, is the transmit SNR at the relay node.

Similarly, we assume that the signals x, from the users can be correctly decoded at R in the
MAC phase. After SIC operations, the received SINR at U, to decode x, is given by

~ |2
pr h3 bl
7/U3—’X1 = ~ |2 ~ |2 (8)
Pe |y Ktz +a,p ||+
Then, the received SINR at U, to decode signal x, is given by
~ |2
P [h| b,
}/U4—>><2 = ~ 12 ~ |2 ~ 12 (9)
pe || b+ p, |0 & +a@,p, |h,| +

where 9, = préei (1+ K? +w2)+1. After these processes, the information is exchanged
between the NOMA usersin G, and G, .

3. Outage Performance Analysis

In this section, we first derive the exact analytical expressions for the outage probability. Then
the asymptotic outage behavior at high SNR region is analyzed, and the diversity orders are
also discussed.
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3.1 Exact Outage Probability

1) Outage probability for U,

In the TWR-NOMA, the outage event of U, occurs in the following three cases: i) The
information x, cannot be decoded by R, ; ii) U, cannot decode x, successfully; iii) The in-
formation x, cannot be decoded by U,, while U, can first decode the information x, cor-
rectly. Hence, the outage probability of U, can be written as

PloJull =1- Pr(j/R—»(1 > Vn )Pr(?/U3—>X2 > Vtom yU3—>x1 > Vtn ) (10)

2R;

where y =27 =1, 7, =27 —1. R, and R, are the target rates at U, to detect x, and
X, , respectively.
Then, the outage probability of U, for the TWR-NOMA with RHIs and CEEs is provided

in the following theorem.
Theorem 1. For the non-ideal cases (5: 20, #0,ie{1,2,3,4},1{t, r}) . the
closed-form expression for the outage probability of U, is expressed as
0 6% a a a
PBi,out =1— efgfﬁf[i q31512 _ (:I’)\Zé‘l2 + q33612
1 i \ASE+0, L,6P+0, A6 +06,
-1 -1 -1 -1 -1 -1
where q)lz(ﬂ?_ﬂi) (ﬂa_%) J (Dz:(;ia_ﬂ“z) (22_/11) J q)sz(ﬂe_ﬂi) (23_/12) )
0 = Vtnt Vit
) =— "
Py (ai _VtthrZ) Pr (b1_7thf (Ktz +wz))

with b, > 7, (b, + &7 + @)

(11)

with a, >y &7, 7, =max(z,,7,), where 7, =

7/thm’92
Pr (bZ = Vtom (bl + Ktz T, ))
A :]7/(/711522 (az + Krz ))' A :]7/(pu5‘32 (wlas +Kr2 )) and 4, :]7/(/%5‘42 (m1a4 +Kr2 ))
Proof: See Appendix A. u
Corollary 1. For the ideal cases (5; =0,k = 0), the analytical expression for the outage

with by >y (7 +@,) . 7, =

probability of U, is expressed as

Vit 7o

. PR ¥ v ¥
PlL(Jil,out =1—¢ g 8 Hﬂ(‘ 151 _ 26Z1 + 351 (12)
i=4 StV G5tV Gids T Y

where W,=(4 = 2,) " (A =) Wo= (A = A) (A =Au) » Wo= (A =) (A —4)

, Vtnt Vihm

'=max( ), =

fo "2 Tl) f pr(bl—ythfwz) Pr(bz_%hm(bl"'wz))
with b, >y (b +,) . &=pad7 . 4 =1(pad:) . %=1 (mpa67) and
A 21/(wlpua4542 )

with b, >y, @, and 7, =
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Proof: See Appendix B. |

2) Outage probability for U,

The outage events of U, include four conditions as follows: i) The information x, cannot
be decoded correctly by relay. ii) The relay cannot decode x,, while the relay can first decode
X,, successfully. iii) U, cannot decode x, correctly. iv) x, cannot be decoded by U, suc-
cessfully. Therefore, the outage probability of U, can be expressed as

R =1=Pr(7as, > Vo Zaoe > Yt ) PT (75 > Zom )PV (P > Yiom ) (13)

Then, the outage probability of U, for the TWR-NOMA system with RHIs and CEEs is
provided in the following theorem.

Theorem 2. For the non-ideal cases (592i #0,x ¢0), the exact analytical expression of

U, in terms of outage probability is expressed as

” (HZKrzpué’:lz + 522)(‘911%322 (az + Kr2)+512)(/lé _/11) (14)
5:5; 5:5;
x| —= - ———— = —
0,07 + 0,0 + 1,675 6,67 + 6,67 + 1,6.6;
where 4, :]/(pu532 (2, +ch)) and 4, zl/(pugf (2, +1<f)) .0, = e Vthn;/ 7
u\% = /thmfr
9
ith 2 o Ythm V3 ith b 2 .
wi a2 >7/tthr TS pr (b2 —]/thm (b1+K't2 +ZD'2)) wi 2 >7thm (bl+Kt +ZD-2)
Proof: See Appendix C. u

Corollary 2. For the ideal cases (5; =0,k = 0), the analytical expression for the outage

probability with the ideal case of U, is expressed as

T
2.,

ZimBe i k+1
- ettt 6 —
[ Py padt 55 5 ] 15/16 ( 1) P u az

pUM =1—¢ (15)
v ,31522 (2’6 _2“5)k:5 ﬁtythm +Akpua2
' Vthm : Tm@ 1
where 7, = with b, >y (b +@,) and B ="+—=
’ Pr (bz = 7thm (b1 t+o, )) 2o ’ t 31512 522
Y =Y, + Y, with 4 =1/(@,0,3,67 ), 4 =1(@,p,2,57 ).
Proof: See Appendix D. ]

3.2 Asymptotic Outage Probability

To gain more insights, the asymptotic outage behavior is studied in the high SNR region. For
the TWR-NOMA system, p, =gp, — o and &> 0. The asymptotic SINR of (3) and (4) can

be approximately expressed as
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_ h| a
]/R—»(l = ~ |2 ~ |2 2 _ (16)
x> |h| +]h, (a2+Kr2) (w1a3+1c) h, <w1a4+/cr2)+191
2
h2 a‘2
7R—>Xz = ~ 12 ~ |2 ~ |2 ~ |2 _ (17)
K2 (h +Kr2‘h2 +1h, (wla3 +Kr2)+ h, (w1a4 +Kr2)+191
where 9 =a,8 +a,0. +@,a,6; +@,8,0., +k’ (5; +6. +0, +62 )
The asymptotic SINR of (7), (8) and (9) can be approximately expressed as
~ |2
hy| b,
7U3HX2 L2 ~2 0, ~12 (18)
A b+ || |+,
h| b,
_ 3
]/U3—>)<1 = ~ |2 ~ 12 _ (19)
h| &’ +a, 0| +3,
| b
— 4 2
}/U4—>X2 == 2 ~ |2 ~ |2 _ (20)
h,| b +h,| & +a@, |h,| +&

where 9, =67 + 52k +@,0. and 9, =57 + 5. k7 +@,0; .
Lemma 1. For the non-ideal cases (5j =0,k # O), the asymptotic outage probability of
U, and U, can be derived as following
o 6% = 2 = 2 = 2
Pnloo ~l—¢e 5§ 2 Z q’\)lé‘lz _ chzé‘lz + ?3512
O+ 0 W) + 6 A + 6,
— —\-1 —  —\-1l,=  —\1 = — —\-1/— —\-1
where ®,=(2, - 4) (ﬂg A) 2=(ﬂg—ﬂz) (&) ®:=(%-4) (L-%)
— Vn

A= ]/(52 a2+1c ]/;2 wla3+z<f)),E:]/(Sf(wla4+xf)). €1=m

(21)

7thf‘§2
(bl = Vint (Ktz + @, ))

With & >y k7, T =max(7,,7%) . 7 =

with by >y, (& +,) and

— ythmlgz

7,= with b, > 7. (bl + K} +za'2).
(bz ~ Vitm (bl + & + @, ))
§i+@+—+i S2 827
PSiZ,OO ~l—g [7 & & 5] 522512/11/12
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where 7, =]/(332 (2, +Kf)), 2, =]/(5j (2, +z<f)). 6, =7f% with a, > 7, k2.
thm r

= — 7th l§3 - 2

T, = — (blm+ = +w2) with b, > 7, (b1 + K +wz).

Lemma 2. Based on the derived results of (12) and (15), when p, =gp, > o, and >0,

using e* =1-x and L’Hospital’s rule, the ideal cases (5; =0,k =0) of the outage prob-
ability of U, and U, can be approximated as follows

|d © ~1 ﬁz [ \Tll_aié‘lz _ @2_31512 N @3_31512 J (23)
G a1512/14 *+ Vine a1512]~5 *+ Vine a15121'6 t+ Vine

where #,=(%, - Z)" (4 - %), #,=2(% - 2) (2 -2) " F=(R-4) (A -Z)
Ay = ]/( 2) ]/(w1a3532) and =]/ @,a, 52).
‘ 6 k+1a
Py 1 24
‘ B.5; (ﬂ ﬂs)zﬂtﬁhm + A8y 24
_Twd 1
where g, = 267 + 5

3) Diversity Orders
In this subsection, the diversity order is analyzed, which is defined as [34]

log(P;

d :—Iim—g( . (7))
P00 Iogp

where Pj denotes the asymptotic outage probability of U

(25)

»onell2).
By using the definition in (25), the diversity orders for the non-ideal conditions
(62 #0,x #0) of both U, and U, are obtained as

- IO Pni,oc
dr =—IimM=0 (26)
p—®© |ng
- IO Pni,ao
dr =—IimM:O (27)

The diversity orders for the ideal conditions (5; =0,x =O) of both U, and U, are de-
rived as

4 = lim o9 (P6" (P)) _, (28)
poe log p
4s — —lim" 9?8 (2) (29)
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Remark: As can be observed from (21)-(24), there exists error floors for both the ideal and
non-ideal conditions due to the intra-group interference. In addition, RHIs and CEEs
deteriorate the outage probability since they can be recognized extra interference. As can also
be seen in (26)-(29), the diversity orders for the ideal and non-ideal conditions are both zero
due to the fixed outage probabilities at high SNRs. This means that TWR-NOMA can not
obtain diversity gains.

4. Numerical Results and Discussions

In this section, some numerical results are provided to verify the accuracy of the theoretical
analysis. We provide numerical illustration of our analytical results through Monte Carlo
Simulations. Unless otherwise specified, the parameter values are provided in the Table 1. For

convenience, we assume &; =8, =6, =6, =0, , K=K, =K.

Table 1. Table of simulation parameters for numerical results

Simulation parameters Values

Monte Carlo simulations repeated 10’ iterations

Power allocation coefficients of NOMA in a, =a, =075,

the first phase a,=a, =0.25

Power allocation coefficients of NOMA in b, =b, = 0.25,

the second phase b, =b, = 0.75

Average gain of estimated channel for h , h, 512 =d“ ,522 =d,“

The distance between Rand U, or U, d, =2m

The distance between Rand U, or U, d, =4m

Pass loss exponent a=4

Targeted data rates R;=0.1 BPCU and R,,=0.01 BPCU
100_ g T T T

E_ ) _'O~_9_-O.__O_Q_.Q_.O_LO_O_0_O_/]_O_

2107

g F e Simulation

& [—Analysis

) [— — Asymptotic

g ____________
WE- """ T

[k =0.05,52 = 0,@ = 0.01(red)
k=0,67 = 0,@ = 0.01(black)

10 . X

-10 0 10

20 30 20
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Fig. 2. Outage probability versus the transmit SNR.
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Fig. 2 plots the outage probabilities of the two users versus transmit SNR for different
values of x and 57. We consider three cases in this simulation. 1) x =0, &7 =0.03; 2)

xk=0.05, 57 =0;3) k=0, 57 =0. The curves represent the exact and asymptotic analytical
of outage probability for U, and U, of ideal and non-ideal conditions in (11), (12), (14), (15)

and (21), (22), (23), (24), respectively. It is clear that analytical curves are in good agreement
with Monte Carlo simulations. It can be seen from this figure that the outage performance of
the system with RHIs or CEEs is worse than that of the system without RHIs and CEEs for
both U, and U, , which means that RHIs and CEEs have deleterious effects on the system
outage performance. Moreover, it is readily noticed from Fig. 2 that for the third case, there
are error floors for U, and U, . The reason can be explained that the intra-group IS result in

zero diversity orders. This conclusion is confirmed by (28) and (29).

10%—
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E E e Simulation
§ F Analysis
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o g
% _____________
£ 10t
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SNR(dB) 2°
Fig. 3. Outage probability versus the transmit SNR.

Fig. 3 plots the outage performance versus SNR with different levels of inter-group IS from
@ ={0,0.1,0.15}. For the purpose of comparison, the results of [16] have been provided. It
can be seen that with the improvement of inter-group IS coefficient, the outage performance
decreases obviously. We can conclude that the existence of the inter-group IS makes the
outage performance worse. In addition, for the case (@ =0) and (@ =0.1), it still have the

error floors caused by the intra-group IS, which is consistent with the results of [16]. We can
observe that RHIs has a negative effect on the outage performance by comparing the red
curves with the blue curves.
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Fig. 4. Outage probability versus the CEEs.

Fig. 4 plots the outage performance of the TWR-NOMA system versus CEEs for different
RHIs parameters K={0,0.15}. As observed from Fig. 4, the outage probabilities of the

TWR-NOMA network for the two users increase as CEEs grow large. This happens because
the CEEs act as interference for the desired signal, which reduces the system performance.
Moreover, the growth of U, is larger than that of U,, which means that CEEs have more

serious effect on the outage probabilities of the near users than the far users for this system.
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Fig. 5. Outage probability versus the RHIs at the relay node.

Fig. 5 illustrates the impact of the RHIs at the relay node on the outage performance of the
TWR-NOMA systems. These curves represent two cases: ideal case (55 =0) and non-ideal

case (592 :0.05). In addition, we assume a fixed transmit SNR (20dB) in this simulation. It
can be observed that the outage performance becomes worse as the RHIs increase in both two
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cases. Moreover, when the RHIs is equal to zero (K = O), the outage probabilities of this two
cases have different values, due to the CEEs existence in the non-ideal case.

Outage probability

Fig. 6. Outage probability versus the RHIs and CEEs.

Fig. 6 illustrates the impact of the RHIs and the CEEs at the relay node on the outage per-
formance of the TWR-NOMA systems. We use the change of color to reflect the outage
performance affected. There is a chromaticity bar on the right side of the graph. As the color
changes from dark to light indicates that the performance of system outage becomes degrades.
There are two layers of grid in this figure, the lower one denotes the performance of U, and

the other layer denotes the performance of U,. This means that the performance of U, is
better than that of U, . It is apparent to see from the Fig. 6 that as RHIs increase, the color

changes from dark blue to light blue, and as the CEEs increase, the color clearly changes from
dark to light, which means the outage probability becomes worse, respectively.
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Fig. 7. Outage probability versus P,
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Fig. 7 depicts the impact of P, on the outage performance. In this simulation, we consider
two cases: 1) P, =-20:40 dB and P, + P, =30dB; 2) P, =-20:40dB and P, =P,. For the
first case, we can clearly see that there exist optimal allocation powers (about 0dB for U, and
6dB for U,) for P, of U, and U, . This happens because the performance gain caused by
increasing the power of users (P, ) is larger than the performance loss caused by reducing the
power of relay (P, ). For the second case, we can also see that the outage probabilities for the
two users always decrease as the power of users and relay increasing.

5. Conclusion

This paper investigated the performance of TWR-NOMA networks with RHIs and CEEs, in
which two groups of users exchange information with the aid of a DF relay. The closed-form
expressions for exact outage probability of two group users were derived and the asymptotic
behavior was discussed. Based on the derived analytical results, we further evaluated the di-
versity orders achieved by the users. Results revealed that CEEs have more deleterious effects
on the outage probabilities of the near users than the far users. Furthermore, it was shown that
the TWR-NOMA networks with inter-group IS, intra-group 1S, RHIs or CEEs cause error
floors.

APPENDIX A

PROOF OF THEOREM 1

A~ ~ |2
It is worth noting that for the convenience of calculation, we assume X :|hi |2, X, =‘h.

with i e {1, 2,3, 4} . Substituting (3), (7) and (8) into (10), the outage probability of U, is given
by
PBi;OUt =1- Pr(}/Raxl > Vit )Pr(}/U3~>X2 > Viem o Yu, 5%, = Vint )

(A1)
=1- f,f,
.2
Py lh| &
f,=Pr — 7 =, 4 — > Vet s (A.2)
pu hZ‘ a2+zpu hk‘ Kr +Zpu hj‘ wlaj +'91
k=1 j=3
~ 12
pr || b,
f2=Pr T T ; T >7/thm’
P | b+ p | K +@,p, |+,
(A.3)
~ 12
pr h3 bl
<2 2 > Vine )
pe | & +@,p, |+
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For calculating the probability of f in (A2), we set z=z +z,+2z, with
2 2 2

~

h2

~

h3

~

z,=p, || (8, +%7), 2, =p, || (ma, +x7), and z, = p, |n,| (w3, + 7). As we wrote

earlier, ‘ﬁ, ‘2 follow the exponential distribution with the means c§i2, ie {1,2,3, 4} . In addition,
z,, Z,, and z, are also independent exponentially distributed random variables with means
A :]7/(/711522 (az + Ky )) A :]7/(:0u532 (wlas + Ky )) , and 4 :]7/(pu542 (wla4 + Ky )) , T€-

spectively. As shown in the [35], for the independent non-identical distributed fading scenario,
the PDF of z is given by

3

f,(2)=]TA (P -d,e™ + D), (A4)

where ®=(2, 4 )" (4 =4)", @,=(4-4) (L -4)" ®=(4-4) (h-4)".

According to the above explanations, f, is expressed as follows
1‘1=Pr()21 >0, (z+ 91))

=e ‘Zli[ﬂf.[

i=1

?1512 _ q’)\2512 . qué‘lZ (A5)
WS 0, L00+6, A6 +6,

, With a, > 7, &7 .

e
where 6, = T

Py (al = Vit K¢ )
f, can be further calculated as follows
f, =Pr()23 > 7, )23 > Tl)

=Pr()23>max(r2,r1)=ro) (A.6)

_To

6"2

=e 3 ,
ythm‘92

Pr (bz = Vim (bl +K @, ))

where 7, =max(z,,7,), 7, = with b, > 7, (b1 +i+ wz) and

Ve o

Pr (b1 ~ Vint (Ktz T, ))
Substituting (A.5), (A.6) into (A.1), (11) can be obtained.
The proof is completed.

7, = with b, > (Ktz + wz) :

APPENDIX B
PROOF OF COROLLARY 1

The outage probability of U, for the ideal cases can be expressed as
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P =1 P (o > Vo )P (20,00, > oo 7 > P )

X
=1—Pr( Luaty >7/thf]
Py X8, + @ p, X8, + @, p, X8, +1

P Xsb pr X
x Pr — > ?’thmv—3b1> Vit (B.1)
prxs(b1+w2)+1 P X, +1

=1—Pr[x1>)”;(Y-+QJPr(X3>T$=”wx(¢,ﬁ))
Py

=1-f'f,,
where Y =Y, +Y, +Y , with Y, =p,a,X,, Y, =@,p,a,X,, Y, =@,p,8,X,. As we wrote
earlier Y,, Y, and Y, are independent exponentially distributed random variables with means

2 =Y(p,2,52), 4 =1 (@,0,8,62 ) and 4, = (w,p,8,62).

f," can be further expressed as follows

(B.2)

B Y P N 2T W - ] |
i-1 G+ Ve G TV Gl T Vi
-1 -1 -1 -1 -1 -1
where ¥, =(A —4,) (A —4) » Yom (4 —-4) (A-4) Y= (h-4) (-4) -
§1 :puaié‘lz'
f,” can be easily calculated as follows

,
%0

f,=Pr(X,>z)=e *. (B.3)

7/thm
Pr (bz — Vinm (bl + w, ))

Vint
Pr (b1 = Vit wz)

where 7, = max(rz',rl'), 7, = with b, >y @,, 7, =

with b, > 7, (b +@,).
Combining (B.2), (B.3) into (B.1), we can obtain (12).
The proof is completed.

APPENDIX C
PROOF OF THEOREM 2

The outage probability of U, can be expressed as

PO =1= P (Yas, > Zom Zron > Yot )P (P s > Zom )PV (7o > Yiom )
“1-f,f, 1

(C.1)
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Substituting (3), (4) into (C.1), f, can be further given by
f3 :Pr(yRaxz >7/thm'7/Rax1 >7/thf )

2

>7/thm’

~

zpu Kk

k=1 j

pu a'2
2 2
Ko + 2Py

h,
4
=3

~ |2
| @ + 9,

~ |2
h| &
2 4 2, 4
aZ +Zpu Kr +Zpu
k=1 i=3

=Pr()22 >0, (chpu)zl +7 +191),)21 >01(,ou (a2 +z<f))22 +7 +31))

Py

- - — > Ve (C.2)
2., A, | @ + 9

%) o3¢ fe(J f(2)dz.
(0.k2p,67 +57)(0.0,6% (3, +k2)+ 7)™

For calculating the probability of f, in (C.1), we assume z =z +z, , with
2 2

~

h3

~

h4

2,=p, || (@3, +x7), and z, = p, |h,| (@3, +x7). 2, and z, are also independent ex-

ponentially distributed random variables with means 4, =J7/(pu$32 (@2, + ch)) and
2 =]/(pu 542 (w1a4 +x7 )) respectively. For the independent non-identical distributed fading
scenario, the PDF of z' is given by
2 —A7' -7
fz,(z')=H4’[ £ J (C3)
I
Substituting (C.3) into (C.2), f, can be further rewritten as
6,8 69 a2 A At
B 51522
3 A A A A , .
(62k|rzpu§12 + é‘22)(61/%622 (az + kr2 ) + 512 )(/12 - /11)
(ke &
0,52 + 6,07 + 15752 0,67 + 0,62 + 1,575% )
Substituting (7), (9) into (C.1), f, and f, can be calculated as follows

(C.4)

2

P |hs| b,
f4=Pr ~ 12 ~ |2 5 ~ 12 >7thm
Pr hs‘ b+ p, hs‘ ki +@,p, [hy| +8

=Pr(X,>1,) (C.5)
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~ |2
pr h4 b2
5 = Pr ~ ~ 12 > }/thm
h b1+pr Ktz +w2pr h4 +'93
=Pr(>24 >7) (C.6)
:eii
Vim%h

where 7, = , With b, >y, (b, + &7 +@, ). Finally, (14) can be

Pr (bz = Vitm (bl + Kt2 + @, ))

obtained by combing (C.4), (C.5), and (C.6).
The proof is completed.

APPENDIX D
PROOF OF COROLLARY 2

The outage probability of U, with ideal conditions can be expressed as
PiL(szyom =1- Pr(yRaxz > Vtom s 7/Rax1 > Vint )Pr(7/U3ax2 > Vthm )Pr(7/U4ax2 > Vthm )
=1-f,/f, f

(D.1)

f, can be further calculated as

' P |hz|2 a, Pu |hl|2 8
f, =Pr > , >
’ (Pu |h3|2 @8 + P, |h4|2 @3, +1 fom Py |hz|2 a +p, |h3|2 @83 + P, |h4|2 @8, +1 &

YViom (v Vit ,
=Pr| X, >——(Y'+1), X, >—(p,a, X, +Y ' +1
(2 pa T g (X, )j
YomBe | Tt ~Yim B
— lze[ﬂuaz pualole e puazY (Yr)dY/
5.5,

VemBe | Vit ] k+1

A, [Z 1) p,a,

TR (A e) 2B om + e PuBs

(D.2)
where Y'=Y, +Y,. As we wrote earlier Y, =@, p,8,X;, Ys =@, p,8,X,. In addition, Y, Y,

are independent exponentially distributed random variables with means A, =1/ (wlpua35§ )

Vint &, 1
2 T
ao o

A 21/(wlpua4542)' B =

f, and f, are easily obtained as follows
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where 7, =

(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

=Pr(X3 >72') (D.3)

7thm

Pr (bz — Vinm (bl + wz))
' Pr |h4|2 b,

f. =Pr >
ST b a1l "

with b, > 7., (b, +@,) .

=Pr(X4 >T;) (D.4)

—e %
Combining (D.2), (D.3) and (D.4) into (D.1), we can obtain (15).
The proof is completed.
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