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Abstract— We consider downlink non-orthogonal multiple
access transmission where an access point communicates with
a set of near and far users via a full-duplex multiple antenna
relay. To deal with the inter-user interference at the near user
and self-interference at the relay, we propose the optimum and
suboptimal beamforming schemes. In addition, we consider two
different user selection criteria, namely: 1) random near user
and random far user (RNRF) selection and 2) nearest near user
and nearest far user (NNNF) selection, and we derive the outage
probabilities of the near and far users. Our findings reveal that
as compared to half-duplex operation, full-duplex relaying can
reduce the outage probability of the near users up to 63% in
the case of NNNF user selection. With suboptimal beamforming
schemes, the NNNF user selection shows a superior performance
as compared to the RNRF user selection for all choices of transmit
power, while with the optimum beamforming, the performance
of the RNREF user selection converges to the NNNF user selection
at high transmit power. The simulation results are provided to
confirm the accuracy of the developed analytical results and
facilitate a better performance comparison.

Index Terms— Full-duplex, non-orthogonal multiple access
(NOMA), stochastic geometry, beamforming.

I. INTRODUCTION

HE spectral efficiency of future fifth generation (5G)
systems is expected to significantly increase as compared
to the fourth generation (4G) mobile communication systems.
To this end, non-orthogonal multiple access (NOMA) has
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been recognized as a promising technology to achieve high
spectral efficiency. According to the principle of NOMA,
by exploiting the power domain, multiple users are multi-
plexed simultaneously to use the same radio resources [2].
Therefore, NOMA deviates from current orthogonal multiple
access (OMA) techniques that allocate one resource block
exclusively to serve a user. In NOMA systems, multiplexing
several users on the same frequency channel causes multiuser
interference (MUI) which must be removed with the help
of sophisticated successive interference cancellation (SIC)
receivers. There is already a sizable body of literature on the
theory and practical aspects of NOMA systems, where the
compatibility of NOMA with other 5G key technologies such
as multiple-input multiple-out (MIMO) transmission has been
highlighted [3].

On a parallel development, in-band full-duplex operation
has recently received significant attention, because of its
capability to double the spectral efficiency of traditional half-
duplex relaying [4]. Although full-duplex radars have been
around since the 1940s, the self-interference (SI) problem is
considered as one of the key challenges encountered in the
design of full-duplex communication systems. A full-duplex
transceiver can transmit and receive simultaneously in the
same frequency band. Therefore, to implement full-duplex
transmission at a transceiver, SI due to its own transmission
to the incoming signal must be mitigated [5]. Today, passive
cancellation methods, e.g., placement of radio frequency (RF)
absorbers, use of wavetraps, directional antennas etc., comple-
mented by active analog and digital cancellation stages, have
been proposed to effectively suppress the SI [6]. Moreover,
if full-duplex terminals are empowered with multiple antennas
or massive arrays, spatial mitigation techniques can be used
to further control the harmful effects of SI [5], [7]. Therefore,
SI can be canceled to an acceptable level, and the practical
implementation of full-duplex transceivers in modern commu-
nication systems will soon become a reality.

An ongoing main challenge for NOMA networks is that the
co-existence of the near and far users results in a performance
degradation for the far users [3], [8]. The performance of
these networks however, can be further improved by using
user cooperation [8]-[10] or dedicated relays [1], [11]-[22].
In user-assisted cooperative NOMA, a user with a better
channel conditions, also referred to as the near user, helps
the far user which is likely to experience a poor connection
to the access point (AP) since the former is able to decode
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the desired information and the information intended for the
latter [8]. In relay-assisted NOMA systems, a dedicated relay
is employed to assist the far user [11]. There has been a
growing body of research that investigates the design of
relay-assisted NOMA systems. In [11], a dedicated relay has
been used to design a multiuser MIMO cooperative NOMA
system with better outage performance. In [12], the exact
and asymptotic expressions for the average rates of a relay-
assisted NOMA system over Rayleigh fading channels have
been developed. The capacity scaling law of a NOMA system
with coordinated direct and decode-and-forward (DF) relay
transmission has been derived in [13]. Amplify-and-forward
relay-assisted NOMA transmission of [14] has been shown to
achieve a superior coding gain as compared to a cooperative
OMA strategy. In [15], a detection scheme that can be applied
in relay-assisted NOMA to achieve significant performance
gains has been proposed. The work in [16] has considered
NOMA performance for a scenario where two DF relays
are used to help source-destination transmission. A two relay
NOMA model has also been studied in [17] where the relays
either apply dirty paper coding or use time division multiple
access to serve two users. Relay selection is a popular tech-
nique considered in the present literature to combat fading and
reduce the system complexity. In the context of cooperative
NOMA, different relay selection criteria have been considered
in [18] and [19] and these existing studies show that increasing
the number of cooperative relays helps to improve the perfor-
mance significantly. In [20] and [21], the resource allocation
and relay beamforming schemes for the relay-assisted NOMA,
capable of significantly outperforming OMA schemes, have
been studied. Several works have also studied the perfor-
mance of the relay-assisted NOMA in specific application
scenarios such as simultaneous wireless information and power
transfer [22].

Common to all of the above works [8]-[22] is the half-
duplex operation assumption at the relaying node. On the
other hand, the complementary nature of NOMA and full-
duplex can be combined to satisfy the high spectral efficiency
requirements of 5G and beyond communications [23], [24].
However, full-duplex cooperative NOMA transmission intro-
duces several challenges such as SI due to signal leakage
from the relay’s output to the input and inter-user interference
at the near user [24]. In [25], a full-duplex device-to-device
aided cooperative NOMA scheme was proposed, where the
full-duplex near user assists the base station transmissions to
the far user. In [26], a full-duplex relay-assisted cooperative
NOMA scheme with dual-users was examined. It was shown
that the proposed full-duplex relay-assisted NOMA system
in [26] achieves better performance than the half-duplex one
in the low to medium signal-to-noise ratio (SNR) regime. The
authors in [27] provided the diversity analysis of a hybrid
full-duplex/half-duplex user-assisted NOMA system with two
users. In [28], the performance of a full-duplex NOMA
system is investigated, where uplink and downlink NOMA
transmissions are simultaneously carried out.

In this paper, unlike references [25]—[28] that have analyzed
two-user full-duplex NOMA systems with and without single-
antenna relay, we study the performance. of a full-duplex
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multiple antenna relay-assisted NOMA system. The multiple
antenna assumption allows us to study the NOMA perfor-
mance with different beamforming designs and achieve spatial
domain SI suppression at the relay. Moreover, we employ
stochastic geometry for modeling the locations of the users
and include a user selection scheme into our system model.
Similar to [10], the users close to the AP are grouped together
while the users near to the cell edge form another group.
In particular, we consider two groups of users: near users,
randomly deployed within a disc, and far users, randomly
deployed within a ring, where their respective locations are
modeled as homogeneous Poisson point processes (PPPs).
In addition, we employ the concept of opportunistic scheduling
which is effective in improving the performance of multiuser
networks [29]. Accordingly, we assume that the AP commu-
nicates with only one selected near user and one far user with
the assistance of one selected relay and consider the following
user selection strategies, namely (i) random near user and
random far user (RNRF) selection and (ii) nearest near user
and nearest far user (NNNF) selection [10]. In this paper,
we focus on beamforming design and performance analysis
and leave other sophisticated user selection strategies which
may further improve the performance as a future research
direction.

We employ suboptimum beamforming methods such as
maximum ratio combining (MRC), maximal ratio transmis-
sion (MRT), and zero-forcing (ZF) at the relay, to obtain
receive and transmit beamformers which mitigate the SI effect.
Moreover, the beamformer optimization problem is formulated
and solved using an efficient approach.

The main contributions of this work are as follows:

o We consider both inter-user interference at the near user
and SI at the full-duplex relay and derive the outage
probabilities of the RNRF and NNNF user selection
strategies, when several suboptimum beamformers are
applied at the relay. In order to highlight the system
behavior and provide important insights into the per-
formance, closed-form upper and lower bounds on the
outage probability as well as simple expressions valid
for certain special cases are also presented. These studies
reveal the effects of key system parameters, such as the
number of relay antennas; the strength of the residual
SI and residual inter-user interference; user zone and
density on the system performance. A key observation
is that the proposed suboptimum beamforming schemes
achieve the same outage performance for the near users.
However, they provide different tradeoffs among the
system performance, complexity, and user fairness.

e An optimum receiver and transmit relay beamformer
design, based on the semidefinite relaxation (SDR)
approach, is proposed, where the objective is to maximize
the signal-to-interference-plus-noise ratio (SINR) at the
near user while guaranteeing that the SINR at the far
user is above a certain value. Our results show that
with the suboptimum designs, the NNNF user selection
scheme achieves superior SINR performance compared
with RNRF in all the transmit power regimes. From
analysis based on single-antenna systems, it has been
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understood that NNNF performs better than RNRF in
almost all cases [10]. However, with the help of opti-
mum beamforming and for high transmit power regime,
we find that the performance of RNRF can be as good
as NNNF. This is a promising result since RNRF can
be implemented without knowledge of CSI and provides
greater fairness than NNNF.

e Our findings reveal that the full-duplex relaying can
reduce the outage probability of the near users up to
63% in the case of NNNF user selection and up to 55%
in the case of RNRF user selection as compared to the
half-duplex relaying. In addition, increasing the number
of transmit antennas significantly improves the far user
outage performance of the MRC/ZF beamforming design,
while the outage performance of the ZF/MRT design is
slightly improved by increasing the number of receive
antennas. Interestingly, simulation results show that the
impact of particular beamforming design on the outage
performance of the far users is more significant for
the NNNF user selection than that for the RNRF user
selection. Also, the MRC/MRT scheme outperforms other
suboptimal designs for scenarios in which the radius of
the far user’s zone is large.

Notation: We use bold upper case letters to denote matrices,
bold lower case letters to denote vectors. The superscripts
()*, ()T, and (-)' stand for conjugate, transpose, and con-
jugate transpose, respectively; E {«} denotes the expectation
of the random variable x; the Euclidean norm of the vector
and the trace are denoted by || - ||, and tr(-), respectively;
CN (11,0?) denotes a circular symmetric complex Gaussian
random variable (RV) with mean y and variance o?; T'(a) is
the Gamma function; T'(a,x) is upper incomplete Gamma
function [30, Eq. (8.350)].

II. SYSTEM MODEL

Consider a network with an AP and two groups of randomly
deployed users: near and far users as shown in Fig. 1. The
near users {Uy;}, i@ = 1,---, Ny,, are deployed within a
disc of radius Ri, denoted by D,,, and the far users {Uz},
1=1,---, Ny,, are deployed within a ring of inner and outer
radii R, and R3.' denoted by Dy, In order to make ensure
that the performance analysis for the far users is tractable,
we assume that R > R;. The locations of the near and far
users are modeled according to PPPs ®,, and ®, respectively,
with the densities A, and Ay. We focus on the downlink
NOMA transmission with one near user and one far user.
Specifically, in this system set up, there is a direct link between
the AP and near user U;; while such a link does not exist
between the AP and the far user Us; [13], [26]. In order to
assist far user communications, we exploit K full-duplex DF
relays, {Ry}, k=1, -, K, symmetrically deployed at a dis-
tance R; from the cell center in a circular fashion, that forward

10nce values for Ry and Ro are decided for performance optimization,
intermediate users that neither fall into the near user nor far user categories
could be served using OMA resources [10] since the use of NOMA resources
for the intermediate users will not significantly enhance the spectral efficiency,
compared to that of OMA [31].

———» Information link

________ -+ Interference link

——————————— » Self-interference

Fig. 1. The considered downlink NOMA system model with relay-assisted
transmission, wherein Uy ; and Uz ; are the selected near user and selected
far user, respectively, R is the selected FD relay, and Hrr and f; ; are the
residual SI and inter-user interference channels, respectively.

the information to the far users. Randomness of the relay
locations might provide further performance improvements at
the expense of increasing system implementation complexity.
Hence, our model assumes deterministic deployment of the
relays [32], whereas random deployment is left as a future
research direction.

We assume a single-antenna AP communication aided by
the infrastructure-based relays where each relay is equipped
with Nr antennas for reception and Nt antennas for transmis-
sion. This model with a single antenna AP facilities system
analysis and the derived expressions are useful to obtain
design insights. Moreover, in the considered NOMA downlink
transmission, the signal is processed through a single RF
chain and transmitted from the AP antenna. Also, signal
reception at the users is performed using a single antenna and
a receive RF chain. For a more realistic propagation model,
we assume that the links experience both large-scale path loss
effects and small-scale fading. Rayleigh distributed channel
coefficients are approximately constant over an observation
time, T', (corresponding to the channel coherence time) and
vary independently between different slots. As appropriate,
we define the distance dyy between node § € {AP,Ry}
and # € {U1;,Us2,,Ry}. The bounded path loss model
08, #) = H% between node # and # is used, which
guarantees that the path loss is always greater than one even
if dyx < 1, where o > 2 denotes the path loss exponent,
and By = (#fc)Q, denotes the free space path loss at a
transmitter-receiver separation distance of 1 m at the carrier
frequency, f. [33], [34]. For notational convenience, if node
f is the AP located at the origin, the index f will be omitted,
i.e., (AP, #) = {(#) and dap4 = dy. Before transmission,
two users U;; and Up; are selected to perform NOMA
transmission with the aid of the selected relay, denoted by R,
where the selection criterion for user selection and relay
selection will be discussed in Subsection II-B.
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A. Transmission Protocol

According to the NOMA concept [2], the AP transmits
a combination of messages to both users and the selected
relay R as

s[n] = \/Psay iz1,45[n] + \/Psas;x2i[n], (D

where Pg is the AP transmit power and zj,;,k € {1,2}
denotes the information symbol to Uy ;, and ay; denotes the
power allocation coefficient, such that a;; + a2; = 1 and
a1, < az,;. Since the selected relay R operates in the full-
duplex mode, it simultaneously receives s[n| and forwards r[n]
with power Pr to the Us ;. The received signal at R can be
expressed as.’

yr([n] = VU(R)hgs[n] + Hrrrn] + ng(n], )

where we model the Nrp x Np residual SI channel Hgipg
as identically independent distributed (i.i.d) CN(0,0%3)
RVs [5], [6], hg € CNrX! is the channel between the AP
and R and its entries are i.i.d, CN(0,1), ng[n] is the
additive white Gaussian noise (AWGN) at the relay with

T

E {anR} = 021, and 7[n] is the transmitted relay signal

satisfying E {r[n]r'[n]} = Pg, given by
3

where § accounts for the time delay caused by relay process-
ing [5]. Since the relay R adopts the DF protocol, upon
receiving the signal, it first applies a linear combining vector
W, on yp to obtain an estimate of s[n], denoted by §[n], as

§[n] = \/K(R)W:[hRs[n] —l—wIHRRr[n]—l—wInR[n]. 4)

Next the relay decodes the information intended for Us;
while treating the symbol of Uy ; as interference [26]. Finally,
the relay forwards xs;[n — d] to U, using the transmit
beamforming vector wy ;. Let ||wy;||> = |w,||? = 1. The
received SINR at the selected relay R is given by

_ Psaz il (R)|wihg|?
PSal,ig(R)lwihRP =+ PR|W1HRRWt,i|2 + 0'12%

r[n] = / Prwy ;2 ;[n — d],

YR (&)

On the other hand, the received signal at U ; can be written as

€(U1,i)h1,is[n] +1 / PRK(R, ULZ‘)fEth’ixQ’i[n—&]

+ 711,1[71]7 (6)

where hi; ~ CN(0,1) is the channel between the AP and
Ui f1; € CN7*1 denotes the channel between the relay
and Uy ;, and ny[n] ~ CN(0,02 ) denotes the AWGN at
the Uy ;. Moreover, {(R,U; ;) = with dry, , =

y1,i[n] =

1
THdgy, |

R? + dQUU — 2Ry dy, , cos(, — 0;), where 6, denotes the
angle of the selected relay R from reference x-axis and 6;

denotes the angle of the U;; from reference x-axis, —m <
9,n — 91' S .

’In practice, ideal SI cancellation is impossible to achieve since transmit
distortion noise due to front-end hardware imperfections is not perfectly
known [5]. Accordingly, in our transmission protocol, we consider the effect
of residual SI

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

It is assumed that z,;[n — 6] is known to Uj;, and
thus U;; can remove it via interference cancellation [26].
Nevertheless, here, we consider the case of imperfect inter-
ference cancellation wherein U;; cannot perfectly remove
x2 i[n—0]. In particular, we model the elements of the N x 1
channel f;;, known as the inter-user interference channel,
as i.i.d CN(0, ¢, x 1) RVs, where g, represents the strength
of the inter-user interference [26]. Specifically, ¢, = 0 implies
perfect interference cancellation at Uy ;.

Applying the principle of NOMA concept, SIC is carried
out at Uy,. In particular, Uy, first decodes the message
of Ua, i.e., x2;, then subtracts it from the received signal to
detect its own message, if w2 ; is decoded correctly. Therefore,
the received SINR at U, ; to detect x5 ; of Us; is given by

T2 i

o Psaz i{(Uy ) by il?
Ly Psalﬂ'f(Ul,i)|h1,i|2+PR€(Ra U17i)|f17:iwt7’i|2+ UYQLl 7
(N

and the received SINR at U, ; to detect its own message, 21,
is given by

S Psa1 il (Uyq)|hal?
B PrUR, U ) |ff weal? + 02,

@)

Finally, the observation at U, ; can be expressed as follows:

Y2,i[n] =\ PrER, Us,i) £ ;W iw0 i[n—68]+nain],  (9)

where ((R,Us;) = with  druy, =

1
gy, |
\/R%+ dg, . —2R dy, ,cos(8,—6;), 6; denotes the angle of
Us,; from reference x-axis, fs; € CNT>1 denotes the channel
between R and Uz; and ng,[n] ~ CN(0,02)) denotes
the AWGN at U, ;. Therefore, the received SNR at U, ; is
given by

Prl(R, Uz i) If5 ;Wi il?

2
O'n2

T2,i
2,4 T

(10)

B. User Selection and Relay Selection Strategies

The NOMA principle can be implemented in two ways [3].
One way is to order the users according to their channel
conditions, which assumes that there are no strict quality-of-
service (QoS) requirements. The second approach is to order
the users according to their QoS requirements, instead of their
channel conditions. In this paper, we consider the first way of
NOMA implementation which assumes that the users do not
have strict QoS requirements and can be served opportunisti-
cally using the RNRF and NNNF strategies. In particular, for
the RNREF strategy, the AP randomly selects the near user U ;
and the far user Us; from the two groups of users. For the
NNNF strategy, a user within the disc, D,,, with the shortest
distance to the AP is selected as a near user’ U}, and the
user within ring, Dy, with the shortest distance to the AP is
selected as a far user U3 ;. It is worth pointing out that the
considered user selection strategies yield different tradeoffs

3Here after, superscript “x” is used to indicate the selected near user, selected
far user, and the corresponding outage probabilities with the NNNF user
selection strategy.
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among system complexity, reliability, and user fairness. For
example, RNRF does not need to know the users’ channel
information for performing the user selection strategy, which
reduces the system overhead. NNNF tries to pair the nearest
near user and the nearest far user for NOMA, which yields
the best performance due to small path loss but might result
in potential issues in user fairness.

For each user selection strategy, the relay with the minimum
Euclidean distance from the selected far user is chosen for
cooperative NOMA. We can define the relay selection crite-
rion as

min{||Ry, Upil, k € {1, , K}}. (11)

This relay selection strategy is suitable for practical scenarios,
wherein the far users are much farther away from the AP in
comparison with the near users, and thus have the poor channel
conditions. Accordingly, the criterion in (11) can improve the
reception reliability of the far users.

III. FULL-DUPLEX COOPERATIVE NOMA
WITH RNRF USER SELECTION

In this section, we characterize the system performance
with the RNRF user selection. Its implementation does not
require the knowledge of the instantaneous CSI of the users.
From (5), (7), (8), and (10), it is evident that the received
SINR and SNR of both the near and far users are dependent
on the beamforming design at the selected relay R. Hence,
in the sequel we adopt three beamforming designs described
in the literature [35], [36], namely transmit ZF (TZF), receive
ZF (RZF), and MRC/MRT.

Case 1) TZF Scheme: If the selected relay is equipped
with Nt > 1 transmit antennas, SI can be canceled out by
projecting the transmit signal to the null space of the received
signal at the relay input [35]. Furthermore, we fix the MRC
beamforming vector wMRC = ”lﬁg” at the relay receiver.
Therefore, the optimal transmit beamforming vector wy ; is
obtained by solving the following problem:

f 2
||w1,||— | 22 |

S.t. hRHRRWt,i =0.

(12)

Using similar steps as in [35], the optimal transmit vector
5 . . N
wy; in (12) is obtained as w#f = ﬁ, where A = Iy, —
J 2,1
HY,  hrh Hrr
|hhHEg|?
Case 2) RZF Scheme: As a second scheme, we assume

that wl'f"'lRT = H;‘zlll’ i.e., the relay employees the MRT

beamforming vector, and uses ZF criterion for designing the
receive beamforming vector w,.. When the selected relay is
equipped with Nr > 1 receive antennas, the undesired SI can
be completely nullified. In this case, the optimization of w,
can be expressed as [35]

max wihg|?,

l[w[[=1

S.t. WTHRRfQ*’i =0. (13)
The optimal solution of (13), wa, can be expressed as wa =

Hprf 5 HE

where B = INR W

HBh "

Case 3) MRC/MRT Scheme: The MRC/MRT scheme is
applied in half-duplex relay-assisted systems, and hence it is
interesting to investigate the performance of the full-duplex
relay-assisted NOMA system with the MRC/MRT scheme.

Specifically, the receive and transmit beamformers are selected

MRC _ hgr_ .4 WMRT _
el [

£, .
as w, fz”j T respectively.

A. Outage Probability of the Near Users

An outage event at the near user Uy ; occurs when g ; is
decoded in error or when x5 ; is decoded correctly but x; ;
is decoded in error. Let 74 = 2% — 1 and = = 2R2 — 1,
where R and Ry are the transmission rates at Uy ; and Us;,
respectively. The outage probability at U; ; can be expressed
as [26]

Pouti =1 —Pr (95" > 7,75 > 1) (14)

1) TZF Scheme: Substituting WinRC and WZF into (7)
and (8), the received SINR at U;; to detect 29, with
TZF, &f %', and the received SINR at Uy ; to detect 21 ; with
TZF, '?f ", can be obtained as

~xa Psas i(Uy ;) h |

Tt = Par 0(Ur ) P+ Prl(R, Uy ) [, w2 2402,
(15)
and
P 7 2 h i2
Lz sa1,:0(U1,:)|ha il (16)

T T Prl(R, Uy [ET,wE P + 02,

respectively. Accordingly, based on (14), the following propo-
sition presents the outage probability of U;; with the TZF
scheme.

Proposition 1: The outage probability of Uy ; with the TZF
scheme is given by

Ry —p(1+r%)
Pot1 =1~ —75 g
s 7TR1 a1t qr prp(147re) _
1+ R%+r272rR1 cos(97v79i))7
X rdf;dr, 17)
if o < PguZtFl = 1, where ;1 = max (%, o 211 )
with ( = M‘Tizba“ﬁ, Ps = =2, pr = P—’;, and Ny is the
mean power of noise at the near user4
Proof: See Appendix A. |

From (17), we see that the outage probability of the near
users with RNRF is independent of the users density, A,,. This
is because RNRF selects users randomly, and hence increasing
the number of near users will not affect its performance.

In order to derive approximate closed-form expressions,
we now set cos(d, — 6;) = =£1. In particular, by setting
cos(0, — 0;) = +1, ¢{(R,Uy ;) is maximized, and hence the
inter-user interference at Uy ; is maximized, which minimizes
" 1‘ and 'ymz ‘. On the other hand, cos(f, — 6;) = —1 results
in the minimum inter-user interference at U, ;. Consequently,
from (17), the upper bound on the outage probability of U ;

4Without lost of generality, it is assumed that the mean power of noise at
all users and relay is the same and denoted by Ng.
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can be written as
e—H(A+rY)
_ Grprp(Atre)

TZF,U Rl
UYL
1+(R2+'r’2 —2nR1T) Bl

where n = 1 (n = —1 for the lower bound). To the best of our
knowledge, the integral in (18) does not admit a closed-form
solution, however by following a similar approach as in [10],
we use the Gaussian-Chebyshev quadrature method [37] to
obtain

rdr, (18)

M

\/ 1 - ¢m 1 +¢m)

TZF,U o —p(l4cs,)
Pour.l ~1 M Z qrpri(14c) ’
+(R +cm—2ancm)%
(19)
where ¢, = (¢n + 1)EL, ¢, cos(22=L7) and M

is a parameter to guarantee a desirable complexity-accuracy
tradeoff. This expression explicitly shows that the outage
performance of the near users with the RNRF selection is
jointly determined by four factors: 1) the strength of the inter-
user interference, ¢q,, 2) the AP and relay transmission powers,
3) the path loss exponent, and 4) the radius of the near user’s
disc, R;. Additionally, the outage performance of the near
users with TZF is independent of the number of antennas at
the relay.

Now, to obtain additional insights on the outage perfor-
mance, we consider a full-duplex cooperative NOMA sce-
nario with perfect inter-user interference cancellation at Uy ;,
i.e., ¢, = 0. Substituting ¢, = 0 in (59), the outage probability
of Uy ; with the TZF scheme can be written as

TZFP 2 [t a
P =1~ 7 / eI gy, (20)
170

out, 1

For an arbitrary choice of a, the integral in (20) is mathemat-
ically intractable, and hence we use the Gaussian-Chebyshev
quadrature method. Therefore, (20) can be approximately
expressed in closed form as

MZW—% L+ gpy)Be#0em) - (21)

TZF, P
Pout 1

As an immediate observation from (21), we see that the outage
performance for the near users improves with decreasing R,
smaller path loss, and higher source transmission power.
Moreover, for the special case of a = 2 PK&’P can be
obtained from (20) as an exact expression which is given by

e=r  ~#(+ED) as
— T < =
TZF,P __ 2 2
Pout.1 Ry pRE gé’ (22)
]-7 T2 > —,
ay

which presents the lowest possible theoretical lower bound on
the outage probability of the near users among communication
scenarios with different values of «, namely, 2 < o < 6.

2) RZF Scheme: Substituting WMRT into (7) and (8), the
received SINR at Uy ; to detect o ,; with RZF, 4; 2/, and the
received SINR at Uy ; to detect 2 ; with RZF, 4, }", can be
obtained as
B Psay il(Uy i) by i)?

T4 Py J(Un ) [l i+ Prl(R, U ) [EE,w

~ X2 4

MRT |2 2’
t,e +Jn1

(23)
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and
T Psay £(Uy ;) |ha 4)?
B Prl(R, Uy ) |fE,wiRT|2 462 7

(24)

respectively.

From (15), (16), (23), and (24) |f{,w/"|* and |f1TZin'zRT|2
are exponential RVs with the same mean ¢,, and hence %
and 712’ have the same statistical characteristics as ’Y1

and 71/’ respectively. Accordingly, based on (14), we get
P&, = PRZF. Additionally, the presented results for the

outage probability of Uy ; with the TZF scheme are identical
for that of the RZF counterpart.

3) MRC/MRT Scheme: From (7) and (8), we observe that
the received SINR at the near user is dependent only on wy ;.
Since both the RZF and MRC/MRT schemes use the same
transmit beamformer WMRT we have Pmi{& = Pffuthl = quzt,Fr

We see that all of the proposed beamforming schemes
achieve the same outage performance for the near users. How-
ever, as studied below, the proposed beamforming schemes
provide different performance/complexity tradeoffs for the far
users.

B. Outage Probability of the Far Users

The outage event at Uz ; is due to the following two cases:
1) R cannot decode x5 ;, and 2) R can decode o ; but xg;
cannot be decoded correctly by Us ;. Therefore, the outage
probability at Us ; can be written as

Pout,2 =Pr (’YR < T2)+Pr (’YR > TQ) Pr (,@?,i < TQ) : 25)

1) TZF Scheme: Applying wMRC and wZF into (5) and (10),
the received SINR at the relay with TZF, %é, and the received
SNR at Uy ; with TZF, '72121, can be obtained, respectively.
The following proposition presents the outage probability of
the TZF scheme for an arbitrary choice of «.

Proposition 2: The outage probability of Us ; with the TZF
scheme is given by

oy Nr—2
pTZF _ 7T r (NR (1+ RS )) 1
out,2 (R3+R2) (NR) ’ C i If'
( ) S s T (s e (B0,

Pr m=1

(26)

where z,, = R35R2 (¢m + 1) + Ro.
Proof: See Appendix B. [ ]
We observe that POTUZt depends on the number of receive/
transmit antennas, the far user’s zone, the transmission power,
and the path loss. In particular, PJZF, is decreasing with
Pg, Pgr, and the number of receive/transmit antennas. How-
ever, from (19) and Proposition 1, as Pg increases, the inter-
user interference increases and the outage probability of the
near users increases. Thus, one can improve the outage perfor-
mance of the far users by increasing the number of transmit
antennas without deteriorating the outage performance of the

near users.

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550



551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

MOBINI et al.: BEAMFORMING DESIGN AND PERFORMANCE ANALYSIS OF FULL-DUPLEX COOPERATIVE NOMA SYSTEMS 7

Note that in an interference-limited network, the SNR
distribution can be replaced by the SIR distribution in (25)
to obtain a much simpler analytical expression. For example,

when noise is ignored, P14, in (25) can be written as

ag g ag g
PoTuZtF2 =Pr L <1y ) +Pr 2> Ty
ai,q ai,q

X Pr (pre(R, U27¢)Y3 < 7'2) s

27)

in which, to guarantee the implementation of NOMA, the con-
d1t1on 92 > 1, should be satisfied, and thus Pr (“2 L < 7'2) =0.

Accordmgly, PL&, can be written as
Poua & Pr(prl(Un,)Ys < 72)

T Nt—2 k M
~l———— m/1—02,

x (14 22)" 67(%)(1+2m).
Clearly (28) is independent of Ps and Npg. Therefore, in an
interference-limited network, increasing the source transmit
power and the number of receive antennas does not increase
the outage performance. We now turn our attention towards
characterizing the outage probability of the far users for the
special case of @« = 2 in the interference-limited regime.
By applying ao = 2 in (27), and then using the integral identity
of [30, Eq. (2.33.11)], we obtain

(28)

Nt—2
TZF
P 2 ) (@) - a9
, k-1
where G(r) = o (7 )(1‘”)2]_ 1+ﬁ) o I

We see that the outage performance depends on the radius
of the far user’s zone.

2) RZF Scheme: Applying w2t and WmRT into (5) and (10),
the received SINR at the relay with RZF, 4, and the received
SNR at Us; with RZF, &; >* can be obtained, respectively.
Using the outage definition in (25) and similar to (26), we can
derive the outage probability of the far users with the RZF
scheme as:

RZF
Pout 2

m
M(R3 + RQ)

Ne1
) Z k! (Pr)
k=0
(30)

Based on (26) and (30), it is clear that the TZF and RZF
schemes exhibit the same outage probability of the far users

=1

(s e (NR 4 1@)

sz\/l 92, (1425 e~ (700,

m=1

for some antenna configurations. For example, if we consider
the values of N and Ng as a pair (N1, Ng), TZF (Nr, NR)
has the same outage performance with RZF (Np—1, Np+1).
Moreover, for both the TZF and RZF schemes, the outage
performance of the far users is an increasing function of
Ps and Ppr due to the fact that the receive/transmit ZF
operation completely cancels the SI at the relay’s input/output
and as a result, increasing Pr improves the second-hop SNR
of the far users. In the case of the MRC/MRT scheme, this
behavior is somewhat different. On the other hand, as we
observed from (17), the outage probability of the near users
is decreasing with Ps and is increasing with Pg. There-
fore, to further enhance the performance of relay-assisted
NOMA transmissions, it is important to optimally allocate
total power between the AP and relay, and jointly optimize
the receive/transmit beamformers of the relay.

3) MRC/MRT Scheme: Substituting wMR¢ and w!
into (5) and (10), the received SINR at the relay and the
received SNR at Us; with the MRC/MRT scheme can be
obtained, respectively. The following proposition provides the
outage probability of Us ;.

Proposition 3: The outage probability of Us; with the
MRC/MRT scheme is given by (31), shown at the bottom of
this page.

Proof: See Appendix C. |

As evident in Subsection III-A, the outage probability of
the near users for the proposed beamforming schemes is
independent of the number of antennas at the relay. However,
it is interesting to study the outage performance of the far
users when Nr and Nt grow large. Using the law of large
numbers and the results presented in [7], we can show that
when Ng — oo and N1 — oo, the outage probabilities for
the three proposed beamforming schemes with RNRF user
selection can be further simplified as

MRT

Pout,2
IV
0, LT S Rg 41,
T2
2
~ ! R (p’"NT 1)0‘
~ 3
T2 « p’I“NT o
o R H1< P <REHL
IV
1, PriT - Rg 41
T2
(32)

C. Half-Duplex Relaying
Let us now consider the half-duplex operation for a relay-
assisted cooperative NOMA transmission. The system model

Nr—1
pMRC _ m C
out,2 —

m=1

1

1 kM . _(_2)(1+2a)
7M(R3+R2)]§ E<pr> S eI 68 (1 +20)f e (7 ,

X —)F (pr7

1+ R¢
T'(Ng

¢

eProhn (
I'(Ng) \progp(l+ R{

_NR o
¢ )+1> F(NR, L HRl) (31

PrURR ¢
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is the similar to that of the full-duplex counterpart, except that
two time slots are used for the reception and transmission at
the relay, respectively. Specifically, for a transmission block
time of T, % is dedicated to the AP for transmitting a
combination of messages to both users and the selected relay
and the remaining % is used by the relay for transmitting
information to the far users. Accordingly, the received SNR at
R can be expressed as

PSGQJ'E(R) |WlhR|2
Psa1 if(R)|wihg|? + o2,

(33)
In addition, the received SINRs at U; ; to detect z2,; and to
detect x1 ; are, respectively, given by

Psas i 0(Uy ;) |ha:]?

T2 _

34
S1, PSal,ie(Ul,i)|h1,i|2+ 0%17 (34)
and
T, PSal'L (Ulz)|hlz|
1,11" - 02 (35)

Moreover, the received SNR at U ;, §2 ;. 1s given by (10). Let
7P = 22R1 1 and 7'® = 22%2 1. Considering MRC/MRT
as the receive/transmit beamformers, in the next proposition,
we present the outage probability expressions for the near and
far users with half-duplex relaying.
Proposition 4: The outage probabilities of Uy ,; and U ;
with the half-duplex relaying are given by

- 3

P 1+¢ ) e HHD(IJFC?”)’

out, 1
(36)
and

Pout 2

=1—

s 1+R{ M
M(Rs+R2)F(NR)F <NR’ CHD >kz
74D
< Pr )

respectively, where pHP =

"1
k!
ST g ke ()0

m=1

(37)

HD
1 1
¢HPY psar;

max( ) with ¢(HP =

HD
PsA2,i—PsA1,iTy

Prr?of: See Appendix D. [ ]
From (36), we see that, the outage performance of the near
user Pyut 1 increases with decreasing ;1 and it is independent
of Pg, which is in contrast to the full-duplex operation.
This result is intuitively expected because under half-duplex
operation, the AP and relay transmit in two different time
slots and the near users do not suffer from the inter-user
interference, and also with the reduced R;, path loss is
reduced. From (37), it can be observed that increasing Pr

increases the outage performance of the far users.
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IV. FULL-DUPLEX COOPERATIVE NOMA
WITH NNNF USER SELECTION

In this section, we investigate the outage performance of
the NNNF user selection scheme, in which the users’ CSI
is utilized to select the near and far users with the shortest
distance to the AP. Accordingly, the NNNF user selection can
minimize the outage probability of both the near and far users.

A. Outage Probability of the Near Users
1) TZF Scheme: By invoking (14), we can study the outage
probability of the near users. We have the following key result:
Proposition 5: The outage probability of U, with the TZF
scheme is given by /

R - o
Pl_uZtFl* L Yn 1/ e—p(+r )O
5 14 Qrprpp(147) _
+ R2+fr2—2rRlcos(9 —0; ))7
X re~TAnr” df;dr, (38)
where v, = 72_7:,);" o
y nR?
Proof: See Appendix E. |

The main difference between the RNRF and the NNNF
strategies is that the outage probability for NNNF is dependent
on the density of the near users. In particular, quztfl* is a
function of both the design parameters R; and )\,, whereas
PI&F, is only influenced by R;. We next focus on a few
special cases and/or asymptotic results which yield closed-
form expressions.

Similar to the RNRF strategy, the outage probability,

PZuZtFll*J, can be upper bounded (n = 1) and lower bounded
(n=-1) as
TZF,U U R1 =)
Pout 1 ~l= = Z 1_ 72n
m=1
—pn(+en) e e=mAnch,
x ¢ Cm® . (39)
Irprt = (1+c2)
1+(R3+c2,—2nRicp ) 2

This expression clearly shows that PoTutFll*J decreases when the

density of the near users increases. Additionally, the outage
probability of U} ; of NNNF with the TZF scheme and perfect
inter-user interference cancellation at U7, can be expressed in
closed-form, for an arbitrary «, as
R1
przir _q Un/ e AT pe=mAnr? g
0

out,1*

7T’UnR1 Z /1_¢2 6 ;1(1+cm)c e wkncfn.
(40)
For the special case of a = 2, PZuZtFlf can be further

simplified to

Un, (e*l‘f — efR%(U"Fﬂ')‘n)*N)

ag g

pTzFP _ ) 1— 5 3 Ty < —=
out,1* — (M + n) acll’gi ,
1 Ty > &
ai,q
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From (41), as A, — oo, we have PIuZtFlf ~ 1 — e " which
is independent of A\, and R;, and decreases exponentially
with Pg.

2) RZF Scheme: % L2 and 'ylz‘ have the same statistical
characteristics as % " and % i, respectively, and thus the
results presented in (38) (39), (40) and (41) also hold for the
RZF scheme.

3) MRC/MRT Scheme: Both the RZF and MRC/MRT
schemes use the same transmit beamformer WMRC and accord-
ingly the presented results for the TZF and RZF schemes are
identical for the MRC/MRT scheme.

B. Outage Probability of the Far Users

1) TZF Scheme: Using the definition in (25), we analyze
the outage probability of the far users. The following propo-
sition presents the outage probability valid for an arbitrary «.

Proposition 6: The outage probability of U3 ; with the TZF
scheme is given by /

Ra— R 7r)\fR:z 1 R%
PIZF, ~ 1 vym(Rs 2)e T (NR, (1+ 1))
2MT'(Nw) ¢
Niz2 4 Nk M
2
X Z o (;) z:lzm\/l—qbfn(l—i—z%)k
k=0 m=
w e (F2+72e 5#”)\1%”) (42)
27
where vf = TUQJ_RQ)
Proof: See Appendix F. [ |

We observe that PJZ%., similar to the outage probability of
the far users with RNRF user selection, depends on the number
of receive/transmit antennas, the far user’s zone, the transmit
powers and the path loss. In particular, POTL%EZ* is decreasing

with Pg, Pg, and the number of receive/transmit antennas.

and for the special case of a = 2, the outage probability of
U3 ; can be simplified to

Ve (RS T2 Nk
P;)ruZth*: — f 5 <_2> (1’7[(1%2)_13—(]%3))7
k=0 \Pr
(43)
where H(z) = —(72+7r/\f)(1+gc)Z (1+m )J(p N
7As)77*=1 and we have used the 1ntegral identity

[30, Eq. (2.33.11)] to derive (43).

2) RZF Scheme: Based on the definition in (25) and using
similar steps as in Proposition 6, the outage probability of U5,
with the RZF scheme can be expressed as /

vym(Rs — Ry)e™ s B3 o1 (1+ R$)
2MT(Ng — 1) ¢

RZF
Pout,2* ~1-—

Nt—1

1
DI ( ) S e T+ 20"
k=0 Prd =t
N ) (44)

3) MRC/MRT Scheme: Using similar steps as in Proposi-
tion 6, the outage probability of U3, with the MRC/MRT
scheme can be expressed as (45), shown at the bottom of
this page. Equations (42) and (44) indicate that PIUZLF? and
PRZF,. are independent of 0%, whereas equation (45) shows
that Pg’l'ff%* is a function of 0% p. This is expected since both
the TZF and RZF schemes completely eliminate the SI, while
SI exists in the MRC/MRT scheme.

In the special case where N — oo and Nt — o0,
the outage probabilities of the proposed beamforming schemes
with the NNNF user selection can be simplified as (46), shown
at the bottom of this page.

C. Half-Duplex Relaying

Moreover, PgutF? depends on the density of the far users, Ay, Let us now focus on half-duplex relaying with the NNNF
while PIuZtF2 is independent of A;. In the high SNR regime user selection and MRC/MRT scheme. The outage probability
Nt—1 k M
v 7T(R3 ;- Rg)eﬂ)‘ng 1 /7 o (T2 T2 oy
PUTS. = 1- == > F(2) X VI e )

k=0 m=1

1

1 1+ R‘f) errohn ( ¢ )‘NR ( 1 1+ R‘f)
x r( Nga, - —+1) T (Ng, + (45)
I'(Nr) ( ¢ I'(Nr) PT’U}Q%R(H‘RQ PTJJQ%R ¢
N
0, ProT S Ry 41,
2 2
V- o
—T g (pTQT_1> a—Rg
Pout,o = 2;}§f e e M(B-R) | e 41 < pTQT < R§ +1, (46)
V-
1, Pl Ry +1

T2
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of Uy ; and Us; can be derived as

7TUnR1
Poutl*N Z\/ 1_¢2
x e M AFE) o o=  (47)
and
pHD 1 vrm(Rsg — Rg)e“ngr N (14+ RY)
out,2x QMF(NR) R» CHD
Nt—1 1
DIICE S IRV
4D KD ~
xe ( ot /\fz’”>, (48)
respectively.

V. OPTIMUM BEAMFORMING

The schemes discussed in Section IV enable first-hop or
second-hop SINR maximization of the far users by designing
w, or w;; separately when the other beamformer is fixed.
In this section, we propose a method for joint optimization.
Specifically, the problem of interest is to design the receive
and transmit relay beamformers, w, and w; ;, that maximize
the received SINR at the near users, given a targeted SINR
constraint at the far user. In particular, we consider a scenario
where the near users expect to be served with the best efforts,
while the far users require to reach their own quality of
service (QoS) requirement [9]. The optimization problem is
expressed as

z L
ernav)sr mm('ylz 7'7111 )
st min(vr,Y55") 2, (49)

weall = [[w || =1,

where -, is a targeted threshold SINR required by the far user.
From (7) and (8), it can be readily shown that

ag g

)
1
aiq 1 + 1,5
Y1,i

N

Z2,i

1y = (50)

which indicates that ;' ' can be expressed in terms of S
Introducing an aux111ary variable 5 > 0, (49) can be
expressed as

w T 5
st min(y 3,70 2 6, (51
min(yr,755") >t
Iweill = [[wel| = 1.
In the optimization problem (51), the constraint,
min(yy;',7y5") > 0, is equivalent to the constraints,

L1,i

Yii' = B and 475" > 3. Using (50), (7), and (8), these
constraints can be expressed as

T 2 - -
i weil” < Z8a1; — T,

B

£ weil® < (52)

N
N
==

S

N

S

=
~_

m

|
=
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<A Pst(Ui )|l ~_ _ on
where 5 SPRZ(IR U117) T = B and 22 — 3> 0.
Accordingly, the optimization problem (51) can be equiva-

lently re-expressed as

az,i

thlv%v}iﬁ b
1 .
s.t. |flzwtl| SB i— T
|fEth7i| <—a21 — )g— f,
min('YR;'YQ,i ) >,
a
B< 20 |lweall = ||w. | = 1. (53)
Q1,5

In (53), only yr depends on w,..

Obviously, for a given wy ;, the optimum w,. is the one that
wfl thng

max —Urey

[wrl|=1
where C £ Pga; /(R)hgh? + PpHprw,, inggR +021.
Thus, the optimum w, is given by w, = ﬁ Substi-
tuting this w, into yr and applying the Sherman-Morrison
formula [38], vz can be expressed as

maximizes yr. This can be expressed as

YR
— Psas i/ (R)hY [D + PrHprw, ,wiHE,] ™ hy,
Prh D Hypw, |2
1+ Prw/ HE ;D' Hrrw, ;
(54)

where D £ PsalyiK(R)thg + 031 Using yr from (54),
the optimization problem (53) is expressed as

= Psaz /(R) |hE D 'hr—

max
llwe.il|=1,8< 375

1.
s.b. wy! zf1 zf1 W < Bsal’i -7,

1 ..
(Bau - al,i) s§—=T,

wfzszszwtl>d
H
wiHE D 'Thphi D 'Herw,; < ew/ Ew, ;,

I /\

Wi, zfl zfl iWt,i

(55)
2
A _ % s 1 HTy— ¢
where d = poEd 5. € = 5 [hRD thr — Psa;,',é(]R) ,
and E £ I+ PRHgRD’lHRR. Unfortunately, the opti-

mization problem (55) does not lead to closed-form solutions
of w;,; and (3. Moreover, in its current form, (55) is not
convex. However, defining auxiliary variables 3 and Wi,
where 3 £ % and W ; £ WtJ'W]{:Ii, and then relaxing the
rank-one constraint of Wy ;, (55) can be expressed as the
following SDR problem

mm B
W, ;>0

@2 4

s.t. tr (Vmef’iflT’i) <min @§alyi—f;(ﬁa27i—a1,i)§—7:),
tr (Wyifs £ ;) > d,
tr (W, ;Hi D "hphfi D" 'Hgg) <etr (W ,E),
tr (W) =1, W, = 0. (56)
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RNRF, l"= 0.0004,.0.002, 0.004

NNNF, kn= 0.0004, 0.002; 0.004

10 "k 3

R —e—RNRF,hn=0.0004:AnaIysis
10 g —v—RNRF,%_=0.002: Analysis
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- - -Sirr]ulation

Outage Probability of the Near Users

1075 T T L
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Fig. 2. Outage probability of the near users versus P for the RNRF and
NNNF user selection strategies with different density of the near users where
R; =100 m.

The SDR problem (56) is in standard form. Analyzing its
Karush-Kuhn-Tucker conditions and following a similar pro-
cedure as in [36], it can be shown that a rank-one optimum
solution can be recovered from the solution W, ;. In this
regard, the SDR problem in (56) is equivalent to the original
problem (55). Then, w; ; is simply the eigenvector correspond-
ing to non-zero eigenvalue of Wy ;.

VI. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results to validate
our analysis, demonstrate the performance, and investigate
the impact of key system parameters. The noise power spec-
tral density is —174 dBm/Hz, the transmission bandwidth
is 20 MHz, f. = 2.5 GHz [39] and we assume a normalized

noise power of % = —50 dBm. We set a; = 0.2, as = 0.8,
a = 3, and Ry = Ry = 1 bps/Hz [10], [18]. Unless
otherwise stated, we take ¢, = 10 dBm, 0'12;“% = —40 dBm,

and P = Pr = g, where P is the total transmit power.

A. Outage Probability of the Near Users

Fig. 2 shows the outage probability of the near users versus
P for the RNRF and NNNF user selection strategies, where
the analytical curves are based on Propositions 1 and 5.
A close match between the analytical (solid line) and sim-
ulation (dashed line) curves can be observed. In addition,
results, not shown here, confirmed that the derived outage
probability bounds in (39) for the NNNF user selection are
tight. This is because, in the NNNF user selection strat-
egy, the distance of the nearest user to the AP, i.e., dew
approaches zero, and hence the term 2R de,i cos(0,— 0;) in
druy, = R2+ deJl*i —2Rydy; , cos(0,—0;) is small, which
makes the difference between the bounds and the exact values
negligible. Fig. 2 also shows that the NNNF strategy exhibits
a superior outage performance in comparison to the RNRF
strategy. Moreover, the outage probability of the near users
with the NNNF strategy depends on the near user density A,
as elucidated in Subsection IV-A, while with the RNRF
strategy, the corresponding outage probability is independent

|| —e—RNRF, R =150 m
——RNRF, R1=100m
——RNRF, R=70m
—4—NNNF, R =70m
—a— NNNF, R1=100m
1073 —s— NNNF, R,=150 m

-10 0 10 20 30 40
P (dBm)

10"

Outage Probability of the Near Users

Fig. 3. Outage probability of the near users versus P for different radii of
the near user’s disc, R1, where \,, = 0.0004.

0

10

10 ¢ E

10

—s—RNRF, HD
—o—RNRF, FD, =10 dBm

——RNRF, FD, q,=0 dBm L

—o—NNNF, HD
3|| —&—NNNF, FD, q =10 dBm

10 H
—#—NNNF, FD, =0 dBm

Outage Probability of the Near Users

-10 0 10 20 30 40
P (dBm)

Fig. 4. Outage probability comparison between the full-duplex (FD) relaying
and half-duplex (HD) relaying versus P for different levels of inter-user
interference strength where 21 = 100 m and A\, = 0.0004.

of \,. In particular, for the NNNF strategy, as the near user
density A, or the number of near users given by /\nﬂR%
increases, the outage probability of the near users decreases.

We investigate the impact of changing 27 on the outage
performance in Fig. 3. Increasing R; has two effects on the
outage probability of the near users, namely, (i) increasing the
path loss (a negative effect), and (ii) increasing the distance
between the user and the selected relay (a positive effect). The
latter effect becomes dominant under NNNF user selection,
which leads to an improvement in the outage performance.
Specifically, in the NNNF strategy, the nearest user to the AP
is selected as the near user and increasing R; will not change
its position notably. On the other hand, the outage performance
of the near user degrades due to the interference from the
relay to the near user, which decreases as R; is increased.
As a result, the performance gap between RNRF and NNNF
strategies increases with increasing R;.

In Fig. 4, the outage behavior of the full-duplex and half-
duplex relaying is compared for the RNRF and NNNF strate-
gies with different levels of inter-user interference strength
under the “RF chain preserved” condition [7]. In the regime
of larger values of P, half-duplex relaying yields a better
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Fig. 5. Outage probability of the far users versus P for TZF beamforming
where M7 =3 and Mp = 2.

outage performance. However, full-duplex relaying is shown
to yield favorable outage performances in the low-to-medium
range of P, especially for the NNNF user selection. Interest-
ingly, when compared to the half-duplex relaying, the full-
duplex relaying can reduce the outage probability by about
63% and 55% in the NNNF and RNREF strategies, respectively,
at P =30 dBm.

Finally, Figs. 2, 3, and 4 depict that the outage probability
of the near users in the full-duplex relaying shows an out-
age floor at high power values, for both RNRF and NNNF
strategies. This is expected because the inter-user interference
at the near users will be maximal with high relay transmit
power, which reduces the outage performance. Sophisticated
beamforming designs are capable of eliminating this floor,
however, the penalty paid in the design is the additional CSI
burden.

B. Outage Probability of the Far Users

Fig. 5 shows the outage probability of the far users versus P
with the RNRF and NNNF strategies, TZF beamforming and
different number of relays, where the analytical results are
based on Proposition 2 and Proposition 6. Unless otherwise
stated, the values of Ry, Ro, and R3 are set as 100 m, 400 m,
and 500 m, respectively, and Ay = 0.0004. It is observed that
the NNNF user selection achieves a superior outage perfor-
mance as compared to the RNRF user selection. Fig. 5 also
shows that there is a difference between the approximate and
simulation results. This is because the analytical approxima-
tions in Proposition 2 and Proposition 6 are derived under the
assumption, Ry > Ry where ((R, Uy ;) =~ ¢(Us ;). In addition,
simulation results, not shown here to avoid clutter, showed
that the deviation between the analytical and simulation results
decreases as either R decreases or 25 increases.

Fig. 6 shows the outage probability of the proposed beam-
forming schemes with different antenna configurations for the
RNREF user selection. In the ZF-based beamforming schemes,
since the relay is capable of canceling SI, we see that the
outage probability decreases with increasing P. However,
increasing the relay transmission power results in a strong SI

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS
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Fig. 6. Outage probability of the far users versus P for the beamforming
designs with different antenna configurations and RNRF user selection.

(100, 300, 500)

\
(25, 125, 150) (solid lines) _.!
A

10k
(25, 75, 150) (dashed lines)

f|—e—RNRF, TZF
—a—NNNF, TZF

Outage Probability of the Far Users

10| =+~ RNRF, MRC/MRT .
——NNNF, MRC/MRT| NS
5 10 15 20 25 30 35 40
P (dBm)

Fig. 7. Outage probability of the far users versus P for different R1, Ra,
and R3, (R1, R2, R3) in meters, where Mp = 3 and Mp = 2.

in the MRC/MRT scheme, and hence the outage probability
shows a floor at high SNRs. Comparing the TZF and RZF
schemes, we see that the outage performances of TZF (3,2)
and RZF (2,3) (or TZF (4,2) and RZF (3, 3)) are the same.
Moreover, for the case with My = Mpg, RZF achieves a
better performance. For the TZF with (Mp,2), we see that
the additional transmit antenna could increase the SNR of the
second hop and enhance the outage performance. However,
the outage performance of RZF (2, M) is less sensitive to
Mp, since in the considered system, the second hop channel
is more critical for the outage performance than the first
hop channel. This observation shows that it is not always
possible to deliver a notable performance improvement by
simply increasing the total number of antennas, and therefore
the configuration and beamforming design have to be carefully
decided.

The far user outage probability with beamforming designs
and user selection strategies for different radii, R;, Ro,
and Rs, is shown in Fig. 7. It can be observed from this
figure that increasing R3 (the outer radius of the far user’s
ring) degrades the outage performance of both the RNRF and
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Fig. 8. Outage probability gain of the far users versus O’%R for the
RNREF user selection and different beamforming designs with different antenna
configurations.

NNNF strategies due to the larger path loss. The negative
impact on the outage probability is more pronounced in the
case of the NNNF user selection with MRC/MRT beamform-
ing. Also, for the fixed values of R; and Rs reducing Ro
can improve the NNNF outage performance, however, for the
RNREF strategy, the improvement is marginal. The impact of
different beamforming designs on the outage performance is
more significant with the NNNF user selection. Interestingly,
with the RNRF user selection, in the case of R; = 25 m,
Ry =125 m and R3 = 150 m, MRC/MRT outperforms TZF
in almost all transmit power regimes.

In Fig. 8, we compare the full-duplex and half-duplex
relaying for different levels of SI and the RNRF user selection.
More specifically, we plot the ou&gge probability gain which

is defined as Gj(Mrp, Mp) = —22 j ¢ {TZF,RZF, MRC}

Plut,2
versus the SI strength, o%p. We see that the full-duplex
relaying can significantly outperform its half-duplex coun-
terpart. Nevertheless, when SI strength is low (0chp <
—53 dBm), the gains achieved by the ZF-based designs appear
to be limited when compared to the MRC/MRT scheme;
e.g., Grze(3,2) = 3.45 as compared to Gygrc(2,2) = 10
at 0% = —70 dBm. In this region, MRC/MRT(3, 2) exhibits
the largest gain. As observed, ZF-based designs do not suffer
from SI, and hence Gtzr and GRrzr remain constant. On the
contrary, Gugrc decreases as 012% R increases.

C. Performance Comparison Between the Optimum
and Suboptimum Beamforming Schemes

Fig. 9 compares the average SINR at the near users due to
the optimum and TZF beamforming designs for the RNRF and
NNNF user selection strategies. Since the received SINR at
the near users are the same for the TZF, RZF, and MRC/MRT
schemes, we only present results for the TZF scheme. Fig. 9
shows the superiority of the optimal design over TZF design,
which improves with the increasing transmission power. Fur-
ther, it can be observed that in the relay-assisted NOMA
system with the TZF beamforming, there is a noticeable
difference between the received SINR for the RNRF and

Received SINR at the Near Users

24, . N
; - % - NNNF, Optimum
20l 4 —e—NNNF, TZF
/) =¥ RNRF, Optimum
A ——RNRF, TZF
f i i ‘
20 25 30 40
P (dBm)
Fig. 9. The received SINR at the near users versus P for different

beamforming designs where M7 = 4 and Mp = 2.

NNNF user selection strategies, whereas with the optimum
beamforming, RNRF converges to the NNNF at high transmit
power regime. Therefore, with optimum beamforming and in
the high SNR regime, the RNRF strategy provides a better
performance/implementation complexity trade-off compared
to its NNNF counterpart. This is a promising result since the
RNRF scheme does not require the CSI knowledge of the users
and provides greater fairness than NNNF. This observation
reveals that the inferior performance exhibited by the RNRF
in general, can be improved up to a satisfactory level when
the optimum beamforming strategy is adopted.

VII. CONCLUSION

We considered downlink NOMA transmission between an
AP and two sets of users aided by a full-duplex multi-antenna
relay. We proposed both optimum and suboptimal beamform-
ing schemes and derived expressions for the outage probability
of the RNRF and NNNF user selection strategies. Special
cases, where closed-form expressions were possible along with
bounds on the outage performance, were also presented. Our
results suggest that, with suboptimal beamforming designs
there is a non-negligible performance difference between the
RNRF and NNNF user selection strategies, whereas in the
system with optimum beamforming, the RNRF user selection
performance converges to its NNNF counterpart at high trans-
mit power regime. Moreover, NNNF user selection is more
favorable than the RNRF user selection for the networks with
a larger radius of the near user zone. We also showed that
ZF-based beamforming significantly improves outage perfor-
mance of the far users, while the MRC/MRT scheme is more
efficient for scenarios with low SI interference or scenarios in
which the radius of the far user’s zone is large. In addition,
full-duplex relaying with the proposed beamforming designs
outperforms half-duplex relaying.

As for future work, it would be interesting to combine
NOMA and fractional frequency reuse-based schemes to
further improve the performance especially in a multi-cell
network as well as to investigate the performance of various
transmission schemes with a multi-antenna AP.
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APPENDIX A
PROOF OF PROPOSITION 1
Let Yo = [ff,wff|? and Y1 = |hy 4>, Applying (15)
and (16) into (14), the outage probability for U; ; can be
written as

PTZF _ | _pr ( psaz,it(Ui)Y1
out,1 psar,il(Ur:)Y1+p (R, UL ;) Yo + 1
psa1il(Ur,:)Y1 - >
prl(R,Uy,;)Yo + 1 '

1
= Pr <p7~£(R, Ul,i)YO +1> ;g(Ulyz)Yi) .

> Ty,

(57)

1. On the

other hand, when 75 < %, conditioned on Yj, POTut 1 can be
expressed as ’

a

In (57), if 72 > %%, 4 < 0, and hence P3Z", =

TZF
Pout 1=

Pr (Yr < (prl(R, U1 4)Yo + 1) K(TZ )> (58)

Note that we model the locations of the near and far
users as i.i.d. points in D, and Dy, which are denoted by
Wy, and Wy, respectively, with their corresponding pdfs

Ao Af 1
an J(wn i) = i Rl and fo (wyi) = pf = TR
Therefore, (58) can be expressed as

Pt

W(prrl(R,Ur,i)erl)) ie,%
qr

us (o)
NG

X f@ an 7(wn z)dyde dwnz

e(Ula)
e f L

X d@idwm,

f@i (ez)fW,,, (wn,i)
(59

qrpru g R, U, Z)

where (a) follows from the fact that Yy and Y; are exponential
RVs with the cdfs Fy, (y) = 1—e~%/% and Fy, (y) = 1 — e ¥,
respectively. Substituting fo,(0;) = 5= and fw, (W)
into (59), we get the desired result in (17).

APPENDIX B
PROOF OF PROPOSITION 2

Let us denote Y2 =|/hg||? and Y3 = [|f2.5||%. Substituting 7

into (25), PoTuZtF2 can be written as

psaz.il(R)Y,
I) — T G  ~
r (psal’iﬁ(R)Yg—i—l <72
P ( psaz,l(R)Y,
psar il(R)Yz+1

~ T2,

and 7,

TZF
Pout 2=

>7'2> Pr (pTE(R, ng)Y}, < TQ).
(60)

The RV Y5 follows a chi-square distribution with 2 Ng degrees-
of-freedom (DoF). Moreover to guarantee the implementation
of NOMA,

PIuZtFQ can be written as
Posa
1 1+R‘f‘) 1 ( 1+R¢11>
=1————I|{ Ng, + U Ng, —/—L
T'(Nw) < R ) T TN R T

x Pr (prg(R, UQ’i)Y3<7—2). 61)
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The next step is to compute Pr(p,l(R,Us ;) Y3 < 73),
wherein the RV Y3 follows a Chi-square distribution with
2(Nt — 1) DoF. Moreover, since Ry > R;, we have
(R, Us ;) =~ £(Usz,;) [10]. Accordingly,

Te ]\ﬁr—%Z
Pr(Ys < ———) = 1—e(F)0+r)
r< 3 pTE(UQ,i)) ~/Df ( ¢ Z k!
T2 k
x (p—) (1+r0‘)k)fwf,i(wf7i)dwf7i. (62)

Applying fw, ,(wy;) = @, (62) can be simplified as

T2 2
Pr(ys < — 2 J=1-— =
r( 55 (U, i)) RQ—RQ
R
></ 3( (FR)(+r) Z <2> (142 ))rdr
Ro lC'
Nt—2 k
2 1 7'2)
=1= — (= Yo, (63)
where ¥y = fIfS (14 7o)k e~ (72)047) 1 dr. For an arbitrary

a > 2, Uy is intractable. Therefore, we apply the Gaussian-
Chebyshev quadrature method to find an approximation of ¥
as follows

Mzzm T=2, (1422 )

Uy~ —(3)a+z)

(64)

By substituting (64) into (63) and then the result into (61),
we obtain (26).

APPENDIX C
PROOF OF PROPOSITION 3

Invoking (25), and substituting w"’IRC and WMRT into (5)
and (10), the outage probability of the far users with the
MRC/MRT scheme can be expressed as

— Pr ( Ps@2; ze(R)YQ )
psa1 il(R)Ys + p, Yy + 1
> ’7'2>

sa2 i L(R)Y:
Pr < psa2,it(R)Ys
psa1il(R)Ys + prYy 41

x Pr (prg(R, UQ’i)YS < 7'2) ,
where Y, = |w, has an exponential dis-
tribution with parameter 0%, and Y [|[£2.:]|% follows
a Chi-square distribution with 2Nt DoF. Pg{']'fcz can be
re-expressed as

MRC
Pout 2 —

(65)

MRC MRT |2
Hrrwyi |

L(R)Y,
pPMRC _ | _p Ps2,i
out.2 ' psal,ze(R)YQ +pr Y+ 1 .

X Pr (pTK(R, UQ’i)}/g) > 7'2) .

(66)

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107



1108

1109

1110

111

1112

1113

1114

1115

1116

117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

MOBINI et al.: BEAMFORMING DESIGN AND PERFORMANCE ANALYSIS OF FULL-DUPLEX COOPERATIVE NOMA SYSTEMS 15

Using similar steps as in Proposition 2 and the approximation
{(R,Us,;) =~ £(Us;), we can write

Pr (pl(Uz,:)Ys > 72)

Nt—1

N T Z 1 /71 k
- M(Rs+Rz) &= k! (Pr)
M
x> 2 /1= 62, (14 20)F = ()00 (67)

Thus, the remaining task is to compute I 2
P psaz il(R)Ys
psar,il(R)Yotp, Ya+l

I= /OO (1 - e_%)fm(y)dy

1

>7'2) which can be expressed as

CL(R)
1 1 ek ( CU(R) )NR
‘rwmrchmam> rwm(m@m+1
1 1
XF<NR’M+W>’ ©%

where fy,(y) = % is the pdf of the RV Y5 and
[30, Eq. (3.351.2)] was used to simplify the integral. Finally,
combining (67) and (68), we obtain (31).

APPENDIX D
PROOF OF PROPOSITION 4

Substituting (34) and (35), into (14) we obtain
pHD _ | _pr ( psaz il(Ur;)Y1 o~

out.t psa1,:4(U1:)Y1+1 ‘&
psar,il(Up)Vi > T{'D) : (69)
which can be written as
HD 2 B —u (1)
Pouta =1— 53 e rdr, (70)
Rt Jo

for 7HP < 221 Applying the gaussian-Chebyshev quadrature

approx1mat10n into (70), the outage probability of U; ; with the
half-duplex relaylng can be expressed as (36) if THD <3 2z, ’.
Otherwise, Pg'u'i 1 = 1. Moreover, plugging (10) and (33)

into (25), Pout 5 can be expressed as

HD
Pout 2

psaz il(R)Ys HD>
p— P —’
' <psa1,¢€(R>YQ+1 E

_psa2il®)Ve o
I (psal,ig(R)YQ—f—l Pr(P (R, Uy z)Y5<T2 )7
(71)

where Y5 = |f2,]|?> follows the Chi-square distribution
with 2Nt DoF. Using similar steps as in Proposition 2,
we obtain (37).

APPENDIX E
PROOF OF PROPOSITION 5

Similar to (58), PIUZLFP for U ; can be written as

PLE =Pr(Vi< (pt(R,UF Yo +1) 5~

By following

E(Ufz ‘YO;NUl > 1)

(72)

similar steps as in the derivation of (59), PJZF;.

for U, can be written as

R L — «
pTZF 1 1 (1_ e~ h(1+r%) )
ot T or Jo Ja 1+ arprpp(l+r2)

+(R%+fr2—2rRlcoe(9 —0; )) 2

X [ (r)d0;dr, (73)

where f,~(r) is the pdf of the shortest distance from U7 ; to
the AP, which is given by [10]

fae(r) = vgre=™ " (74)

Substituting (74) into (73), the proposition is proved.

APPENDIX F
PROOF OF PROPOSITION 6

The outage probability of U3 ; can be expressed as

a9 L(R)Y:
PIuZtF2* = Pr (_p a2, (R)Y,

< 1|Ny, > 1
psail(R)Yz + 1 m2No, 2 >

psaz, il (R)Y,
Pr{ —————~—— Ny, > 1
+ Pr (Psalyig(R)Y’Q +1 > TQ| Uy Z

x Pr(prl(R,U3,)Y3 < 12|Ny, >1).  (75)

Since Ry > Ry, we can approximate ¢(R,Us ;) ~ {(Us ;)
and PI2F,. can be evaluated as

out,2*

TZF
Pout 2*

1
=1—

1+R 1 1+R¢
HMJ(M“ <)+NM$(M“ c)

Pr <Y3<€(7U2’L)|NU2 >1> (76)

We note that Y3 is a Chi-square distributed RV with 2(Nt—1)
DoF, and thus

T2
Fy, | ——
’ (prf(Uii))
R. Nt—2 k
3 T2 a 1 T
— 1— e~ (F2)a+r) (=
Ji (= 2l

k
X <1 + 7"0‘> fi(r)dr, (77)

where f(r)
nearest U7 ;.

= vfre’”)‘f(TLRg) [10] is the pdf of the
Next, substituting f}‘(r) into (77), we obtain
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Fy, (#@)) —1_ ,UfeTr)\ng EkNlaQ % (%)k\lll, where
¥ = }};23 e Gt arrtma®) (1+7r)*rdr. An exact
evaluation of ¥ is mathematically intractable. Hence, we use
the Gaussian-Chebyshev quadrature method to find an approx-
imation as

W1~Mzzm*/1—¢2 (1422 )

m=1

T2 T2

xe (Pr mATAs 20, )

or Fm

(78)

Substituting (78) into FYJ(W) and next the result
into (76), we arrive at the desired result.
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Abstract— We consider downlink non-orthogonal multiple
access transmission where an access point communicates with
a set of near and far users via a full-duplex multiple antenna
relay. To deal with the inter-user interference at the near user
and self-interference at the relay, we propose the optimum and
suboptimal beamforming schemes. In addition, we consider two
different user selection criteria, namely: 1) random near user
and random far user (RNRF) selection and 2) nearest near user
and nearest far user (NNNF) selection, and we derive the outage
probabilities of the near and far users. Our findings reveal that
as compared to half-duplex operation, full-duplex relaying can
reduce the outage probability of the near users up to 63% in
the case of NNNF user selection. With suboptimal beamforming
schemes, the NNNF user selection shows a superior performance
as compared to the RNRF user selection for all choices of transmit
power, while with the optimum beamforming, the performance
of the RNRF user selection converges to the NNNF user selection
at high transmit power. The simulation results are provided to
confirm the accuracy of the developed analytical results and
facilitate a better performance comparison.

Index Terms—Full-duplex, non-orthogonal multiple access
(NOMA), stochastic geometry, beamforming.

I. INTRODUCTION

HE spectral efficiency of future fifth generation (5G)
systems is expected to significantly increase as compared
to the fourth generation (4G) mobile communication systems.
To this end, non-orthogonal multiple access (NOMA) has
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been recognized as a promising technology to achieve high
spectral efficiency. According to the principle of NOMA,
by exploiting the power domain, multiple users are multi-
plexed simultaneously to use the same radio resources [2].
Therefore, NOMA deviates from current orthogonal multiple
access (OMA) techniques that allocate one resource block
exclusively to serve a user. In NOMA systems, multiplexing
several users on the same frequency channel causes multiuser
interference (MUI) which must be removed with the help
of sophisticated successive interference cancellation (SIC)
receivers. There is already a sizable body of literature on the
theory and practical aspects of NOMA systems, where the
compatibility of NOMA with other 5G key technologies such
as multiple-input multiple-out (MIMO) transmission has been
highlighted [3].

On a parallel development, in-band full-duplex operation
has recently received significant attention, because of its
capability to double the spectral efficiency of traditional half-
duplex relaying [4]. Although full-duplex radars have been
around since the 1940s, the self-interference (SI) problem is
considered as one of the key challenges encountered in the
design of full-duplex communication systems. A full-duplex
transceiver can transmit and receive simultaneously in the
same frequency band. Therefore, to implement full-duplex
transmission at a transceiver, SI due to its own transmission
to the incoming signal must be mitigated [5]. Today, passive
cancellation methods, e.g., placement of radio frequency (RF)
absorbers, use of wavetraps, directional antennas etc., comple-
mented by active analog and digital cancellation stages, have
been proposed to effectively suppress the SI [6]. Moreover,
if full-duplex terminals are empowered with multiple antennas
or massive arrays, spatial mitigation techniques can be used
to further control the harmful effects of SI [5], [7]. Therefore,
SI can be canceled to an acceptable level, and the practical
implementation of full-duplex transceivers in modern commu-
nication systems will soon become a reality.

An ongoing main challenge for NOMA networks is that the
co-existence of the near and far users results in a performance
degradation for the far users [3], [8]. The performance of
these networks however, can be further improved by using
user cooperation [8]-[10] or dedicated relays [1], [11]-[22].
In user-assisted cooperative NOMA, a user with a better
channel conditions, also referred to as the near user, helps
the far user which is likely to experience a poor connection
to the access point (AP) since the former is able to decode

1536-1276 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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the desired information and the information intended for the
latter [8]. In relay-assisted NOMA systems, a dedicated relay
is employed to assist the far user [11]. There has been a
growing body of research that investigates the design of
relay-assisted NOMA systems. In [11], a dedicated relay has
been used to design a multiuser MIMO cooperative NOMA
system with better outage performance. In [12], the exact
and asymptotic expressions for the average rates of a relay-
assisted NOMA system over Rayleigh fading channels have
been developed. The capacity scaling law of a NOMA system
with coordinated direct and decode-and-forward (DF) relay
transmission has been derived in [13]. Amplify-and-forward
relay-assisted NOMA transmission of [14] has been shown to
achieve a superior coding gain as compared to a cooperative
OMA strategy. In [15], a detection scheme that can be applied
in relay-assisted NOMA to achieve significant performance
gains has been proposed. The work in [16] has considered
NOMA performance for a scenario where two DF relays
are used to help source-destination transmission. A two relay
NOMA model has also been studied in [17] where the relays
either apply dirty paper coding or use time division multiple
access to serve two users. Relay selection is a popular tech-
nique considered in the present literature to combat fading and
reduce the system complexity. In the context of cooperative
NOMA, different relay selection criteria have been considered
in [18] and [19] and these existing studies show that increasing
the number of cooperative relays helps to improve the perfor-
mance significantly. In [20] and [21], the resource allocation
and relay beamforming schemes for the relay-assisted NOMA,
capable of significantly outperforming OMA schemes, have
been studied. Several works have also studied the perfor-
mance of the relay-assisted NOMA in specific application
scenarios such as simultaneous wireless information and power
transfer [22].

Common to all of the above works [8]-[22] is the half-
duplex operation assumption at the relaying node. On the
other hand, the complementary nature of NOMA and full-
duplex can be combined to satisfy the high spectral efficiency
requirements of 5G and beyond communications [23], [24].
However, full-duplex cooperative NOMA transmission intro-
duces several challenges such as SI due to signal leakage
from the relay’s output to the input and inter-user interference
at the near user [24]. In [25], a full-duplex device-to-device
aided cooperative NOMA scheme was proposed, where the
full-duplex near user assists the base station transmissions to
the far user. In [26], a full-duplex relay-assisted cooperative
NOMA scheme with dual-users was examined. It was shown
that the proposed full-duplex relay-assisted NOMA system
in [26] achieves better performance than the half-duplex one
in the low to medium signal-to-noise ratio (SNR) regime. The
authors in [27] provided the diversity analysis of a hybrid
full-duplex/half-duplex user-assisted NOMA system with two
users. In [28], the performance of a full-duplex NOMA
system is investigated, where uplink and downlink NOMA
transmissions are simultaneously carried out.

In this paper, unlike references [25]—[28] that have analyzed
two-user full-duplex NOMA systems with and without single-
antenna relay, we study the performance. of a full-duplex
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multiple antenna relay-assisted NOMA system. The multiple
antenna assumption allows us to study the NOMA perfor-
mance with different beamforming designs and achieve spatial
domain SI suppression at the relay. Moreover, we employ
stochastic geometry for modeling the locations of the users
and include a user selection scheme into our system model.
Similar to [10], the users close to the AP are grouped together
while the users near to the cell edge form another group.
In particular, we consider two groups of users: near users,
randomly deployed within a disc, and far users, randomly
deployed within a ring, where their respective locations are
modeled as homogeneous Poisson point processes (PPPs).
In addition, we employ the concept of opportunistic scheduling
which is effective in improving the performance of multiuser
networks [29]. Accordingly, we assume that the AP commu-
nicates with only one selected near user and one far user with
the assistance of one selected relay and consider the following
user selection strategies, namely (i) random near user and
random far user (RNRF) selection and (ii) nearest near user
and nearest far user (NNNF) selection [10]. In this paper,
we focus on beamforming design and performance analysis
and leave other sophisticated user selection strategies which
may further improve the performance as a future research
direction.

We employ suboptimum beamforming methods such as
maximum ratio combining (MRC), maximal ratio transmis-
sion (MRT), and zero-forcing (ZF) at the relay, to obtain
receive and transmit beamformers which mitigate the SI effect.
Moreover, the beamformer optimization problem is formulated
and solved using an efficient approach.

The main contributions of this work are as follows:

o We consider both inter-user interference at the near user
and SI at the full-duplex relay and derive the outage
probabilities of the RNRF and NNNF user selection
strategies, when several suboptimum beamformers are
applied at the relay. In order to highlight the system
behavior and provide important insights into the per-
formance, closed-form upper and lower bounds on the
outage probability as well as simple expressions valid
for certain special cases are also presented. These studies
reveal the effects of key system parameters, such as the
number of relay antennas; the strength of the residual
SI and residual inter-user interference; user zone and
density on the system performance. A key observation
is that the proposed suboptimum beamforming schemes
achieve the same outage performance for the near users.
However, they provide different tradeoffs among the
system performance, complexity, and user fairness.

e An optimum receiver and transmit relay beamformer
design, based on the semidefinite relaxation (SDR)
approach, is proposed, where the objective is to maximize
the signal-to-interference-plus-noise ratio (SINR) at the
near user while guaranteeing that the SINR at the far
user is above a certain value. Our results show that
with the suboptimum designs, the NNNF user selection
scheme achieves superior SINR performance compared
with RNRF in all the transmit power regimes. From
analysis based on single-antenna systems, it has been
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understood that NNNF performs better than RNRF in
almost all cases [10]. However, with the help of opti-
mum beamforming and for high transmit power regime,
we find that the performance of RNRF can be as good
as NNNF. This is a promising result since RNRF can
be implemented without knowledge of CSI and provides
greater fairness than NNNF.

e Our findings reveal that the full-duplex relaying can
reduce the outage probability of the near users up to
63% in the case of NNNF user selection and up to 55%
in the case of RNRF user selection as compared to the
half-duplex relaying. In addition, increasing the number
of transmit antennas significantly improves the far user
outage performance of the MRC/ZF beamforming design,
while the outage performance of the ZF/MRT design is
slightly improved by increasing the number of receive
antennas. Interestingly, simulation results show that the
impact of particular beamforming design on the outage
performance of the far users is more significant for
the NNNF user selection than that for the RNRF user
selection. Also, the MRC/MRT scheme outperforms other
suboptimal designs for scenarios in which the radius of
the far user’s zone is large.

Notation: We use bold upper case letters to denote matrices,
bold lower case letters to denote vectors. The superscripts
()%, ()T, and (-)" stand for conjugate, transpose, and con-
jugate transpose, respectively; E {«} denotes the expectation
of the random variable x; the Euclidean norm of the vector
and the trace are denoted by || - ||, and tr(-), respectively;
CN(p,0?%) denotes a circular symmetric complex Gaussian
random variable (RV) with mean y and variance o2; T'(a) is
the Gamma function; I'(a,x) is upper incomplete Gamma
function [30, Eq. (8.350)].

II. SYSTEM MODEL

Consider a network with an AP and two groups of randomly
deployed users: near and far users as shown in Fig. 1. The
near users {Uy;}, ¢ = 1,---, Ny,, are deployed within a
disc of radius Ry, denoted by D,,, and the far users {Usz},
1=1,---, Ny,, are deployed within a ring of inner and outer
radii R, and Rs.! denoted by Dy, In order to make ensure
that the performance analysis for the far users is tractable,
we assume that Ro > R;. The locations of the near and far
users are modeled according to PPPs ®,, and @/, respectively,
with the densities A, and Ay. We focus on the downlink
NOMA transmission with one near user and one far user.
Specifically, in this system set up, there is a direct link between
the AP and near user U;; while such a link does not exist
between the AP and the far user Us; [13], [26]. In order to
assist far user communications, we exploit K full-duplex DF
relays, {R;}, k=1, -, K, symmetrically deployed at a dis-
tance R from the cell center in a circular fashion, that forward

10nce values for Ry and Rs are decided for performance optimization,
intermediate users that neither fall into the near user nor far user categories
could be served using OMA resources [10] since the use of NOMA resources
for the intermediate users will not significantly enhance the spectral efficiency,
compared to that of OMA [31].

——» Information link

________ -+ Interference link

——————————— » Self-interference

Fig. 1. The considered downlink NOMA system model with relay-assisted
transmission, wherein Uy ; and Us ; are the selected near user and selected
far user, respectively, R is the selected FD relay, and Hrr and f; ; are the
residual SI and inter-user interference channels, respectively.

the information to the far users. Randomness of the relay
locations might provide further performance improvements at
the expense of increasing system implementation complexity.
Hence, our model assumes deterministic deployment of the
relays [32], whereas random deployment is left as a future
research direction.

We assume a single-antenna AP communication aided by
the infrastructure-based relays where each relay is equipped
with Nr antennas for reception and N antennas for transmis-
sion. This model with a single antenna AP facilities system
analysis and the derived expressions are useful to obtain
design insights. Moreover, in the considered NOMA downlink
transmission, the signal is processed through a single RF
chain and transmitted from the AP antenna. Also, signal
reception at the users is performed using a single antenna and
a receive RF chain. For a more realistic propagation model,
we assume that the links experience both large-scale path loss
effects and small-scale fading. Rayleigh distributed channel
coefficients are approximately constant over an observation
time, 7', (corresponding to the channel coherence time) and
vary independently between different slots. As appropriate,
we define the distance dyy between node § € {AP,Ry}
and # € {U1;,Us2,,Ry}. The bounded path loss model
0t #) = H% between node # and # is used, which
guarantees that the path loss is always greater than one even
if dyx < 1, where a > 2 denotes the path loss exponent,
and By = (ﬁ)Q, denotes the free space path loss at a
transmitter-receiver separation distance of 1 m at the carrier
frequency, f. [33], [34]. For notational convenience, if node
f is the AP located at the origin, the index f will be omitted,
ie., ((AP,#) = ((#) and dapy = dy. Before transmission,
two users U;; and Usp; are selected to perform NOMA
transmission with the aid of the selected relay, denoted by R,
where the selection criterion for user selection and relay
selection will be discussed in Subsection II-B.
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A. Transmission Protocol

According to the NOMA concept [2], the AP transmits
a combination of messages to both users and the selected
relay R as

S[TL] = \/Psalﬂixlyi[n] + PSCLQ_’Z'IEQJ'[TL], (1)

where Ps is the AP transmit power and zy,,k € {1,2}
denotes the information symbol to Uy ;, and ay,; denotes the
power allocation coefficient, such that a1 ; + a2; = 1 and
a1, < az;. Since the selected relay R operates in the full-
duplex mode, it simultaneously receives s[n| and forwards r[n]
with power Pr to the Us ;. The received signal at R can be
expressed as.”

yr[n] = VEL(R)hgs[n] + Hrrr[n] + ngn], 2)

where we model the Nr x N residual SI channel Hgrp
as identically independent distributed (i.i.d) CN(0,0%p)
RVs [5], [6], hg € CMr*! is the channel between the AP
and R and its entries are i.i.d, CN(0,1), ng[n] is the
additive white Gaussian noise (AWGN) at the relay with

E {anTR} = 031, and 7[n] is the transmitted relay signal

satisfying E {r[n]rT[n]} = Pg, given by
3

where 0 accounts for the time delay caused by relay process-
ing [5]. Since the relay R adopts the DF protocol, upon
receiving the signal, it first applies a linear combining vector
W, on yp to obtain an estimate of s[n|, denoted by §[n], as

3[n] = \VU(R)wlhgs[n] + wiHggr[n]4+wing[n]. (4)

Next the relay decodes the information intended for U ;
while treating the symbol of U; ; as interference [26]. Finally,
the relay forwards wxo;[n — 4] to Uz, using the transmit
beamforming vector wy ;. Let ||wy;[|? = ||w,|* = 1. The
received SINR at the selected relay R is given by

. Psag_’ig(R”WihRP
Psay /(R)|wihg|? + PrlwiHgrw; > + 0123'

r[n] = v/ Prwy ;2 [n — d],

YR 5)

On the other hand, the received signal at U, ; can be written as

ylyi[n] = é(U17i)h17i8[n] -{—1 / PRK(R, Ul)i)flijiwtﬂi:cgyi[n—(ﬂ

+n14nl, (6)

where hy,; ~ CN(0,1) is the channel between the AP and
Ui, f15 € CN7>1 denotes the channel between the relay
and Uy ;, and ny;[n] ~ CN(0,02 ) denotes the AWGN at

the Uy ;. Moreover, ((R,U; ;) 1+d+ with dgy, |
RUL ; '

R% +df, . — 2Ry dy, , cos(0, — 0;), where 6, denotes the
angle of the selected relay R from reference x-axis and 6;

denotes the angle of the U;; from reference x-axis, —m <
GT - 91' S .

2In practice, ideal SI cancellation is impossible to achieve since transmit
distortion noise due to front-end hardware imperfections is not perfectly
known [5]. Accordingly, in our transmission protocol, we consider the effect
of residual SI
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It is assumed that xz2,;[n — 6] is known to Uj;, and
thus U;; can remove it via interference cancellation [26].
Nevertheless, here, we consider the case of imperfect inter-
ference cancellation wherein U;; cannot perfectly remove
x2 i[n—0]. In particular, we model the elements of the Ny x 1
channel f;;, known as the inter-user interference channel,
as i.i.d CN(0,¢q. x 1) RVs, where g, represents the strength
of the inter-user interference [26]. Specifically, ¢, = 0 implies
perfect interference cancellation at Uy ;.

Applying the principle of NOMA concept, SIC is carried
out at Uy . In particular, Uy, first decodes the message
of Us,, i.e., x2;, then subtracts it from the received signal to
detect its own message, if x2 ; is decoded correctly. Therefore,
the received SINR at U; ; to detect x5 ; of Us; is given by

T24

o Psas i0(Uy )|y if?
Y Pgay il(Un ) hayi|2+ Prl(R, Uit weil>+ 02,
(7

and the received SINR at U, ; to detect its own message, *1 i,
is given by

Tii P‘S'a/l,ié(le,i)|hl,i|2 (8)
T T PRl(R, U ) |ET,wii? + 02,

Finally, the observation at U ; can be expressed as follows:

Y2,i[n] =\ PrO(R, Ui )£ ;W iw2 i [n—6]+nasn],  (9)

where /(R U ;) with  dry, , =

1
gy,
\/Rf—i- d?]M—QRl dUzyicos(é‘r—éi), 0; denotes the angle of
Us,; from reference x-axis, f5; € C N1 denotes the channel
between R and Us; and ng4[n] ~ CN(0,072,) denotes
the AWGN at U, ;. Therefore, the received SNR at Us; is
given by

PrU(R, Us,;)|f5 ;W q|?

2
O'n2

T2,
Yo, =

(10)

B. User Selection and Relay Selection Strategies

The NOMA principle can be implemented in two ways [3].
One way is to order the users according to their channel
conditions, which assumes that there are no strict quality-of-
service (QoS) requirements. The second approach is to order
the users according to their QoS requirements, instead of their
channel conditions. In this paper, we consider the first way of
NOMA implementation which assumes that the users do not
have strict QoS requirements and can be served opportunisti-
cally using the RNRF and NNNF strategies. In particular, for
the RNRF strategy, the AP randomly selects the near user U ;
and the far user U, ; from the two groups of users. For the
NNNF strategy, a user within the disc, D,,, with the shortest
distance to the AP is selected as a near user’ U;, and the
user within ring, Dy, with the shortest distance to the AP is
selected as a far user Uj,. It is worth pointing out that the
considered user selection strategies yield different tradeoffs

3Here after, superscript “x” is used to indicate the selected near user, selected
far user, and the corresponding outage probabilities with the NNNF user
selection strategy.
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among system complexity, reliability, and user fairness. For
example, RNRF does not need to know the users’ channel
information for performing the user selection strategy, which
reduces the system overhead. NNNF tries to pair the nearest
near user and the nearest far user for NOMA, which yields
the best performance due to small path loss but might result
in potential issues in user fairness.

For each user selection strategy, the relay with the minimum
Euclidean distance from the selected far user is chosen for
cooperative NOMA. We can define the relay selection crite-
rion as

min{||Rg, Uz ||, k € {1,--- , K}}. (11)

This relay selection strategy is suitable for practical scenarios,
wherein the far users are much farther away from the AP in
comparison with the near users, and thus have the poor channel
conditions. Accordingly, the criterion in (11) can improve the
reception reliability of the far users.

III. FULL-DUPLEX COOPERATIVE NOMA
WITH RNRF USER SELECTION

In this section, we characterize the system performance
with the RNRF user selection. Its implementation does not
require the knowledge of the instantaneous CSI of the users.
From (5), (7), (8), and (10), it is evident that the received
SINR and SNR of both the near and far users are dependent
on the beamforming design at the selected relay R. Hence,
in the sequel we adopt three beamforming designs described
in the literature [35], [36], namely transmit ZF (TZF), receive
ZF (RZF), and MRC/MRT.

Case 1) TZF Scheme: If the selected relay is equipped
with N1 > 1 transmit antennas, SI can be canceled out by
projecting the transmit signal to the null space of the received
signal at the relay input [35]. Furthermore, we fix the MRC
beamforming vector wMR¢ = ”lﬁg” at the relay receiver.
Therefore, the optimal transmit beamforming vector wy ; is
obtained by solving the following problem:

|f2 i Wt, l|2
llwe, z||_

S.t. hRHRRWt,i =0. (12)

Using similar steps as in [35], the optimal transmit vector

Af
wy.; in (12) is obtained as wf = HAfil”, where A = Iy, —
HI,  hrh Hrr
bl Hrpg|2

Case 2) RZF Scheme: As a second scheme, we assume

that w't\f'l-RT = H%l”, ie., the relay employees the MRT

beamforming vector, and uses ZF criterion for designing the
receive beamforming vector w,.. When the selected relay is
equipped with Ng > 1 receive antennas, the undesired SI can
be completely nullified. In this case, the optimization of w,
can be expressed as [35]

max wihg|?,
w =1

s.t. WTHRRf;i =0. (13)
The optimal solution of (13), wZF, can be expressed as w2F =

Hprf; £ HE L

where B = Ine = =i, 1 2

Bhgr
[Bhrl>

Case 3) MRC/MRT Scheme: The MRC/MRT scheme is
applied in half-duplex relay-assisted systems, and hence it is
interesting to investigate the performance of the full-duplex
relay-assisted NOMA system with the MRC/MRT scheme.
Specifically, the receive and transmit beamformers are selected

MRC _ _hg RT _

M
as w, and w,";
~ Ihg|l 24

= 16T f ”, respectively.

A. Outage Probability of the Near Users

An outage event at the near user U; ; occurs when x3 ; is
decoded in error or when w9 ; is decoded correctly but z; ;
is decoded in error. Let 71 = 2% — 1 and 7 = 2R2 — 1,
where R and R, are the transmission rates at Uy ; and Us;,

respectively. The outage probability at Uy ; can be expressed
s [26]

Poutn =1 —Pr (9" > 7,7 5" > 1) (14)

1) TZF Scheme: Substituting w)'R¢ and w{¥ into (7)
and (8), the received SINR at U;; to detect xy; with
TZF, 7, 7', and the received SINR at Uy ; to detect x1; with
TZF, ’yf ', can be obtained as

Psas i0(Uy ;)| hq)?

~I27,_
Tt = Py (U ) P+ Prl(R, Uy )6, w2 2402,
(15)
and
w Psaq |hil?
T Sai, (Ul )| 1 | (16)

T T Pl (R, UL [T, wE P + 02,

respectively. Accordingly, based on (14), the following propo-
sition presents the outage probability of U;,; with the TZF
scheme.

Proposition 1: The outage probability of Uy ; with the TZF
scheme is given by

R — re
pTZF g 1 p(1+4r®)
out,1 — ﬂ_Rl el qr prp(147re) _
+ R2+T2 2r Ry cos(0,—0; ))5
X rdf;dr, (17)

ifrg < %, otherwise P;ruztfl =1, where = max (% o 7;11 1)
with { = psa2’i:_§5a1’”2 ’Z, and Ny is the
mean power of noise at the near user.

Proof: See Appendix A. [ ]

From (17), we see that the outage probability of the near
users with RNRF is independent of the users density, A,,. This
is because RNRF selects users randomly, and hence increasing
the number of near users will not affect its performance.

In order to derive approximate closed-form expressions,
we now set cos(f, — ;) = =+1. In particular, by setting
cos(0, — 0;) = +1, ¢{(R,Uy ;) is maximized, and hence the
inter-user interference at U; ; is maximized, which minimizes
77" and 477", On the other hand, cos(6, — 6;) = —1 results
in the minimum inter-user interference at U, ;. Consequently,
from (17), the upper bound on the outage probability of U ;

, s =

Ps
Ny’ Pr =
4

4Without lost of generality, it is assumed that the mean power of noise at
all users and relay is the same and denoted by Ng.
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can be written as

R — (147
przFu _ 2 [ e r(+r)
out,1 R% o 14+ qrprp(l4+re) _
14+(R34r22nRir) 2

rdr, (18)

where n = 1 (n = —1 for the lower bound). To the best of our
knowledge, the integral in (18) does not admit a closed-form
solution, however by following a similar approach as in [10],
we use the Gaussian-Chebyshev quadrature method [37] to
obtain

e—n(1+er)

)

M

pTZFU ™ 3 V1 = 6m)(1 + 6m)?
out,1 "~ 2M 1+ Grprp(14cs)
HH(R2+c2,—2nRicnm)

— @
m=1 3

19)

where ¢, = (¢m + 1)EL, ¢, = cos(Zrlr) and M
is a parameter to guarantee a desirable complexity-accuracy
tradeoff. This expression explicitly shows that the outage
performance of the near users with the RNRF selection is
jointly determined by four factors: 1) the strength of the inter-
user interference, q,, 2) the AP and relay transmission powers,
3) the path loss exponent, and 4) the radius of the near user’s
disc, R;. Additionally, the outage performance of the near
users with TZF is independent of the number of antennas at
the relay.

Now, to obtain additional insights on the outage perfor-
mance, we consider a full-duplex cooperative NOMA sce-
nario with perfect inter-user interference cancellation at U ;,
i.e., g = 0. Substituting ¢, = 0 in (59), the outage probability
of Uy ; with the TZF scheme can be written as

2 (M
P = 1-
iJo
For an arbitrary choice of «, the integral in (20) is mathemat-
ically intractable, and hence we use the Gaussian-Chebyshev
quadrature method. Therefore, (20) can be approximately

expressed in closed-form as
M

i _ oo
Poai" 21— S V= o)+ d)Pe #0H) 21

e HA+T ) gy, (20)

As an immediate observation from (21), we see that the outage
performance for the near users improves with decreasing R,
smaller path loss, and higher source transmission power.
Moreover, for the special case of o = 2, lelztfip can be
obtained from (20) as an exact expression which is given by

1 e H . e—r(1+R) <@

- y T2 S —,
Poved = nRY 1R o’ (22

17 T2 > —,

a1

which presents the lowest possible theoretical lower bound on
the outage probability of the near users among communication
scenarios with different values of «, namely, 2 < o < 6.

2) RZF Scheme: Substituting WLY'Z-RT into (7) and (8), the
received SINR at U ; to detect 5 ; with RZF, 472", and the
received SINR at Uy ; to detect x5 ; with RZF, ﬁflz, can be
obtained as
- Psas il(Uy ;) |h1:]?

T = Psay il(Uy i) |h i+ PrE(R, Uy ) [f,wiRT 12402

' 23)

~ T2 4
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and
T _ Psay i0(Uy ;) |hi:]?
T T Prl(R, Uy ) [ET,wVRTE 4 52
(24)
respectively.

From (15), (16), (23), and (24) [f{,w{"|* and |f] ,w}'RT|?
are exponential RVs with the same mean ¢, and hence ﬁf 11

and *ylel have the same statistical characteristics as ;yflll
and ’yfé‘i, respectively. Accordingly, based on (14), we get
PIAF, = PRZF. Additionally, the presented results for the
outage probability of Uy ; with the TZF scheme are identical
for that of the RZF counterpart.

3) MRC/MRT Scheme: From (7) and (8), we observe that
the received SINR at the near user is dependent only on wy ;.
Since both the RZF and MRC/MRT schemes use the same
transmit beamformer W,leiRT, we have PMRG — pRZF quzti.

We see that all of the proposed bea'mforminrg schemes
achieve the same outage performance for the near users. How-
ever, as studied below, the proposed beamforming schemes
provide different performance/complexity tradeoffs for the far

users.

B. Outage Probability of the Far Users

The outage event at Us ; is due to the following two cases:
1) R cannot decode x5 ;, and 2) R can decode z2; but xo;
cannot be decoded correctly by Us ;. Therefore, the outage
probability at Uz ; can be written as

Pout,2 =Pr (’}/R <T2)+PI' (’}/R >T2) Pr (’721)21»’i < Tg) . (25)

1) TZF Scheme: Applying w)'RC and w{¥ into (5) and (10),
the received SINR at the relay with TZF, 7, and the received
SNR at Us; with TZF, 7,>", can be obtained, respectively.
The following proposition presents the outage probability of
the TZF scheme for an arbitrary choice of a.

Proposition 2: The outage probability of Us ; with the TZF

scheme is given by

Nt—2
1+ RY) 1
PIZF, — 1 - z R Chatiiv) S
out,2 M(Rs + Ro)I(Ng) U X ¢ il

k M
: (T_) > eI (L+2) e GO+,
Pr

m=1

(26)

where z,, = @((ﬁm +1) 4 Ro.
Proof: See Appendix B. |
We observe that PJZ", depends on the number of receive/
transmit antennas, the far user’s zone, the transmission power,
and the path loss. In particular, PJ4%, is decreasing with
Ps, Pgr, and the number of receive/transmit antennas. How-
ever, from (19) and Proposition 1, as Pr increases, the inter-
user interference increases and the outage probability of the
near users increases. Thus, one can improve the outage perfor-
mance of the far users by increasing the number of transmit
antennas without deteriorating the outage performance of the
near users.
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Note that in an interference-limited network, the SNR
distribution can be replaced by the SIR distribution in (25)
to obtain a much simpler analytical expression. For example,

when noise is ignored, PI4F, in (25) can be written as

asg; asg . ;
PIuZthz r ‘ <7 | +Pr ! > To
aj g aj g

X Pr (pré(R, U27i)Yv3 < Tz) s

27)

in which, to guarantee the implementation of NOMA, the con-
dition Zfl > 75 should be satisfied, and thus Pr (Zfl < TQ) =0.

Accordingly, PI4F, can be written as
P;ruZth ~ Pr(pL(Us;)Ys < 12)
e S (2) S
MR + Ra) 2= M \p, ) 2= n
x (14 22)F e (FH)+0), (28)

Clearly (28) is independent of Pg and Npg. Therefore, in an
interference-limited network, increasing the source transmit
power and the number of receive antennas does not increase
the outage performance. We now turn our attention towards
characterizing the outage probability of the far users for the
special case of @ = 2 in the interference-limited regime.
By applying o = 2 in (27), and then using the integral identity
of [30, Eq. (2.33.11)], we obtain

Ny—2
TZF
R kZO( ) Rs) — G(Ry). (@)
2 j—k—1
where G(r) = o (7 )1‘”)2 1+$ p_i !

We see that the outage performance depends on the radius
of the far user’s zone.

2) RZF Scheme: Applying WfF and w?{'iRT into (5) and (10),
the received SINR at the relay with RZF, 4, and the received
SNR at Us; with RZF, ﬁ; >', can be obtained, respectively.
Using the outage definition in (25) and similar to (26), we can
derive the outage probability of the far users with the RZF

scheme as:

RZF
Pout 2

o . R
=1 M(R3+RQ)F(NR—1)F<NR p ¢ )

xNTol ()kszquH) ~

k

i)(l—i—zfn).

(30)

Based on (26) and (30), it is clear that the TZF and RZF
schemes exhibit the same outage probability of the far users

for some antenna configurations. For example, if we consider
the values of Ny and Ng as a pair (N, Ng), TZF (N7, Ng)
has the same outage performance with RZF (Np—1, Np+1).
Moreover, for both the TZF and RZF schemes, the outage
performance of the far users is an increasing function of
Ps and Pgr due to the fact that the receive/transmit ZF
operation completely cancels the SI at the relay’s input/output
and as a result, increasing Pr improves the second-hop SNR
of the far users. In the case of the MRC/MRT scheme, this
behavior is somewhat different. On the other hand, as we
observed from (17), the outage probability of the near users
is decreasing with Ps and is increasing with Pgr. There-
fore, to further enhance the performance of relay-assisted
NOMA transmissions, it is important to optimally allocate
total power between the AP and relay, and jointly optimize
the receive/transmit beamformers of the relay.

3) MRC/MRT Scheme: Substituting WMRC and w;
into (5) and (10), the received SINR at the relay and the
received SNR at U, ; with the MRC/MRT scheme can be
obtained, respectively. The following proposition provides the
outage probability of Us ;.

Proposition 3: The outage probability of Us; with the
MRC/MRT scheme is given by (31), shown at the bottom of
this page.

Proof: See Appendix C. [ ]

As evident in Subsection III-A, the outage probability of
the near users for the proposed beamforming schemes is
independent of the number of antennas at the relay. However,
it is interesting to study the outage performance of the far
users when Ng and Nt grow large. Using the law of large
numbers and the results presented in [7], we can show that
when Nr — oo and N1t — o0, the outage probabilities for
the three proposed beamforming schemes with RNRF user
selection can be further simplified as

MRT

I:)out,2
IV
0, LrT S RS 41,
P
2
- R2 (prNT 1)0[
~ 3 T RY+1< 2T - geiq
R2—R2 r2 To 300
IV
L PriT < Ry +1.
P

(32)

C. Half-Duplex Relaying

Let us now consider the half-duplex operation for a relay-
assisted cooperative NOMA transmission. The system model

Nt—1

pMRC _ 4 i
U2 M(Rs+ Ro) &= k
1

1

k M
2(2) S eI (4"

o~ ()0+23)

X | =——TI (NR,

I'(Ng) 1+R?>

¢

e"“’%R (
['(Nr) pTU%R(l +R%)

—Ng o
¢ +1> F(NR, ! ”Rl) (31)

prURR ¢
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is the similar to that of the full-duplex counterpart, except that
two time slots are used for the reception and transmission at
the relay, respectively. Specifically, for a transmission block
time of T, % is dedicated to the AP for transmitting a
combination of messages to both users and the selected relay
and the remaining % is used by the relay for transmitting
information to the far users. Accordingly, the received SNR at
R can be expressed as

Psa27i£(R)|WIhR|2
Psa17if(R) |Wj«hR|2 + 0'12%

(33)

In addition, the received SINRs at U; ; to detect x> ; and to
detect x ; are, respectively, given by

Psas £(Uy,:)|h 4)?

F2i — , 34
S1,i Psal,ié(U1,i)|h1,z‘|2+U%1 G
and
z Psaq £(Uyi)|hii
gyt === (U; sl (35)

Moreover, the received SNR at U ;, §2 i is given by (10). Let
7HP = 92R1 _1 and 7P = 22R> 1. Considering MRC/MRT
as the receive/transmit beamformers, in the next proposition,
we present the outage probability expressions for the near and
far users with half-duplex relaying.

Proposition 4: The outage probabilities of Uy ; and Us ;
with the half-duplex relaying are given by

Poma ~ 1= 537 S VU BT Tt 040),
m=1 36)

and

Pout 2

Nt—1
™ 1+R¢ 1
=1- T (Ng, —
M (R3+ Ra)T'(NR) < i )kz k!

(%)

respectively, where pHP =

sz [1—¢2, (1422, ) (T‘?TD)(lJrz:l)7

m=1

(37)

HD
Ty ) with CHD —

1
max (CHD ? psai;

psa2,i_psa1,i7—;D
Prgzof: See Appendix D. [ |
From (36), we see that, the outage performance of the near
user POut 1 increases with decreasing R; and it is independent
of Pg, which is in contrast to the full-duplex operation.
This result is intuitively expected because under half-duplex
operation, the AP and relay transmit in two different time
slots and the near users do not suffer from the inter-user
interference, and also with the reduced R;, path loss is
reduced. From (37), it can be observed that increasing Pr
increases the outage performance of the far users.

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

IV. FULL-DUPLEX COOPERATIVE NOMA
WITH NNNF USER SELECTION

In this section, we investigate the outage performance of
the NNNF user selection scheme, in which the users’ CSI
is utilized to select the near and far users with the shortest
distance to the AP. Accordingly, the NNNF user selection can
minimize the outage probability of both the near and far users.

A. Outage Probability of the Near Users
1) TZF Scheme: By invoking (14), we can study the outage
probability of the near users. We have the following key result:
Proposition 5: The outage probability of U ; with the TZF
scheme is given by

R - @
P;ruZtFl* _ / 1/ M(l-&-: )a
' —r 1+ grprp(14r?) z
1+ R2+r2—2rRlcos(9 —0; ))7
X re~™ " 49, dr, (38)
2mAp
where v,, = 4 fmnpﬁ
Proof: See Appendlx E. [ ]

The main difference between the RNRF and the NNNF
strategies is that the outage probability for NNNF is dependent
on the density of the near users. In particular, Pout 1+ 1s a
function of both the design parameters R; and \,, whereas
PIZF, is only influenced by R;. We next focus on a few
spec1a1 cases and/or asymptotic results which yield closed-
form expressions.

Similar to the RNRF strategy, the outage probability,

PIuZtFly, can be upper bounded (n = 1) and lower bounded
(n=-1) as
TZF,U 7TUan /1 2
Pout 1~ 1= Z 1 - ¢2
*#(Hcm) —mAnc,
x = om® NG
Irprit (14 c2)
1+(R2+02 —277R107n)

This expression clearly shows that P;ruZtFll*J decreases when the

density of the near users increases. Additionally, the outage
probability of U7 ; of NNNF with the TZF scheme and perfect
inter-user interference cancellation at U7 ; can be expressed in
closed-form, for an arbitrary «, as

Ry
o @ o 2
PTZF,P _ 1_Un/ e n(l+r )re TR T dr
0

out,1*

~ 7TU77,R1 z : /1_¢2 _H’ 1+cm)c e 77)‘710771

(40)

2, PTZFPcan be further

For the special case of @ = out, 1+

simplified to

Un, (e,# _ e*R?(quﬂ)\n)fu)
1

< ag. i
TZF,P 2>,
Pout.l* = 2(1“ + W)\n) ai,q
’ ag. i
1 Ty >
ai g
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From (41), as A,, — oo, we have lelztfif ~ 1 —e " which
is independent of )\, and R;, and decreases exponentially
with Ps.

2) RZF Scheme: %\%;' and 475" have the same statistical
characteristics as 77" and 2", respectively, and thus the
results presented in (38), (39), (40), and (41) also hold for the
RZF scheme.

3) MRC/MRT Scheme: Both the RZF and MRC/MRT
schemes use the same transmit beamformer wR¢, and accord-
ingly the presented results for the TZF and RZF schemes are
identical for the MRC/MRT scheme.

B. Outage Probability of the Far Users

1) TZF Scheme: Using the definition in (25), we analyze
the outage probability of the far users. The following propo-
sition presents the outage probability valid for an arbitrary o.

Proposition 6: The outage probability of U5 ; with the TZF
scheme is given by

2
PIZF A1 - vym(Ry — Ry)e™ 2 T (N, (1+RY)
’ 2T (V) ¢
Nr=2 Nk M
(2 — 2 ok

< Lu(n) Zevra

x e~ (GrHatantmirah) 42)
27w\
where vy = ——= b 7ﬂfuf%§7R§).

Proof: See Appendix F. [ ]

We observe that PJ4%., similar to the outage probability of
the far users with RNRF user selection, depends on the number
of receive/transmit antennas, the far user’s zone, the transmit
powers and the path loss. In particular, PoTl,thz* is decreasing
with Pg, Pgr, and the number of receive/transmit antennas.
Moreover, P;ruztz* depends on the density of the far users, Ay,

while P!ZF, is independent of Ay. In the high SNR regime

out,2

and for the special case of o = 2, the outage probability of
U3 ; can be simplified to

v eﬁAf(1+R§) Nr—2 T k
L =1 (2) - ),
pr
k=0
(43)
where  H(z) = e_(%ﬂkf)(lﬂz)Zf:o‘(1Jrj‘g!62)j(% +
7As)77F=1 and we have used the integral identity

[30, Eq. (2.33.11)] to derive (43).

2) RZF Scheme: Based on the definition in (25) and using
similar steps as in Proposition 6, the outage probability of U3 ;
with the RZF scheme can be expressed as

Re— R )eTF)\ng (1+Ra)
PRZF*xl_UfTr(3 2 I(Ng—1,—*
out,2 2MT(Ng — 1) " ¢
Nicly /o Nk M
D) «
L (R) S v
k=0 m=1
Xe_(%‘F%an-i-ﬂ\fon). (44)

3) MRC/MRT Scheme: Using similar steps as in Proposi-
tion 6, the outage probability of Uj,; with the MRC/MRT
scheme can be expressed as (45), shown at the bottom of
this page. Equations (42) and (44) indicate that PIUZLFQ* and
Pffuztg* are independent of 0%, whereas equation (45) shows
that PMRS, is a function of 0% 5. This is expected since both
the TZF and RZF schemes completely eliminate the SI, while
SI exists in the MRC/MRT scheme.

In the special case where Ng — oo and Nt — oo,
the outage probabilities of the proposed beamforming schemes
with the NNNF user selection can be simplified as (46), shown
at the bottom of this page.

C. Half-Duplex Relaying

Let us now focus on half-duplex relaying with the NNNF
user selection and MRC/MRT scheme. The outage probability

vrm(Rs = Ry)em™ B NI g /o \NF M (T2, 72 2
PR, = 1 7T ) 2 ﬁ(?) >~ eI (L + 2 e (it st mdren)
M T

2M

k=0 m=1
L (N HR?) 7R ( ¢ +1>_NRP (N L HR?) 45)
X R - o Ry
['(Nr) ¢ [(Ng) \ progp(14+RY) ProhR ¢
N
0, PriT S Ry 41,
T2
2
- IV- @
—7TAf (pTQT— )O‘—Rg
N
Pout2s & Q:Qf e — e (FSRE) | Re p 1< L TZT < R§ +1, (46)
N
1, LT RS 41
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of Uy ,; and Us; can be derived as

wvan
Poutl*"" Z\/ 1_¢2
x e~PCAFT) o o=m A, (47)
and
Rs — Ry)e™ 1 1+ R
S _ usm(Bs — Ry)e™ % ]ij( + RY)
2MT (Ng) CHD
Nr-1 kM
3 k,( ) > T+,
k=0
()
xe \ oo "/, (48)
respectively.

V. OPTIMUM BEAMFORMING

The schemes discussed in Section IV enable first-hop or
second-hop SINR maximization of the far users by designing
w, or wy; separately when the other beamformer is fixed.
In this section, we propose a method for joint optimization.
Specifically, the problem of interest is to design the receive
and transmit relay beamformers, w,. and wy ;, that maximize
the received SINR at the near users, given a targeted SINR
constraint at the far user. In particular, we consider a scenario
where the near users expect to be served with the best efforts,
while the far users require to reach their own quality of
service (QoS) requirement [9]. The optimization problem is
expressed as

max min(yy ;' 77;")
Wi, i W
s.t. min(WRﬁQxi’i) > Y, (49)

weill = [[w || =1,

where -, is a targeted threshold SINR required by the far user.
From (7) and (8), it can be readily shown that

T2 a2

V1,i :—7
i (1+ )
11

£

(50)

which indicates that 71 »' can be expressed in terms of fyflzl
Introducing an aux1hary variable 5 > 0, (49) can be
expressed as

wi
st min(yy 75 > B, (51)
mln('YRvVg@ ) > Ve
Wl = [[w, ]| = 1.
In the optimization problem (51), the constraint,
mln(vu T 7') > B, is equivalent to the constraints,

21,5

Vit > B and 475" > 4. Using (50), (7). and (8), these
constraints can be expressed as

|f1T.,th.,i|2 < —say; — T

B
1
(BQQ,i -

)

Q17i> 5 - f,

IN

(52)

|f1T,i"Vt.,i|2
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2
~ A Psz(Ul 7,)|h1 1| ~ (Tnl

_ asz i
where 5 PRI, ) T = PR ),and _—6>0

Accordingly, the optimization problem (51) can be equiva-
lently re-expressed as

max [
Wt,hwmﬁ

s.t. |f11w“|2§ ay; — T,

1

6 9
1 ~ ~

|f17:th,i|2 S Bali — al,i) s—r,

min("YRa'Y;i’i) 2 Ve,

e

Iwe.al| = [lw, ]| = 1. (53)
In (53), only vr depends on w,..

Obviously, for a given w ;, the optimum w,. is the one that
w,H thng

max wHCw,

[[wrl|=1
where C £ Psal)ié(R)thH + PrRHRrwW; Wi ZI‘I + O'RI
Thus, the optimum w,. is given by w, = Hgm Substi-
tuting this w, into yr and applying the Sherman-Morrison
formula [38], vr can be expressed as

maximizes yr. This can be expressed as

TR
= Pga27if(R)hg [D + PRHRRWt,inngR} o hpg,
Prlh D Hyrw, ;|
1+ Prw/ HE ;D Hrrw |
(54)

where D £ Psay i/(R)hgh¥ + o%1. Using yg from (54),
the optimization problem (53) is expressed as

= Psas i/(R) |hE D 'hp—

max
a
[[wes||[=1,8<72%

=ay;

s.t. Wy, zfl zfl iWit,i <

1
B
1
Wy zfl zfl Wi < | a2, —

H‘f2*z'f2TthJ > d,
HE.D 'hgh D 'H < ewlEw, ;
Wtz RrROp RRWt EW, (EiWy i,

(55)

A von A 1 [pHP-1 ¢
Whered—WﬁM),e—P—R[hRD hR—m,
and E & T+ PRHgRD’lHRR. Unfortunately, the opti-

mization problem (55) does not lead to closed-form solutions
of w;; and (3. Moreover, in its current form, (55) is not
convex. However, defining auxiliary variables B and W, ,,
where 7 £ % and W, ; £ w;w/’, and then relaxing the
rank-one constraint of Wy ;, (55) can be expressed as the
following SDR problem

min
Wr 17B> oL

az, g

s.t. tr (VV“ffosz) <min @Ealﬂi—ﬁ@agyi—alﬂiﬁ—ﬂ,
tr (Wyifs £5,) > d,
tr (W ;HE ;D 'hrhfi D 'Hgg) <etr (W, ,E),
tr (We;) =1, W, = 0. (56)
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RNRF, A"= 0.0004,.0.002, 0.004

NNNF, ?»"= 0.0004, 0.002, 0.004

10 |

_e_RNRF,Xn=0.0004: Analysis
10 74 —v—RNRF, % =0.002: Analysis
——RNRF, kn=0.004: Analysis
—=—NNNF, % =0.0004: Analysis L

—x— NNNF, kn=0.002: Analysis
—o— NNNF, kn=0.004: Analysis
- - -Simulation

10_5 T T T I
-20 -10 0 10 20 30 40 50

P (dBm)

Outage Probability of the Near Users

Fig. 2. Outage probability of the near users versus P for the RNRF and
NNNF user selection strategies with different density of the near users where
R; =100 m.

The SDR problem (56) is in standard form. Analyzing its
Karush-Kuhn-Tucker conditions and following a similar pro-
cedure as in [36], it can be shown that a rank-one optimum
solution can be recovered from the solution W, ;. In this
regard, the SDR problem in (56) is equivalent to the original
problem (55). Then, wy ; is simply the eigenvector correspond-
ing to non-zero eigenvalue of W ;.

VI. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results to validate
our analysis, demonstrate the performance, and investigate
the impact of key system parameters. The noise power spec-
tral density is —174 dBm/Hz, the transmission bandwidth
is 20 MHz, f. = 2.5 GHz [39] and we assume a normalized

noise power of % = —50 dBm. We set a1 = 0.2, as = 0.8,
a = 3, and Ry = Ro = 1 bps/Hz [10], [18]. Unless
otherwise stated, we take ¢, = 10 dBm, O’IQ%R = —40 dBm,

and Pg = Pr = g, where P is the total transmit power.

A. Outage Probability of the Near Users

Fig. 2 shows the outage probability of the near users versus
P for the RNRF and NNNF user selection strategies, where
the analytical curves are based on Propositions 1 and 5.
A close match between the analytical (solid line) and sim-
ulation (dashed line) curves can be observed. In addition,
results, not shown here, confirmed that the derived outage
probability bounds in (39) for the NNNF user selection are
tight. This is because, in the NNNF user selection strat-
egy, the distance of the nearest user to the AP, i.e., dU{,i’
approaches zero, and hence the term 2R, dUl*,i cos(f,— 6;) in
dR=U1*,i =, /R3+ ngl*i _2R1dU1*,i cos(f,—0;) is small, which
makes the difference between the bounds and the exact values
negligible. Fig. 2 also shows that the NNNF strategy exhibits
a superior outage performance in comparison to the RNRF
strategy. Moreover, the outage probability of the near users
with the NNNF strategy depends on the near user density A,
as elucidated in Subsection IV-A, while with the RNRF
strategy, the corresponding outage probability is independent

10°

|| —e—RNRF, R =150 m
——RNRF, R1=100 m
—— RNRF, R1=70 m
—a—NNNF, R =70 m
—s—NNNF, R =100 m
1073 —— NNNF, R1=150 m

10"

Outage Probability of the Near Users

-10 0 10 20 30 40
P (dBm)

Fig. 3. Outage probability of the near users versus P for different radii of
the near user’s disc, R1, where \,, = 0.0004.

10°

10 ¢

101

—a—RNRF, HD
—e—RNRF, FD, q =10 dBm

——RNRF, FD, q,=0 dBm L

—o—NNNF, HD
3|| —a—NNNF, FD, qr=10 dBm

107°H
—»—NNNF, FD, q.=0 dBm

Outage Probability of the Near Users

-10 0 10 20 30 40
P (dBm)

Fig. 4. Outage probability comparison between the full-duplex (FD) relaying
and half-duplex (HD) relaying versus P for different levels of inter-user
interference strength where Rq = 100 m and A\, = 0.0004.

of A,. In particular, for the NNNF strategy, as the near user
density ), or the number of near users given by \,7R}
increases, the outage probability of the near users decreases.

We investigate the impact of changing R; on the outage
performance in Fig. 3. Increasing R; has two effects on the
outage probability of the near users, namely, (i) increasing the
path loss (a negative effect), and (ii) increasing the distance
between the user and the selected relay (a positive effect). The
latter effect becomes dominant under NNNF user selection,
which leads to an improvement in the outage performance.
Specifically, in the NNNF strategy, the nearest user to the AP
is selected as the near user and increasing R; will not change
its position notably. On the other hand, the outage performance
of the near user degrades due to the interference from the
relay to the near user, which decreases as R; is increased.
As a result, the performance gap between RNRF and NNNF
strategies increases with increasing R;.

In Fig. 4, the outage behavior of the full-duplex and half-
duplex relaying is compared for the RNRF and NNNF strate-
gies with different levels of inter-user interference strength
under the “RF chain preserved” condition [7]. In the regime
of larger values of P, half-duplex relaying yields a better
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Fig. 5. Outage probability of the far users versus P for TZF beamforming
where M7 = 3 and Mg = 2.

outage performance. However, full-duplex relaying is shown
to yield favorable outage performances in the low-to-medium
range of P, especially for the NNNF user selection. Interest-
ingly, when compared to the half-duplex relaying, the full-
duplex relaying can reduce the outage probability by about
63% and 55% in the NNNF and RNREF strategies, respectively,
at P =30 dBm.

Finally, Figs. 2, 3, and 4 depict that the outage probability
of the near users in the full-duplex relaying shows an out-
age floor at high power values, for both RNRF and NNNF
strategies. This is expected because the inter-user interference
at the near users will be maximal with high relay transmit
power, which reduces the outage performance. Sophisticated
beamforming designs are capable of eliminating this floor,
however, the penalty paid in the design is the additional CSI
burden.

B. Outage Probability of the Far Users

Fig. 5 shows the outage probability of the far users versus P
with the RNRF and NNNF strategies, TZF beamforming and
different number of relays, where the analytical results are
based on Proposition 2 and Proposition 6. Unless otherwise
stated, the values of Ry, Ro, and R3 are set as 100 m, 400 m,
and 500 m, respectively, and Ay = 0.0004. It is observed that
the NNNF user selection achieves a superior outage perfor-
mance as compared to the RNRF user selection. Fig. 5 also
shows that there is a difference between the approximate and
simulation results. This is because the analytical approxima-
tions in Proposition 2 and Proposition 6 are derived under the
assumption, Re > Ry where ((R, Uz ;) =~ ¢(Uz ;). In addition,
simulation results, not shown here to avoid clutter, showed
that the deviation between the analytical and simulation results
decreases as either Ry decreases or Rs increases.

Fig. 6 shows the outage probability of the proposed beam-
forming schemes with different antenna configurations for the
RNREF user selection. In the ZF-based beamforming schemes,
since the relay is capable of canceling SI, we see that the
outage probability decreases with increasing P. However,
increasing the relay transmission power results in a strong SI

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS
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Fig. 6. Outage probability of the far users versus P for the beamforming
designs with different antenna configurations and RNRF user selection.

\
(25, 125, 150) (solid lines)
e

10 'k
(25, 75, 150) (dashed lines)

10 e~ RNRF, TZF
—=— NNNF, TZF

Outage Probability of the Far Users

16l =+~ RNRF, MRC/MRT N
——NNNF, MRC/MRT| Nt
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P (dBm)

Fig. 7. Outage probability of the far users versus P for different R1, Ra,

and R3, (R1, R2, R3) in meters, where Mp = 3 and Mp = 2.

in the MRC/MRT scheme, and hence the outage probability
shows a floor at high SNRs. Comparing the TZF and RZF
schemes, we see that the outage performances of TZF (3,2)
and RZF (2,3) (or TZF (4,2) and RZF (3, 3)) are the same.
Moreover, for the case with My = Mp, RZF achieves a
better performance. For the TZF with (Mr,2), we see that
the additional transmit antenna could increase the SNR of the
second hop and enhance the outage performance. However,
the outage performance of RZF (2, M) is less sensitive to
My since in the considered system, the second hop channel
is more critical for the outage performance than the first
hop channel. This observation shows that it is not always
possible to deliver a notable performance improvement by
simply increasing the total number of antennas, and therefore
the configuration and beamforming design have to be carefully
decided.

The far user outage probability with beamforming designs
and user selection strategies for different radii, R;, Ro,
and Rs, is shown in Fig. 7. It can be observed from this
figure that increasing R3 (the outer radius of the far user’s
ring) degrades the outage performance of both the RNRF and
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Fig. 8. Outage probability gain of the far users versus U%R for the
RNREF user selection and different beamforming designs with different antenna
configurations.

NNNF strategies due to the larger path loss. The negative
impact on the outage probability is more pronounced in the
case of the NNNF user selection with MRC/MRT beamform-
ing. Also, for the fixed values of R; and Rj3 reducing Ro
can improve the NNNF outage performance, however, for the
RNREF strategy, the improvement is marginal. The impact of
different beamforming designs on the outage performance is
more significant with the NNNF user selection. Interestingly,
with the RNRF user selection, in the case of Ry = 25 m,
Ro =125 m and R3 = 150 m, MRC/MRT outperforms TZF
in almost all transmit power regimes.

In Fig. 8, we compare the full-duplex and half-duplex
relaying for different levels of SI and the RNRF user selection.
More specifically, we plot the outage probability gain which

is defined as G;(Mrp, Mg) = Pout.2 .j € {TZF,RZF,MRC}

Plut,2

versus the SI strength, 0% . We see that the full-duplex
relaying can significantly outperform its half-duplex coun-
terpart. Nevertheless, when SI strength is low (0%p <
—53 dBm), the gains achieved by the ZF-based designs appear
to be limited when compared to the MRC/MRT scheme;
e.g., G1zr(3,2) = 3.45 as compared to Gpmre(2,2) = 10
at 0% = —70 dBm. In this region, MRC/MRT(3, 2) exhibits
the largest gain. As observed, ZF-based designs do not suffer
from SI, and hence Gtz and Grzr remain constant. On the
contrary, Girc decreases as 012% p increases.

C. Performance Comparison Between the Optimum
and Suboptimum Beamforming Schemes

Fig. 9 compares the average SINR at the near users due to
the optimum and TZF beamforming designs for the RNRF and
NNNF user selection strategies. Since the received SINR at
the near users are the same for the TZF, RZF, and MRC/MRT
schemes, we only present results for the TZF scheme. Fig. 9
shows the superiority of the optimal design over TZF design,
which improves with the increasing transmission power. Fur-
ther, it can be observed that in the relay-assisted NOMA
system with the TZF beamforming, there is a noticeable
difference between the received SINR for the RNRF and

Received SINR at the Near Users

24F - A
, - - NNNF, Optimum
20l 4 —e—NNNF, TZF ||
’ -¥RNRF, Optimum
A/ —=—RNRF, TZF
i i i :
20 25 30 35 40
P (dBm)
Fig. 9. The received SINR at the near users versus P for different

beamforming designs where M7 = 4 and Mp = 2.

NNNF user selection strategies, whereas with the optimum
beamforming, RNRF converges to the NNNF at high transmit
power regime. Therefore, with optimum beamforming and in
the high SNR regime, the RNRF strategy provides a better
performance/implementation complexity trade-off compared
to its NNNF counterpart. This is a promising result since the
RNRF scheme does not require the CSI knowledge of the users
and provides greater fairness than NNNF. This observation
reveals that the inferior performance exhibited by the RNRF
in general, can be improved up to a satisfactory level when
the optimum beamforming strategy is adopted.

VII. CONCLUSION

We considered downlink NOMA transmission between an
AP and two sets of users aided by a full-duplex multi-antenna
relay. We proposed both optimum and suboptimal beamform-
ing schemes and derived expressions for the outage probability
of the RNRF and NNNF user selection strategies. Special
cases, where closed-form expressions were possible along with
bounds on the outage performance, were also presented. Our
results suggest that, with suboptimal beamforming designs
there is a non-negligible performance difference between the
RNRF and NNNF user selection strategies, whereas in the
system with optimum beamforming, the RNRF user selection
performance converges to its NNNF counterpart at high trans-
mit power regime. Moreover, NNNF user selection is more
favorable than the RNRF user selection for the networks with
a larger radius of the near user zone. We also showed that
ZF-based beamforming significantly improves outage perfor-
mance of the far users, while the MRC/MRT scheme is more
efficient for scenarios with low SI interference or scenarios in
which the radius of the far user’s zone is large. In addition,
full-duplex relaying with the proposed beamforming designs
outperforms half-duplex relaying.

As for future work, it would be interesting to combine
NOMA and fractional frequency reuse-based schemes to
further improve the performance especially in a multi-cell
network as well as to investigate the performance of various
transmission schemes with a multi-antenna AP.
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APPENDIX A
PROOF OF PROPOSITION 1
Let Yo = [ff,wfF|? and Y1 = |hy > Applying (15)
and (16) into (14), the outage probability for U;; can be
written as

saz,il(Ur,)Y1
pTZF _ | _p Ps2, ;
outt ' psa1,il(Ur:)Y1+p (R, UL ;)Yo + 1 o
psa1il(Ur,:)Y1 - >
prl(R,Uy;)Yo + 1
1
In (57), if » > %, < 0, and hence PJZF, = 1. On the
other hand, when 75 < PJ&T can be

expressed as

PIii:Pr(m (prl(R, Uy )Yy + 1) Z(Uu)) (58)

Note that we model the locations of the near and far
users as i.i.d. points in D),, and Dy, which are denoted by
Wi and Wy, respectively, with their corresponding pdfs

an,i(wn,i) = ;\T: = wR? and foz(wf 1) = ! R2)"

Ar 1
I ”(Rg_ 2
Therefore, (58) can be expressed as

TZF
Pout,l

hEEL

x fo,(0:) fw, , (wn, i)dyde’dwn,i

,Z(J‘ﬁ(prf(R,Ul,i)erl)) ie_qi
ar

E(Ul i)

=1 _/ [W T #2E (R, Uy l)fei(@)fwn,i(wn,i)
x df;dwy, ;, (59

where (a) follows from the fact that Y, and Y] are exponential
RVs with the cdfs Fy, (y) = 1—e %/% and Fy, (y) = 1 — e ¥,
respectively. Substituting fo,(0;) = 5= and fw, (W)
into (59), we get the desired result in (17).

APPENDIX B
PROOF OF PROPOSITION 2
Let us denote Y2 =||hz||? and ¥3=|£,,;]|%. Substituting 75
and 755 “into (25), Pi& can be written as
({(R)Ys
pTZF _ pp [ Ps92i\ %) T2
oit,2 = T psar il (R)Ys+1 &
psaz iL(R)Y,
——— o >Ta | Pr(pd(R,U2,)Y3 < m2).
o (psal,ié(R)}/Q‘Fl 72 ) Pr(pnf( 2.1)Y3 < 72)
(60)

The RV Y5 follows a chi-square distribution with 2 Ng degrees-
of-freedom (DoF). Moreover, to guarantee the implementation
of NOMA, the cond1t10n 82,i >7'2 should be satisfied. Hence,

PIUZth can be written as
Pa
1 1+R‘f‘) 1 ( 1+Rf‘>
=gt (MR + T ( Mg,
[(NVR) < G TN "¢

x Pr (pTK(R, U21i)}/3<7’2). (61)
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The next step is to compute Pr(p,l(R,Us ;)" Y3 < 72),
wherein the RV Y3 follows a Chi-square distribution with
2(Nt — 1) DoF. Moreover, since Ry > R;, we have
(R, Us ;) =~ £(Us,;) [10]. Accordingly,

N2
2 — — —2 l+r°‘)
Pr(Y: Y ) T 1— p
I‘( 3 < pr(U27i)) /Df( Z k!
. k
% (p_z) (1+ra)k)fwf,i(wf,i)dwf7i, (62)

Applying fw,  (wyi) = TR;_R,?’ (62) can be simplified as

T2 2
Pr(Ys < ——) =1 0
f 3 pré(UQ z) 2 "N R2
R3 _,_2 ( a) N2 Ty
X ( o <—> (14r¢ ))rdr
/. S
Nt—2
2 1 T2
=1- — | v 63
T Do ( ) 05 (63)
k=0
where U = fgg (14 7o)k e~ (7)) dr. For an arbitrary

a > 2, Uy is intractable. Therefore, we apply the Gaussian-
Chebyshev quadrature method to find an approximation of ¥
as follows

M
T S eI (2

Yo 2)asan)

(64)

By substituting (64) into (63) and then the result into (61),
we obtain (26).

APPENDIX C
PROOF OF PROPOSITION 3

Invoking (25), and substituting WMRC and w'\’IRT into (5)
and (10), the outage probability of the far users with the
MRC/MRT scheme can be expressed as

< T 2)

05@2 zé(R)}/Q >
+Pr > T
<psa1,z£(R)§/2 + er4 + 1

x Pr (pTK(R, U21i)3/5 < 7'2) R

pMRC psaz il(R)Ys
out,2 — Pr ]
psal,zg(R)}/Q + er4 +1

(65)
where Vi = |[wMRCTH WMRT|2
tribution with parameter O'RR and Y;

a Chi-square distribution with 2Nt DoF.
re-expressed as

has an exponential dis-
l|[£2.:]|% follows

PURS can be

{(R)Y>
PMRC _ 1 N P psa2,z
out;2 "\ e bR, + pYa+ 17 72

x Pr (pré(R, UQJ')}% > 7’2) .

(66)
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Using similar steps as in Proposition 2 and the approximation
UR,Us ;) = £(Usz,;), we can write

Pr(p l(Us,;)Ys > T2)

Nt—1

S S (E)k
M(R3+Rs) = k'\pr

M
X3z /T2, (1+25) e (GO0 (67)

m=1
Thus, the remaining task is to compute I £
P (psa f :g&giﬁﬂfm ) >T2) which can be expressed as
oo _a®
1=/ (1-e PTU%R)fn(y)dy
T
1 1 (R e
- (i) (45 )
I'(Nr) CE(R) I'(Nr) \prop
><I‘<N ! + ! > (68)
Ry " o5 om0
profr  GUR)

NRp—1ly-v

where fy,(y) = Y555 is the pdf of the RV Y5 and
[30, Eq. (3.351.2)] was used to simplify the integral. Finally,
combining (67) and (68), we obtain (31).

APPENDIX D
PROOF OF PROPOSITION 4

Substituting (34) and (35), into (14) we obtain

psaz i L(U1;:)Y1 HD
PHD 1 _pr AAULYTL o oHD.
out,1 (psal,ig(Ul,i)Yl‘F 17"

psay i l(Ur)¥1 > rl”D> : (69)
which can be written as
9 [ a
Poutl _2/ e_MHD(1+T )TdT7 (70)
Ry Jo

for 7HP < 221 Applying the gaussian-Chebyshev quadrature
approx1mat10n into (70), the outage probability of U; ; with the
half-duplex relaying can be expressed as (36) if THD < o

Otherwise, Poutl = 1. Moreover, plugging (10) and (33)

into (25), POut 5 can be expressed as

Pout 2

—Pr Psaz,iK(R)n HD
psar,i{(R)Ya+1 2

psaz,il(R)Ys HD _ HD
+Pr (psa1,¢€(R)Yz+1> 5 | Prppl(R,Uzi)Ys <73,
(7D

where Y5 = |/f2,]|* follows the Chi-square distribution
with 2Nt DoF. Using similar steps as in Proposition 2,
we obtain (37).

APPENDIX E
PROOF OF PROPOSITION 5

Similar to (58), PI4F,. for U, can be written as

PLE =Pr(Vi < (pl(R,UF Yo +1) 5~

\YO, Ny, > )
(72)

f(UL

TZF

By following similar steps as in the derivation of (59), P, «
for U, can be written as

TZF _
out,1* —

Rl ™ e_/'b(l"’_”‘a)
0 ‘/ﬂ, (1_ 1_|_ grpri(1+7r>) )
1+(R%—|—‘7‘2—27‘R1 cos(@T—Gi))

X foe(r)dOidr,  (73)

w[R)

where f,~(r) is the pdf of the shortest distance from U7 ; to
the AP, which is given by [10]

Fas(r) = vpre=™ " (74)

Substituting (74) into (73), the proposition is proved.

APPENDIX F
PROOF OF PROPOSITION 6

The outage probability of U3 ; can be expressed as

Pout 2%

_p ( psaz il (R)Ys
=Pr| ——=" 7"
psai il(R)Y> +1

L Pr ( psaz i {(R)Y,
psa1 il(R)Ys + 1
X Pr(pl(R,U3,)Ys < 7|Ny, >1).  (75)

< T2|NU2 > 1>

> T2|NU2 > 1)

Since Ry > Ry, we can approximate ¢(R,Us ;) =~ ((Us ;)
and PoTuZt)Fz* can be evaluated as

TZF
Pout,2*

=1—

1 1+R?) 1 ( 1+R‘f‘>
—— T Ng, + I'( Ng,
T'(Ng) ( ® I(Ng) \' "

¢ Nr

¢

S — >
><Pr<Y3< K(U51)|NU2 1) (76)

We note that Y3 is a Chi-square distributed RV with 2(Nt—1)
DoF, and thus

72
F 3
v (prg(Uii) )

where fF(r
nearest Uy ,.

o 2 N~ L (7
1+7‘D‘
[o (e Sn ()
k
X (1 —I—TO‘) ff(r)dr, 77

) = vpre ™R3 [10] is the pdf of the
Next, substituting f7(r) into (77), we obtain
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k
_ AR2~NT—2 1
Fy, (pTé(leJg,i)) =1—vpemf 3T L (;—f) Wy, where
Ry (T2, 72« 2
U o= [l GrHar ) s (14 ) rdr. An exact
evaluation of ¥ is mathematically intractable. Hence, we use

the Gaussian-Chebyshev quadrature method to find an approx-
imation as

7T(R3—R2) M k
Uy~ Tmzdzm\/l_(b%n(l—i_Z%)

we (FHaamtmrzn) - (78)

Substituting (78) into Fy, ( W) and next the result
L 2,0
into (76), we arrive at the desired result.
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