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ABSTRACT This work elaborates the analysis on ergodic capacity, coverage probability, and average
throughput for multi-user non-orthogonal multiple access (NOMA) based device-to-device communication
networks, which operate in the millimeter-wave spectrum range and are constrained by practical system
imperfections such as residual transceiver hardware impairments, imperfect channel state information, and
non-ideal successive interference cancellation. More importantly, we consider that the proposed network
model is limited by independent and non-identically distributed interference noises emerging from neigh-
boring device nodes. Computationally effective and comprehensive closed-form expressions are delivered to
evaluate the ergodic capacity with its upper and lower bounds, as well as coverage probability and average
throughput expressions. Furthermore, the asymptotic analysis of ergodic capacity and coverage probability
at high and low signal-to-noise-ratio regimes are analyzed and the corresponding closed-form expressions
are presented. Valuable discussions on the fairness-based power allocation scheme for NOMA users have
been provided. Moreover, a thorough Monte Carlo simulation is carried out to validate the corresponding
analytical findings. Finally, simulation results have revealed that the system impairments aforementioned
herein cause an ergodic capacity saturation phenomenon. Especially, interference plays a significant role as
a performance limitation factor for the ergodic capacity and coverage probability.

INDEX TERMS Average throughput, coverage probability, device-to-device (D2D) communications,
ergodic capacity, imperfect channel state information (CSI), millimeter-wave (mmWave), non-orthogonal

multiple access (NOMA), residual transceiver hardware impairment (RTHI).

I. INTRODUCTION

One of the main aims of fifth-generation (5G) communica-
tion systems is to support connections of up to 50 billion
devices by 2025 [1]. To this extent, the device-to-device
(D2D) communication [2]-[4], millimeter wave (mmWave)
technology [5]-[8], and non-orthogonal multiple access
(NOMA) [9]-[14] (enabling concurrent device connections)
can fulfill this goal. The NOMA is particularly useful for
efficient utilization of network resources such as time, code,
frequency, as well as radio frequency (RF) chains dedicated
per user equipment (UE). For instance, the in-field trials con-
ducted by NTT DOCOMO (Japan) and MediaTek (Taiwan)
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demonstrated a 2.3-times spectral efficiency (SE) improve-
ment for smartphone-sized NOMA users in comparison
to the single-user multiple-input multiple-output (MIMO)
scenario [15], [16].

A. RELATED WORKS

In NOMA-based D2D networks, multiple and nearby located
devices’ signals are compounded in the power domain to
boost their SE. The D2D-empowered NOMA networks also
demonstrated the increase in energy efficiency, data offload-
ing, and ability to massively connect devices [17]. The
authors in [17] studied the user-clustering and power assign-
ment optimization in the network comprising cellular users
and underlay NOMA-enabled D2D users. Next, the work [4]
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presented a novel resource allocation algorithm by using a
many-to-one side matching theory to achieve near-optimal
sum-rate performance for underlay NOMA-based D2D net-
works. Moreover, the authors in [18] developed an interlay
mode to accommodate power-domain multiplexing for both
cellular and D2D users. Next, capacity scaling of a NOMA-
D2D-based cooperative relay system for the two-user sce-
nario was investigated in [19] over Rayleigh fading channels.
To conclude, it is pertinent to mention that all the aforemen-
tioned recent works considered ideal system configurations
for the NOMA-based D2D networks.

It is well-known that the RF chains considerably con-
tribute to the cost of communication systems due to their
high power consumption and cost of analog-to-digital con-
verters (ADCs)/ digital-to-analog converters (DACs) in RF
chains [20]. At the same time, low-grade transceiver equip-
ment is often used in modern high-rate systems to reduce
their CAPEX costs. This inevitably adds residual transceiver
hardware impairments (RTHIs) from the phase noise [21],
[22], amplifier non-linearity [23], and in-phase/quadrature-
phase imbalance [24] to the received signal. The RF front-end
imperfections have a more negative impact on the mmWave
spectrum range than in the conventional frequency range [25]
due to an inverse relationship between the transmission rate
and RTHI level [26].

Although the assumption of an ideal transceiver is accept-
able for systems with a low data rate, this assumption is
not valid for high-speed communication systems [27]. Com-
parative analysis of 60 GHz commercial RF front-ends for
orthogonal frequency division multiplexing (OFDM) systems
was presented in [28] for intrinsic RF hardware imperfections
and their effect on the system performance. Moreover, the
authors proposed a practical link budget analysis to evaluate
Error Vector Magnitude (EVM). According to [29], RTHI
limits the capacity at the UE side with multiple antennas.
Oppositely, the effects of RTHI and inter-cluster interference
are less severe at the base stations that employ massive MIMO
antennas. Therefore, it is essential to model the RTHI noise
and interference in D2D networks.

Recent works on the RTHI, imperfect channel state
information (CSI), and non-ideal successive interference can-
cellation (SIC) have considered the cooperative NOMA net-
works in [30]-[37]. For instance, the authors in [30] studied
the two-user uplink NOMA-based mmWave networks and
proposed a joint power control and beamforming technique.
Moreover, the authors in [31] evaluated the ergodic capacity
for amplify-and-forward (AF) and decode-and-forward (DF)
MIMO relay systems with an arbitrary number of antennas
and by considering the effect of RTHI. Similarly, a NOMA-
based AF relay network constrained by RTHIs was stud-
ied in [32], where the outage probability along with the
ergodic capacity performance was investigated. Moreover,
the recent works [33] and [34] studied the RTHI and imperfect
SIC while incorporating the energy harvesting capabilities in
overlay cognitive NOMA networks over Nakagami-m fading
environment.
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It was shown that the NOMA-based system outperforms
the traditional orthogonal multiple access (OMA) system
at the medium-to-high signal-to-noise (SNR) regime. Sim-
ilarly, an approximate expression for the ergodic capacity
was provided in the recent work [35] for both cooperative
and non-cooperative NOMA networks considering the RTHI,
imperfect CSI [38] and non-ideal SIC [39]. The authors
in [36] studied the security aspects in NOMA-based AF
relay cooperative networks by considering the RTHI noise,
where the exact and asymptotic outage probability and inter-
cept probability analysis were provided. The authors in [37]
studied the cooperative NOMA-based coverage probability
analysis for a mmWave network given an ideal system con-
figuration; three potential relay selection schemes were pro-
posed to justify the advantage of the cooperative NOMA
approach over the traditional OMA one.

Next, the ergodic capacity analysis for NOMA-based
uplink satellite networks with randomly deployed end-users
under imperfect CSI and antenna-pointing errors was studied
in [40]; however, this work did not study the other sys-
tem impairments. Likewise, the work [41] studied the ideal
NOMA network with two end-users and presented the outage
probability and approximate ergodic capacity formulas.

The authors in [42] studied a different aspect of practical
system imperfection in NOMA networks such as arbitrary
user mobility profile at various antenna array ranges given
the short packet transmission regime. The other authors in
[43] introduced the heterogeneous mobility profile to group
users that move at a certain speed by using a novel NOMA
orthogonal frequency space modulation. Furthermore, the
authors in [44] proposed a detection method and channel
estimation algorithm for sky-ground uplink NOMA, where
aerial users are moving while terrestrial users are static. The
proposed method improved both the channel estimation and
time-varying successive interference cancellation.

It is noted that the contemporary research in the field of
NOMA-based mmWave D2D networks either has studied the
ideal transceiver hardware or does not consider independent
and non-identically distributed (i.n.i.d.) interference noise
induced by neighboring device nodes. However, the authors
in [45] discussed the importance of inter-cell and intra-cell
interference analysis as a main limiting factor for NOMA-
based 5G networks. On the other hand, they did not present
an analytical performance analysis. Moreover, the authors
in [46] considered a simple yet not accurate interference noise
model for underlay cognitive radio NOMA networks, where
several interfering nodes are treated as a Gaussian noise by
applying a central limit theorem (CLT).

To the best of the authors’ knowledge, little attention
has been paid to studying the impact of interference in
mmWave D2D NOMA networks. This problem, as well as the
other realistic system impairments (i.e., RTHI and imperfect
CSI/SIC), are worth being addressed in forthcoming mas-
sively connected communication systems; therefore, these
issues mentioned above are the main investigation aspects of
this paper.
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B. MAIN CONTRIBUTION

Motivated by the abovementioned discussion, in this work,
we aim to study the essential sources of system impairments
that degrade the performance of multi-user NOMA-based
D2D mmWave networks and develop a unified framework
to evaluate their performance. For statistical RTHI model-
ing, we adopt the power-dependent additive white Gaussian
noise (AWGN) model to describe the aggregate effect of
transceiver impairments due to its analytical tractability as
well as its theoretical and practical validity supported by [27],
[47]-[50]. Moreover, we incorporate an analytically tractable
model for i.n.i.d. interference noise terms over Nakagmai-m
fading channels into our system model. To the best of the
authors’ knowledge, no prior work derived the closed-form
expressions for the ergodic capacity and coverage probabil-
ity analysis considering M i.n.i.d. interference noises. Since
channel conditions and signal power of interfering nodes
may vary depending on their locations, it is important to
consider i.n.i.d. Gamma variates to represent channel gains
of Nakagami-m channel amplitudes. The authors in [51]
presented a single Gamma approximation PDF for the sum-
mation of M i.n.i.d. Gamma RVs. This work enabled us to
present all channel noises (a summation of M i.n.i.d. inter-
ference, RTHI, and imperfect CSI/SIC) as a single Gamma
RV. This approach substantially simplified the analysis of the
proposed system model.

The key contributions of this work are summarized as

« Different from [35] and [40], we develop a practi-
cal framework for NOMA-based mmWave D2D net-
works while considering the compound effect of RTHI,
imperfect CSI/SIC, and interference from side/back lobe
antenna gains of the interfering nodes in the multi-user
NOMA D2D network.

o In contrast to [35] and [41], where the authors deliv-
ered the approximate ergodic capacity analysis of
NOMA-based networks due to the mathematical com-
plexity of the exact analytical derivations, this work
delivers compact and insightful closed-form expressions
for the ergodic capacity and corresponding lower and
upper bounds along with the asymptotic analysis at the
high and low SNR regimes.

o Closed-form expressions for the coverage probability
and average throughput have been presented in this
work. To obtain deeper insights, the asymptotic behav-
ior of the coverage probability is investigated at the high-
SNR regime.

o The individual effect of each system impairment
(i.e., RTHI, imperfect CSI/SIC, and M i.n.i.d. interfer-
ence noise) is studied separately and compared with its
ideal counterpart. Given a non-ideal system configu-
ration, the closed-form power allocation (PA) scheme
is proposed to ensure fairness among NOMA users.
Finally, thorough Monte-Carlo simulations validate the
correctness of all derived analytical expressions and
demonstrate the advantage of the NOMA-based network
over the OMA one.
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C. NOTATIONS AND PAPER ORGANIZATION

Throughout the paper, the expectation operator is denoted
as B}, G (2] aniiohe
and X ~ CN (u,0?) stands for the circularly symmetric
complex Gaussian random variable (RV) X with mean u
and o2 variance. In addition, Fy(-) and fx () symbolize the
cumulative distribution function (CDF) and probability den-
sity function (PDF) of RV X, correspondingly. Moreover,
["(m, B) is an incomplete Gamma function with m fading and
B > 0 scale parameters, and ¥ (-) is the digamma function
[52, (8.360.1)]. Pr(C) is the probability of an event C. Gamma
RV X with m fading and B scale parameters is denoted as
X ~ Gamma(m, ).

The remainder of the paper is organized as fol-
lows. Section II defines the system model of a realistic
NOMA-based mmWave D2D network limited by imperfect
SIC/CSI, RTHIs, and interference. Next, Section III presents
generic formulas to evaluate the ergodic capacities with its
lower and upper bounds for the proposed system model.
Furthermore, Section IV evaluates the ergodic capacity with
its lower and upper bounds and corresponding asymptotic
analysis for the NOMA-based mmWave D2D network under
study over Nakagami-m fading channels. Section V presents
the closed-form expression for the coverage probability and
its high-SNR approximation. Section V-B showcases the
closed-form expression for the average throughput formula
for the system model under study. Furthermore, in Section VI,
the fairness aspects of the power allocation are discussed and
the closed-form solution is proposed. The main result discus-
sions are drawn in Section VII, and Section VIII summarizes
the key points of the work.

represents the Meijer G-function,

Il. SYSTEM MODEL
Consider a downlink NOMA-based D2D mmWave network
that uses analog beamforming to establish direct communi-
cation links for N NOMA users, denoted by U;,i € A =
{1,2,...,N}. All device nodes are equipped with MIMO
antennas and non-ideal transceiver hardware. The source
node () applies the NOMA principle to communicate with N
device nodes located at distances, denoted by d;, i € A. It is
assumed that each reference NOMA user is surrounded by
M interfering user nodes.! The side/back lobes of the other
device nodes create interference to the end-users. A base
station controller unit is employed to arbitrate the coordina-
tion and beam alignment between the communicating device
nodes to avoid interference. We assume an ideal beam align-
ment between device nodes for analytical tractability as in [3]
and [53]. This way, one can focus more on the other types of
system non-idealities such as RTHI, imperfect CSI/SIC, and
interference. For more details on the beam misalignment, one
can refer to [54], [55].

We model the mmWave channel by using Nakagami-m
fading along with analog beamformed user association as

INote that the number of neighboring interfering nodes for U; can be
arbitrary.
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ﬁ Base station controller

Interference node

D Device node

FIGURE 1. An illustration of the NOMA-based mmWave D2D network with multiple N users surrounded by

M interfering nodes.

in [56] and [57], where a fading parameter m models the line-
of-sight (LOS)/non-LOS components of mmWave communi-
cation. In addition, Nakagami-m distribution scaled by analog
beamforming gain is a mathematically tractable solution to
model mmWave channel that simplifies the analysis of com-
plex system models.

Inspired by [53], a sectored antenna array pattern is used
to model the analog beamformed antenna array as

G ) = {GS’ o1 O 1)
G,,, otherwise,

where 6 and 6, are the angles of a boresight direction and
antenna beamwidth, accordingly. G; and G,, indicate the
gains related to the side/back and main lobes, respectively.
In addition, a linear minimum mean square error is used to
estimate the communication channel between S and U; as
h; = 7z,~ +¢;, where h;, 71,-, and ¢; denote the channel amplitude,
estimated channel amplitude, and estimation error with €; ~
CN (0, 0%), respectively, where o2 approximates the error in
the channel estimation. The NOMA technology allows S to
transmit a superimposed signal x = Zilv: 1 /@y Px, towards
N NOMA nodes, where x,, is the signal designated for the

nth user, «,, is the PA coefficient with a unit power property,
N

given by Y «, = 1, and P is the average signal power. The

PA coeffirgént ensures fairness during the power allocation
process for U;. In this paper, similar to [58], we allocate the
power based on the quality of service (QoS) requirements
imposed on the NOMA users. For example, a higher PA coef-
ficient is assigned to a user with a higher QoS requirement,
while a user with a lower QoS is devoted to a smaller PA
coefficient. Therefore, we order the PA factors for the NOMA
users as @y > o > ... >0y > ... > ON.

Hence, the received signal at a reference receiver, Uj,
is given as

N
ri =+/G2d; " hi <Z Vo Px, + ,u,i)
n=1
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M
+ Y GiGudyy g (Vs + i) +wi - @)
k=1

where 7 is the path loss exponent (PLE) of the main D2D
link, 7’ is the PLE of the interference links,? d; and dy; are the
distances between S to U; and between U, to interfering node
k, respectively. Moreover, Gy, is a gain factor from an interfer-
ing node k, which can either land to the reference receiver’s
side/back lobe with the main lobe or side/back lobe (G, or
Gy). In (2), h; is the channel between the D2D pair, while
gik 1s the channel between the kth interference node and the
reference receiver i within a given cluster, 4; and g;; are both
Nakagami-m distributed channel amplitudes. Additionally, /i
is the average signal power from the interfering node k, RTHI
noise components are modeled as u; ~ CN (O, Kl-ZP) and
fik ~ CN (0, &21i), where k; and iy, are the RTHI levels mea-
sured by EVM [59]. The EVM metric is frequently applied
to measure a mismatch between intended and actual signals.
An ideal RF transceiver would have an EVM value equal to
zero and lower values of EVM signify a higher quality of
RF transceiver hardware [32]. Moreover, w; ~ CN (0, al.z)
is the AWGN term. Furthermore, the signal-to-interference-
noise-distortion ratio (SINDR) at U; to decode the signal x;
given j < i can be formulated by considering the RTHI,
interference, and imperfect CSI/SIC as

, T
yj[t] _ a]pl| il ’ 3)

- . M o
piBBilhil2 + AT+ 3" g2 (1 + &7) pi
k=1

where p; = PG,ani_T, pik = IkGsGrdy ", and All = al.z +
pi (14 «?) 0. Next, B; = <<I>j + @; +/<l.2), where ®; =

Z?/: b1 and &Dj = Jr_:ll &-a for imperfect SIC range,
0 <&, < 1, such that &, = O represents ideal SIC and &, =
1 stands for non-ideal SIC. We make the following variable

21t is reasonable to assume the equality of the PLE values, i.e., T = 7.
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substitutions for simplification purposes of SINDR as
[y [i]
. a'X
7] J
= , 4
Y bj[.’]X[i] + 7l 4 Alil @)
i — 7.2 -2 i — Myl _
where XU = |12, {k =1+« )p,k zZih =%, 7" =
Sl lei el ! = cyo; and b = oy () + &+ «7)

Note that U; decodes its own 31gnal x1 and treats other x,
messages as a noise with ®; = Z?’:g a; and &1 = 0 param-
eters. The user Uy decodes the xy signal by applying SIC and
by evaluating ®y = Z]FV:_]I Eray.

Ill. GENERIC ERGODIC CAPACITY WITH BOUNDS

This section analyzes the ergodic capacity of NOMA-based
mmWave D2D networks by considering RTHI, imperfect
CSI/SIC, and i.n.i.d. interference noises. Inspired by [60], the
general expressions for the ergodic capacity with its upper
and lower bounds for a NOMA-based mmWave D2D net-
work constrained by system imperfections in arbitrary fading
channels are formulated below.

A. ERGODIC CAPACITY
By definition, the ergodic capacity is given by

cl = E{ log, (1 + yj“]) }

E {log, (1 4"x 5
= [(0) + E .
=T Az 1l ©)

By using the property of a logarithm function, (5) can be
further written as a difference of two terms

cll = E{ log, (X“] (@ + b1y + Al 4 Z["]) }

—]E{ log, (A[i] U bj[.i]X[i]) } (6)

We make the following variable substitutions in (6) for sim-
plification purposes: T!! = X [i](aj[-l] + b][-’]) + ZU that
represents the summation of (M + 1) i.n.i.d. Gamma RVs
and VI = bj[.’]X Ul 4 7 is another summation of (M + 1)
i.ni.d. Gamma RVs with different fading and scale param-
eters. Hence, we get the following simplified representation
for the ergodic capacity as

i = E{ log, (A1 +717) } - IE{ log, (A1 + v17) }
(7

B. LOWER ERGODIC CAPACITY

By using the concavity property of log,(1 + v exp(x)) for
variable x with v > 0 and Jensen’s inequality [52, (12.41)],
the ergodic capacity is lower-bounded as

cH = log, (1 +exp (IE {ln (yj["]) }))

[I]X[l
= log, (l + exp <E {ln <m> })) ®)
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Next, by exploiting the property of a logarithmic function,
we can rewrite the lower bound ergodic capacity as

Cij = log, (1 + exp <IE{ ln(aj[i]X[i])}
—E{ In(A + V[i])}) ()

C. UPPER ERGODIC CAPACITY
Since a logarithm is a concave function, Jensen’s inequality
is applied to evaluate the generic upper ergodic capacity as

V' = log, (1 +1E{yj“]})

[l]X[]
— togs 1+ d'E [x11) & —1 (10)
2 J Al yi|):

IV. ERGODIC CAPACITY WITH BOUNDS IN NAKAGAMI-m
FADING CHANNEL

This section demonstrates the approximated closed-form
expressions for the ergodic capacity with its upper and lower
bounds in for NOMA-based mmWave D2D network with
system impairments over Nakagami-m fading channels.

Lemma I below closely approximates PDF of a summation
of O i.n.i.d. Gamma variates. Its proof and validation are pre-
sented in detail by the authors in [51]. The ergodic capacity
and ergodic capacity bounds are evaluated with the aid of
Lemma 1.

Lemma 1: Consider X; (¢t =1, .-, Q) are non-negative
ini.d. Gamma RVs with m, fading and fB; scale parame-
ters, accordingly. The probability density function (PDF) of
Z= Zthl X; is given as

m;—1 _Zz
oo ( ﬂ)
[ (in)pz"
where an approximated scale parameter of a single Gamma

. 5 . . . "
function, B, is evaluated by solving a set of equations 5 —

3

2% <ﬂr,ni%z>2
for the single Gamma function is evaluated from m, = £,

We derive an ergodic capacity with the aid of Lemma 1 to
represent the summation of (M + 1) i.n.i.d. Gamma variates.

Proposition 1: The ergodic capacity for a NOMA-based
mmWave D2D network in an analog beamformed Nakagami-
m fading channel with RTHI, imperfect CSI/SIC, and M

i.n.i.d. interference constraints is given by

)3 11—, 1,1 1,3 v | 1—=hn,, 1,1
e G2 (] i) o (Gl )
i In(2)T () In(2)T" (7))

fz() = (11)

=0andpu = ngzl my B;. A shape parameter

)

(12)

where {,Bt, ,BV} and {m;, mv} are the scale and fadmg param-
eters of T ~ D@y, ,Bt) and VIl ~ I‘(mt,ﬁ,) single
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Gamma representations of the sum of (M + 1) i.n.i.d. Gamma
distributed noise components, accordingly.
Proof: Full proof is relegated to Appendix A. [ |

There are the other PDFs available that could be used
to represent a summation of M in.i.d. Gamma variates.
For instance, the work in [61] developed a summation PDF
in terms of Fox H-function, which is mathematically very
challenging to be integrated into the computation of ergodic
capacity. In fact, the author in [62] represented the PDF for
summation of M i.n.i.d. Gamma RVs as the semi-infinite
summations with a recursive function. Howeyver, it is com-
putationally intensive to use this PDF in our system model
as well. It is possible to derive the compact ergodic capacity
formula by using a single Gamma representation for the
summation of M i.n.i.d. Gamma RVs [51].

Proposition 2 below presents a closed-form expression for
the lower bound of ergodic capacity.

Proposition 2: The ergodic capacity for a NOMA-based
mmWave D2D network with RTHI, imperfect CSI/SIC, and
interference noise is lower bounded by

¢ = log, (1 + exp <1n<a 1B + v (my) — In(AlM)

1,3 Bv 1—#, 1,1
_G3,2<A[i] T,o ))) (13)

Proof: See Appendix B. ]
Similarly, Proposition 3 presents an upper ergodic capacity
for the proposed system model.
Proposition 3: An upper bound of the ergodic capacity for
a given NOMA-based mmWave D2D network with system
impairments and M interference noise terms is evaluated by
using (10) as

Al
U[l log (1+a[]131m1/3 m;A[l] ]+mvexp< /3 >

v

s
x I 1—1’;’lv,T . (1)
Bv

Proof: The proof is relegated to Appendix C. ]

A. ASYMPTOTIC ANALYSIS

System imperfection noises, such as RTHI and imperfect
CSI/SIC, are proportional to the transmit power. Therefore,
it is particularly interesting to analyze the ergodic capacity at
the high-SNR regime to elaborate their effect on the capac-
ity ceiling. Proposition 4 below provides the closed-form

expression for asymptotic ergodic capacity formulas at the
high-SNR regime.

Proposition 4: The asymptotic ergodic capacity formula
for the proposed NOMA-based mmWave D2D network at
high-SNR regime is evaluated as

lim  C =log, 1+ ofirmi (15)
SNR;— 00 2 (14«20 + Bifim; |
Proof: The proof is in Appendix D. [ ]

Next, by using the SINDR in terms of SNR; given in (D.2)
and by taking the limit of the ergodic capacity when SNR
tends to zero, we obtain low-SNR ergodic capacity

lim € =log,(1 +0) ~ 0. (16)

SNR;—0
The ergodic capacity in the high-SNR regime is partic-
ularly important to verify whether the system impairments
contribute to limit the performance of high-rate systems.

V. COVERAGE PROBABILITY
In the following section, the coverage probability analysis
for the proposed system model has been performed. The
coverage probability evaluates the probability of the received
signal, x; being correctly decoded at the reference receiver,
U;, which is calculated by the probability of the SINDR being
higher at the predefined rate threshold, v = 2f» — 1 > 0,
where Ry, is the communication rate threshold.

PE.i] (v) =Pr ()/j[i] > v) s

0<j<iieN. (17)

Proposition 5: For NOMA-based mmWave D2D network
constrained by N i.n.i.d. interference, imperfect CSI/SIC, and
RTHI, coverage probability is evaluated by applying (17) and
Lemma 1 to approximate the summation of N interference
noise as a single Gamma RV and shown at the bottom of the

page, where w; = m
J

Proof: A full derivation is shown in Appendix E. [ ]

A. ASYMPTOTIC ANALYSIS: HIGH-SNR APPROXIMATION
In this subsection, we present the coverage analysis using
asymptotic high-SNR behaviour for the NOMA-based
mmWave D2D networks under interference noise, RTHI, and
imperfect CSI/SIC. By considering the high-SNR regime for
(D.3), the asymptotic coverage probability is evaluated as

2.2
aj — vB;

mi—1 ' t o Alili—k 1 . ) a:
3 (@i + =) M exp(—w AL (k + ), 0<v <
. =0 T(m)BM™ i=o k!t — k)! B By
P () = g (18)
0, v> L
b[l]
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1+ K202
— 11— Fyn <w> (19)

o — vB;

where X[ ~ Gamma(m;, ,Bl) and generic CDF of Gamma
RV x[1ig given as Fypi(x) = F(a) , that can be represented
in a series form as
- X
Fyin(x; a,b) = 1 — exp (——) Z 5— (20)
=0

Next, by using (19) and (20), the asymptotic coverage prob-
ability at high-SNR region is given as

- t
o (1 4+ k%52) mi— v(l +«202)\ 1
P[l](V) = eX _g X —t e’ | _
¢ P\ —vBos: Z_O (@ —vBpi | 1!

21

B. AVERAGE THROUGHPUT ANALYSIS

In this subsection, the average throughput evaluation formula
is given for the NOMA-based mmWave D2D network under
system impairments.

Proposition 6: Consider a NOMA-based mmWave D2D
network that is constrained by RTHI, imperfect CSI/SIC
noise, and i.n.i.d. interference noise. The average throughput
formula is given as

m,-—l t

R =% @i

' |\ k=
— i + =
par OBV 2 KU — k) (w ﬂ,)

13 (B | 1,11 13 (Bu | 1= 1.1
G32< | 1.0 ) G32< T 1,0

In(2)T" (71,) In(2)I" ()

Alidi—k

X exp (—a)iA[i]) rk+m). (22)

Proof: By definition, the average throughput is the mul-
tiplication of the ergodic capacity by the coverage probability

as Rl — ]E{ log, (1 + yj[i]> }P[Ci] [63]. Hence, the average

throughput closed-form expression is found by multiplying
(12) and (17) that stand for the ergodic capacity and coverage
probability, correspondingly. ]

VI. FAIRNESS-BASED POWER ALLOCATION

In addition to the presented comprehensive performance anal-
ysis, in this section, we obtain a closed-form adaptive PA
solution based on the fair treatment of NOMA users to pro-
vide them with equal ergodic capacity/coverage/throughput
metrics to NOMA users. The previously derived analytical
findings on the ergodic capacity, coverage probability, and
average throughput performance metrics are based on fixed
pafactors, where users are allocated power depending on their
channel conditions. Hence, users obtain different ergodic
capacity and coverage probability results. The more obvi-
ous way of finding the optimal PA for NOMA users is to
retrieve them from the closed-form expressions of ergodic
capacity in (12) and coverage probability in (18). However,
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due to the complexity of those equations, the derivation of
optimal PAs becomes very challenging or even intractable.
Therefore, we equalize the SINDR values of NOMA users
to the optimal SINDR, denoted by y. It is pertinent to note
that NOMA is recommended for use only in the case of two
users since the NOMA-induced processing complexity non-
linearly depends on the number of active user devices [64].
The system complexity aspects become more essential when
the SIC-caused error propagation happens [65]. Moreover,
we show in Fig. 2 that NOMA networks provide the best
capacity performance for N = 2 compared to the cases
when N > 2. With that, the design of a closed-form optimal
PA scheme becomes infeasible for the considered system
model, with N > 2. Hence, considering above-mentioned
discussions, we provide a closed-form optimal PA solution
for a two-user case with y; and y». Thus, to find the optimal
PA and SINDR, we formulate the problem as follows

mini\ll}nize i =yl =W (23a)
subjectto y; = ¢, Vi e {1, 2} (23b)
2
daisl (23¢)
i=1

The corresponding solution for (23a) is found by making
y1 = ¥ and y, = ¥, which can be written as

a1 pi|h? .
712 2 1 T Vs 24)
pilhi? (e + k7) + Al + ZI1
axp2|ha|? .
=y. (25)

palhaP(Eret + i2) + AL 4 Z12

Then, from (24) and (25), we derive ) and «; as

ar = joo + 71, (26)
ar = yEjo + VD, 27
where I; = i and I; = k2 |hi|> + A2 with Vi € (1, 2).

Then, after su{)stltutmg (27) into (26), Ol | can be written as a
function of y as

V2L + 71
1—7p2

Now, substituting (28) into (27), o can be rewritten as a
function of ¥ as

a1 =

(28)

..3 7 ..2 T
I + 1 =
_ Vfw—zyéll + 5D (29)
1 —y2&

Furthermore, after inserting (28) and (29) into o1 + oy <
1 and after some mathematical manipulations, the optimal
SINDR can be written as

_ VI +h)? — (0 + b) — 4 + L& + &)
2L + L& + &) '

Finally, we obtain optimal «; and «» by inserting (30) into
(28) and (29), respectively.

(30)
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VII. RESULTS DISCUSSION

This section provides some numerical examples to corrobo-
rate our analytical derivations on the ergodic capacity, cover-
age probability, and average throughput under different levels
of system imperfections such as RTHI, imperfect CSI/SIC,
and i.n.i.d. interference noise. These findings are fully vali-
dated through the averaged results via Monte-Carlo simula-
tion. We assume the following simulation parameters unless it
stated otherwise: each reference U, is surrounded by M inter-
ference users that are located at different radial distances,’
ie., dip = {8;15;22} m, from U;; all device nodes are
equipped with L = 16 antennas that produce a main lobe gain
of G, = L = 16in linear scale (or G,,, = 12 in dB scale) and
a side lobe gain calculated using Gy = 0.7746 = —1.1092 dB
[3, Table 1]; all channel links are LOS and interfering nodes
hit the side lobes of the reference U, either by the main or side
lobes; an equal ratio of main and side lobes of interferers;
finally, the remaining simulation parameters are drawn in
Table 1, which mostly follow the ones in [35], [39], [66].
The Figs. 2-7 and Figs. 9-15 are plotted as a function of
transmit SNR by setting the AWGN noise variance to ‘71'2 =
—80dBm asin [67], [68]. To obtain a full vision on the system
performance, we study both fixed (in Figs. 2-8) and fair, that
is, adaptive, (in Figs. 9-15) PA schemes. The selection of the
fixed or fair PA schemes is a matter of the system preferences.

TABLE 1. Simulation parameters.

[ Parameter [ Value |
LOS/NLOS fading parameter, m; {4;2}
LOS fading parameter at Uy, my, k € {1,--- , M} 4
The PA factors, N = 2, {1, a2} {0.8,0.2}
PLE for LOS/ PLE for NLOS, 7 {2;4}
PLE for LOS at Uy, 7/ 2
Distance from S to Uy, d; 100 m
Distance from S to Us, do 50 m
Main lobe antenna gain, G, 12 dB
Side/back lobe antenna gain, G5 —1.1092 dB
Radius of the clusters, R 30m
Interference-to-noise power ratio, I/ 02.2 15 dB

A. FIXED POWER ALLOCATION

In Fig. 2, we evaluate the sum-rate of normalized ergodic
capacity both for the multi-user NOMA and multi-user OMA
networks with N = {2, 3, 4} users for ideal system param-
eters (given by x; = 0, aezi = 0 and & = 0) in the
presence of M = 24 i.n.i.d. interfering nodes. In this figure,
we assume the fixed PA coefficients for the two-user NOMA
network are set to &y = 0.8 and ap = 0.2 [35], whereas,
for the three and four-user NOMA networks, the fixed power
coefficients are evaluated as «; = %IA\%I;. Based on this
figure, one can witness a minor advantage of the two-user
NOMA network at the mid-SNR region as opposed to the

3This geometry for interfering nodes is simulation-specific; however, the
closed-form expressions for performance metrics are valid for any fixed
location of i.n.i.d. interfering nodes. The users’ distribution is beyond the
scope of this paper.
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—8®— NOMA: N =4,0,=04,a,=0.3,
a,=02,0,=0.1
—®— NOMA: N=3,a, =05, 0,=0.3,
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—A—NOMA: N=2,0,=08, a,=0.2
- 0 OMA:N=2

Normalized ergodic capacity, bits/s/Hz

30 40 50 60
SNR (dB)

FIGURE 2. Sum-rate of normalized ergodic capacity for NOMA and OMA
networks with N = {2, 3, 4} users for the ideal system model under AWGN
and interference noises.

,’ —-— Upper bound

P — — - Lower bound

’ Ergodic capacity
® Simulation

Normalized ergodic capacity, bits/s/Hz

20 25 30 35 40
SNR (dB)

FIGURE 3. Normalized ergodic capacity with upper and lower bounds for
ideal system model under AWGN and interference noises.

N = 3 and N = 4 counterparts. To support this, the authors
in [35] also demonstrated that the NOMA networks have the
best performance for the two-user case. Therefore, we will
carry out further numerical analysis for the two-user NOMA
network. Similarly, the two-user OMA network also performs
better than the three- and four-user OMA networks. From
Fig. 2, the overall ergodic capacity for the two-user NOMA
network performs higher than the two-user OMA network.
For example, at the transmit SNR of 50 and 60 dB, the
sum-rate of ergodic capacity for the NOMA network achieves
5.55 and 8.96 bits/s/Hz, whereas the OMA network supports
4 and 7 bits/s/Hz, respectively.
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FIGURE 4. Normalized ergodic capacity for NOMA U, /U, at
={0,0.1,0.2}, agi =0,& =0,and M =24.
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FIGURE 5. Normalized ergodic capacity for NOMA U, /U, at
={0,005,0.01}, x; =0, & =0, and M = 24.

In Fig. 3, we make a comparison of the normalized ergodic
capacities between NOMA U /U, and OMA* U /U> users
as the transmit SNR ranges from 20 to 40 dB in an ideal
NOMA network with ideal transceiver hardware, perfect
CSI/SIC, as well as under the presence of AWGN and inter-
ference, ie., k; = O, aezi =0,& = 0,and M = 24.
From the NOMA results, one can notice that U, outperforms
U, which can be explained by the SIC implementation at
U,. At the same time, U; experiences saturation above the
transmit SNR of 25 dB since the signal of U; contributes to

4Note that the OMA users are assumed to operate in TDMA mode, when
each user transmits in a dedicated time slot. Therefore, the ergodlc capacity
for OMA Ujjig(ny is evaluated as UOMA =4 logy (1 + y )
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FIGURE 6. Normalized ergodic capacity at ; = 0, a =0,
& ={0,0.005, 0.01, 0.05}, and M = 24.
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FIGURE 7. Normalized ergodic capacity at §; = 0, x; = 0, ”ezi =0, and
= {0, 12, 24, 48).

the SINDR of U; as an additional noise power, and it has the
more substantial effect at higher SNR values. Compared to
the OMA users, the NOMA ones are characterized by higher
ergodic capacity, i.e., NOMA U, outperforms OMA U, by at
least 1 bits/s/Hz while NOMA U outperforms OMA Uj up to
32.5 dB. However, when the transmit SNR increases further,
OMA U starts outperforming NOMA U; mainly due to the
interference caused by NOMA U,. Fig. 3 also presents the
plots for the lower and upper bounds for the ergodic capacity
for NOMA U, /U,. The lower and upper bounds of ergodic
capacity are tight to ergodic capacity. Therefore, these formu-
las can be alternatively used to analyze the ergodic capacity
accurately.
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FIGURE 8. Normalized ergodic capacity of NOMA U, /U, at §; =0, «; =0,

aezi =0, M = 24, and SNR = {30, 40, 50} dB.
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FIGURE 9. Normalized ergodic capacity at «; = {0.05, 0.16, 0.25}, §; = 0,

ar;. = 0, M = 24 with/without user fairness.

In Figs. 4-7, we study each system impairment (i.e., RTHI,
imperfect CSI/SIC) and interference separately from the rest
to quantify their effect on the ergodic capacity of the consid-
ered NOMA-based system given a fixed PA method between
NOMA users.

Fig. 4 aims to analyze the RTHI level impact on the ergodic
capacity for Uy /U, given x; = {0,0.1,0.2}. At low and
medium SNR values (up to 37 dB), U; and U result in
similar ergodic capacity values. However, when SNR values
rise above 37 dB, the ergodic capacities become sensitive to
RTHI. It appears that U, is more susceptible to higher «;
values. On the one hand, the ergodic capacity degradation
from the perfect hardware case to k; = 0.1 case is 23% and
ki = 0.2 is 49.48%, accordingly, at SNR = 50 dB for U,.
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FIGURE 10. Normalized ergodic capacity at a"". = {0.001, 0.05, 0.1},
kj = 0, § = 0, M = 24 with and without user faimess.
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FIGURE 11. Normalized ergodic capacity at §; = 0, ; =0, 02 =0,
M = 24, and m; = {4, 2} for the fixed and fair/adaptive PA schemes.

On the other hand, the ergodic capacity diminishes for ideal
hardware at k; = 0.1 to 6.575% and at k; = 0.2 to 8.44%
for U; given SNR = 50 dB. Due to the proportionality of
the RTHI level to transmit power and the fact that the power
level of Uj is higher than Uy, the RTHI level has more effect
on U;. In Fig. 4, we also plot the asymptotic ergodic capacity
results when the transmit SNR approaches infinity, i.e., high-
SNR approximation. In this case, RTHI creates an ergodic
capacity ceiling. For instance, when «; = 0.1, U; is bounded
by 2.3 bits/s/Hz and U, by 4.4 bits/s/Hz, correspondingly.
In Fig. 5, we present the ergodic capacity performance
versus transmit SNR for different imperfect CSI variance
values, oezi = {0, 005, 0.01, 0.05}. Both U;/U, operate at
similar ergodic capacity rates when the transmit SNR is below
40 dB. However, it is observed that U, is more influenced
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FIGURE 12. Coverage probability versus the transmit SNR at §; =0,
k=0, or:i =0, M =24 for NOMA N = {2, 3, 4} and OMA N = 2 scenarios.
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FIGURE 13. Coverage probability versus the number of interferers per
cluster, M, for the two-user NOMA network, when & =0, k; = 0, aezi =0,
and L = {2, 8,10, 14, 16).

by erroneous CSI as opposed to Uj. This matter can also
explained by the proportionality of CSI error to the transmit
power of U as it was studied above in the discussion of Fig. 4.
One can observe that the erroneous CSI starts deteriorating
the performance of U, for the transmit SNR above 55 dB.
Even a small growth of the error variance, i.e., from the
ideal case to aezi = 0.005, bounds the normalized ergodic
capacity at 7.3 bits/s/Hz, whereas at the ideal CSI case for
SNR = 75 dB the ergodic capacity reaches to 11.7 bits/s/Hz.
Likewise, the ergodic capacity is bounded at 6.1 bits/s/Hz for
0621. = 0.01. In addition, considering the performance of Uy,
there is ~0.8 bits/s/Hz difference between the ideal CSI and
erroneous CSI plots when the transmit SNR is above 50 dB.
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FIGURE 14. Coverage probability versus the rate threshold for the
two-user NOMA network at the transmit SNR of 40 dB with M = 24 and
various system impairments.
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FIGURE 15. Average throughput at §; =0, "ezi =0, M =24, and
kj ={0,0.1,0.2, 0.3} for the two-user NOMA network.

In Fig. 6, we study the impact of imperfect SIC on the
performance of U;. Therefore, the SIC factor varies as & =
{0, 0.005, 0.01, 0.05} while the other parameters are set as
ki = 0, 0621. = 0, M = 24. When the transmit SNR is
below 40 dB, there is no obvious evidence of the negative
effect of imperfect SIC on the ergodic capacity performance.
However, when the SNR goes beyond 40 dB, a detrimen-
tal effect of imperfect SIC becomes apparent and puts the
following ergodic capacity bounds: & = {0.005, 0.01, 0.05}
correspond to the capacity ceilings given by {5.67, 4.7, 2.59}
bits/s/Hz, respectively. Considering the ideal SIC case with
11.74 bits/s/Hz achievable at 75 dB, one can draw the
following conclusions: & = 0.005 plot shows 2 times,
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& = 0.01 plot demonstrates 2.5 times, and & = 0.05 plot
results in 4.55 times performance degradation. This figure
clearly shows that the error SIC has a significant impact on
the normalized ergodic capacity.

In Fig. 7, we vary the number of interfering nodes as
M = {0,12,24,48} and set & = 0, k; = 0, and 02 = 0.
From this figure, U, notably outperforms Uj. Moreover, the
increasing number of interfering nodes significantly degrades
the ergodic capacity performance of U, at all SNR regions as
opposed to the “no interference” case. When SNR is above
18 dB, the curve of M = 0 plot is higher at least to 6 bits/s/Hz
in comparison to M = {12, 24, 48} case. Moreover, Uj is
saturated at 2.3 bits/s/Hz even in the “‘no interference” case
due to the interference from U,. From this figure, one can
note that interference is a crucial capacity limitation factor in
the NOMA-based mmWave D2D mmWawe networks.

In Fig. 8, we plot the normalized ergodic capacity versus
the PA coefficient, a1, for Uy /U, at the transmit SNR values
of 30,40 and 50 dB and §; = 0, x; = O, 0621. =0,M = 24.
From this figure, one can notice that the higher oy values
increase the normalized ergodic capacity of Uj, as opposed
to U, that experiences the capacity degradation. Intersection
points between U; /U, curves represent a fair value for o.
More precisely, at 30 dB, fair PA coefficients are given by
a1 = 0.8 and oy = 0.2. Similarly, the transmit SNRs of 40 dB
and 50 dB correspond to the allocation coefficients o) =
0.84; ap = 0.16 and @1 = 0.91; ap = 0.09, respectively.
Therefore, it becomes obvious that the PA scheme needs
adaptiveness to maintain some fairness among the users.

B. ADAPTIVE POWER ALLOCATION

In Figs. 9-15, we investigate the ergodic capacity under an
optimal fairness-based PA scheme (please refer to Section VI)
over all the SNR regions. Our goal is to compare the normal-
ized ergodic capacity of NOMA users at the fair (optimal) and
fixed (non-optimal) PA coefficients. If the fairness-based PA
coefficients, «;, are adjusted based on the received powers of
U, and U,, the fixed PA coefficients are set as «; = 0.8 and
ar = 0.2.

In Fig. 9, we set §; = O, Uezi = 0,M = 24 and vary k; =
{0.05, 0.16, 0.25} for both fair and fixed PA schemes. From
this figure, one can witness the lack of fairness in resource
allocation for U; /U, in the fixed PA scheme, which leads to
a considerable difference in their performance. For instance,
U, grows as SNR increases at x; = 0.05 and U; plots
start saturating above 55 dB for x; = {0.05, 0.16, 0.25}
near 2 — 2.25 bits/s/Hz. However, when the distortion noise
level increases to x; = 0.16 for U, the ergodic capacity
saturates around 3.2 bits/s/Hz. Similarly, we notice that U;
saturates at 2 bits/s/Hz for k; = 0.25. When the fair PA
scheme is applied, both users obtain the similar capacity
performance, i.e., {4.3,2.7, 2.1} bits/s/Hz, in the high-SNR
regime for x; = {0.05,0.16, 0.25}, respectively. Both fair
and fixed PA schemes obtain very similar normalized ergodic
capacity sum-rate performances.
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In Fig. 10, the individual normalized ergodic capacity
is under study at & = 0, x; = 0, M = 24, and
(7621- = {0.001, 0.05, 0.1} for both fair and fixed PA schemes.
As seen from this figure, the fair PA scheme provides
even ergodic capacity performance for U;/U, as opposed
to the fixed scheme. For example, when transmit SNR =
55 dB, the corresponding ergodic capacities for U; at %21' =
{0.001, 0.05, 0.1} are recorded as {2.17, 2.1, 2.03} bits/s/Hz
and for U, are {5.08,3.46,2.79} bits/s/Hz. The fair PA
scheme supports the ergodic capacities at the transmit SNR =
55 dB equal to 3.62, 2.85 and 2.49 bits/s/Hz for crezl. =
{0.001, 0.05, 0.1}, respectively.

In Fig. 11, we investigate how the LOS/NLOS fading
parameters with corresponding PLE values influence on the

normalized ergodic capacity of the system with & = 0,
ki =0, oezl. =0,M =24 givenm; = {2,4} and T = {2, 3, 4}.
Similar to [3], [53], we consider m; = 4 and T = 2 for

the LOS links and m; = 2 and t = {3, 4} for the NLOS
links. As expected, the LOS parameters play a crucial role
in the ergodic capacity performance for both fixed and fair
PA schemes, especially at low and medium SNR regions.
The worst performance was achieved in the NLOS plots with
m; = 2 and T = 4, even a unit difference in PLE made a
substantial distinction in the ergodic capacity in comparison
to the case with m; = 2 and © = 3. For instance, for U,,
the T = 3 plot reaches 2.5 bits/s/Hz at 60 dB, whereas the
T = 2 plot attains 0.1332 bits/s/Hz. Similarly, the T = 3 and
T = 2 plots achieve 5.625 bits/s/Hz and 0.976 bits/s/Hz at
70 dB, respectively. Moreover, for U, the LOS plot with
m; = 4 and T = 2 outperforms the NLOS with m; = 2 and
T = 4 for ~4 bits/s/Hz. In addition, both fair and fixed
PA schemes show similar poor performance under the NLOS
conditions, when m; = 2 and t = 4.

In Fig. 12, we investigate the coverage probability versus
the transmit SNR for the multi-user NOMA network with
N = {2,3,4} users that apply the fair PA scheme and
two-user OMA network given & = 0, oezl. =0,k = 0,
and M = 24. When PE’] = 0.1, there is a 5 dB performance
degradation from the NOMA N = 3to N = 2 case, and
similarly, there is 3.7 dB drop from the NOMA N = 3 to
N = 4 scenario. It is imperative to note that a two-user
NOMA network has shown the advantage over the three-
/four-user NOMA network. From this figure, OMA U; shows
a higher coverage probability performance than the optimized
NOMA U;. However, optimized NOMA U; performs better
than the OMA U,.

In Fig. 13, we studied the coverage probability versus
number of in.i.d. interfering nodes, M = {6 : 6 : 48},
for different numbers of antenna elements per device node,
L = {2,8, 10, 14, 16}, at the transmit SNR = 40 dB, & = 0,
crezl. = 0,x; = 0, and N = 2. This figure showcases the
essence of the number of interfering nodes on the perfor-
mance of the coverage probability. There is an alternating
slope of change in the coverage probability plots due to the
alternating antenna gain factors of Gy x Gy and G, x Gi.
Moreover, this figure justifies that a higher number of antenna
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elements per device node tackles the problem of interference
since a higher number of antenna elements increases antenna
gain and suppresses the side/back lobe antenna gains. From
L = 2to L = 16, a network from being at the idle state above
M = 6 shows the lowest coverage probability performance
of 0.6 at M = 48.

In Fig. 14, we analyze how the imperfect SIC/CSI level
deteriorate the coverage probability versus the rate threshold,
R, given & = {0, 0.01, 0.05}, x; = {0, 0.1, 0.2, 0.3}, O’ezi =
{0,0.05,0.1}, M = 24 and transmit SNR of 40 dB. For the
low rate requirements (up to 0.5 bits/s/Hz), the system obtains
the same performance irrespective of the amount and type of
considered impairments. However, at higher rate thresholds,
one can observe that the coverage metric degrades fast and
non-linearly (even for the ideal case) as Ry, increases. For
instance, for the rate thresholds given by Ry, = {0.6, 0.8, 1}
bits/s/Hz, the system with ideal settings achieves the coverage
probability of P = {0.8,0.75, 0.56}, accordingly. More-
over, it is noted that the hardware imperfections have the most
significant impact on the coverage metric. Imperfect SIC has
less influence on the coverage probability. At the same time,
it is apparent that the considered system model is more robust
to the imperfect CSI compared to the other impairments.

Finally, in Fig. 15, we study the average throughput per-
formance versus the transmit SNR given & = 0, oezl. =
0,M = 24, and x; = {0,0.1,0.2,0.3} for the two-user
NOMA network. From this figure, we notice that the RTHI
level greatly influences the average throughput that causes
performance saturation at the SNR above 40 dB. Below 40 dB
all the plots demonstrate similar average throughput perfor-
mance. For instance, a plot with x; = 0.1 saturates at average
throughput, 3.4 bits/s/Hz, x; = 0.2 saturates at 2.4 bits/s/Hz,
and «x; = 0.3 saturates at 1.8 bits/s/Hz. In the mid-SNR region
(at 55 dB), the ideal case results in 3.65 bits/s/Hz, k; = 0.1 at
2.96 bits/s/Hz, k; = 0.2 at 2.96 bits/s/Hz, and x; = 0.3 at
1.7 bits/s/Hz of average throughput, correspondingly. Hence,
there is a twice performance degradation from the ideal case
to the x; = 0.3 case. This figure justifies the significance of
the RTHI impact on the high-rate systems.

VIil. CONCLUSION

In this work, we have studied the integrated model of 5G
technologies as D2D communication and NOMA operating
on mmWave frequencies by considering practical system
limitations such as RTHI, imperfect CSI/SIC, and i.n.i.d.
interference noises. These system imperfections inevitably

limit the ergodic capacity performance of future communi-
cation systems; especially, interference has a strong influ-
ence on the ergodic capacity. Interference can be combated
by increasing the number of antenna elements per device
node, introducing additional costs to the network. The simu-
lation results of this work carefully investigated each system
impairment separately and proved the importance of practi-
cal system settings. We obtained mathematically tractable
ergodic capacity formulas with their tight upper and lower
bounds as well as asymptotic ergodic capacity expressions
that provide valuable insights into the effect of each sys-
tem impairment. Moreover, we have derived comprehensive
coverage probability and average throughput formulas that
enable further performance analysis of the proposed sys-
tem model. The user-fairness-based PA scheme presented
in this work provides a fair resource allocation for all
NOMA users.

APPENDIX A

DERIVATION OF THE ERGODIC CAPACITY

The closed-form expression for ergodic capacity in (12) is
evaluated by using (11) and (7), as shown in (A.1), at the
bottom of the page. Since Tl is the summation of X [i](aj[.l] +
bj[.’]) and ZU1 RVs, we first approximate the fading and scale
parameters of Zll RV, which represents a summation of M
i.n.i.d. interfering nodes. With this in mind, we define Z[1l ~
Gamma(my, ,é,), where m and ,5 are evaluated as given in
Lemma 1. Similarly, the second round of approximation is
applied to find the fading and scale parameters for T[i] as

T ~ Gamma(hy, ). Next, we rewrite the E{In (1 + 7))

term with the aid of Meijer G-function as In (1 + m) =

Gé % Atm L 0 from [69, (8.4.6.5)] and evaluate the integral
A1 by using [52, (7.813.1)] as

% =1 exp <——f )
1
B 12( |1’1)dt

A= [ ———— -Gy
In(2) T (i) B
13 ( B | 1=y, 1,1
_G3,2(% rln,tO ) (A2)
W@ () '

I and Z1 Rvs.
A single gamma approximation for 7'/ RV is approximated

Similarly, V1! is the summation of b\’

. . . [i]
cl = IE{ log, (A1 +717) } - IE{ log, (A7 + v17) } IE{ log, ( (1 + %)) }
- Vil oo 0o
_ IE{ log, (A[l] (1 + m)) } = [10g2 ( AH)me (t)dt — /10g2 (1 + — )fvm(v)dv (A1)
0 0

160970
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by VIl ~ Gamma(i,, B,) and evaluated as

0 v 1exp( ‘)
lnzrm%v)ﬂcfv G (A“' )

v | 1—mmy, 1,1
G3 2 <AllJ 1,‘0 )

In(2)I" (m,)

Now, by using (22) and (23), we obtain the ergodic capacity
formula in (12).

Ay =

(A.3)

APPENDIX B

DERIVATION OF THE LOWER ERGODIC CAPACITY

To compute the lower ergodic capacity, it is essential to find
the expressions E{ln(aj[.l]X [} and E{In(A 4 V11)}. The first
term is obtained with the aid of [52, (4.352.1)] and the PDF
of Nakagami-m fading with m; fading and §; scale parameters
[61, (5.14)] as

E{ln (aj[.i]X[i]>} =In (a/[.i]) n 7 In () figtn (x) dx

0
=)

=1In (ajm) + TomB™ (m,l) ﬂm’

m,——l

X exp <_E> In (x) dx
=1In (aj[.i],Bi) + ¥ (m;) .

Moreover, E{In (A[i] + V[i])} is evaluated similarly to (B.1).
Hence, the final expression for the lower ergodic capacity is
displayed in (13).

(B.1)

APPENDIX C

DERIVATION OF THE UPPER ERGODIC CAPACITY

Key components to evaluate the upper ergodic capacity anal-
ysis are E{X"'l} and E( / (Al + V1)) We begin with the
calculation of E{X!"} below

7 T exp(—%)
Bt = [
0 ok
B +my)
-~ Tm)

Next, we evaluate the second component as

e e (<)
AT VI] = Jo o @) B (v+ Ali)

Alil=1+i, Alll
A ()
v By

v

Al
X <1 — }’;lv, T) .
By

By applying (C.1) and (C.2) into (10), we obtain the expres-
sion for the upper ergodic capacity in (14).

= Bim;. (C.1)

dv

(C.2)
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APPENDIX D

DERIVATION OF THE ASYMPTOTIC ERGODIC CAPACITY
AT HIGH-SNR REGIME

To evaluate the asymptotic ergodic capacity formula at high-
SNR, regime the SINDR formula in (3) is revisited. Next,
by using the definition of transmit SNR, SNR; = (%, one

can rewrite the SINDR in terms of SNR as '
[ . OljSNRlX[l]
 BISNRXI 4 1+ SNRi(1 + k)0 + &

% , (D)

where X1 = |iz |2 and n represents the interference term
asn = 2 lgik|? (1 + &) pik. Now, let us divide both the

numerlcal and denominator parts in (D.1) by SNR; to obtain
the simplified representation of the SINDR as
lil _ o1

= . ; 5 . (D2
BiX! + g + (1 + k7)o +

Yj
2SNR

First, we find the SINDR at high-SNR regime by taking
the limit of SINDR in (D.2), when SNR tends to infinity as

i il _ o1
/ BiXW + (1 +x?)o?

By applying the high-SNR approximated SINDR in (D.3)
and by using Jensen’s inequality, we derive the asymptotic
ergodic capacity as

¢l = Ellogy(1 + 7)) = log, (1 +E(7™)

lim ] D3
SNR; 500 7/ ®-3)

n E{o;x ")
E{BX" + (1 + «?)o2)

= log, (D.4)

=

The evaluation of the denominator E in (D.4) is given as

E{BX" + (1 + «?)o2)

e¢]

= 0/ (Bjx + (1 + K?) aezi) xMi~Lexp (—%) dx

= (1 + K12> o2 + B;fim;. (D.5)

Derivation of the numerator part & is obtained identically to
(C.1) and written as E{o; X i = a;Bim;. Hence, we present
the final asymptotic ergodic capacity (i.e., capacity ceiling)
in (15).

APPENDIX E

DERIVATION OF THE COVERAGE PROBABILITY

The proof of Proposition 4 that presents the coverage proba-
bility for the proposed system model is calculated below

i , l]x[l]
e ()= Pr b[’]X[l]+Z+A[’] -
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[o'9) .
v(All +7)
/ Xl ﬁ fz(Z)dZ, (El)
a;” — vb;
0 J J
al!

when 0 < v < bL otherwise, it equals to 0. The CDF of X!

Gamma RV is glven in (20).
Now, (E.1) can be evaluated as
o0 mi—1
. . ! w; (A1 +z
PilE) = /exp —w; (A[’] —i—z) —( i 1 )
0 1= '

x 7M1 exp < < ) dz x ;“ (E.2)
Bi T (i) By

Let us assign w; for simplicity. With the

ﬂ,(a —vb;
aid of the power of blnomlals [52, (1.111)], we expand
- t -
(i (AT 4+ Z))t =y (,’{)Amt—kzk. Now, by placing the
k

expanded term into (E.2:), we obtain

m,—l
ot B
F(mz)ﬂm' ; ! Z
X /zk+';"_1 exp (—a),-(A["] +z)— %) dz.
O w

(E.3)

The integral in (E.3) is evaluated by using [52, (8.310.1)]
and the closed-form expression for the coverage probability
is obtained in (18).
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