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Abstract—In this paper, we consider the downlink of a cellular
communication network, where dual-connectivity (DuC) at the
end-users is enabled with the assistance of a full-duplex (FD)
massive-multiple-input-multiple-output (mMIMO) relay. In par-
ticular, the base station (BS) transmits separate data streams
through the co-channel direct link as well as the FD relay channel,
utilizing the successive-interference-cancellation (SulC) capability
at the receiver. As a result, the downlink communication data can
be interchangeably loaded to separate sub-carriers, employing an
orthogonal multi-carrier (MC) strategy, or to different available
links, i.e., direct or FD relay link, employing the non-orthogonal
SulC at the receiver. In order to reliably model the SulC
operation at the receiver, the collective sources of impairments,
including the non-linear transmit and receiver chain distortions
as well as the channel state information (CSI) inaccuracy are
incorporated. An optimization problem for joint sub-carrier
and power allocation is then devised in order to maximize
system weighted sum-rate, which belongs to the class of smooth
difference-of-convex (DC) problems. An iterative optimization
solution is then proposed, utilizing successive inner approximation
(SIA) framework, which converges to the point that satisfies
Karush-Kuhn-Tucker optimality conditions. Numerical results
show performance and robustness gain of proposed SulC scheme
in terms of sum-rate compared to previously proposed single-
connectivity and half-duplex relaying schemes.

Keywords—Massive MIMO, Full duplex, Dual connectivity,
Multi-carrier, Imperfect CSI, Successive interference cancellation

I. INTRODUCTION

Dual-connectivity (DuC) is proposed by 3rd Generation
Partnership Project (3GPP) in the long term evolution (LTE)
Release 12 specification as a promising approach to achieve
higher per-user throughput, mobility robustness, and load
balancing [2]. It allows a user terminal to simultaneously
transmit and receive data from two cell groups via a master
evolved Node-B (eNodeB) and a secondary eNodeB, which
operate on different carrier frequencies and are interconnected
by traditional backhaul links. In order to manage the coexisting
access links at separate time/frequency blocks, the mixed
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orthogonal frequency division multiplexing (mixed-OFDM)
has been selected as the multiple access technique for the
upcoming fifth-generation (5G) networks [3], [4].

Various non-orthogonal multiple access (NOMA) schemes
have been also proposed to improve the performance of the
system in terms of spectral efficiency as well as to sup-
port a massive number of dramatically different classes of
users and applications. In contrast to conventional orthogonal
multiplexing schemes, where multiple users are served in
orthogonal frequency or time domains, NOMA schemes serve
more than one user in the same frequency-time resource
block by multiplexing users in other domains such as the
power domain or code domain. Power domain NOMA as well
as rate-splitting (RS) is implemented using the successive-
interference-cancellation (SulC) approach at the receiver. In
a two-level SulC approach, during the first phase, the received
signal is processed by acknowledging the strong signal as the
desired signal while treating the rest of the received signal
as noise. During the second phase, the receiver processes the
received signal after removing the known part of the signal, the
strong signal, which in turn reduces the total interference [5]. A
brief overview of DuC technology considering the integration
between fourth-generation (4G) and 5G cellular networks have
been the focus of [6]-[8], whereas the applications of DuC
for LTE communication networks have been investigated in
[2], [9], [10]. In [6], the authors also present open issues
and promising use-cases such as user-cell association, the
interaction between base-stations, and resource allocation in
the related scenarios. The utilization of the SulC schemes, as
an enabling element for user DuC, as well as the improvement
of the system performance has been investigated in [5], [11]—
[13].

In a parallel track of study, full-duplex (FD) massive-
multiple-input-multiple-output (mMIMO) communication sys-
tems have been studied in [14]-[21], from the aspects of
implementation, system performance analysis and resource
allocation. In particular, an FD relay has the capability to
transmit and receive at the same time and frequency, thereby
improving the performance of the traditionally half-duplex
(HD) relays from the aspects of spectral efficiency and the
end-to-end latency [14]. Nevertheless, the potential gains of
employing an FD transceiver is accompanied by accepting
a higher processing and implementation complexity, associ-
ated with the required additional signal processing for self-
interference cancellation (SIC) as well as the higher implemen-



tation cost. In particular, FD systems suffer from an imperfect
SIC, i.e., interference from their own transmission, as well as
the co-channel interference from the direct source-destination
channel. In this regard, the application of FD mMIMO relaying
has been studied, e.g., in [14], [15], [20], from the aspects of
system performance analysis and resource allocation. However,
while the direct source-to-destination channel, co-existing with
the FD relay channel, can be also viewed as a parallel
information link, it has been considered merely as a source
of interference in the previous works. Furthermore, while
the impact of non-linear hardware impairments have been
generally found to be significant in FD mMIMO systems!,
such impact, leading to residual self-interference (RSI) and
inter-carrier leakage (ICL), has been generally ignored in the
study of multi-carrier (MC) FD mMIMO networks.

In this work, we aim at closing the aforementioned gap by
studying a multi-user cellular system in the downlink, where
DuC between the base-station (BS) and user terminals are
enabled at the same carrier frequency with the aid of a decode-
and-forward (DF) FD mMIMO relay. The main contributions
of this paper are summarized as following:

e In contrast to [14], [15], [20], [21], where the direct
channel has been ignored or merely considered as an
interference channel in the context of DF FD mMIMO
relaying, or to [9], [10] where DuC is enabled by
concurrently enabling links at strictly separate frequency
bands, in this work we study a system where an mMIMO
BS transmits separate data streams through the direct
and FD relay channels, hence enabling co-channel DuC
by utilizing SulC capability at the receiver. In this
regard, the downlink communication data can be inter-
changeably loaded to separate sub-carriers, employing
an orthogonal multi-carrier strategy, or to the different
available links, i.e., direct or the FD relay link, employ-
ing the non-orthogonal SulC reception at the receiver.

e In order to enable a successful SulC scheme for the
employed multi-carrier system, we consider the impact
of the imperfect channel state information (CSI), as
well as non-linear hardware distortion at the studied
FD mMIMO MC link, which leads to RSI and ICL at
the relay. In this regard, we extend the available fre-
quency domain characterization of the distortion signals,
given in [22], specialized for CP-OFDM system, to a
general MC system with orthogonal waveforms. This
generalizes the studied framework for different multi-
carrier strategies, e.g., orthogonal variable spreading
factor (OVSF)-Code Division Multiple Access (CDMA)
and the variations of OFDMA.

e An optimization problem for joint sub-carrier and power
allocation is then devised in order to maximize the
system sum-rate, which belongs to the class of smooth
difference-of-convex (DC) optimization problems. An
iterative optimization solution is then proposed, utiliz-
ing the successive inner approximation (SIA) frame-

IThis is both due to the strong self-interference channel as well as the low-
resolution nature of the hardware elements which are usually associated with
the large antenna array dimension.

work [23], which converges to the point that satisfies
Karush—Kuhn-Tucker (KKT) optimality conditions.

Numerical results show performance and robustness gain of
our proposed SulC scheme in terms of sum-rate compared to
the previously proposed single-connectivity and HD schemes.

In Section II, the studied system model is presented. In
Section III, the proposed design strategies and the associated
optimization problems are studied. In Section V-B, using
numerical simulations, we evaluate the performance of our pro-
posed designs. The main findings and insights are summarized
in Section VI.

A. Mathematical Notation

Throughout this paper, we denote the vectors and matrices
by lower-case and upper-case bold letters, respectively. We use
E{}, |, Te(), ()75 ()% ()T, and (.)¥ for mathematical
expectation, determinant, trace, inverse, conjugate, transpose,
and Hermitian transpose, respectively. We use diag(.) for the
diag operator, which returns a diagonal matrix by setting off-
diagonal elements to zero. We denote an all zero matrix of size
m X n by 0,,xn. A complex Gaussian distribution with mean
a and variance A is denoted as CA(a, A). We represent the
Euclidean norm as ||.||s. We denote the set of real, positive
real, and complex numbers as R , R, and C respectively.
0;; = 1 when ¢ = j and d;; = 0 otherwise.

II. SYSTEM MODEL AND ANALYSIS
A. Setup Description

We consider a relay-assisted MC downlink communication
between an mMIMO BS and L downlink users, which are
connected to the BS through the direct link as well as the
FD relay link. The BS uses the DuC (similar to NOMA/RS)
approach to communicate with the user directly and also using
an FD DF relay. In this regard, two messages, both transmitted
from the BS and destined for the same user, are precoded
separately and simultaneously transmitted; one through the
direct link (DL) and one through the relay link (RL). At the
user end, the received signal is processed in two phases using
the SulC technique. In the first phase, the received signal from
the BS is treated as noise while considering the strong received
signal from the relay as the desired signal. In the second phase,
as the received signal from the relay becomes known, this part
can be removed from the received signal, which reduces the
total interference.

Let Ngg be the number of transmit antennas at the BS node.
We consider that the relay is equipped with a single directive”
receive antenna, which serve the fronthaul link and [V, transmit

>This is practical, since both the location of the BS node and the relay
nodes are usually known and static. Since the channel between the BS and
relay is static and enjoys a line of sight (LOS) condition, the LOS signal part
becomes dominant which constitutes the rank of the channel to be almost
one. Please note that the main advantage of the programmable multi-antenna
(MIMO) systems are the non-static, i.e., mobile scenarios (e.g., in the BS-
user and relay-user links where a MIMO setup is considered, or when the
channel is of full-rank nature and hence a significant multiplexing gain can
be obtained). In the static BS-relay link, a directive antenna helps to take
complete advantage for this LOS channel and thereby receives the dominant
part of the signal.
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Fig. 1.  The studied multi-user FD relaying scenario, where users dual
connectivity is enabled via the direct as well as the relay links.

antennas, which serve the relay-user communications. Never-
theless, due to the FD capability at the relay node, the fronthaul
link as well as the relay-user links coexist at the same channel
resource, i.e., time and frequency. The schematic of the studied
multi-user FD relaying-enabled DuC system depicted in Fig. 1.

In this paper, we denote the index set of all sub-carriers
and downlink users by K and L, respectively. Furthermore,
h’f e C'*Nes and h's" € C'*M represent the BS-user and
relay-user channels for user node i at the k-th sub-carrier,
respectively. The channel from BS to the relay and self-
interference (SI) channel at the relay utilizing k-th sub-carrier
are respectively denoted by ht € C'*¥es and hk € C'*M,
Moreover we assume all the channels are constant during
each frame, frequency-flat in each sub-carrier, and only the
imperfect CSI is known. Similar to [24], [25], we consider a
CSI error model, where the actual channel can be decomposed
into the estimated channel and estimation error, expressed as

h% =h% +b%, b Lhy, VX € (s}, Vk €K,

ny* =hy* +hi¥, hiF L by, vy e {id,sd}, Vk € K,
where h’j((hg;k) and h’ﬁg(hg’,k ) represent the estimated chan-
nel and channel estimation error at the k-th sub-carrier for
the relay (user 7), respectively. The entries of channel esti-
mation error h’jf(hzyk) are independent and identically dis-
tributed (i.i.d.) complex Gaussian with zero mean and variance
(oF »)? ((025)2) We also assume that the estimated channel
and the estimation error are uncorrelated 3.

&)

B. Signal Model
The transmit signal from the BS is expressed as
x¢ = va/ph(swr) + > v\ (sr) + el VE €K,

i€l 2

—.xk
xs

3The statistical independence can be assumed, for example by considering
an MMSE channel estimation strategy [25].

where x¥ is the intended transmit signal at the BS. The
normalized precoding matrix and transmit power at the BS
corresponding to the user 7 using sub-carrier k are denoted
by v¥ and p’f , respectively. The sid} ., represents the unit
power transmit symbol for the user ¢ using sub-carrier k, i.e.,
E{siy(slax)*} = 1. The transmit distortion at the BS is
represented by et’fs € C'*Nss_ Furthermore, the normalized
transmit precoding matrix and transmit power at the BS for
the relay are denoted by vX and p%, respectively. The transmit
symbol* Ser,; at the BS corresponds to the relay is assumed to
be i.i.d with unit power, i.e., E{sq (ssr.k)"} = 1.

At the relay, it receives the desired transmit signal from the
BS along with the multi-user interference, then decodes the
symbols dedicated to each user 5%, , and then forwards it to
the respective users. We assume the retransmitted symbol to
be i.i.d. with unit power. The normalized precoding matrix and
transmit power at the relay corresponding to the user ¢ utilizing
sub-carrier k are denoted by vf(’jk and pﬁgf , respectively.
Accordingly, the transmit and receive signal at the relay node
can be expressed as

k 2 : ik [ i,k k
Xy = Vrd prd Srd,k + et,r 9 Vk S Ka

i€L

::SEI]" (3)
yrk = hser’sC + hfrx:C +nf + ef,,, Vk € K,

::gf

where e{fr € CNxL, ef’r and nF are the transmit distortion,
receive distortion and receiver noise at the relay node, respec-
tively. The intended transmit and received signal at the relay
can be represented as X" and 7/*, respectively. After removing
the known part of SI from the received signal by applying SIC,
we get

78 =y —hix, VkeK. “
Subsequently, the received signal at the user node ¢ can be
obtained as

Yy =hyxs +hix +ng” tey, VkeEK,

~— &)
:;y{

ik ik ~ . . o
where ny", e’y and g are the receiver noise, receive distortion

and intended received signal at the user node 4, respectively.

C. Distortion Signal Statistics: The Impact of Limited Dy-
namic Range

The inaccuracies of hardware components such as analog
to digital converter (ADC) and digital to analog converter
(DAC) error, noises caused by power amplifiers, automatic gain
control (AGC) and oscillator on transmit and receive chains
are jointly modelled for FD multiple input multiple output
(MIMO) transceiver in [26], [27], based on [28]-[31]. The
hardware inaccuracies of the transmit (receive) chain for each
antenna is jointly modelled as an additive distortion and can
be expressed as

Il(t) = Ul(t) + elﬁl(t)

yi(t) = wi(t) + eni(t), (6)

4Please note that the information belonging to all users are combined in
the data symbols s 1, Vk during the source-relay transmission and separated
at the relay, via channel en/decoding. The decoded information belonging to
each user is then separately beamformed and transmitted from the relay.



such that,

eui(t) ~CN (0, mIE{|vl(t)|2}) seri(t) ~ CN (O,BZE{\ul(t)F}) ,
eq(t) Loy(t), ei(t) Legy (t), eqi(t)Leqi(t), L#U, t £t

e (t) Lui(t), eni(t) Ley (t), eni(t) Lea(t), 1£, t # ¢, -

e., the distortion terms are proportional to the intensity of
the intended signals. In the equations (6) and (7), ¢t denotes
the instance of time, and v; (w;), x; (yi), and e.; (e;) are
respectively the baseband time-domain representation of the
intended transmit (receive) signal, the actual transmit (receive)
signal, and the additive transmit (receive) distortion at the [-
th transmit (receive) chain. The x; and (; are the distortion
coefficient for the I-th transmit and receive chain, respectively®.

In [22], we have studied the impact of non-linear hardware
distortions in the frequency domain specific to an OFDM
system. In this work, we extend this characterization for a
general orthonormal MC strategy, where the sub-carriers k are
orthogonal to each other with a unitary linear transformation,
e.g., OVSF-CDMA, OFDM and CP-OFDM. Let Q be a K x K
unitary transformation matrix, where the columns of the matrix
Q represent the basis of the generalized sub-carrier waveforms
which are orthonormal to each other. The total number of sub-
carriers is K. NTj is the duration of one communication block,
where T is the sample period.

The unitary transformation representation of the sampled
time domain signal for each communication block can be
written as

N-1 N-1 N-1
ot =Y D), = Y wnT)gi,+ Y e(nT)gin
n=0 n=0 n=0
—.uk .ok
=i E)
N-—1 N-1 N-1
ylk:Z nT qkn:ZUZ an+zerlnT)qkn7
n=0 n=0 n=0
—.uk —:ek
=u :

Tl

(®)
where g, ,, is the element of the unitary matrix Q at the k-th
row and n-th column.

Lemma IL1. Let us define " and y* as the intended
transmit and receive signal via m-th sub-carrier at the l-th
transmit/receive chain. The impact of hardware distortions in
the unitary transformed domain is characterized as

65[ ~ CN (O, ;(l

SPlease note that in comparison to the widely used receiver thermal noise
model for describing the impact of chain inaccuracies, and in contrast to the
prior studies on FD multi-carrier systems, the aforementioned characterization
includes two additional intuitions. Firstly, it indicates that the variance of the
distortion signal is proportional to the transmitted or receiver signal strength.
This is in contrast to the traditional thermal noise modeling which assumes an
additive noise with a priori known variance. Please note that this is particularly
important in controlling the impact of distortions via optimized transmit
strategies. Secondly, the distortion signal is temporally and spatially white,
i.e., not restricted to a single sub-carrier. The latter indicates that due to the
non-linear behavior of hardware distortions, transmission at any sub-carrier
will lead to additional distortion level at all sub-carriers, i.e., ICL.

E{|§/lm|2}>a 6tl‘jllglka etk,lJ-erk,l’a (9)

erl NCN( f{l {~"L| })7 eilLff, eﬁlLEﬁy, (10)

transforming the statistical independence, as well as the
proportional variance properties from the time domain. Here,
K represents the total number of sub-carriers. K; and [
correspond to the transmit and receive distortion coefficient
at the l-th transmit/receive chain.

m=1

Proof: Please refer to the Appendix. ]
The statistics of the distortion terms can be obtained using
Lemma II.1,

1 ~ . ke~
el ~ CN <0NBS, O diag (E{Xf(xf)H})> . an

kekK

el ~ CN (ON,, %(:)mZdiag (e (if)H})) NG
kekK

ers ~ CN (0, oy (E{ﬂf(ﬂ%ﬂ)) , (13)
keK

o~ oN (07 - (E{as”“@z”“f’})) SN

keK

where diagonal matrix @m (ét,s) consists of transmit distor-
tion coefficients for the corresponding chains at the relay (BS).
Br (B)) represents the receive distortion coefficient at the relay
(user 1).

D. Achievable Rate

For further calculations, let us define 85 = ¢, 3, = i

O, = %GLS and O, = %Qt,r The recelved collectlve
interference-plus-distortion-plus-noise variance at the relay can
be formulated as in (15). The approximation (15) is obtained
considering %, 3; < 1 and hence the terms including higher
orders of the distortion coefficients can be ignored. Please note
that (15) holds as all components of thermal noise, transmit
and receive distortions, and the transmitted data symbols are
all zero-mean and mutually independent.

At the user end, the received signal is processed in two
phases using successive interference cancellation technique. In
the first phase, the received signal from the BS is considered as
interference while considering the strong received signal from
the relay as desired signal. In the second phase, as the received
from the relay is already known, it can be removed from the
received signal which in turn reduces the total interference.
The covariance of received collective interference-plus-noise
signal at the user for the first phase can be expressed as in
(16). Similar to (15), (16) is obtained considering x;, 5; < 1
as well as the independence of the various signal components.
At the second phase, the signal from the relay is known and it
can be removed from the received signal ¢, whereas the signal
from the BS to user will be treated as the desired signal. The
covariance of received collective interference-plus-noise signal
at the user for the second phase can be hence obtained as

SAt the second stage of SulC, only the desired signal part of the relay
signal can be removed. However, the residual interference from the relay signal
remains while decoding the BS signal at the user.
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meK jJEL § ’
(18) ~k . iom . jomH\ TkyH
where 79 = (Tiot — Tiain)/Tior Tepresents the fraction of + h;©, diag (ng vi™) ) (hg)
time interval allocated for the data transmission. The channel . o ) ) w
coherence time interval and channel estimation (training) time + (0eo) Tr <®l,sdlag (Vi‘;m(V;im) ) )
interval are denoted by Tio and Tiin, respectively. And
. ~ ~ m_ jm im\H ;y-m\H m \2
A =B (023)? + s @ diag (Vi (v ) ()" + B (h VLV BT 4 (o) )
k k \2 my2
+ (assr)QTr (Ot,sdiag (V\T(VZ;L)H) ) [ :(O—n,r) + ﬁr Z (Un,r) ) (19)
mek
such that the coefficients {7@”7}, {~&my, {vm} represent the

TPlease note that in this work, we consider the scenario where the statistics
of CSI error as well as the hardware impairments can be obtained, relying on
the reported experimental characterizations of hardware impairments and CSI
error. Moreover, the employed rate expressions are valid assuming a Gaussian
distribution for all signals and a sufficiently long coding block. When the
aforementioned assumptions are not accurate, the subsequent analysis should
be viewed as an approximation.

impacts of inter-carrier leakage when m # k. Similarly, the
achievable information rate for the link between the relay to
the user ¢, using sub-carrier k is expressed as
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Ryj* =volog, |1+ - i
Ocjj’ +> (757?5?4—2 ('Yﬁ]w;L] f(i +'st JigP ] m))
meK JEL

(20)
where

T St (H:i;;“v:? (v (B 4 (a:;:z:f)
+ ﬁi&kadiag (vgl (v;”)H) (flfdk)H
+ (a;';;jl)%&r(@[,sdiag (v::(v;”)H) )
+ 55( iy (v (R (a;;:;f),
Fa =0km (1 — 8 g Vi (V™ (G + Sk (02
+ " @, diag (V4" (v ) (b
+ ot e @ding (v (v )
6 (h:;"vi; (vimyH () (a;‘:;?)?),
Tty =0 (BLVE" (V™ BG4+ (010)?)
+hij @, diag (v (vi™)™) (BH)"
+ (o o Sd) Tr (@: sdiag (v ( (Vz&m)H> )
w (h:dmvzd’"<vz;">f’<ﬂ:gm>f’ n <a:‘;:;>2) ,
agt =(oih)? B> (oni)?, 1)

meK

such that the coefficients {Wfd’f;j}, {yemy, {%m } represent

the impacts of inter-user interference, when 1 7, and the
impact of inter-carrier leakage when m # k. Subsequently,
the achievable information rate between the BS and user i,
using sub-carrier k£ can be expressed as

‘hz k_ 1, k|2

k =k =~ ~k >
a(ll + Z (’Ysr:’?p;’f + Z (’yrdtyiljprd + ’ysdn;LJ Zd >)
meK jeL

dek =7plog, |1+

(22)
where
~km —km i,m m jiym\H 1i,m\H
Vsd,ij =Vsd,ij — Okmij (h gd (vE™) 7 (hyg™) ) (23)

Please note that although the FD relay is capable of concur-
rent reception and transmission, compared to the direct link,
the additional decoding latency at the relay will lead to a
larger overall coding latency for the information transmitted
via the relay link. Nevertheless, the direct link will experience
a larger processing latency, since the information from the
relay link needs to be first decoded and subtracted. The total
achievable downlink information rate, combining the downlink
information transmitted for all users and at all sub-carriers can
hence be written as

} . (24)

sum = ZZR + min {ZR:C” ZZRS’C

keKicl kekK keKiel

III. JOINT POWER AND SUB-CARRIER ALLOCATION FOR
THE SUIC ENABLED NETWORK

In this section, we present the joint sub-carrier and power
allocation optimization problem for the studied system, to
maximize spectral efficiency in terms of total sum-rate under
transmit power constraints. Please note that the studied power
optimization problem also subsumes the problem of optimal
sub-carrier allocation, such that if the power allocated to the
node for a particular sub-carrier is zero, then the node is not
transmitting or receiving in that particular sub-carrier. The
sum-rate maximization problem for the multi-user case can
be formulated as

maximize  Rsum
plF >0 pk >0,
>0

subject to

SN <p Y >R+ k<P,

i€l kekK i€l kekK kek
(25)

where P and P, are the available transmit power at the BS
and the relay, respectively. Please note that the above problem
is a non-convex and non-smooth optimization problem, due
to the non-linear objective expressed in (24). Our goal is to
implement an iterative optimization problem where in each
iteration a convex sub-problem is solved. In order to simplify
the structure presented in (25), by employing the equivalent
epigraph presentation for the rate associated with the relay
link, the problem (25) is equivalently reformulated as

. N '7]@
maximize ZZR;‘ +t
Psd ZO,pserO,t icLkek
prd" 20
. k ik
subject to ZRsr > t, ZZR:d > t, (26)
keK ieLkeK
& ik k
DD PSP DY P ) PSR
icLkeK i€LkeK kEK

where t is introduced as an auxiliary variable, transferring
parts of the problem objective in (25) into the constraint set
in (26). Please note that the problem (26) is still a non-
convex optimization problem. Nevertheless, it is a smooth
problem belonging to the class of DC optimization problems,
which is solved using an iterative algorithm via the SIA
framework, with a necessary convergence to a point satisfying
KKT optimality conditions [23]. By employing the Taylor’s
approximation on the concave terms, a lower bound on the
rate expression RE is obtained as in (27), where pf ,,pk;
and pfro are the fixed points of the Taylor’s approximation
Undertaking a similar procedure the lower bound of R} " and

dek are obtained as R, d and er By replacing the actual
rate functions with the obtained lower bounds, the optimization
problem (25) is approximated as

maxumze ZZR“‘ +1
k>0,pk>0, ieLkek
Pk >0,
. —k i,k
subject to ZR“ > t, ZZR;
keK i€eLkeK
ik ik k
S <p, D Y pd + Y i <P
i€LkeK i€LkeK keK

(28)
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The above optimization is a jointly convex problem and hence
can be solved to optimality via a standard convex solver [32].
This enables an iterative update of the optimization variables,
where at each iteration the approximated rate functions are
updated with the solution of (28) from the previous iteration
as their initial points. The iterative update leads to a monotonic
increment of the objective and is continued until a stable point
is reached. Please note that due to the application of the first-
order Taylor’s approximation on the smooth convex terms, the

applroximation8 Rskr is, firstly, a global lower bound to the rate
function R*, and secondly, is tight and shares the same slope
with RE at the point of approximation, i.e. prd 0 psd 0> pgr o- As
a result it comphes with the conditions stated in [23, Theorem
1] and enjoys convergence to a KKT solution. Algorithm 1
provides the detailed procedure.

Algorithm 1 Sum-rate maximization

1: a < 0 (set iteration number to zero)
Pt Pl Ph.o < feasible initialization
repeat

a<a+1

Pl phl pk « solve (28)
(p?d’f“o Pl ps’i,o) « (pi;’i i, ps";) :
until a stable point or maximum number of a reached
return {p;",p};", pk}

A A ol

IV. ENABLING DUC viA HALF DUPLEX RELAY

In this section, we derive the optimization problem in terms
of sum-rate maximization for our system, where the relay is an
HD relay, and the receiver is capable of performing SulC, so
that DuC can be established. Unlike the FD relay, which can
receive and transmit at the same frequency-time channel, the
HD relay has to listen to the BS at the first time slot and then
forwards the signals to the users in the second time slot. The
user receives signals from the BS in both time slots. Hence the
SulC is applicable only in the second time slot, where the user
receives signals from both the relay and the BS simultaneously.
Moreover, in the first time slot, the BS transmit the signals to
the relay and the user. Since the relay is operated in HD, there
is no SI at the relay. We also assume the channel remains
the same throughout the entire communication (both the time
slots).

During the first time slot, the BS transmits the signal to the
users as well as the relay. There is no communication between
the relay and user nodes. Therefore, there is no SI at the relay.

o —ik =ik . p ;
8and similarly for Ry, Ry, in relation to R;’jk and R:ék.

The transmit signal from the BS during the first time slot can
be expressed as

k [ ik ik k
X5, HD; = VSY\/IZSI + E :Vsd 1 psé,]ssd,l + €is,15 vk € Ka

i€l

5k
“s,HD
(29
where foD is the intended transmit signal at the BS during
the first time slot. For the first time slot, the normalized pre-
coding matrix and transmit power correspondmg to the user ¢

using sub-carrier k are denoted by vy and pbd | » respectively.

Unit power transmit symbols s/ and ssdk1 corresponds to the
relay link and direct link, respectlvely The received signal at
the relay and user ¢ can be formulated as

—k k_k k k
yr,HDl = hsrXS,HDl + n; + er,ra
—— ——

—gk
=Y Hp,

iy i, k ik (30)
yd h X HD1 + nd + el,':d’l, Vk e K.
—,_/

ok
=Yaa

Subsequently, during the second time slot, the user receives
signals from both the relay and the BS simultaneously and
uses SulC technique to decode both the signals. Similarly, as
the previous FD relay case, we assume the relay link between
the relay and user nodes are stronger compared to the direct
link between the BS and the user nodes. Therefore, the user
node first decodes the relay link considering the direct link as
noise, and then removes the signal of the relay link from the
received signal and decodes the signal from the direct link.

The transmit signal at the BS and the relay during second
time slot can be written as

ik i,k
E :Vsdz\/Pisdz"'etsz’

Xs JHD, =
1€l
xk
X HD, G1)
i,k~d,k k
xr HD, = E v D Srd T e, VEEK,
€L
xk
X1 HD,

where v;’fz and pzfz represent the normalized precoding
matrix and transmit power corresponding to the user ¢ using
sub-carrier k during the second time slot, respectively. The
received signal at user ¢ during the second time slot can be
stated as

d 2 _ hl kg x! HDz + h;cﬂlk'foDz + ns’k + erl:f’z, vk € K. 32)

ok
Y42



The statistics of the distortion term can be expressed as

%ét,szdiag (E{giHDl (;(f,HDl)H})) , (33)

kek

e[ s,1 CN <0NS7

1 ~ . - -
ets2 ~ CN <0Nsv Ee“szdlag (E{XQHDZ (XiHDz)H})) » 34)

keK

ot NCN( f(r (]E{@{C,HDI(@']C,HDI)H})>’ 35)

kEK
5?:51 ~CN (0, fngK (E{yd l(yd I)H}>> ) 36)
CN( ﬂd (E{yd 2(Ud 2)H})> . (37
kEK

The achievable rate for the BS to relay link using sub-carrier
k during the first time slot can be obtained as

Rskr,HDl = Rskr(’YrIZZL =0, pJ "= =0)
|hskerkr,1 ‘2175,1 (38)

)

k km,m km ,J,m

or + Z (’YS" psr,l + Z’st,jpsd,l)
meK jEL

= volog, | 1+

and the achievable information rate for the BS to user ¢ using
sub-carrier k can be formulated as

i,k i,k j,m
de,HDl = de (’Yrd K% O7p£d = O)
ik 1 k ik
|h Vsd,1 2psd 1 (39

k ~km
+ Z (’Yfr,ipsrl + Z’Y&d ZJpsd 1 )

meK

= olog, | 1+

Since there is no communication between the relay and user
nodes during the first time slot, the achievable rate for relay-
user links is considered to be zero, i.e., R} HDI =0.

Similarly, during the second time slot the achievable rate
between the BS and relay becomes zero as there is no commu-
nication between them, i.e., Rfr,HDZ = 0. The achievable rate
between the relay and user node ¢ during the second time slot
can be written as

i,k i,k —
er,HDz = er ,MU (’Ysr i 0 psr - 0)
| 1+ |hzk i,k |2, i,k (40)
= 1089 s
+ Z Z (’yl'd szrd 2 + ’st ”pgérg)
meKjel

and the achievable rate between the BS and user node 7 during
the second time slot can be written as

k k
R:d JHD, — de (str i = 07p:;l = 0)

k. ik k
“tog, | 14 [ Vi P @1
- 2 7l m . J.m
+ ZEK% ('Yrd zgprd 2 + ’Yﬁi,ijpgd,z)
meKj

The total achievable information rate for the HD relay system
for the entire communication (both the time slots) can be
formulated as

Rup= ZZ (RdeHDl RdeHD2>+mm{ ZRsr HD, 5 ZZ rd HDZ}

i€LkeK keK i€LkeK
42

In order to compare it with the FD relay, we need to take the
average of the achievable rate during the two slots. As a result,
the sum-rate maximization problem for the HD relay case can

be written as
05( Y (R, + i) +1)

1€l kek

maximize
piF>0,pk >0

srl
Py 20550

subject to ZR“ wp, > 1, ZZer D, =
keK i€LkeK
SR AY P < R i <P,
i€l kekK kekK i€l keK
> b <P
i€eLkekK

(43)
The above optimization problem follows the same structure
as (26). Therefore it can be solved using similar steps as in
algorithm 1. Algorithm 2 provides a detailed procedure of the
algorithm.

Algorithm 2 Sum-rate maximization for half-duplex relay

1: a + 0 (set iteration number to zero)

2: pj&{cz,o:PZ&{Cl,ova&Ifz,ovpfr,l,o < feasible initialization
repeat

a<a+1
Plita Pl Pl i1 4 solve (43)
prd,z,()’psd,l,07psd,2,07psr,l,0) — (prd,zapsd,17p>d,2apsr,l)

until a stable point or maximum number of a reached
return {prd 25 P, l,psfz,pfr,l}

XN D AW

V. SIMULATION RESULTS

In this part, we evaluate the performance of the proposed
relaying-enabled DuC scheme, as well as the proposed re-
source allocation strategies via numerical simulations. As the
simulated setup, we consider a circular cell with BS at the
center where the relay location is fixed. Since the relay is
stationary and it knows from which direction it will receive the
signal from the BS, the BS can communicate with the relay
usmg a strong directive channel, i.e., the better antenna gain
can be achieved between the BS and the relay. All communica-
tion channels follow an uncorrelated flat fading model at each
sub-carrier. For the SI channel, we follow the characterization

By ~ CN (/5552 0o, 25T, ),

reported in [31], i.e., T KR

where pg; is the SI channel strength, which is highly dependent
on the (i)assive isolation between the relay antenna array, and
the dedicated directive fronthaul antenna for the BS-relay
communication. hg is a deterministic vector of all-1 elements
and Ky is the Rician coefficient. We also assume that all users
are operating within the vicinity of the relay and enjoy a line
of sight (LOS) condition’, whereas the channels between the
BS and users are assumed to obtain a LOS with the probability
Pros(d) = min(0.018/d,1) x (1 — exp(—d/0.063)) + exp(—d/0.063),

where d is the distance between the BS and users in km.
In this regard, we adapt the model presented in 3GPP LTE
specifications [33] regarding the simulated channel statistics,
where the default system parameters are summarized in Ta-
ble I. The overall system performance is then evaluated for

%It is assumed that the users will be only associated with the dedicated relay
if it enjoys a LOS condition, which leads to a strong relay link quality.



different system conditions and for different design strategies,
and averaged over 100 channel realizations.

Carrier center frequency and system bandwidth 2 GHz and 10MHz
Number of available sub-carrier Ksys and sub-carrier spacing 600 and 15kHz
Number of active sub-carriers |K| 12
Number of users [L] 4
Maximum service distance of the BS and the relay 500m and 100m,
Maximum transmit power at the BS and the relay 30dBm and 27dBm

Number of transmit antennas at the BS and the relay 32 and 16
Distance between BS and relay 400m
Receive antenna gain at the relay 20dBi

LOS: 103.4 + 24.2log,,(d)
NLOS: 131.1 + 42.8log,(d)
LOS: 100.7 + 23.5log,4(d)
LOS: 103.8 + 20.9log, 4 (d)
Between BS and relay: 6dB
Between BS and UE: 10dB
Between relay and UE: 10dB

Thermal noise density -174dBm/Hz
Noise figure at relay and UE 5dB and 9dB
Hardware distortion coefficient x = 3 -50dB
SI channel strength after SIC ps; and Rician coefficient Kr -90dB and 10
Covariance of the CSI estimation error
(060)° = (06.0)% = (08,0 = (0£,)°Vk EK,

TABLE L.

Pathloss (dB) between BS and users (d in km)

Pathloss (dB) between BS and relay (d in km)
Pathloss (dB) between relay and users (d in km)

Shadowing standard deviation

-150dB

DEFAULT SYSTEM PARAMETERS USED FOR MULTI-USER
SCENARIO

A. Comparison Benchmarks

The following performance benchmarks!® are evaluated to

provide a meaningful comparison:

e SulC: It represents the proposed algorithm (Algo-
rithm 1) introduced in Section III, which consider the
impact of the hardware distortion as well as the imper-
fect CSI'!.

e DuC [DL-x%, RL-y%]: It represents the DuC system
which operate on different carrier frequencies for the
DL and RL, similar to [2], therefore no SulC at the
user node. Here, x and y represent the percentage of
the available sub-carriers used to communicate with the
user using DL and RL, respectively. However, it uses
different sub-carriers for DL and RL.

e SulC-ND: It does not consider the hardware distortion
(non-distortion (ND), k = [ = 0), ie, a perfect
hardware is assumed even though the system suffers
from hardware distortions. Here, only the impact of CSI
is taken into consideration [34].

e ODL (only direct link): This refers to the traditional
downlink scenario where massive MIMO BS provides
direct access to user equipments [35], i.e., there is no
relay in the system.

e ORL (only relay link): This refers to the case where BS
communicates with the user only through the relay link.
There is no direct access for user to the BS, however the
signal from the BS is considered as interference [36].

e HD: It represents the proposed algorithm (Algorithm 2)
introduced in Section IV, where a HD relay is employed
similar to [35]. The SulC scheme is only utilized in the
second time slot.

10please note that, we have incorporated the impact of interference, transmit
and receive impairments and parameter estimation inaccuracy (e.g., CSI error)
in all links in the respective system optimization and performance analysis for
all the algorithms otherwise specified.

Please note that depending on the implemented technology for SIC and
the deployment scenario, the potential gains of employing an FD transceiver is
accompanied by accepting a higher processing and implementation complexity,
associated with the required SIC capability.

B. Visualization

Figs. 2(a) and 2(b) portrait the system performance with
respect to the strength of the direct channel between the BS and
the user equipment (UE) in terms of antenna gain and transmit
power at the BS, respectively. It can be observed that as the
antenna gain between the BS and UE (direct link) increases,
all the algorithm except ORL increases. A similar trend can be
seen in the plot concerning the maximum transmit power at the
BS. Another interesting observation is regarding the robustness
of the SulC against unexpected blockage. For lower values of
antenna gain, for instance, in case of blockage the strength
of the channel reduces drastically, the SulC utilizes only the
relay link, thereby providing better throughput compared to
ODL case. As the strength of the direct link increases, SulC
utilizes both the link resulting in better performance compared
to the ODL and ORL case and also becomes more robust
to blockage. Moreover, for weak DL scenario, the SulC-ND
becomes worst compared to ORL and SulC algorithms; this is
because the UE is connected to BS only through an FD relay,
where hardware distortion is dominant. This implies the benefit
of DuC compared to single-connectivity schemes, especially
in case of blockage. In Fig. 2(a), for different DuC settings, it
can be observed that the system utilizing more sub-carriers for
RL shows better performance at lower values of DL antenna
gain. Whereas, at higher values of DL antenna gain, the system
utilizing more sub-carrier for DL performs better.

Fig. 2(c) illustrates the performance of the algorithm in
terms of system sum-rate for different values of transceiver
inaccuracy x dB. As it can be observed, the performance of
the system decreases as the transceiver hardware distortion
increases. Since the ORL operates in FD mode, the perfor-
mance of ORL degrades more compared to other algorithms
as the hardware-distortion increases. This shows the impact
of hardware-distortion in FD system in the presence of SI.
It can also be noticed that the SulC algorithm utilizes only
the relay link when the hardware inaccuracy is small. As
the hardware inaccuracy increases, the performance of the
SulC also decreases. However, it can be seen that when
the algorithms ORL and ODL have similar performance, the
performance gain of SulC attains maximum compared to ORL
and ODL. For higher values of hardware inaccuracy, the RL
is severely affected by hardware distortion due to SI, the SulC
opts the DL, thereby reducing its impact. Furthermore, the
proposed algorithm (SulC) always performs better compared
to SulC-ND algorithm. This indicates that the consideration of
hardware-distortion in designing the system will improve the
overall performance of the system.

In Fig. 2(d), the impact of the UE receiver noise in the
system performance is depicted. As expected, the sum-rate of
the system decreases as the receiver noise at the UE increases.
However, the performance gain of SulC compared to SulC-ND
becomes more for higher values of UE receiver noise. Since
the SulC utilizes the relay link where the hardware distortion
becomes dominant due to SI. Furthermore, the performance of
the system is evaluated with respect to the channel estimation
error in Fig. 2(e). A similar trend can be observed that the
performance of all the algorithm degrades as the channel esti-
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mation error increases. For small values of channel estimation
error, the hardware distortion becomes dominant, thus resulting
in better performance of SulC algorithm compared to the SulC-
ND algorithm. It can also be observed that as the channel
estimation error increases the ODL algorithm degrades more
compared to other algorithms. This is due to the fact that the
direct link is weak compared to the relay link.

In Fig. 2(f), the performance of the system is evaluated with
respect to the probability of LOS (PLos) of the direct channel
between the BS and the UE. As it can be clearly observed, the
performance of all the algorithms except for ORL increases
as PLps increases. Another interesting observation is that the
performance gain between the SulC and SulC-ND reduces as
Pros increases since the SulC algorithm uses the direct link
when BS has LOS with its UEs, i.e., Pros has a higher value.

In Figs. 2(g) to 2(i), the system performance is evaluated
for different parameters of the relay. Fig. 2(g) plots the per-
formance of the system with respect to the maximum transmit
power available at the relay. As expected, the performance
of all the algorithms except ODL improves as the maximum
transmit power available at the relay increases. A similar trend
in the performance of the system is observed for the different
number of transmit antenna used at the relay in Fig. 2(i).
Furthermore, in Fig. 2(h), the performance of the system is
evaluated for different values of receiver noise at the relay.
The performance of all the algorithms except ODL degrades
as the receiver noise at the relay increases. However, as the
receiver noise decreases, the SulC-ND performance degrades
compared to the SulC, due to the fact that the hardware
distortion becomes dominant when the receiver noise becomes
small. It can also be noticed that, as the receiver noise at the
relay increases, the performance of ORL decreases while the
performance of ODL remains almost similar. The SulC shows
slightly better performance compared to ORL for higher values
of receiver noise at the relay as it also utilizes the DL.

The Fig.2(j) shows the performance of the SulC algorithm
w.r.t the training interval (Ti.i,) for different values of noise
and hardware distortion (x = [3). Here, we choose Ti,; = 100
symbols. It can be clearly seen that for small values of
training interval, the system performance in terms of sum-rate
increases along with training interval. After a certain point
(maximum achievable sum-rate) the sum-rate decreases as the
training interval increases, this is because the time duration
for the data transmission decreases as the training interval
increases. Another interesting observation is that for higher
noise and hardware distortion values, maximum achievable
sum-rate attains with lesser training interval. This is due to
the fact that, as the noise and hardware distortion are high, it
is better to allocate more resources for data transmission than
channel estimation.

The Fig.2(k) shows the average convergence behavior of
our proposed SulC algorithm with equal power initialization
for different values of hardware inaccuracy « dB. It can be
observed that the algorithm converges within 10-25 iterations.
As expected, it can be seen that the objective has a higher value
for smaller hardware inaccuracy. Furthermore, Fig.2(1) shows
that the computational complexity of the algorithm in terms

of computation time'? with equal power initialization with

respect to number of users. As expected, as the number of users
increases, the computational complexity of the algorithms also
increases. It can also be observed that the SulC algorithm
is more computational complex than ODL and ORL -case,

because of DuC.
VI. CONCLUSION

In this paper, we studied the downlink of a cellular com-
munication network, where DuC at the end-users is enabled
with the assistance of an FD mMIMO relay. As a result, the
downlink communication data can be interchangeably loaded
to separate sub-carriers, employing an MC strategy, or to
the different available links, i.e., direct or the FD relay link,
employing the non-orthogonal SulC at the receiver. Numerical
simulations show that the proposed SulC approach reaches a
higher performance compared to the single-connectivity and
HD schemes, and also implies the importance of the hardware-
distortion aware system, especially as the hardware accuracy
degrades.

The proposed dual-connectivity scheme can be explicitly
used to gain robustness against the path blockages, when the
statistics of such occurrence can be extracted from data (since
these events are occurring in short time periods). Hence, it is
the intention of our future work to augment an online learning-
based beam and power adjustment method to the current setup,
in order to utilize the proposed DuC scheme for combating the
occasional path-blockage situations.

APPENDIX A
PROOF OF LEMMA 1.1

The time domain statistical independence e ;(t)_Lv;(¢) and
ei(t)Le (), and the linear nature of the transformation (8)
are also applicable to the statistical independence properties at
the transformed unitary domain. Similarly, the Gaussian and
zero-mean properties for ef ; becomes a linearly weighted sum
of the zero-mean Gaussian values e, ;(mT). The variance of
et’fl can hence be obtained as

2} - E{(Z e[,z(st)qZ,m> X (Z e:l(nTS)qk,n>}

m=0 n=0

= E {el,l(st)e:l(nﬂ)} QZ,ka,n

E {eci(mTy)eqi(mT2) } qemditm  (eni(t)Lew(t))

m=0
N—-1
= wE {Ju(t)]*} (from (7)and > gxmaim = 1)
m=0

1

=|2

K
Z E {|o" \2} (Parseval’s Theorem on energy conversation).
m=1

(44)
Similarly, the proof to the receiver characterization can be
obtained.

12The reported computation time is obtained using an Intel Core i7-4790S
processor with a clock rate of 3.2 GHz and 16 GB RAM. We use MATLAB
2019a on a 64-bit operating system.
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