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On the Feasibility of Full-Duplex Relaying in
Multiple-Antenna Cellular Networks

Konstantinos Ntontin, Member, IEEE, Marco Di Renzo, Senior Member, IEEE, and Christos Verikoukis, Senior
Member, IEEE

Abstract—In this paper, we perform a system-level feasibility
analysis of full-duplex (FD) relay-aided cellular networks that
are equipped with multiple antennas at the base stations (BSs)
and relay nodes (RNs). The aim is to understand whether FD
relaying is capable of enhancing the rate of cellular networks.
With the aid of tools from stochastic geometry, we develop a
tractable approach for computing the percentile rate, which
allows us to gain insights on the impact of FD relaying for
both cell-edge and cell-median mobile terminals (MTs) subject
to network interference. Contrary to previous works that do
not take into account the network interference, the framework
reveals that even in the absence of self interference at the FD
RNs a network with half-duplex (HD) RNs can outperform its FD
counterpart for a moderate number of antennas at the BSs and
RNSs. On the other hand, the FD-based network can substantially
outperform both the HD-based one and the one without RNs for
a sufficiently large number of antennas at the BSs and RNs
and substantially small self-interference power effect at the RNs.
Finally, the aforementioned analytical insights are validated by
means of Monte Carlo simulations.

Index Terms—Full-Duplex Relaying, Cell Association, Network
Interference, Rate, Multiple Antennas.

I. INTRODUCTION

The deployment of relay nodes (RNs) is considered to
be a viable option for improving the coverage and rate of
cellular networks, especially at the cell-edge regions [1-12]
(and references therein). In addition, it has been included
in telecommunication standards, such as the IEEE 802.16j
working group [13, 14] and the Third Generation Partnership
Project’s Long Term Evolution Advanced (3GPP LTE-A)
[15, 16]. Most of the existing works on relaying consider
half-duplex (HD) RNs due to their simplicity [1-8], [13, 15].
However, HD RNs cannot receive and transmit simultaneously
on the same channel, which causes an inefficient use of
resources since different time slots or frequency bands are
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required for the reception and transmission phase. Due to this
limitation, during the last years several research works started
to consider the implementation of full-duplex (FD) RNs, which
are capable of receiving and transmitting simultaneously at
the same frequency band [9-12], [14, 16]. This makes such
a technology quite attractive due to the potential increase
in spectral efficiency compared to HD RNs case. However,
the most important challenge that designers of FD systems
face is how to mitigate or even eliminate the strong self
interference at the FD nodes, which is the result of the
simultaneous reception and transmission at the same frequency
band. Without counteracting this interference, the performance
of FD-based networks in terms of error rate and throughput
can be worse compared to their HD counterparts [17, 18].
Some indicative ways to mitigate/eliminate such interference
are isolation and signal processing techniques, such as using
multiple antennas in the latter case [19-21].

The above works show that relaying can be beneficial
regarding coverage and rate improvement with respect to the
no-RNs case. They consider, however, scenarios that may not
apply in practice, such as that base stations (BSs) and RNs are
located at fixed positions and that the other-cell interference
is Gaussian distributed. These assumptions do not come in
agreement with the expected heterogeneous nature of next
generation cellular systems in which the number and the
position of these nodes are not known a priori [22]. In addition,
the aforementioned literature works study isolated point-to-
point systems and, hence, such studies cannot give general
insights about the usefulness of RNs in a general cellular
system. However, a system-level analysis that considers the
whole network and not a point-to-point system is essential
since FD RNs are subject to higher interference compared
to their HD counterparts. This is due to the fact that more
nodes transmit at any time instant than the latter case [23].
Consequently, apart from the self interference, the higher
network interference that FD RNs are subject to needs also
to be counteracted.

In the literature, there have been several works that study the
performance of cellular networks from a system-level perspec-
tive, but without considering RNs. In particular, for analyti-
cal tractability these works consider the so-called stochastic-
geometry abstraction modeling in which nodes, such as BSs
and mobile terminals (MTs), are modeled as points of a
Poisson-point process (PPP) with a particular intensity [24],
[25]. Such an approach has been applied to different scenarios
of interest, such as the modeling and analysis of downlink
[24], multi-antenna [26, 27], heterogeneous [28-30], uplink



[31, 32], millimeter-wave [33-35], and FD cellular networks
[36, 37], to give some indicative examples.

Against this background and to the best of the authors’
knowledge, [38] is the first work that studies relay-aided cellu-
lar networks by considering a stochastic-geometry abstraction
modeling, where the BSs, RNs, and MTs are modeled as
three independent and homogeneous PPPs. By considering
decode-and-forward (DF) [39] and HD-based RNs, the main
outcomes of [38] are that coverage and rate highly depend on
the path-loss exponents of the one- and two-hop links and
that parameter optimization is needed to achieve gains by
using RNs in certain scenarios. Specifically, coverage gains
with respect to the no-RNs case are observed, whereas no rate
increase is feasible due to the HD constraint of the RNs. Apart
from not considering FD RNs, [38] considers only single-
antenna nodes. Finally, the system model of [38] is extended
in [40] by considering multiple-antenna BSs and HD RNs. The
outcome of [40] is that even with a substantially large number
of antennas the network with HD RNs cannot outperform
in terms of rate its counterpart without RNs due to the HD
constraint.

Contribution: Motivated by the lack of a system-level anal-
ysis regarding the potential of FD RNs in a cellular system,
in this work we consider a stochastic geometry-based network
of multiple-antenna BSs and FD RNs in the downlink, which
can beamform their signal towards their intended receiver.
The consideration of multiple antennas at these nodes is
initiated by the fact that a high number of antennas is essential
towards mitigating/eliminating both the self interference and
the higher network interference that the FD nodes are subject
to compared to their HD counterparts. This is due to the effect
of multi-antenna transmission with a high number of antennas
[41]. For the special case of a single receive antenna at the
RNs, we derive an analytical expression of the xth percentile
rate, which exhibits a good match with respect to Monte
Carlo simulations. In addition, it enables the following insights
regarding the comparison with a network with HD RNs:

« In the interference-limited region, the coverage probabil-
ity of the FD network is smaller than the corresponding
one of its HD counterpart even in the absence of the self
interference at the RNs. However, the xth percentile rate
of the former network, which depends on the coverage
probability, can be either smaller or larger than the latter
one depending on the path-loss exponent values and
the available number of antennas. Such an outcome is
in contrast to previous works that do not consider the
impact of network interference and show that FD RNs
outperform the HD ones in terms of rate when there is
no self interference or its power effect at the RNs is small
[18, 42].

e As the number of antennas at the BSs and RNs increases,
the effect of network interference and self interference
is mitigated. This means that there is a crossing point
regarding the available number of antennas above which
the FD network outperforms the HD one in terms of rate.

The above insights are validated by means of Monte Carlo
simulations. These simulations also show that: 1) Higher

average rates are achieved for the cell-edge and cell-median
users of the network with FD RNs compared to its HD
counterpart and the baseline network without RNs, provided
that: 1) The BSs and RNs are equipped with a sufficiently large
number of antennas and ii) The self-interference power level
at the RNs is adequately small. 2) No-rate gains are achieved
by the HD-based network over the one without RNs due to
the HD constraint.

Organization: The rest of this paper is organized as follows:
In Section II, the system model is presented. Section III
introduces the signal model and the xth percentile rate as the
performance metric of interest. In Section IV, we derive an
analytical expression of the xth percentile rate, whereas in
Section V we derive the corresponding analytical expression
for the HD case, which is based on the same analysis, and
we compare with the FD one. In Section VI, we provide a
discussion regarding the applicability and limitations of the
derived expressions. The analytical results are validated in
Section VII by means of Monte Carlo simulations. Finally,
Section VIII concludes this work.

II. SYSTEM MODEL
A. Scenario

We consider a downlink relay-aided cellular network, where
the BSs, RNs, and MTs are modeled as points of three
independent and homogeneous PPPs, which are denoted by
dps, Pryn, and Py with densities Ags, Arn, and AyvT,
respectively. BSs are equipped with Npg antennas, RNs use
N }%9{’, for reception, Ngﬁ antennas for transmission!, and
operate in FD mode and, finally, MTs are single-antenna
nodes. The BSs and RNs have § > 1 frequency bands at
their disposal, which serve the MTs. In addition, we assume
that the BSs and RNs have perfect instantaneous channel state
information (CSI) regarding their intended RNs and MTs?2.
Furthermore, the RNs have perfect CSI of the channel links
from their associated BSs and can have perfect, imperfect,
or even no knowledge of the self-interference channel coeffi-
cients. Moreover, we assume that the BSs pick randomly with
probability 1/§ the frequency band to transmit to a particular
MT. In addition, the RNs transmit at the same frequency band
with the BSs they are paired with. Finally, in this work we do
not consider pilot contamination [41] due to space limitations
and the fact that it can be totally eliminated by proper signal-
processing techniques [43].

Moreover, we denote a particular target MT by MT, which
can be served via a one or a two-hop transmission. In the
former case, the serving BS is denoted by BSj, whereas in
the latter one the RN that serves MT( is denoted by RNy
and the BS that serves RNg is denoted by BSgg. Without
loss of generality and based on the Slivnyak theorem [44, vol.
1, Th. 1.4.5], in this work we study the performance metrics
of a MTy located at the origin of the bi-dimensional plane.

!We assume that the RNs have separate receiving and transmitting units in
order to make our model more generic by considering cases with Ngf, #*
N gﬁ, However, our analysis also applies to a shared antenna implementation
by using a circulator [12].

2Such CSI at the BSs and RNs can be obtained from the uplink channels
in a time-division duplexing network.



Finally, we note that the analysis is performed for an arbitrary
frequency band and the set of interfering BSs and RNs at
the frequency band of interest are denoted by @g% and @gl)\l,
respectively. The cell-association criterion regarding whether
the communication between a BS and a MT is performed in
one or two hops (through the use of a RN) is introduced in

Section II-D.

B. FD Relaying Principle

When the communication is assisted by a RN, it takes place
in two time slots in which both the BSs and RNs are allowed
to transmit. In particular, at time slot n BSgg conveys to RN
the symbol s,,, whereas at the same time slot RNy conveys to
MT, the symbol 5;171- The latter is the detected symbol of
sn—1 that BSgrg conveyed to RNy at time slot n—1. Hence, the
received version of s, at RNy is subject to self interference
due to the transmission of the symbol S;L_l from RNg. In
addition, the received version of s'n_1 at MTy is subject to
interference from BSgo due to the transmission of s,,.

In the same way, at time slot n + 1 BSg( conveys to RNy
the symbol s,,11, which is subject to self interference due to
the transmission from RNy at the same slot of the symbol s'n,
which is the detected symbol at RN of time slot n. Moreover,
the received version of S/n at MTy is subject to interference
from BSg( due to the transmission of s,1. This way, as n —
oo the symbol rate of the FD operation asymptotically tends to
1 symbol/slot, which is the same as the direct-communication
rate without RNs.

C. Channel Modeling

1) Path-Loss Model: Letrx, v, be the distance between the
nodes X; and Y}, with path loss [ (rx, v, ) = Ii()’l”f():;;k, where
ko denotes the free-space path loss at a distance of one meter
and Bxy > 2 denotes the path-loss exponent. Specifically,

ko = (47 /v)?, where v is the transmission wavelength.

2) Shadowing Model: Besides the distance-dependent path
loss, we further assume that the link between the nodes X; and
Y} is subject to shadow fading, which follows a log-normal
distribution [45], whose probability density function (pdf) is

fsx, v, (€)= [1010g10 (e)/( 27ra§(7Y§)}
x exp (—(10logy (€) = px.v)*/(20%,v)) . (1)

where f1x,y and 0% , denote the mean and the variance

of the random variable 10log;, (Sx,.y, ). For mathematical
tractability, the expected spatial correlation of shadowing is
not considered in this paper.

3) Fast-Fading: Besides path-loss and shadowing, the links
between any of the antennas of the X; and Y}, nodes are subject
to a random complex channel gain related to fast fading, which
is denoted by hx,.y,. The power gain |hx, y,|” is assumed
to follow an exponential distribution (i.e., Rayleigh fading is
considered) having mean square value equal to 1. Hence, the
pdf of |hx, v, |? is T,y 2 (€) = €xD (=6).

4) Description of the Self Interference at RNy: The self-
interfering signal at RNg consists of two parts [12]: i) The
direct-path self interference propagating directly from the

transmit to the receive chain. It can either comprise the
signal propagating directly from the transmit to the receive
antennas in a separate antenna structure or the signal reaching
the receive chain due to circulator leakage (due to antenna
mismatching, for instance) in a shared antenna structure. The
power effect of this component can be much larger than the
power of the received signal, which can render FD-relaying
operations useless [11]. Hence, it is essential that such a
component is substantially suppressed so that it is negligible
compared to the noise level. This can be realized by the use
of highly directional antennas or significant isolation between
the transmit and receive antennas of RNy and cancellation
techniques [12]. In fact, such an important suppression can be
achieved without resorting to bulky components and antenna
structures [46]. Due to this, in this work we assume that the
power effect of the direct path of the self-interfering signal
is negligible compared to the noise level. ii) A multipath
part due to scattering and reflections from objects in the
radio path. We assume that this fast-fading coefficient for
each transmit-receive antenna pair of RNy is described by a
zero-mean complex Gaussian random variable with variance
o2, which depends on the distance-based path loss and the
shadowing effects that the scattering components experience
before reaching the receive antennas of RNy. We denote such
a matrix by Hg € CNY RN XNER . In addition, we assume that
RNy can have perfect, imperfect, or even no knowledge of
the self-interference channel matrix, as we aforementioned in
Section II-A3.

D. Cell Association and Interfering Processes

1) Cell Association: Let Pr be the total transmit power
budget for serving MTy. Let Pgg,, PrN,, and Pgg,, denote
the transmit powers of BSy, RNy, and BSgg, respectively. In
order to ensure the total power constraint [39] as our design
aim, they are defined by Pps, = Pr, Prn, = (1 — K1) Pr,
and Pgg,, = K7 Pr, where 0 < Kp < 1 is a power-splitting
coefficient.

The triplet BSy, RNg, and BSgy is identified by using the
following cell-association criteria:

. [ UL(rBs;,MTy) }
BSy = argmin { ——>2 097
¢ Bszged)BS {PTSBS,L,MTO
L (reN,,MTo) }
1 — Kr) PrSrn, Mt

. I (rBs;,RNy) }
BSgro = argmin ¢ ————007 4
Ho Bszged)BS { K1 PrSgs,; rN,

RNp = argmin {( 2)

RN, ePrN

The association criteria in (2) ensure that MT receives the
highest power from the available BSs and RNs in the case
that it is associated with a BS and RN, respectively, as well
as that the serving RN, RNy, receives the highest power from
the available BSs.

Let the triplet of network elements BSy, RNy, and BSgg
from (2). The typical MT, MT, is served either via a one-

3In the case of perfect CSI, RN can eliminate the self-interference signal
with proper precoding vectors as in [19] and, hence, U%I = 0. In the case of
imperfect CSI, we assume that the residual interference that remains after the
cancellation method follows a distribution with variance U%I.



or a two-hop link according to the cell-association criterion as
follows:

. (rBsy.MTg ) (rrNg,MTg )
One ho if e < 0.~ -0
b BpsPrSpsy, M1, — BrN(1—KT7)PrSRNg,MT)
Two hops, otherwise,
(3)

where Bpg and Bry are non-negative constants and BSy,
RNy, BSgg are obtained from (2). Bgs and Bgry are called
bias coefficients and depending on their value they prioritize
either the single-hop or the two-hop transmission conditioned
on the values of the path-loss exponents. Without loss of gen-
erality, we assume that Bry = 1 and Bgg > 0. In particular,
the communication takes place in one hop if Bgs = oo and
in two hops if Bgg = 0.

2) Interfering Processes: As far as @gé is concerned, it
can be split into two disjoint sets, CIJS’SMOP) and fl)gé%()p),
corresponding to the interfering BSs serving their associated
MTs either via a one- and two-hop link, respectively. Since
the cell association in (2), (3) is distance-dependent, the

(I,1hop) (I,2hop)
sets Ppe and g are not homogeneous PPPs. For
mathematical tractability though, we assume that these sets are

homogeneous PPPs with densities /\g’slh()p) = thop)\g% and
)\](3I,S2h0p) = xghopAgé, respectively, where Y1hop and X2nhop

are the probabilities that MT is served via a one- and a two-
hop link, respectively. Hence, X1hop + X2hop = 1. The process
for deriving X1hop and Xonop is introduced in Section IV-A.

In addition, it holds that the number of the interfering RNs
is equal to the number of the interfering BSs participating in
the two-hop transmissions due to the fact that paired BSs and
RN transmit at the same frequency band. As with P
and @1(31’52}1013), the set of interfering RNs, which we denote by
@gf\l, is not a homogeneous PPP. However, for mathematical
tractability we assume that it is homogeneous with density
)\gl)\I = Xghop)\g%. The cell association and interfering nodes
in the single- and two-hop cases are depicted in Fig. 1.

E. Frequency Band Allocation

We consider that each MT is served by one frequency band,
which is chosen randomly with probability 1/4. By assuming
that Ay = kmrABs, it holds that the set of the interfering
BSs, which we denote by @g%, is a homogeneous PPP of
density equal to /\g% = (kmt/9) As if kyT < d, due to the
thinning property of a PPP [44] and equal to Agg if kv > 6.
The latter case holds under the assumption that if § is smaller
than the number of MTs in a cell, only § MTs are scheduled
for downlink transmission and the rest are scheduled at a
future period. In such a case, there are different scheduling
algorithms to select the MTs to be scheduled, which is out of
the scope of this work. In this work, we assume that the MTs
are scheduled randomly. The analysis in this work is also valid
for general load conditions, such as the case when kyr and
0 are comparable. However, the cell-size distribution needs to
be known in order to derive the density of the interfering BSs
[38], which can be empirically derived from simulations [47].

Notation: The following notation is used throughout this
paper: i) sy, is the transmitted data symbol at time slot n
of node k. ii) ZX,Y = l(TX’y)/SX,y for X € {BS,RN}

Interfering BSs of ®4."™”

& @ Interfering BSs of @4

@ A Interfering RNs

%) Interfering BSs of ®{.""
BSy |~ ! (12009
> PN @ Interfering BSs of @y
f 3 &N _
rB&.R%\ N\ | A\ Interfering RNs

(b) Two-hop communication.

Fig. 1: Cell association and interfering nodes in the single- and two-
hop cases.

and Y € {RN,MT} denotes the ratio of path-loss and
shadowing for a generic (X, Y) link. iii) 02, = 107~ (4Bm)/10
denotes the thermal noise power, where 03, (ABm) = —174+
10log,o (Bw) + Fap, Fap is the noise figure in dB, and
Bw is the transmission bandwidth of each frequency band.
iv) neen = (BesPr)/(Brx (1 — K7) Pr) is a shorthand used
for simplifying the writing of (3). v) Recurrent parameters and
symbols are included in Table I.

TABLE I: RECURRENT PARAMETERS AND SYMBOLS

l Symbol l Meaning ‘
Dx PPP of network elements X = {BS, RN, MT}
<I>§g) PPP of interfering network elements X = {BS, RN}
Ax density of network elements X = {BS, RN, MT}

0 number of frequency bands
BSo, BSro One- and two-hop serving BSs, respectively
RNo serving RN of two-hop transmission
MTy reference MT
BX,Y path-loss exponent of the X-to-Y link
Sx.y shadowing of the X-to-Y link
hx,y fast-fading coefficient of the X-to-Y link
Pr total transmit power
Px transmit power of network element X
Kr power-splitting ratio
Bgs, BrRN bias coefficients
X1hop> X2hop one- and two-hop transmission probabilities
O'JQV thermal noise power
Bw transmission bandwidth per frequency band
Ncell a shorthand




III. SIGNAL MODEL AND EXAMINED METRIC

In this section, expressions of the instantaneous signal-
to-interference-plus-noise ratio (SINR) are derived and the
performance metric under consideration is presented, which
depends on the SINR statistics.

A. Signal Model

1) Single-Hop Transmission: In the case of a single-hop
transmission between MT and the selected BS, BSg, the

received signal at MT(, which is denoted by yf\?T , is given
by

(1 _ -1
Yur, = \/ (Pr/NBs) 255, v, NBSo,MTo WBS MT, S0,

-(1) -(2) -(1) (1)
+ipg MT, T 28BS MTy T RN, MTE T ™My > 4

NIXNBS,WBSO,MTO € CVBs*1 is the em-

ployed beamforming vector at BSy, and E {”1(\/11)T0 1(\/1I)To} =

.. .(1
012\,. In addition, Z](BS),MTO Z](BS) MT, are the interference pro-

cesses affecting MTy, which result from the set of BSs con-
stituting the single- and two-hop transmissions, respectively.
They are given by

+(1) —1
psMT, = E (Pr/Nss) ZBS,,MTOhBSi-MToWBSpMTi
BS; e (P
X i, 1 (ZBs;, M1y > ZBSyMT,)

Z}(S2SMT0 Z \/KT Pr/Nps) Z, BS MTUhBS MTUWBS RN;

BS;ea 2P

where hgs mr, € C

X 85,1 (ZBSj,MTg > ZpsyMTy ) 5

where Wgs, mr,, Wgs RN, are the beamforming vectors related
to BS; and BS;, respectwely The indicator functions in (5),

1 (Zss; M1, > ZBSy,MT,) and 1 (ZBS MT, > ZBSO,MTO)
for BS; € ‘I>(I 1hp) and BS; € <I>(I 2h°p), respectively, origi-
nate from the association criterion in (2). ig&MTO is the inter-

ference process originating from the interfering RNs towards
MTy, which is given by

1 _
1%121 MTo — Z \/(1 — K1) (Pr/Nrs) ZRI&Ik’MTOhRNk,MTO
RNzea()
card{‘b(le\I }:card{@SéZIxop) }

’
X WRNy MTy Sk, _; 1 (Ncell ZRN,, , MTy > ZBSo,MTy ) 5

where the indicator function in (5) originates from (3).

Since the serving BSs have perfect CSI of the corresponding
channel links towards their served MTs or RNs, we assume
that the employed beamforming vectors are designed so
that they maximize the received signal-to-noise Ratio (SNR).
Hence, maximum ratio transmlssmn (MRT) [48] is employed,

which means that wgs, M1, = hBSU MT°| Consequently, the
BS().MT,
resulting from (4) SINR at TO[: 0Jnch is denoted by

SINRgs,mT,» i given by

(Pr/Nas) s, 1> Ziso uir,

1 2) (1
X+ I}gS)MTO Iés Mty T IRN%MTO

SINRgs,mt, = ) (5)

where
I]gé)MTo = Z (PT/NBS)ZB_S?,MTU [hs; v, WS, Mr; ?
BS; € (P
1 (Zgs;, M1, > ZBSy.MT,)
2
2 - T
Iés)MTO Z Kr(Pr/Nss) ZBle,MTO hBSj,MToWgsj,RNj
BS;ea (2"
1 (ZBSj,MTO > ZpsyMT,)
and
1 —1
Lixam, = > (1= K1) (Pr/Nrs) Zxs, i,

RNyea()
card{(bgf\] }:card{q,g,sﬂ]op) }

2
X |hrN,,MToWRN,,MT |~ 1 (Meell ZRN, ,MTo>ZBSo,MTy ) »

2) Two-Hop Transmission: In the case that the communi-
cation takes place in two hops, RNy and BSg( are defined in
(2). In the following, we describe the signal model for each
of the two hops.

a) First Hop: Communication between BSgrg and RNy:
The received signal at RNy from BSgg, which we denote by

YRN,» 1S given by

KrPr Rz
YRNy = 7WBSRORNOHBSRORNO X WBSRORNOSO,L
NBsZBSgRN,

’

+ V(1= K1) (Pr/Nrs)Wiagomng HstWe airy 50,y

-(1)
+ Bs RN,

+ igs),rmo + IRN,RN, + RN, (6)

€ CNes*1 and
WBSRORNU € CY*NAR are the employed beamforming vectors

at BSgo and RNy, respectively, wrn, M1, € CNrA*1 g the

employed beamforming vector at RNg, E {nrn,nfiy, }

2 (1) /(2) ;
on, and ipg Ry, ipsgry, are the interference processes

affecting RNj, which result from the BSs constituting the
single- and two-hop transmissions, respectively, and given by

here H € CNNAVXNas
where BSRO RN[) WBSRORNO

(1) Rz
IpS RNy = § (Pr/Nss) 2 BS; RNOWBSRORNU Hags, RNy WS, MT; S,
BS; 6(I>(11hop)

1 (ZBs;,RNy > ZBsgoRNg) 1 (ZBs;,MTy > Neell ZRNyMT, )

-(2) _ —1 Rx Tz
YBSRN, — E Kr(Pr/Nps) ZBSj,RNUVVBSR,01°~N0HBSjJVIToWBSj,RNJ
(1.2hop)
BS;ea )2
x 85,1 (ZBS,RNO > ZpsgorNg ) 1 (ZBS-,MTO > Neell ZRNgMT, ) 5

and igN RN, i8 the interference process affectmg RNy, which
is caused by the set of interfering RNs. It is given by

iRN,RN() = Z \/(1 — KT) (PT/NRS) ZgékyRNﬂwggRORNo
RNy Eégl)\r
card{q>(RI,1>\1 }:Card{q>g,s2hop) }

’
X HRN, ,RNg WRNy MTy. Sk, _, 1 (ZrN;, MTy > ZRNg,MT,)

Hence, the resulting from (6) SINR at RNy, denoted by



K1 (Pr/Nps) |WE&,  rvo HBSro RNo WHER o RN

2 51
| ZBSRORNO

SINRBSRO,RND =
2

oyt (1 — Kr) (PT/NRS) ‘WIIE%RO,RNO HSIWRNO,MTO

O]

2 1 2)
+ IlgS)RNO + I]gS RN + IR RN

(1—Kr) (Pr/NE%) |hRNo,MToWRNo,MTo I? Zinig Mz,

SINRRN(],MTO =
7+ Kr (Pr/Nos) Zady, m

hpsp,,MT,W

®)

(1) %(2) @
"‘ Igg M1, T Tgg MT, T IrNoar,

Tx
BSRo,RNg

SINRsgsy, RN, 18 given by (7) at the top of the next page, where

1 -1
I]gs,)RNO = Z (PT/NBS)ZBSi,RNO
BS; € lhr)

1 (Zss; RNy > ZBspoRN) 1
1
Z Kr(Pr/Nss) ZBSj,RNO
BS; € (2P

1 (ZBSJ,RNU > ZBSRO,RNO) 1

Rx 2
WBSgroRNg Hsgs; RN, WBS; MT; ‘

(ZBs;,MTy > Teell ZRN.MT, )

2
(2)

Tgsrny =

Rz H Tx
WBSRoRNq t1BS;,MTy WBS; RN;

(ZBs; M1y > eell ZrNgMT, )

and
2

(1-Kr)Pr

. eq)(lngSZRNk ,RN(

Card{q)RN —card{q,(l,smmp) }

Rz
WBSRoRNo HRNy RNy WRN , MTy,

IrngN, =
)

1 (ZrNg,MTo > ZRNg,MTo) -

b) Second Hop: In the second hop, the received signal
at MTy, denoted by yl(\i)To, is given by

Uiry=/ (1= K1) (Pr/Nas) Ziok, vy BRNo T WiNo MTo 50,

—1 Tx
+ \/KT (Pr/NBs) Zgs,, Mro B8R0 MToWeg | rn 50041

(1) 7(2) -(2) (2)
+ g M1, T BS,MT, T RN,MT, T PMTy> (10)
Ta
where hgy,mT, € CNYNev g {n%On%‘o} = 0%,

1 . .
\/KT PT/NBS) ZBSRU MTOhBSRo,MTo BSgo.RNg 15 the in-

terfering signal from BSg towards MT}. 21(35) wm, and zgS)MT

are the interference processes affecting MTy, which result
from the set of BSs constituting the single- and two-hop
transmissions, respectively. They are given by

—1
=5 \/ (Pr/NBs) Zgs, gy, Bs, M1y WS, MT; Si,y 14
BS; € lp)

1 (Zss; RNy > ZBspoRN,) 1

He)
BS,MT,

(ZBs;,MTy > Tecell ZRNgMT, ) 5
(11

=(2) 2 : Tx
ZBS MT, — KT PT/NBS) BS MTOhBS MT()WBS RN 5],L+1
BS; E¢(12h0p)

1 (Zst,RNO > ZBSRO,RNO) 1 (ZBSJ,MTU > erllzRNoi,MTO) ,

(12)
and
2) —1
ll(zNMTO Z \/ 1 — K1) (Pr/Nrs) Z RN, MTOhRNkMTo
RN,eal)
cdrd{beN 7cdrd{<1>](3lé2h0p)}
X WRN,MTo Sk, L (ZRN,,MTo > ZRNy,MTp) - (13)

Consequently, based on (10), the SINR at MT, denoted by
SINRgy, MT,, i given by (8) at the top of the page, where

. -
S, = Y (Pr/Nes) Zg i, (s v, wes, v |

BS; € ihr)
1 (Zss; RNy > ZBspoRNy ) 1 (ZBs; M1, > Ncell ZRNGMT, ) »
14

i)

2
BSMT, — ’

h Tx
BS;.MTo WBS; RN;

Z Kr(Pr/Nps) ZB_SJ-I,MTU

BS; € (2P

1 (Zst,RNO > ZBSRO,RNO) 1 (2‘»7st,1v1T(J > UcellzRNU,MTO) )

(15)
and

Ldwr, = (1= Kr) (PT/Ngﬁ) [hRNg M WRN MT, |
RNzeal)

card{@RN 7card{¢gé2hop) }

—1
X ZrN, MTo L (RN, MTo > ZRNg,MT) -

Tx
¢) Design of WRN,,MT,» Woo and w g

Owing to the expected relatively sma?l dlstance PT:)etween
BSgro and MTy, according to the cell-association criterion
of (2), the statistical power effect of the interference

—1 Tz
term KT (PT/NBS) ZBSR(),MTO ‘hBSR()yMTO WBSRO,RNO L 4
S

which is involved in the first hop, is expected to
strong. Due to this, propose the design of WgrN, MT,>

Tz and wRﬁ‘ with the aim of canceling
BSRo,RNq’ 0,RNg Lo
it, while at the same  time maximizing the useful
: Rax Tx
signal  terms  |wiZ on Hesn mNoWEE, Ry, | and
[hRNo, MToWRNg,MTo|~  of (7) and (8), respectively.
Hence, according to the MRT principle it holds that
hH
WRN,,MT, —e-MTo - and regarding Wgs Ly, and
HhRNO MTq H RO 0
Rx .
W a0 NG the optimization problem to be solved is:
Rx H Tx 2
Ra max WBSRoRNoHBSRoRNo WBSR(RN(
WBSRo,RNg " WBSRg,RNg (16)

2
S.t.

h Tx
BSR0,MToWBSR(,RNg

Proposition 1. If Ngg > 1, the solution of (16) is given by
Rx l
WBSRo,RNg = u1(3)SR0,RN0

(r)
Tz _ PhBSRO,MTO UpgL,,RNg an
WBSRg,RNg — )

HPthRO ,MT( uBSRO ,RNg

where ul(Bl)SRO,RNO and ugS)Ro,RNo are the left and right

singular vectors that correspond to the largest singular value



Of HBSRO RN and

H H
Prpspor, = INss — BBsgg v, (thRO,MTOthRO,MTO)

x hBsgo,MT,- (13)

Proof: To satisfy (16), ngRO,RNO needs to be in

the orthogonal complement space of hgps,, m1, and at
. . Rz . .
the same time together wzth2WBSm,R1\I[J to maximize
ngmRNoHBSRoRNongmI{NO‘ . Hence, (16) admits the
. . N N .

solution of (17) with Pyyg  \ry € C BSXNBS being the
orthogonal projection onto the orthogonal complement of the
column space of hps, MT,-

Remark 1. (16) does not admit a solution when
Nps = 1 and, consequently, the interference term
-1 T
Kr (Pr/Nps) ZBSRO,MTO ’hBSR()’MTUWBS:ERO,RNO cannot be

eliminated. For simplification of the analysis in Section IV
and in order to observe the maximum performance that can
be attained by using FD RNs, in the rest of this paper we
assume that Ngg > 1 and, hence, (16) admits the solution of

Tx =0
BSRO RN :

(17) according to which ‘hBSRO,MTO

B. Examined Performance Metric

In this work, we consider the xth percentile rate of MT,
as the performance metric of interest. It is the rate thresh-
old for which the probability that the instantaneous rate
Bw log, (1 4+ SINR) is smaller than that threshold is x%. To
mathematically define it, it is convenient to first define the
coverage probability, which is the probability that the SINR
at MTy in a single-hop transmission or at both RNy and M T
in a two-hop transmission is greater than a particular threshold.
By defining it as Py (T), where T is the threshold, it is given

by
— (1hop) (.
Peov (T) = Ezgg, mir, {PCOV (T; ZBSO,MTO)}

+ ]EZRNO MTg {chbop) (T; ZRNOvMTO)} ) 19)

where PEEP) (1), PZUOP) (1) are the coverage probabil-
ities corresponding to one- and two-hop links, respectively.
They are given by (20) at the top of the next page. The xth
percentile rate, which we denote by Ryn, is given by the
solution of the following equation:

Pr{Bw log, (14+SINR) < Rx¢n} = xth

Ryth
= 1—Peov (2 Bw

— 1| = xth,

(23)
where Py (+) is given by (19).

IV. PERFORMANCE ANALYSIS

In this section, we derive the analytical expression of Ryp.
Towards this, i) At first, we present the analytical expressions
of the required distributions to derive this expression. ii) We
consider useful geometrical approximations for tractability.

A. Preliminaries

It is evident from Section III-B that the derivation of the
analytical expression of Ry, requires the computation of

the following quantities: i) The distribution and the pdf of
Zx4,vo = 1(rxy,5)/Sx0,v,» Which we denote by Fz, . (:)
and fz, ., (), respectively. They are given by [38, Eq. (31)]

2/ﬂx YO)
(24)

Z/BX’YO_I/ﬂX,Y0>

v¢”/ ‘3“0) L)

Fzy v, (x)=1—exp <—7T)\Xf<c 2/bx, oy,

Foxy v (€) = (mm 2 oxvoy

X exp( 71')\X,‘<, 2/bx, YOT

where

1
Tx,v, = exp (nyyoux,yo + §G§(,Y00§(,Y0> (26)

with Gxy, = mﬁ. ii) The conditional probabil-

ities that MTy is served via a one-hop and a two-hop link,

ie.

Xihop (ZBso,MTo) = Pr{ Zrxg M1, > nc_e%IZBSO,MTO| ZBSo,MTy }
=1 — Fayny ary (Moo 2850, MT ) 27

Pr{ ZBs,,MTy > Ncell ZRNo,MTo | ZRNg,MTy }

(28)

Xzhop (ZRNo,MT)) =
=1- FZBSO,MTO (Teet ZRNg,MT, ) -

iii) The probabilities that MT( is served via a one- and a

two-hop link, i.e., X1hop and X2nop- X1hop are given by

+oo 1
X1lhop = /0 (1 - FZRNO,MTO (U&nﬁ)) fZBso,MTO (6)d¢ (29)

and X2hop=1'X1hop~

B. Approximations

Approximation 1. For analytical traclability we propose to
approximate SINRpg, RN o defined in (7), as as (21) at the
top of the next page, where

~ 2 N Zus,

Z
B8 col ‘ INBSZBS; RN,

approz(l)

Igs RN,

Rx 2
WBSRRNo HBS; , RN, WBS;,MT; ’

1 (ZBs;,RNy > ZBSgo,RN) s (30)

2

KrPr

approz(2) Rx Tx
BS,RN, =~ NooZoo o WESg RNy HBS; MT, WES; RN,
oo 535 BS;,RN; !
BSje®y P
(Zst,RNO > ZBSpo,RN ) » 31)
and
Ia,pp'roz ~ 1 - KT PT h 2 32
RNRN, NT Z lheN, mRNo WRN M1 [T (32)
1) BN RN,RNg
RN €D
card{ &}—card{@(l 2h0p)}

Remark 2. (30) and (31) occur by not taking into account
the indicator functions 1 (ZBS”MTO > ncenZRNmMTO) and
1 (ZBSJ7MTU > UcellZRNo,MTO) in (9). By considering that
the communication takes place in two hops and by excluding
shadowing for simplicity, such an approximation restricts the
interfering BSs of RNy, related to the single- and two-hop
transmissions, to the area that lies outside the disc with
center RNy and radius equal to sy, RN, (Fig. 1). Such
an assumption is expected to hold reasonably well for RN



Péégop) (T, ZBSO,MTO) =Pr { SINRBs,,MT, > T| ZBSmMTo} Pr { ZRNg,MT > n;%IZBSo’MTo | ZBSoﬂMTO}

ngom (T; ZRNU,MTO) =Pr { SINRBSRO,RNU > T and SINRRNU,MTO > T‘ ZRNO,MTU} (20)
X Pr{ ZBsy,MT¢ > Neell ZRNg,MTo | ZRNo,MTg } -
2 __
SINR&PPTOE Kr (Pr/Nps) }WII%CRORNO Hpsko RN ngROvRNO ! ZlenovRNo 21
BSgro,RNg — . . 2 r 1 2 approx ’
o + (1= Kr) (Pr/N%) ‘ngRO,RNDHSIWRNO,MTO + IEZS)Z,)R(I)\IZ( '+ Igg;?gl)\?o( - IRIP\IP,RNO
: (1 = K1) (Pr/NER) Ihrng mro WaNg,MTo | Z5, wr

SINRER Nir, & 20 (22)

A+ T, + I + IR |

BS,MT, RN,MT,

densities notably higher than the ones of the BSs since then
TRNo,MT, fends to be small.
(32) occurs by not taking into account the indicator

function 1 (ZrN, M1, > ZRNo,MT,) of (9).  This
means that the interferers related to IZYY 71;330 can
be located in the whole dimensional plane. As with

the indicator functions 1 (ZBS,»,MTO > nCEHZRNO,MTO)
and 1 (ZBSj,MTO > nCeHZRNmMTO), the elimination of
1(ZRN,WMT0 > ZRNO,MTO) is expected to hold reasonably
well as an assumption for RN densities notably higher than
the corresponding ones of the BSs.

Approximation 2. We propose to approximate SINRrN, MT,,
defined in (8), as (22) at the top of the next page, where

LR = N (Pr/Nes) 238, ru, [hBs; M, Ws, v, |

BS;ea ! hoP)

1 (ZBs; ,MTy > Neell ZRNy,MT, ) (33)
and
~ -_— xT 2
IBISZI,?MT(?) = Z KT(PT/NBS)Zlej,MTO hBSj,I\/ITOWgSj,RN_i’

(1,2hop)
BS;€®py

1 (ZBS_i,MTO > ncellzRNo,MTO) . (34)

Remark 3. (33) and (34) occur by not taking into ac-
count the indicator functions 1 (ZBSi,RNO > ZBSRO,RNO) and
1 (ZBSj,RNg > ZBSRO,RNO) in (14) and (15), respectively.
Such approximations originate by using similar arguments as
in Remark 2.

C. Coverage Probability

In this section, we provide a tractable mathematical frame-
work for the computation of P, (T), which is used for
the computation of Ry, according to (23). For analytical
tractability and to obtain important insights we consider the
case of NF% = 1 and in Section VI we provide simulation
results also for the N5% > 1 case which exhibit the same
trends with the IV gf, = 1 case. Now, we present Lemma 1
that is used for proving Proposition 2 that is subsequently
presented.

Lemma 1. For N glf, = 1 and according to the design

2 .
of (17), |W}§§R0RNOHBSR07RN0W£§RO,RNO| follows a chi-
squared distribution with Npg — 1 degrees of freedom.

Proof: See the APPENDIX.

Proposition 2. P, (T), defined in (19), can be approximated
as

Peov (T) = ]EZBSO,MTO {PS)]‘}OP) (T§ ZBSO,MTO)}
+ IEZRNO,MTO {Pgbop) (T§ ZRND,MTO)}
~ Jes,mtT (T) + Tss,rn (T) Tren,mr (T),

where Jgs mt (T), Jss,rn (T), and Janmr (T) are given
by (36), (37), and (38), respectively, on the next page,

k=0

(35)

exp (gx,v (¥)),

K[k 0\
_ exP(gX’Y(y))Zpl!...pk!< 1 )

(k) Pr
X ... X (9){}\;()’)) k>1,

(39)
where p1, ...px are given by the non-negative integer solutions

of the equati0n4 p1+2p2+...kpr, = K, aps,rRN = 1;(IT(T Nps T

k
Py ()

NTac
X,Y = {(BS,MT), (BS,RN), (RN, MT)}, and "
Ax.y
gx,v (y) = Bx,yy + Cx,yy Pxv
(k) b 2 —-m —mﬁX’Y
6 (7) = gxv (v) (5— (- 1)) (ko) ™y~ %
me—1 X, Y
(40)

with X, Y = {(RN,MT), (RN,RN), (BS,MT)} if X,Y =
{(BS,MT), (BS,RN), (RN, MT)}, respectively,
Bgps,mT = 71'>\1(31§,1h0p>TBs,1\/1T‘I’BS,MT (=T)
+ W)\l(gléZhop)TBS,MT\I/BS,MT (=K7rT)
Bgs,rn = W)\g’slhOp)TBs,RN‘IJBs,RN (-=T/Kr)
+ W)\g’szhOP)TBS,RN‘I/BS,RN (-T)

Bry,MT = 7T)\](3[’S2h0p>TRN,MT\I’RN,MT (-=T)

(41

4These solutions can be found by using the function FrobeniusSolve of
Mathematica. However, for large Npg and NZ{K, memory issues are likely
to occur. In such a case, we propose the method described in [49, APPENDIX
Cl.



JIss,mt (T) = mAssYBs, M1 / exp (—mABs YBS,MTY) €Xp <—
0

ABS,MT
TARN YRN,MT _goos >

2/BRN,MT
cell

Nps—-1 ) n BBS,MT 9 " ) -

1 BBS,MT Koy 3 o4T ( n ) ( oL T ) "
x — =k 2 exp | -2 -~ TN- _onLt dy. 36)
7;) TL!( 0y ) P Pr/Nps ;) k Pr/Ngs Ppsvr (V) dy (
e Nps =2 n PBS.AN
1 ABS.RN K 5 g2 T
JBS,RN (T):w)stYBs,RN/O exp (—mABsYBs,RNY) ; o (*F&oy 5 ) exp 7%7]\]351\7
n 2 n—k k
" on'T k o\, om) 2 f—m
8 Z( k ) (_m) > < m >sz,RN (v) (—os1aBs,rN)
k=0 m=0
2 Bps.rN | T1TET™
X | 1+ o&raBs,grnKoy 2 (k —m)ldy, an
> Y BRN,MT
Jrnur (T) = ﬂ)\RNYRN,MT/ exp (—TARNYRN,MTY) €Xp <_m ABS.MT )
0 cell ’
N}%‘]‘f]*l n BRN,MT 9 n ) _—
! PR T Koy 2 oyT (” )( o ) (*)
g m\" i PN T P NTE B NTT dy, (38
'r;) n! ( oy ) P Pr/NTe kz:;) k Pr/NL%, Pry vt (V)dy

and

o N
Cps,MT = ”Ag’s% P)Y N, MTWRN, MT (— (1-Kr) 5s T)

2
BRN,RN
T)

2 2
x T | r +1
RN ( BrN,RN ) (/BRN,RN )

_ (I,2hop)
CBs,RN = TARS

2 (l—KT NBs

BRN RN Kr NE%

C — 7L 1hop)~ N, _ 1 NII-“;KT T
RN,MT = TARg BS,MTVBS,MT 1— Kr Nps
K NT:C
)\(I,2hop)’r U _ T RNT
+ TARS BS,MTY¥BS,MT 1— Kr Nps ,
(42)
where
2 2
Uxy (z)=1—oF (1,—7;1—7;;3). (43)
Bx.y Bx,y

Proof: See [49, APPENDIX B].
Rx¢n is obtained as a solution of the the equation that results
by plugging (35) into (23).

Proposition 3. In the noise-limited region, which can be
achieved for sufficiently large Npgs and N}g%, the coverage

probability, which we denote by PO (T), can be approxi-
mated as
PO (T) = Fisar (T) + Tisan (T) Tinar (T), - (44)
(NL) (NL) (NL)

where Jgs \ir (T), Tgs g (T), and Jgy yir (T) are given
by (45), (46), and (45), respectively, on the next page.

Proof: See [49, APPENDIX D].

V. SYSTEM MODEL FOR HD RNS AND COMPARISON

The aim of this section is to present the case of HD RNs
and compare the achieved performance with the one of the

FD system. Towards this, we consider the same system model
as in [38] regarding the phases of communication with HD
RN for which we extend the analysis by considering multiple-
antenna BSs and RNs. In particular, the system model consists
of two phases that have a duration of one time slot each.
In the 1st time slot, only the BSs are allowed to transmit,
whereas only the RNs in the 2nd one. Consequently, similar
to the analysis for the FD case, and by taking into account
that MRT is employed at the BSs and RNs, the instantaneous
SINR expressions SINR%IO?VETO in the case of a single-hop
transmission and SINR]%];IRZ){NO and SINR&ﬁfK,[TO in the case
of a two-hop transmission, are given by

(Pr/Nss) |hssymr, |* Zash wrr,

SINR(Z D) = - -
o o + I]gS,)MTO + I]gS,)l\(/ITg )
2~
SINR(HD) _ Kr (Pr/Nps) ”hBSROsRNO” ZBsiO,RNO 48
BSRo-RNy — 2 4 7D(HD) 48
on + Igskn, T LBsRrN,
SINR(HD) o (1 - Kr)(Pr/Nrs) HhRNo,MTo H2 Z};Nlo,MTO
RNo,MTy — 2 I(2)(HD) ’
oy + Irxwmr,
where
2
2)(HD - HD
I]gs,)l\(/ITO ) = Z KT(PT/NBS) Zstl,MTU hBSjsMTOw](BSJ,RI\)Ij)

BS; e (2P
1 (Zst,MTO > ZBSO,MTO)
2)(HD) _ 1
IlgS,RNU )= Z Kr(Pr/Nps) Zst,RNO
BS; € (2P
1 (ZBSj,RNO > ZBSRO,RNO) 1 (ZBSj,MTO > ncellzRNo,MTo)

2)(HD m
IlgN),IS/ITO ) Z (1 - Kr) (Pr/Nrs) ZR;I,C,MTO
RNj €24y
Card{q)gl)\]}ZCard{@(BI,Smmp)}

2
h (HD)
BS;.RNg W BS;.RN;

2
1 (ZrN,,MTy > ZRN,MT,)-

< |n (HD)
RN, MToWRN, ,MTq



J(NL)

o0
psur (T) = W/\BSYBS,MT/ exp (—mABs YBs,MTY) €Xp <—
0

TARN YRN,MT

2/BRN,MT
cell

BBS,MT
BRN,MT

BBS,MT Npg—1 BBS,MT "
PBSMT 5 BS fBSMT
Koy 2  onT 1 [ Koy~ 2 onT
X —_—— — | d 45
exp< Pr/Nps ) nz:;) - ( Pr/Nps Y, 45)
. PBS.RN Npg—2 PBS.RN "
(NL) _ % _ v _koy 2 opyT 1 [ koy 2 onT 4
Ips.rn (T) = mAss BS,RN/O exp (—TABs Bs,RNY)eXP< 4PT/NBS ; n! Pr/Ngs dy, (46)
oo A psY BRN,MT
P({IIEI],LIV)IT (T) = W)\RNYRN,MT/ exp (—TARNYRN,MTY) €Xp (—my BBS,MT )
0 cell '
BRN,MT NEZ -1 BRN,MT n
Koy 2  onT . 1 Koy 2 onT
xexp | ————— " — = | - | dy, 47
p( Pr/NER ) 2wl )Y “n

Based on (48), it can be proved with an analysis similar
to the FD case that the coverage probability in the HD case,

which we denote by ng,D) (T), can be approximated as

PP (T) ~ TS (T) + TS A (T >J1§§”;£T (T), 49
where j}élsqﬁ)T( T), j]éls_lgl)\l( T), and jRN wit (T) are given

by (50), (5 1) and (52), respectlvely, on the next page,

oo (42 ). § =0
(1)(HD) ( \\ P
(HD) k! gxy ()
exp (gx Y (Y)) Z il ! < 10

k)(HD
PN (y) =

k)(HD Pk
. G (y)
>< e T

7k21’

where X, Y = {(BS,MT), (BS,RN), (RN,MT)}, p1,...pk
are given by the non-negative integer solutions of the equation
p1 + 2p2 + ...kpr, = k, and

HD
9§<Y)( ) = Bx,vy
k
k)(HD HD 2 _
P ) = o580 ) TT (G = (= 1) (o)™
oz \BBs,mT
o PBS MT
Xy MR (53)

By taking into account (49), the xth percentile rate, which

we denote by Rff}? ), is given by the solution of the following
equation:

(D) R(Ptllm ( 2R(If1?)
HD xth HD) x
1JBSMT< Bw ) JBSRN( Bw 1)
21_{(HD)
Ao (2 80" — 1) =xth.
(54)

Proposition 4. For sufficiently large Nps and NL% (noise-
Imited region), the coverage probability in the HD case, which

pWNL)(HD)

we denote by Peoy (T), can be approximated as

PGP (1) & JES " (1) + TN (1) ZiRi ™ (1),
(55)
NL)(HD NL)(HD NL)(HD
where jéSM)é )( )jéspj\g )( T), a deENl\)I’(T )(T)

are given by (56), (57), and (58), respectively, on the next page.

Proof: (55) can be proved by following the same line of
thought as in (44).

Remark 4. For Bpg # oo, the trends regarding the com-
parison, in terms of percentile rate, between the network
with FD RNs and its HD counterpart depend on whether the
networks operate in the interference- or noise-limited region.
This depends on the values of Ngs and NL%.
Interference-limited region: This is the region of oper-
ation if Npg and Ngﬁ, are not large enough. By com-
paring (35) with (49), we observe that even in the ab-
sence of self-interference at RNy (0% = 0) it holds
that Peoy (T) < p{ip) (T). This is due fto the fact

cov

that jBS,MT (T), jBS,RN (T), and jRN Mngg)) with re-

spect to their counterparts jégﬁ)T( ), JBS ri (T), and
(HD) ) . ABS,MT
Jrnvr (T) include the additional terms Cps yry "RN-MT,
BBS,RN BRN,MT

Cps Ny "RNERN - and CrnMTy 7BS:MT respectivel)é. )These
1

terms are related to the additional interference terms iRN’MTO,

. (1 (2 . .
IRN,RN,, and 11(38),MT0 + zgs),_MTo, affecting MTy during the

one-hop communication, RNy, and M'T during the two-hop
communication, respectively, in the case of FD RNs compared
to the HD RNs case. Hence, due to these terms and the self
interference at RNy it holds that Jgs mt (T) < JBI;ﬁ)T (T),

Jss ey (T) < j(ggN( T), and Jrnmr (T) < jlngI[l\)/[T( T),

which results in Peoy (T) < Peoy

Regarding the comparison between Ry, and R)((ng) in this
region, the fact that Py, (T) < ng,D) (T), whereas the HD
network is subject to the HD constraint, means that depending

on the values of the path-loss exponents, Npg, Ngﬁ,, and Bgsg,
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: Koy ON
j(HD) T) = W)\BSYBS,RN/ ex; —W)\BSYBS,RN — (—K, 2 ) ex _
ss.rx (T) e y z:: — [ —roy p Pr Vs
= n o2T \"°F
y __onT dy. 51
1;0 ( k ) ( PT/NBS) Posn () 4y eb
S AnsY BRN,MT
Tinatr (T) = 7r>\RNYRN,MT/ exp (—mARN YR ry) exp | —— oty PRs. T
o —2/Pes.
Nif 1 BrN,MT \ " ZRN.MT n 2 n—k
, Koy 2 onT n onT (k)(HD)
X —Koy 2 ) exp | —— Q%5 o7 ( ) <—7> Privr (V) dy, (52)
>l g ) =\ k) g
o TArNY BBS,MT
Tssan 2 (T) = TF/\BSYBs,MT/ exp (—7ABs YBs,MTY) €xp <_W PRN,MT
0 cell '
BBS,MT Nps—1 BBS,MT "
koy 2 onT 1 Koy 2 onT
xexp | —————————"— — | ———————— | dy, 56
P Pr/Ngs nz::o n! Pr/Nps y (56)
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Rain can be larger or smaller than R ﬁlD) In particular, it

is expected that Ry < thh for O'SI =% 0 and small Npg,
N};N, and PrNRN (Which means that the interference that
RNq experiences due to the transmissions of the interfering
relays is strong). However, as Npg and NLZ RN increase a
crossing point is expected above which Ry > thh D) holds.

Noise-limited region: This is the region of operation if

Npg and NRN are sufficiently large. In this region it holds
(NL) (NL)(HD)

that Peoy ' (T) =~ Peov gT), which is due fto the
NL NLY(AD) NL

fafgg&)fég e (T) (:NL)J];S in (1), Tk (T) =

jSRN (T), and jRN MT( ) = RN,MT (T) from

what we can observe by comparing (45), (46), and (47) with

(56), (57), and (58), respectively Consequently, due to the HD
constraint it holds that thh > RX(tI}fD)

VI. APPLICABILITY AND LIMITATIONS OF THE DERIVED

EXPRESSIONS

The aim of this section is to provide a discussion on the
main assumptions that lead to the derived analytical expres-
sions of the percentile rate and whether these assumptions limit
their applicability.

The first main assumption is that we model the position
and number of BSs and RNs as 2 independent PPPs. This
would mean that the placement of RNs does not depend on the
placement of BSs. In reality, it is not expected of course that,
in terms of performance, placing the RNs independently of the
position of the BSs is the optimal approach. What is expected
as a real implementation is that the position of the RNs is
optimized with respect to some performance maximization
criteria, conditioned on the position of the BSs. However,
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Fig. 2: Rsen vs. loge (N7) for Bes,mr = 4, Bes,rny = Brn,mT = 3, and Bes = 1. Dotted lines with markers illustrate the analytical

model, whereas markers illustrate Monte Carlo simulations.

we are confident that the observed trends (which the main
purpose of our work), such as the behavior as the number
of antennas increases, cannot be affected by such a case.
Secondly, another important assumption is that we do not
consider pilot contamination and we also assume that there is
a perfect CSI. Regarding pilot contamination, as we mention
in the manuscript it can be eliminated based on the method
of [42], for instance. In the case that it cannot be eliminated,
according to [41, Eq. (20)] for a massive (practically very
large) number of antennas pilot contamination results in a term
at the denominator of the SINR expressions that depends on
the shadowing and pathloss of the interfering nodes towards
the node of interest. If the number of antennas is not massive,
still such a term would appear at the denominator of the SINR
expressions, but it would depend also on the channel fading
coefficients from each of the antennas of the interfering nodes
towards the node of interest. In any case, regardless of whether
there is a massive or moderate number of antennas at the node
of interest and the interfering nodes, the same term in the
denominator of the SINR expressions at RNy and MTy would
appear for the cases with FD and HD RNs and also at M'T, for
the baseline network without RNs. As a result, the observed
trends would not be affected.

As far as perfect CSI is concerned, in slowly-changing
channels (low mobility) such an acquisition can be feasible.
However, even if this assumption seems unrealistic, imperfect
channel estimates would not also affect the observed trends
regarding the comparison of the FD case with the HD one and
the case without RNs since all of the cases would be affected in
the same way. Let alone that for a massive number of antennas
the effect of imperfect channel estimates is eliminated, as it is
proved in [41].

All in all, the bottom line from the above discussion is that
the aim of our work is the comparative study of the FD RNs
case with its HD counterpart and the network without RNs. As
we justified above, the trends from this comparison, which is
our goal, cannot be affected by including the above real-world
considerations.

VII. NUMERICAL RESULTS

Our aim in this section is twofold: i) To validate Remark 4
regarding the comparison of the FD with HD case. ii) To
examine whether the inclusion of the FD RNs enhances the
performance of the no-RNs network and whether a moderate
or a high antenna number is sufficient to achieve this if it is
the case.
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Regarding the simulation parameters, we consider Pr = 45
dBm, KT = 05, NBS = N}%{, = NT, ]:dB =10 dB, fc =
2 GHz is the carrier frequency, uxy = 0 dB, oxy = 4
dB, Byw = 180 kHz, which is the transmission bandwidth
of a resource block in the LTE-A standard, 6 = 50, kyr =
10, Ags = 1/(7ereH), where Rc.o1 = 200 m is the average
radius of a cell, and Agn = 3Aps. Regarding the Monte Carlo
simulations, the same principles as in [38, Section V] apply.
In addition, the simulations refer to the exact network setup

without considering the SINR approximations of Section I'V-B.

In addition, as far as the path-loss exponents S mT,
BBs,RN> Orn,MmT, and Brn gy are concerned, we consider
scenarios where (s mT > [OBSRN,SRN,MT, SRN,RN. The
intuition behind this lies on the fact that in realistic scenarios
RNs are expected to be needed to assist the communication
between BSs and MTs for high Sgg nmt. Considering this, RNs
are expected to be deployed in a way that the BS-RN and RN-
MT links are stronger than the BS-MT links, which means that
RNs are likely to be deployed on rooftops [50]. This would
likely also make Srn,rn smaller than Sps m.

Regarding Remark 4, for Spsmvr = 4, fBsen =
BrynMT = 3, and Bpg = 1, Figs. 2 and 3 illustrate Rs¢n
and Rsoen vs. logy (N7), respectively, for the FD and HD

cases, N gf, equal to 1 and Ny, two values of Sgrn rn, and
different values of o; in the FD case’. As we observe from
Fig. 2 (a) and (c) that correspond to the case N gﬁ, =1,
for which we have derived the analytical framework, there
is only a small gap between the analytical model and the
simulations. In addition, for Srn rN = 2.7 we see that Rsyp
for the HD case is higher than the corresponding one for the
FD case even under the absence of self interference if Nt is
not sufficiently high. Moreover, we observe that a value of
o2; equal to 1072 is required so that a performance almost
the same as the one without self interference is achieved. On
the other hand, a value of Ugl equal to 10719 results in a
substantial performance degradation. This is a clear indication
that ways to significantly mitigate o2; need to be devised, such
as placing the RNs in sites which result in such small o3;
values according to the particular topology of buildings and
obstacles in the area of deployment. Finally, by comparing
the plots for NF% = 1 with the ones for NE% = Np we
observe that in the latter case the crossing point over which
the FD network outperforms the HD one occurs for a lower
Nr. This is due to the higher on average SINRgs,, rN, since

SRs¢n and Ryoqy correspond to the rates of cell-edge and cell-median MTs,
respectively [S1].
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multiple antennas are used for reception and combining at
RNj. Finally, for the higher value of Srn,rn = 3.3, which
means that the interference that RNy experiences due to other
RN transmissions is smaller than the Srn rN = 2.7 case, we
observe from Fig. 2 (c) and (d) that for the o3 = 107!2
and 03; = 0 cases the FD network significantly outperforms
the HD one, which is in contrast to the SrnrNn = 2.7 case.
This is another indication that the placement of RNs should
be performed in a way that Srn gy is as large as possible,
apart from the fact that o2; should be as small as possible. All
the above trends validate the expected ones from the analytical
model according to Remark 4.

As far as Rsq¢n 1s concerned, from Fig. 3 we observe the
same trends for increasing Np as with Rs, except for the
fact that now for o; = 107'? and 03, = 0 the network with
FD RNs outperforms its HD counterpart even for low and
moderate Ny when Srn,rny = 2.7. This is justified by the
smaller network interference due to the larger distances from
their associated cells that the cell-median MTs experience
compared to the cell-edge ones. This means that a smaller
number of antennas is required to sufficiently mitigate it. Due
to the smaller network interference, we also observe that for
relatively high N7 even when o2, = 107! the FD network

can outperform the HD one.

Now, regarding the possible rate gains when FD RNs
are deployed compared to no-RNs case, in Fig. 4 we il-
lustrate Rs¢, and Rsorn vs. logs (Np) for the FD and no-
RNs (Bgs = o0) cases with parameters Ogsur = 4.5,
BBS,RN = BRN,MT = 3, and NI}%’%XI = Np. For the FD
case, the values of Bpg used for Rsi, and Rsoin are the
ones that maximize them, respectively, which were obtained
through a linear search. For reasons of comparison, we also
present the corresponding values of RgﬁlD) and Régtf) for
the HD case in which again we consider the corresponding
values of Bpg that maximize them, respectively. What we can
observe from Fig. 4 are the following: i) The HD and no-
RNs cases overlap regardless of the Np value, which means
that HD relaying-cellular networks cannot outperform the ones
without RNs in terms of rate, which is reasonable due to
their HD constraint. ii) FD networks can outperform the ones
without RNs in terms of both Rsi, and Rsgin when N is
sufficiently high and o3, adequately small. In particular, the
value 10712 gives a performance almost the same as with the
no self-interference case. ii) The rate gains of cell-edge MTs
(Rs¢n) with respect to the no-RNs case are higher than the
ones of the cell-median MTs (Rsg¢p,). This is justified by the
higher network interference that the former MTs experience
compared to the latter ones, as aforementioned, which makes
the increase in Nt more beneficial for those MTs as far as
interference mitigation is concerned.

VIII. CONCLUSIONS

Our aim in this work has been to investigate, from a system-
level point of view, whether the deployment of multiple-
antenna FD RNs can enhance the rate of a typical cellular
network with multiple-antenna BSs operating in the downlink.
By considering a system-level abstraction modeling based on
the widely used tool of stochastic geometry, for the special
case of one receive antenna at the RNs we have derived an
analytical expression for the xth percentile rate. The analysis
exhibits a relatively close match with the simulation results
and reveals the following trends, which are validated by means
of Monte Carlo simulations: i) A network with HD RNs can
outperform its FD counterpart, in terms of achievable rate,
even in the absence of self-interference at the RNs if the
number of antennas at the BSs and RNs is not sufficiently
large. This is in contrast to the outcomes of literature works
that do not consider the effect of network interference. ii)
Even if the HD network substantially outperforms the one with
FD RNs for a particular number of antennas, increasing the
antennas results in a crossing point over which the FD network
becomes better in terms of performance.

Furthermore, the simulation results show that important rate
gains compared to the no-RNs case can be achieved for both
cell-edge and cell-median MTs as the number of antennas
at the BSs and FD RNs increases and for a substantially
small variance of the self interference. This poses significant
challenges regarding the design and placement of the FD RNs.
In contrast, no rate gains, regardless of the number of antennas,
can be achieved when the RNs follow the HD principle, which
is due to the HD constraint.



To the best of our knowledge, such a study is the first
system-level study regarding the potential of FD-based relay-
ing and, in our opinion, the promising outcomes constitute a
guideline for the system designers of next-generation relay-
based cellular networks. The fact though that a large number
of antennas is required to achieve the benefits of FD relaying
if the self-interference level is not small enough crates issues
regarding the available space at the BSs and RNs to accommo-
date this number of antennas. This motivates us to study such
a network in a millimeter-wave setup as future work due to the
significantly smaller wavelength, which enables the packing of
the same number of antennas inside a smaller space.
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APPENDIX
Proof of Lemma 1
For NE& =

hH

1, it holds that u$} oo = 1 and
— BSRo-RNg

(’I“) 1><(NBS) :
up RNo = T — 11 where hgs,, rn, € CN 18
Sro,RNo HhBSRO,RNO H ’ Sro-RNo

the channel vector that corresponds to the BSgg — RNy link.
Consequently, it holds that

2 2
Rx H Tx — P hH
WBSRroRNoHBSRoRNo WBSRoRNg | = hpspo,MT, 1BSRe,RNg
. Hy H
= hBSRo,RNoU (INBS — chag {1, 07 ey, 0}) U hBSRo,RNo
-~ 2
= || Besio v | (59)

where U is a unitary matrix, hpsy, rn, = hBsg,,rN, U, and

BBSRO,RNO S (CNl x (NBS_l).
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