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This paper investigates the joint effects of in-phase and quadrature-phase imbalance (IQI) and imperfect successive interference
cancellation (ipSIC) on the cooperative Internet of Things (IoT) nonorthogonal multiple access (NOMA) networks where the
Nakagami-m fading channel is taken into account. The closed-form expressions of outage probability for the far and near IoT
devices are derived to evaluate the outage behaviors. For deeper insights of the performance of the considered system, the
approximate outage probability and diversity order in high signal-to-noise ratio (SNR) regime are obtained. In addition, we also
analyze the throughput and energy efficiency to characterize the performance of the considered system. The simulation results
demonstrate that, compared with IQI, ipSIC has a greater impact on the outage performance for the near-IoT-device of the
considered system. Furthermore, we also find that the outage probabilities of IoT devices can be minimized by selecting a

specific power allocation scheme.

1. Introduction

With the development of Internet of Things (IoT), tradi-
tional orthogonal multiple access (OMA) can no longer
afford massive connections due to its low spectrum utiliza-
tion [1]. The proposals of massive multiple-input multiple-
output (MIMO) [2], small cell networks (SCNs) [3], millime-
ter wave (mmWave) [4], nonorthogonal multiple access
(NOMA) [5], and some other 5G-related technologies have
made it possible to implement the IoT [6]. Among these
technologies, NOMA has been accepted by the Third Gener-
ation Partnership Project (3GPP) due to the fact that it can
serve multiple devices simultaneously without neglecting
fairness [7]. Traditional OMA is required to use orthogonal
resources to support multiple devices, while relying on the
power multiplexing of NOMA IoT can serve a large number
of various devices in the same time/frequency domain [8, 9].
Furthermore, the physical layer security performance of
NOMA systems outperforms the OMA system and improves
the security rate of the system greatly [10]. In addition, to
ensure the fairness among devices, different power signals

are transmitted according to the channel state information
(CSI) between the transmitter (TX) and receiver (RX), and
the successive interference cancellation (SIC) is adopted at
the RX to eliminate interdevice interference [11, 12].

To further enhance the robustness and expand coverage,
cooperative relay communication has been introduced into
NOMA systems [13-17]. In [13], cooperative relay was taken
into account in the NOMA systems, and it has been proved
that the proposed scheme can reduce the outage probability
and increase the diversity gain of the systems. In order to
improve the spectral efficiency, the authors of [14] proposed
a new cooperative NOMA transmission scheme in the cogni-
tive radio systems and derived the exact closed-form expres-
sions for outage probability. The outage performance of
cooperative NOMA amplify-and-forward (AF) and decode-
and-forward (DF) system with a single user was studied in
[15], and the results showed that the relay in AF protocol
outperforms the relay in DF protocol. In [16], the outage
probability of cooperative NOMA system over Rayleigh
channels was analyzed where the near user acted as a DF
relay. Particularly, the cooperative NOMA network in the
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IoT was proposed in [17]; the average throughput and the
diversity order were analyzed to characterize the system. In
[18], the authors proposed a cooperative NOMA scheme in
which the near user acts as a DF relay and the analytical
expression of intercept probability was derived to evaluate
the system. All of the above studies showed that the cooper-
ative NOMA can improve the system performance. As the
core technology of NOMA, SIC has well performance on sig-
nal detection, while at the expense of the complexity of RX
[19]. To this end, a host of works has drawn attention to
imperfect SIC (ipSIC) ([20-23] and references therein).
Authors in [20] proposed a more practical network in which
ipSIC was considered in the cooperative NOMA system, and
the closed-form expressions of the outage probability were
derived. In [21], the authors presented the closed-form
expressions of outage probability and ergodic sum rate of
the cooperative AF NOMA over Nakagami-m channels by
considering ipSIC in the network. In addition, the effects of
ipSIC on the two-way and cognitive radio NOMA system
were studied in [22, 23], respectively. All of these articles
are instructive for the practical NOMA systems.

The aforementioned works mainly focused on the perfect
radio frequency (RF) which is overidealistic. In practice,
in-phase and quadrature-phase imbalance (IQI) inevitably
occurs due to component mismatch or manufacturing
process problems [24]. Although the influence of IQI can
be mitigated by compensation algorithms and correction
algorithms, it cannot be completely eliminated due to the dif-
ferent forms of noise [25-28]. The authors in [29] have dem-
onstrated that IQI has negative effects on the NOMA systems
and cannot be ignored. To solve this problem, authors in [30]
studied the impact of IQI on the two-way cooperative AF
relay systems and derived the closed-form and asymptotic
expressions for the outage probability. The effects of TX
IQL RX IQ], and joint TX/RX IQI on the outage performance
of the single-hop NOMA system were compared in [31]. The
performance of cooperative NOMA system with IQI at the
relay was analyzed by deriving closed-form expressions for
the outage probability [32]. Recently, the impact of IQI on
the cooperative NOMA DF network over Rayleigh channels
has been considered in [33], while the influence of IQI on
the source node was not taken into account. Moreover, the
direct link between the source and the far user was not con-
sidered in [33].

Motivated by the previous discussion, in this paper, we
discuss the effect of IQI on the cooperative IoT NOMA AF
relaying system over Nakagami-m fading channels, and
ipSIC is taken into account as well. In the considered system,
the source node can communicate with the destination nodes
with the aid of an AF relay or directly. To demonstrate the
performance of the considered system, the exact analytical
expressions of the outage probability are derived. In order
to gain more insights, asymptotic analyses and diversity
orders are calculated. Finally, the throughput and energy effi-
ciency are also performed. The main contributions of this
paper are summarized as follows:

(i) The exact outage probability expressions of the near-
IoT-device and far-IoT-device of the considered sys-
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FIGURE 1: System model of cooperative [oT NOMA networks.

tem are derived by considering IQI at source, relay,
and IoT devices; meanwhile, ipSIC is taken into
account

(i) In order to obtain more insights, the asymptotic out-
age performance is analyzed. For more intuitive
evaluation of the considered system performance,
the diversity order is further obtained

(iii) Finally, we deduce the throughput and energy effi-
ciency of the considered network. The results con-
firm that (1) the system throughput will increase
when the signal-to-noise ratio (SNR) is increasing,
while approaches to a fixed value in the high SNR
regime; (2) the energy efficiency will increase all
the time in the ideal conditions, while in the non-
ideal conditions, the energy efficiency will reach the
upper bound due to the existence of IQI and ipSIC

The rest of this paper is organized as follows. Section 2
describes the cooperative IoT NOMA systems with IQI and
ipSIC; Section 3 discusses the exact and asymptotic outage
performance, the diversity order, the system throughput,
and the energy efficiency. The numerical results are pre-
sented in Section 4 before we conclude the paper in Section 5.

1.1. Notation. In this paper, E[-] denotes the expectation oper-
ator; fy(-) and Fy(-) are the probability density function
(PDF) and the cumulative distribution function (CDF) of a
random variable X, respectively; I'(-) is the Gamma function;
Pr (-) represents the probability of a random variable; K, (+)
symbolizes the vth-order modified Bessel function of the sec-
ond kind, and 2 stands for the definition operator.

2. System Model

As can be seen from Figure 1, we consider a single-carrier
cooperative JoT NOMA network, which consists of one
source S, one AF relay R, and multiple IoT devices. In the
considered system, it is infeasible to study all devices due to
the extremely high complexity. Therefore, under normal cir-
cumstances, all devices are divided into multiple clusters and
OMA is used for the intercluster while NOMA is utilized
within clusters (In this paper, we only study the devices in
the same cluster.). In one cluster, the devices are classified
into two groups, namely, the far-IoT -device D; and the
near-IoT-device D, (The near-IoT-device and the far-IoT-
device are distinguished by the geographic locations of the
devices away from the source node, and this case of the
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two-user downlink NOMA system has been widely consid-
ered in existing works, e.g., see Ref. [34-36].). It is assumed
that all nodes are equipped with a single antenna and work
in the half-duplex mode. The channel coeflicients and chan-
nel gains between source and relay, source and destinations,
and relay and destinations are denoted as hg, hgp hSDf,

hRDf> hrp, and pep, Py, » Psp,> Prp,> PrD,> T espectively. With-
out loss of generality, the channel gains between source and
M destinations are sorted as pg, < pgp, <-<pgp, .

2.1. Signal Transmission. The communication procedure is
divided into two time slots. In the first time slot, S transmits
signals yg = \/a,Psx| +1/a,Pgx, to R, D, and D,, where Py is
the transmit power of S, x; and x, are the desired signals of
D; and D,, satisfying with E[|x, ] =E[|x,|*] = 1, and 4, and
a, are the power allocation coefficients with a, + 4, =1 and
a, > a,. Thus, in the first time slot, the received signals at
R, Dy, and D, can be expressed as (The subscripts S, R,
Dy, and D, in y,, v, ,, and v, represent IQIs caused by
source, relay, the far-IoT-device, and the near-IoT-device,
respectively.)

Ysr = ty, [hSR (I/‘ts)’s + VtSJ’;) + ”0}

+V,, X [hSR (utsys + vtsyé) + ”0} ,

Ysp, =t {hsD , (Mts)/s + vtsy’sk) + Ho} 1)
Ve, X [hSDf (Mtsys * vtsy;> ’ no} -

Ysp, = Hr,, [hSDn (//‘tsys + st)’;) + ”0]

TV, X [hSDn (.”tsys + Vt5y§> + ”o} >

where ny ~ €4(0, N,) denotes the additive white Gaussian
noise (AWGN), u,, v, and u,, v, are the IQI coefficients
caused by the RX and TX which can be expressed as

U= %(1 + Ct €xp (]¢t))’
Vi = %(1 -, exp (=jg,)),
: @)
U= 5(1 +Cr exp (_j¢r))’
v,= 3 (1-3, e (74,)

where {, and {, are the amplitude mismatch levels caused by
TX and RX, while ¢, and ¢, are the phase mismatch levels

and j=+/-1 denotes the unit of imaginary. Furthermore,
the TX/RX image rejection ratio (IRR) is expressed as

2
- |Mt/r|

tir —

IRR

3)

‘Vt/r|2 '

According to the NOMA protocol, the received signal-to-
interference-plus-noise ratio (SINR) for D; and D, to

decoded x, is expressed as

vo = AfPSDf“ﬂ’l (4)
P axpsp Ay + psp Byyy + Cp
AnPsp, 41V
Ysp, ., = - ) (5)
SPr-s aPsp, An¥1 + Psp, Bu¥1 + Cy

— 2 2 2 2 — 2 2 2 2 — 2
where Af - [’erftutS + Ver Vts’ An - Auan [’lts + ern Vts’ Bf - Auer

2 2 2 —_ 2 2 2 2 —_ 2 2 _
vtS +VerA"ltS’ Bn _lurunvts +ern:utS’ Cf _Auer +V7Df’ Cn -

u; +v; ,andy, = Pg/N, denotes the transmit SNR caused

by S. Based on the ipSIC, the received SINR of D,, to decoded
x, can be expressed as

B aA,Psp, V1
" &B.pgp 1+ aigsp, An¥ +Cy ’

(6)

Ysp

where ggp, ~ €N (0, pgp, ) and € € (0, 1] is the parameter of
ipSIC which follows the Gaussian distribution [37]. Note
that in this system the value of & cannot take the value of
1, because the network is completely out of the NOMA
scheme when & = 1, which is clearly contradictory to the con-
sidered system.

In the second time slot, the relay amplifies and forwards
the received signals to the IoT devices. Thus, the received sig-
nals at D and D,, can be expressed as

Yrp, = [’lr[,f [hRDf (#zR(GJ’SR) + VtR(Gy;R)) + ”o}
+ erf [hRD/ (tutR(GySR) + VrR(G)’;R)) + ”o} *’

Yro, = W, [hRDn (#tk (Gysr) + vy, (GJ’;R)) + ”o}

TV, [hRDn <l4tR(G)’5R> + VtR(Gy;R>> + ”0} >
(7)

where G = /Pp/(Q(Pspgy + Ny)) represents the amplifying
gain factor and Py is the transmit power by R and Q=
(|MtR|2 + |vtR|2)(|[4rR|2 + |v,R|2). The received SINRs for D,
to decode x, and for D, to decode x,; and x, are expressed as

alEfPSRPRDfYWz
&Ef +]5) PspPro, ¥1¥2 + TiPs¥1 + Lpro, V2 + Ty

(8)

yRDf = (

a1 E,pspPrp, V172
aE, +J,)PsrPro, Y1Y2 + TuPsrV1 + LuPrp Y2 + T )

©)

yRD,Hf - (




4
Vep = & E, PsrPrp, V172
Kon ™ (ay], + a,€E,) psrPrp, Y1Y2 + LuPrp, Y2 + TuPsrY1 + T, '
(10)
where y, = Pp/N represents the transmit SNR caused by

R, Ep=(p; pi +vivi)(u, MfRWfo vi )+ (uf Vi + #?SVfR)
(7, Vi + 7, > En —(mms VeV (g, i+ vz, Vi)

(#r vtg #ts ,,{)(#ZD 4 MtR ,D) Jp=(u; vi + i xv7)
(/% us, +er vi )+ (Mru Vi tur v rD )(ﬂ,Rutﬁv Vi) Ju=
(.”rR AR rR)(MrD 7 +er X v, ) (w7, v ufR )

(yfRytS + ervts) Ly= 2[4r th +2u? fva + 2v yt + 2v
V?R’ Ln = Ztl/lfDn n"ltR + ZMan VZR

and Ty = C,Q.

+ 2er” ‘utR + 2ern vtR, Ty = QCf,

2.2. Fading Channels. Assume that all the channel gains fol-
low Nakagami-m distribution; thus, the PDF and CDF of p,
can be expressed as [38]

fo@)= e, (11)

a1 /B, gi
ePi [ x
F(x)=1- Y (2}, (12)
) g,ZO g;! (5;)

where «; denotes the multipath fading parameter while S,
represents the control spread parameter. By utilizing the
order statistics, the PDF and CDF of the m-th devices’ chan-
nel gain p, can be expressed as

! N (Mem
F, (x)= (m—1)[(M —m)! ;o ( z > (14)
% (-1) [Fpi(x)}mﬂ)

m+z

where M denotes the total numbers of IoT devices.

3. Outage Probability Analysis

In this section, the outage performances of Dy and D, are dis-
cussed. We first analyze the considered system by deriving
the exact expressions of the outage probability and then for-
mulate the asymptotic analysis in the high SNR. In addition,
the throughput of the considered system is also explored.

3.1. Exact Outage Probability. For Dy, the outage event will
occur when Dy fails to decode the expected signal x; trans-
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mitted from S and R. Therefore, the outage probability of
Dy can be expressed as

P?L{t =Pr (ySDf < ythf) Pr (yRDf < ythf), (15)

where y,, - is the target threshold at Dy. The closed-form
expression of outage probability of D, under IQI and ipSIC
is provided in the following theorem.

Theorem 1. The exact outage probability expression of Dy in
the presence of IQI and ipSIC is expressed as

M-f /M~ f
aut_bfz< >'(f+)Z

- ; 0 95 f+z
1 —e/ﬁSDf Z Zox 2
I 95=0 s ﬁSDf
[ _q0gp,—1
2 AR 1 f 91 1
I- aRD Z Z Z g
F(“RDf)ﬂRD 9,20 t,=0 t,=091°

(91) ((xRDf _1>
X

92 t

(B, Ty) ot gy )

X (Tf + Lfy2¢)

67 (q’/ﬁRDf) ’(LfYZ‘P/:BSR Tsy, )

(t+,+1)/2) /3 (t=t+D)I2 )\ gt
RD ( f)’z)
f

(T +Ly20)9
ﬁSRﬁRDf Tf Y1

-K

t—ty+1
(16)

where f denotes the f-th device (the far device), by = M!/(f
-DI(M-f), 6= Cthhf/[%Af% - (alAf +Bf))’1)’thf] with
Asa; > (a.IAf +Bp) Yy and @ =Ty, la,Epy,—(aE; +]5)
VaYens) with aiEg > (ayE; + ] )y -
Proof. See Appendix A.

For D,, the outage event will occur when D, fails to

decode either the signals x; or x, transmitted from S or R.
Therefore, the outage probability of D, can be expressed as

Py =[1-Pr

X {1 - Pr (yRDH. > Yine> Yro, > Vﬂmﬂ’

(VSDH >Yanss Vsp, > yrhn):| s (17)

where y,, is the target threshold at D,. The closed-form
expression of outage probability of D, under IQI and ipSIC
is provided in the following theorem.
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Theorem 2. The exact outage probability expression of D,, in
the presence of IQI and ipSIC is expressed as

M-n/M—-n _1\2
th:bnz< >( D
n+z

z

agp —1 94
SDy 1 5
-5/
- 1- e °'Psbn x
[ g4Z::0 94! (ﬁSDn> ‘|

asg=1 %0, =1 g, 1

[1 2
’ - XRD,, Z _I
‘XRD“ﬁRDn 9,70 q=0 ¢,=09r°

(91) <“RDH _1>

X

9 4

. (ﬁSRYI Tn)’ﬂf((qz"12*1)/2)1-91*“1{@,*((%*%*1)/2)

% (T, + L,y,7) D2 a2, yai-as

X e—(T/ﬁRD,, )_(LnYzT/ﬁsRTnYJ)

T,+L,y,T)T

ﬁSRﬁRD,, Try,
where n denotes the n-th device (the near device) and b, =
MY(n- 1M - n)!, §=max (§;,8,), §; = Cf)’thf/[QJAn% -
(a4, + Bn))’zythf]’ &% CoVinnl @A77 = V1 Vin(a2B, + aje
A,)IB, +ajeA,)], T=max (1;,7,), 7,2 TnY1Vthf/[“1EnV2 -
(a,E, + ]n)YZYthf]’ and 1, =T,y /[a:E,y,~(a,], + a;eE,)
V2V thn-

(18)

Proof. See Appendix B.

Remark 3. From Theorems 1 and 2, we can observe that the
outage probabilities of D, and D, are determined by IQI
parameters, the performance of SIC, fading parameters, and
distortion noise. Meanwhile, it is worth noting that when
G, =6, =1, ¢,=¢,=0° and & = 0 are all satisfied, the consid-
ered system reduces to ideal conditions.

3.2. Asymptotic Outage Probability. In this subsection, the
asymptotic outage probabilities of D; and D,, are analyzed
to obtain more insights on the outage behavior of the con-
sidered system. The asymptotic CDF of the channel gain p,
in the case of ordering and nonordering can be expressed
as [39]

x%i

- "‘i!ﬁ;‘xi )

The asymptotic expressions of outage probabilities of
Dy and D, are described in the following corollaries.

[ (%) (19)

Corollary 4. The asymptotic closed form of outage probability
of Dy in the high SNR regime is expressed as

D00 - ] f o “snff
Pout = bf —' T
%sp, + ﬁSDf

1 R 11 %rp
e o
a [ﬁ"‘SR YRD
SR*PsR ocRDf!ﬁRDf

where by> = MU/[f{(M - f)!], ¢ = Leyaslla,Epy, — (a,Ef +
TV Vg [Erys = (@ + )y vah and @ = Ty, llary,Ey
- (azEf + U)Yz%hfl

Proof. See Appendix C.

Corollary 5. The asymptotic closed form of outage probability
of D, in the high SNR regime is expressed as

n no.
PDn,oo e 1 E D,
— A
* "\ p,! ﬁRDn

e e
7! 7" R0
X + >
| R%sR *RD,
asr! Bsk ‘xRDn!ﬂRD:

where b =M/ [n!(M -n)!], 7' =max (r,7;), 7"=max
(71, 75), T2 Lyyag/laEny, —viVas(@E, + 1) 7/ 2T,
Yons! 181 En¥s = VaVap (@B, + 1)) 752 Lyl [a:E,y,=a,],
VowVih and 3 2 T,y,,/[:E,, = 03], V1)

(22)

Proof. See Appendix D.

Remark 6. The results of Corollaries 4 and 5 show the effects
of channel fading parameters, IQI parameters, the perfor-
mance of SIC, and distortion noise on asymptotic outage per-
formances of Dy and D,. In addition, we can also observe that
the asymptotic outage probability is related to the order of
user arrangement directly.

3.3. Diversity Order. The diversity order can reflect the trend
of the outage probability intuitively. To this end, the diversity
order of the considered system is explored in this subsection.
The diversity order is defined as [40]

log PODlT""’
d=—lim M (23)
y—00 log y

where Pf,){l"g"" denotes asymptotic outage probability of m-th
device and y € [y,, y,] represents the transmitted SNR.

Corollary 7. Based on (23), the diversity orders of Dy and D,
in ideal conditions (¢,=¢,=1, ¢,=¢,=0", and £=0) and



nonideal conditions (GG, # 1, ¢,, ¢, #0°, and £#0) can be
written as
did _ gnid _ .
¢ =d" =min f(XSDfaSR)f‘xSDfaRDf >
(24)
di = i = min (nagp, ag, oty dgp, )

Remark 8. The results show that the diversity order of Dy is
the minimum of focSD[ocSR and focSD[ocRD/, which indicates
that the diversity order of Dy is relative to &sp,» Gsp> AR, »
and f, while the value is affected by the multipath fading
parameters oy and ¥rp, of §— Rand R — Dy. Similarly,
the diversity order of D,, is the minimum of nag, agz and n
agp agp, > which is related to agp, , age, agp , and n, and the
final value is jointly determined by ag, and agp, . The results
also show that the outage probabilities of D, and D, of the

considered system will always decrease with the increase of
SNR. In addition, we can also observe that although the out-
age probabilities of IoT devices in ideal and nonideal condi-
tions are different, the trends are the same due to the
diversity orders.

3.4. Throughput Analysis. The system throughput is another
measure of system performance, which is the number of sig-
nals transmitted per unit of time successfully. Thus, the sys-
tem throughput is formulated as [41]

M=

=) (1= P ) R (25)

1

3
I

where P is the outage probability of D,, which can be
obtained from (16) and (18), R, =(1/2)log (1+y,,,)
denotes the target rate of D, , and 1/2 represents that the com-
munication transmit process is divided into two time slots.

3.5. Energy Efficiency. To further evaluate the performance of
the considered system, the energy efficiency is analyzed in
this subsection. Energy efficiency refers to the useful signals
that IoT devices received for each unit of energy consumed
by S. Hence, the energy efficiency of the considered system
can be expressed as [42]

T
- 26
’188 PEE ( )

where Ppp = Pg + Py + P- denotes total energy consumption
and P is the fixed energy consumption which is caused by
transmitter and the IoT devices and T is the system through-
put which can be obtained from (25).

4. Numerical Results

In this section, the correctness of analytical results in Sec-
tion 3 is demonstrated by some computer simulations.
Unless otherwise noted, the simulation parameters are pro-
vided in Table 1.
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TaBLE 1: Simulation parameters.

Parameters Value Parameters Value
o 2 B; 1
n 2 f 1
Yinf 1.5 Yihn 3
M 2 Ny 1
P, 0.1W

10°

107! Ideal conditions
= 3
2 1
S Non-ideal conditions
5 1077 4
o 3
o E
g E
K ]
= ]
O -
1073

D, (red), D, (black)

10 T T T T T
0 5 10 15 20 25 30
SNR (dB)
e Simulation
—— Analysis
-—— Asymptotic

FIGURE 2: Outage probability of IoT devices versus transmit SNR in
different conditions.

Figure 2 shows the outage probabilities of IoT devices
versus transmit SNR in ideal conditions (¢, =¢,=1, ¢, =
¢,=0°, and £=0) and nonideal conditions (¢,=¢,=1.2,
¢,=¢,=10°, and £€=0.01) with a, =0.8 and a, =0.2. The
perfect coincidence of the theoretical analysis value and the
Monte Carlo simulation value curves in Figure 2 verifies
our derivations in (16), (18), (21), and (22). From Figure 2,
we can observe that the gaps caused by ideal and nonideal
conditions of D,, are larger than those of D;. The reason for

this phenomenon can be explained by the fact that ipSIC
has no impact on D;. As can also be seen from Figure 2,

the curves of different IoT devices are almost parallel in the
high SNR region. Meanwhile, we also notice that the outage
probability of the far-IoT-device outperforms that of the
near-IoT-device, because of the large power allocation factor.
Additionally, the results also show that the outage perfor-
mance of the considered system can be greatly prompted by
improving the transmitting SNR.

Figure 3 illustrates the outage probabilities of the IoT
devices versus IRR in perfect I/Q and IQI conditions with
IRR, =IRR,, SNR=15dB, £€=0.01, and 4, =0.8 and g, =
0.2 for power allocation. As can be seen from Figure 3, with
the increase of IRR, the outage performances of devices Dy

and D, improve continuously, and when IRR >32dB, the
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outage probabilities of the devices almost coincide with those
of the ideal IQ matching. In addition, in terms of the gaps
between the perfect IQ matching and IQI curves in the figure,
IQI has different effects on the outage performances of differ-
ent IoT devices in the considered NOMA system. Further-
more, we can also observe that the outage performance of
the far-IoT-device is better than that of the near device,
which is due to the more power allocation obtained by the
far device.

Figure 4 plots the variations of outage probabilities of the
IoT devices with the increase of SNR in the presence of differ-
ent nonideal factors with a; = 0.8 and a, = 0.2. In the simula-
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FIGURE 5: Outage probability of IoT devices versus ¢ in different
conditions.
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tion, we assume three cases: (1) only IQI (g, =¢, #1.05,
¢, =¢,#9°, and € =0), (2) only ipSIC (5, =6, =1, ¢, =¢, =
0°, and £ =0.05), and (3) both IQI and ipSIC (¢, =¢, = 1.05,
£=0.05,and ¢, = ¢, = 9°). The reason for setting the nonideal
factors in this way is to ensure that the level of IQ mismatch is
at the same extent as the level of ipSIC. For the near-IoT-
device D,, the case of only IQI outperforms the case of only
ipSIC in the outage performance which indicates that ipSIC
has a severe negative impact on the considered system. Inter-
estingly, the curves of only IQI and both ipSIC and IQI are
coincident, since in the NOMA system, the outage perfor-
mance of Dy is not affected by SIC.

As a further development, Figure 5 presents the outage
performances of IoT devices versus £ with SNR = 15 dB. For
nonideal conditions, we set ¢, =¢,=1.2 and ¢, = ¢, =10°. It
can be observed from Figure 5 that, for the far-IoT-device
Df, the outage probabilities in either ideal or nonideal condi-
tions will not change with the variation of €, which is due to
the fact that the outage performance of Dy is independent of
the performance of SIC, while for D, the outage probability
almost increases linearly with the increase of e. This indicates



8
10° == =
E a0 e
] \ \\ /’O/
] v ] o
m \\ .o
o
107 3 N R o
3 \ N -
p \ \b\ ﬂ/
o ]
= T Q \ ,O’/O/
= - \ N
Fg —2 \\ ’8\/\ Devi D
S 107 3 o ° evice D,
= = ~
a 3 o .
<
7Y 4 % Dev1ceDf
< - ~
= Ao
O 1073 A
3 O
B (N
] ~oo
O~
4 -
4 o]
107" 3
L T T T T T T

0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95

9

o Ideal simulation
o Non-ideal simulation

—— Ideal analysis
——- Non-ideal analysis

FIGURE 7: Outage probability of IoT devices versus a, in different
conditions.

1.8
Ideal conditions (blue)
5 1.2 4 OnlyIQI (green)
oy
E” Only ipSIC (black)
E IQI & ipSIC (red)
=)
]
& 0.6
0.0 - T T T T
0 5 10 15 20
SNR (dB)
®  Analysis
— Simulation
—-—- Asymptotic

FIGURE 8: System throughput versus SNR in different conditions.

that SIC is vital in the outage performance of D,. From
Figure 5, we can also see that when £=0, there are gaps
between the outage probabilities of ideal and nonideal con-
ditions, which is due to the existence of IQI in the consid-
ered system. It is worth noting that although we have
mentioned ¢ € [0,1) in Section 2, the maximum value of ¢
here is taken as 0.1. The reason is that a,A, > (a,B, +a,¢
AV, and a,E, > (a,], + a,eE,)y,,, are all needed to be
satisfied from (18). Thus, when & = 0.1, the outage probabil-
ity of D,, is almost 1.

Figure 6 analyzes the impact of amplitude and phase mis-
match levels on the outage probabilities versus SNR for dif-

Wireless Communications and Mobile Computing

0.18
Ideal conditions (blue)
b Only IQI (green)
Only ipSIC (black)
B 0127 IQI & ipSIC (red)
g
o)
L= i
L)
>~
g6
3
o
A 0.06
0.00 T T T T
0 5 10 15 20 25

SNR (dB)

e Simulation

—— Analysis
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ferent IoT devices with SNR=15dB, €=0.01, and a, =0.7
and a, = 0.3 for power allocation. For simplicity, in this sim-
ulation, we set g, =g, =g, =9, and ¢, =¢, =¢, =¢, .
As can be seen from Figure 6, when 0.6 < g < 1, the outage
probabilities decrease with the increase of g; however, when
1 < g < 1.3, the opposite phenomenon appears. This can be
explained that when the amplitude mismatch levels are closer
to 1, the system is closer to the ideal conditions. Another
observation is that the outage performances of IoT devices
deteriorate with the increase of ¢, and when the phase mis-
match levels reach to about 20°, the considered system turns
meaningless due to the high outage probability.

Figure 7 investigates the outage probabilities of IoT
devices versus power allocation a, with SNR =15 dB in ideal
conditions and nonideal conditions for ¢, =¢,=1.2, ¢, = ¢,
=10°, and £=0.01. The outage probability of D, first
decreases and then increases with the increase of a;, and
when a, is about 0.68, the outage probability of D, reaches
the minimum. This can be deciphered that when 0.5 < g, <
0.6, the considered network is always in an off-line state
due to the insufficient power level for Dy, and when 0.6 <

a, < 0.68, the considered system begins to perform NOMA;
after that, the outage performance of D, begins to deteriorate
as the power allocation to D,, decreases. Unlike D,, the out-
age probability of D, keeps decreasing as the power allocated

to it increases.

Figure 8 shows the exact and asymptotic system through-
put versus SNR. In this simulation, we set ¢, =¢, =1.3, ¢, =
¢, =15°, and £=0.05 for nonideal factors and a, =0.7 and
a, =0.3 for power allocation. When the SNR is lower than
5dB, the throughput of the considered system is almost 0
due to the high outage probability. And the system through-
put tends to be a fixed value in the high SNR regime. This is
because when the SNR is large enough, the outage probabil-
ities of IoT devices are almost close to 0. It is worth



Wireless Communications and Mobile Computing

mentioning that there exists an intersection between the
green curve (only IQI in the considered system) and the
black curve (only ipSIC in the considered system), which
indicates that in the case of low SNR, IQI has a greater
impact on the system throughput, while ipSIC will have a
more severe impact on the considered system in the mod-
erate and high SNR region. From Figure 8, we can also find
that these nonideal factors play a negative role in the con-
sidered system.

In Figure 9, the energy efliciency of the considered sys-
tem versus SNR is plotted. From the figure, we can see
that in both ideal and nonideal conditions, the energy effi-
ciency of the considered system first increases and then
decreases, which is due to the fact that when the SNR is
low, most of the transmission power is used for signal trans-
mission. From the figure, we can also observe that the energy
efficiency of the system which is only affected by IQI is
higher than that only affected by ipSIC. This indicates that
compared with IQI, the energy efficiency of the considered
system is more dependent on the performance of SIC. In
addition, we can also observe that when SNR>20dB,
the energy efficiencies of the considered system in the four
cases are almost identical. Finally, we can also conclude
that the overall performance of the system cannot be
improved by simply increasing the SNR in practical com-
munication networks.

5. Conclusion

In this paper, the performance of cooperative AF IToT NOMA
system in the presence of IQI and ipSIC is studied. The exact
and asymptotic outage probability expressions are derived to
evaluate the considered system. Furthermore, the diversity
order in the high SNR region, the system throughput, and
the energy efficiency are also presented. The results show that
IQI and ipSIC play negative roles in the considered system
performance and the outage performance of the considered
system will be greatly improved with the increase of SNR.
Compared with IQ], identical degree of ipSIC plays a greater
impact on the outage performance. Particularly, tuning the
power allocation scheme properly can improve the outage
performances of the IoT devices. The results also show that,
according to the inherent characteristics of the NOMA
scheme, the outage probability of the far-IoT-device is inde-
pendent of the SIC performance. In addition, the simulation
results of the system throughput and the energy efficiency
show that the system performance cannot be improved by
simply improving the SNR.

Appendix
A. Proof of Theorem 1

By substituting (4) and (8) into (15), the outage probability of
Df is rewritten as

alEfpSRPRDfV1YZ

P —pr

out —

( a1 ApPsp, V1

<y x Pr <y .
aZPSDfAfyl + PSDfo% +C; thf) ((azEf + ]f)PSRPRDfYﬁz +Trpspyy + LfPRDfYZ + T thf)

I,

Utilizing the PDF and CDF in (11)-(14), I, and I, can be
further expressed as

N (M) e
11=Pr(P5Df<9>=bfZ< >f+z

z=0 z

U e 0\ 2
1- —e V[ — ,
gsz=:0 s (ﬁ 5Df> ]

T,+L
( f szPz)ﬁ"
L=1-Pr|p >Q,pp> —————————
’ <RDf B (e )Ty, )
=[5y, 00 f o (¥)dx
e 7 (Tp+Ley,p, )9l -9) Ty,

I

(A1)

—1- 2 as}f%zf‘,li 1 (“RDf_1>
tl

YRD |
f = — — .
F(“RDf>ﬁRDf 90 420 =091

9, 1 g1+((1—1,+1)/2)
X -
<g2 > (ﬁSRyl Tf)

g, +agp, —(t +t,+1)/2 1t
@ RDf 2 (th)g

t1+t2+1)/2ﬁ(t1—t2+1)/26_ (Wﬁmf) ~(Lyv29/BsxTrv1)

x (Tf + Lf)’z?’)( RD;

(Tr+Liyrp)g

x K
ﬁSRﬁRDf Tf Y1

2

t—t,+1
(A.3)

Combining (A.2) and (A.3) with (A.1), the outage proba-
bility of Dy can be obtained.
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B. Proof of Theorem 2

By substituting (5), (6), (9), and (10) into (17), the outage
probability of D, is rewritten as
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D
Py = [1 - Pr (VSDM > Yinp Vsp, > Yzhn)] [1 - Pr (YRD,Hf > Yup Yrp, > ythn)}

AuPsp, 4111 A, Psp, V1

=|(1-Pr > Y6 >y
|: <(a2An + Bn)PSDnyl + Cn tf (aan + alaAn)pSDKYI + Cn thn>:|

I

& E, porPrp, Y1Y2

&E, PorPrp, Y1Y2

X |1—-Pr
{ ((azEn +10)PsePro, Y1V2 + TuPse¥1 + LuPrp, V2 + Ty

> ythf’(

>V || -
ayJ, + a1€E,) porPrp, Y1V2 + Luprp, Y2 + Tupsiyy + T, . >}

Utilizing the PDF and CDF in (11)-(14), I; and I, can be
further expressed as

M-n/M-n —1)?
I3=1—Pr(pSDn<§)=bn;)< >(n+)z

z
(B.2)
&sp, —1 1 - E g, n+z
(1= e / D, | S
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(B.3)

Combining (B.2) and (B.3) with (B.1), the outage proba-
bility of D, can be obtained.

C. Proof of Corollary 1

Based on (A.1), the asymptotic outage probability of D, can
be expressed as

D
fio __ 700 70O
Pyl =TI

(C.1)

Iy

(B.1)

Utilizing the asymptotic CDF in (19), I{° can be further
expressed as

1 f ) "‘svff
I =Pr (pSDn<9>xbf <%f|> (/%D) . (C2)

Using the inequality xy/(x + y + 1) <min (x, y) [43] and
the asymptotic CDF in (20), I5° can be further expressed as
PsrY1 (LfPRD/YZ/Tf)

I’=1-Pr
PsrY1+ (LfPRDfY2/Tf) 1

Lfythf
aE; - (azEf + ]f)ythf

~1-Pr (pSR >¢', prp, > sv")

*Fpu(9') # B, (¢)

1 %R )
.9 ¢

= o Orp,
o ! SR RDf
se!Psi ocRDf!ﬁRDf

Substituting (C.2) and (C.3) into (C.1), the asymptotic
outage probability of D, can be obtained.

D. Proof of Corollary 2

Based on (B.1), the asymptotic outage probability of D, can
be expressed as

DVI ,00
out

P =119, (D.1)
Similar to (C.2) and (C.3), I® and I{° can be further
expressed as
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1 n nap,
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(D.3)

Substituting (D.2) and (D.3) into (D.1), the asymptotic
outage probability of D, can be obtained.
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