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Abstract—In this paper, we investigate the performance of
full-duplex (FD) radio in large-scale heterogeneous millimeter-
wave (mmWave) cellular networks. The FD radio can potentially
double the spectral efficiency but its performance is compromised
by the existence of loop- and multi-user interference compared
to half-duplex radio. Using stochastic geometry tools, we derive
closed-form expressions for the coverage probability and the sum-
rate performance of the considered network. We evaluate the
impact of the FD radio on the network performance and quantify
the associated gains under different network parameter settings.
Our results demonstrate that the combination of FD radio with
heterogeneous mmWave cellular networks provides significant
gains, since it increases the spectral efficiency but also alleviates
the effects of the multi-user interference.

Index Terms—Full-duplex, millimeter wave, heterogeneous net-
works, stochastic geometry.

I. INTRODUCTION

The exponential growth of wireless data services along with
the spectrum shortage motivate the investigation of the next-
generation cellular networks. Aiming at increasing the network
throughput, next-generation networks will have to combine
several innovative techniques, such as full-duplex (FD) radio
and millimeter wave (mmWave) communications [1].

FD radio refers to the simultaneous operation of both
transmission and reception using non-orthogonal channels,
which can potentially double the spectral efficiency with
respect to the half-duplex (HD) counterpart [2]. Nevertheless,
the non-orthogonal operation creates a loop interference (LI)
between the output and the input antennas. Owing to the
overwhelming effect of LI at a transceiver, FD has been pre-
viously regarded as an unrealistic approach. However, recent
advances in transceiver design and signal processing tend to
make LI cancellation feasible [2]. Another key challenge in
implementing the FD radio in large-scale networks, is the
mitigation of the severe multi-user interference caused by the
FD operation. Several research efforts have been carried out
to study the effect of loop- and multi-user interference on the
FD performance for large-scale wireless networks, and several
techniques have been proposed to alleviate the additional
interference caused by the FD technology. The performance
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of FD small-cells in ultra-dense networks was studied in [3]
and the beneficial effect of multiple antennas in mitigating
the interference introduced by the FD operation demonstrated.
Hybrid HD/FD cellular networks are studied in [4], where
the authors considered both cell-center and cell-edge users; it
is demonstrated that FD base stations (BSs) with HD users
provide higher performance than FD BSs and FD users.

MmWave communication is also a key enabling technology
for the next-generation wireless communications owing to its
abundant spectrum resources, which would lead to multi-Gbps
rates [10]. Recent studies have shown that the unique features
of mmWave communications, such as directivity, sensitivity
to blockages, and higher path losses, cause a positive effect
on the network performance, which is the natural suppression
of the overall interference. Thus, the co-design of FD radio
and mmWave networks is of critical importance in order to
combat the severe multi-user interference caused by the FD
technology by exploiting the prominent properties of mmWave
communications. Even though FD radio is well-investigated
for below 6 GHz applications, there is minimal research on
the effects of higher frequencies, i.e. mmWaves. In [6], the
authors proposed a model to explore the viability of FD
over the mmWave band. The implementation of FD-mmWave
communication network in the context of ultra-dense small
cell networks with relay nodes is investigated in [7].

In this paper, we study the achieved coverage and sum-rate
performance of heterogeneous FD-mmWave cellular networks,
where the users operate either in the FD or HD mode. The
main contribution of this paper is the co-design of FD radio
and mmWave heterogeneous cellular networks, which can
be mutually beneficial, since FD can provide high network
throughput and mmWaves can lead to multi-user interference
mitigation. We propose an analytical framework based on
stochatsic geometry that captures the impact of FD radio on
the coverage and sum-rate performance of the considered sys-
tem, for different network parameters. By deriving analytical
expressions of the coverage and sum-rate performance, we
show that mmWave cellular networks can indeed significantly
improve the coverage and sum-rate performance of the FD
systems. To the best of our knowledge, this is the first work
which incorporates FD radio in a mmWave cellular network
from a stochastic geometry point-of-view.



II. SYSTEM MODEL

We consider a heterogeneous mmWave cellular network
composed by K network tiers of BSs. The locations of the
BSs belonging to the k-th tier, where k € {1,..., K}, are
modeled by a homogeneous Poisson Point Process (PPP)
®;. with density A;. Each BS is assumed to serve a single
scheduled user that is independently and uniformly distributed
in its Voronoi cell. Specifically, we assume that the locations of
the users form a homogeneous PPP ¥ with density A;, which
is the baseline assumption for many cellular system studies
[8]. We consider the scenario where both BSs and users can
operate either in FD mode or in HD mode. A BS belonging
to the k-th tier, operates in FD mode based on the predefined
probability 71, while a user is operating in FD mode with
probability 5. An HD user can either operate in DL or in UL
mode, with probabilities 6 and 6V, respectively.

We further assume the employment of multiple trans-
mit/receive antennas at both the BSs and the users, and we
approximate the actual beam pattern using a sectorized model
[9]. Both the transmit and receive beam patterns are parameter-
ized by three values: main lobe beamwidth 6 € [0, 27], main
lobe gain M, and side lobe gain m. Therefore, the gain of an
interference link seen by a user, is a discrete random variable
and is given by G = {M 2 Mm, m2} with the corresponding
probabilities pG:{(%)z ,2 (%) (”T’e) , (”779)2} We assume
the active link between each user and its associated BS lies in
the boresight direction of the antennas of both terminals [9].

A. Channel and blockage model

The signals are assumed to experience both large-scale path-
loss effects and small-scale fading. Specifically, the small-
scale fading between two nodes is Rayleigh distributed. Thus,
the power of the channel fading between a user and a BS
located at X, is an exponential random variable with unit
mean, i.e. hx ~ exp(l). We also assume the independence
of small-scale Rayleigh fading for each link. For the large-
scale path-loss, we assume the unbounded singular path-loss
model, L(x,y) = ||z —y||~* which assumes that the received
power decays with the distance between the transmitter x and
the receiver y, where a > 2 denotes the path-loss exponent.
Regarding the LI, we assume that the FD-capable users and
BSs employ imperfect cancellation mechanisms [2]. As such,
we consider the residual LI channel coefficient to follow a
Nagakami-y distribution with parameters (1, 07;), where —-
characterizes the LI cancellation capability of both the BSs and
the users. Therefore, the power gain of the residual LI cham;el

follows a Gamma distribution with mean p and variance %,

ie. hpy ~ T <u, UTEI) Moreover, all wireless links exhibit

additive white Gaussian noise with variance o2.

The link between a transmitter and a receiver can be either
in line-of-sight (LOS) or in non-LOS (NLOS), each with
a different path-loss exponent. We consider the LOS ball
model proposed in [10], where the LOS and NLOS probability
functions are modeled as a simple step function P, = 1,<r

and Px = 1,-> R, respectively, where 1x is the indicator
function of X with 1x = 1 if X is true, otherwise 1x = 0,
R is the maximum length of a LOS link [10]. The path-loss
exponent a(r) for the link between a BS located at distance
r from a UE, is modeled as a discrete random variable and is
equal to a(r) = ag, if r < R, otherwise a(r) = an.

B. Power allocation

We assume that all users utilize distance-proportional frac-
tional power control in order to compensate the large-scale
path-loss and maintain the average received signal power at
their corresponding serving BSs equal to p. To accomplish
this, a user, which is at a distance d from its serving BS, adapts
its transmitted signal power to pd®(®¢, where 0 < ¢ < 1 is
the power control fraction. It is important to note here that if
e = 1, the path loss is completely compensated, and if € = 0,
no channel inversion is performed and all the users transmit
with the same power. For the DL transmission, we consider
a fixed power transmission scheme. All the BSs belonging in
the k-th tier, transmit with power Py, where P; > P, if ¢ < j.

III. FD-MMWAVE CELLULAR NETWORK
A. Association criteria

We assume weighted path-loss user association criteria for
both the DL and the UL transmission. In the case where the
user operates in FD mode, it can be either served simultane-
ously by two different BSs for DL and UL transmission or
served by a single FD BS for both DL and UL transmissions.
Let xj denote the BS with minimum path-loss from the k-th
tier. For a user at y € R2, the association criteria for the DL
and UL transmission, are given by

(1)

: k . U
rp = argmin ———, and xy = arg min .
ecixi} L(T,Y) ecixi} L(TY)
where x; = argmin,cq, L (2, y)~', Dy and U, are the
weight factors for the DL and UL transmission, respectively,
and k € {1,...,K}. Each user associates with the BS that
offers the strongest received power for the DL transmission
and the closest BS for the UL transmission. Thus, the DL
and UL weight factors are equal to Dy, = P, Yand U, = p,
respectively [9]. For the case where a user is served by a single
BS for the DL and UL transmission, this BS must satisfy both
expressions in (1) as well as operate in FD mode.

Let p;;, where ¢ < j, denote the joint association probability
that a user is served by a BS from the ¢-th tier in the DL and
a BS from the j-th tier in the UL. Furthermore, let p? and
pY be the probabilities that an HD user is served by a BS
from the i-th tier for DL and UL, respectively. The following
lemmas characterize the aforementioned probabilities.

Lemma 1. An FD user is served by a BS from the i-th tier in
the DL and a BS from the j-th tier in the UL with probability

(1 ,E*RQWZ,{;Q\)«DM(GL) eRQﬂZ{flAkDik(aN)>
Pii =i

Eszl M Dik(ar,) 25:1 MeDik(an)
when i = j, and with probability (3), when i # j, where

Dik(0) = max { P/ Py, 1)/°, 55 (u,0) = (u*IP;/P)"",
and Kk (o, 8) = mmax {u“Pk/Pi,vﬁ}Q/a Ak




K
R (R
- X Kiglar,a1)
pij:47r2/\i)\j / / uve k=1 i Ldv
0 JInij,v)

dqu/
R

/ u
N4 (u,v)

K
K u — 2 Kik(an,an)
e Lk=1Kik@N,a1) d,UJr/ ve k=1 '
N4 (u,v)

dv |udu

. (3

LOS zp and LOS zyy

NLOS zp and LOS =y NLOS zp and NLOS =y

Proof. The proof follows similar steps as in [9]. The main
difference lies in the fact that here the area around a user
is divided into two regions, the LOS and NLOS region,
where different path-loss exponents are applied. Based on the
association criteria given by (1), the serving BSs of a user for
the DL and UL transmission can be either: (¢) both in LOS,
(#i) both in NLOS, (i) or NLOS and LOS, respectively. A
detailed proof is omitted due to space limitations. O

Lemma 2. An HD user is served by a BS from the i-th tier
for the DL and UL, with probability
Py = =
D 1—6_R2WZ’9K:1(7):) Ak e_R2 Z’I"(:l(?k) NA
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and pY = \; (25:1 )\k) , respectively.

Proof. The proof follows similar steps as in Lemma 1, except
that in this case we are studying the DL and UL transmissions
separately. From Lemma (1), we can obtain the DL’s proba-
bility expression, by setting D, () = (Px/P; ) > and the UL’s

probability expression by setting D, () =1 . O

We also need to derive the joint probability density function
(PDF) of the distance to the serving BSs for DL and UL trans-
missions for the users operating in FD mode. The following
lemma provides the joint distance distribution.

Lemma 3. The joint PDF of the distance between an FD user
and its serving BS(s) that belong in the i-th and the j-th tier
for the DL and the UL transmission, is given by

2m i Tkmn TARDir(a(ra)r i= 3,
FraTi) = 4 grexonsrirse- Sho Kantaroats) |2 5.
Proof. Similarly as the procedure of Lemma 1, the joint

cumulative distribution function (CDF) can be obtained by
considering two more conditions, i.e. xp > r; and xy > r;.
Then the joint PDF can be obtained by differentiation. O

B. SINR Distribution

In this section, we characterize the overall signal-to-
interference-plus-noise ratio (SINR) complimentary CDF.
Without loss of generality and by following Slivnyak’s the-
orem, we execute the analysis for a typical user located at the
origin. The SINR can be expressed as follows
M2Pap )|, |2
D + ]lFDI + 0’2 ’
M2P, (wy) "™ |hay 5
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where xp € ®; and xy € ®; are the serving BSs for the
DL and the UL transmissions, respectively, and 1gp is the

SINR], = )

SINR{, =

indicator function for the event “typical user is FD-capable”.
IS, where S € {D, U}, represents the received interference in
S transmission, and is given by

S _1rb —a(u)
IE=TY ooy 2GR hy
Y Y OR @y, 8

where ¢ denotes the distance between the user lo-
cated at y from its serving UL BS and {II°,11*} =

{25:1 PriTT, + > 15k Phis SF 4+ (1 - 5F)5U}
fraction of interfering BSs and users, respectively. I} and I\

denote the residual LI at the user and the BS, respectively, and
are written as ID; = P, (zy) hyy and I} = Pjhr;.

represent the

C. Coverage probability

In this section, we investigate the coverage probability for
both the DL and UL transmissions of the considered hybrid-
duplex system. The coverage probability for § € {D,U}
transmission P (73), is the probability that the SINR is
greater than a predefined threshold 7°, and is given by

PO = L (ot + 3, po) 75 +9)

+(1-0")0% Zizlpi P (%), )
where P; (7°) denotes the coverage probability for S €
{D,U} of an FD user that is served by the BSs r; € ®;
and r; € ®; for the DL and UL transmissions, respectively;
’Pf represents the coverage probability of an HD user that is
served by the BS r; € ®; for the S transmission. Based on the
above, in the following subsections, we provide the coverage
probability for the DL and UL directions.

1) Downlink: We denote by PD( D) the DL coverage
probability of a user that is served by the BSs r; € ®; and
r; € ®; for the DL and the UL transmissions, respectively,
and is given by P2 (7P) = P [SINR}} > 7P], where 7P is
the predefined threshold for the DL direction. The following
theorem provides the achieved DL network performance.

Theorem 1. The DL coverage probability PE (7'
cell, is given by

R u
= / / A(sp) f(u,v) dv du
Nij (u,v)

/ / A(sn) f(u,v) dvdu, (10)
145 (w,v)

where s {sL,sn} 5 3 b M)
Lo (sIP) Lo (sIf) e” so% f(u,v) is given by Lemma 3,

D) in an FD

Pyl 7DyoN

, a(v)
nij (u,v) = (%ua(“)) and the Laplace transforms of the

received interference and the residual LI, are given by

—QWZpC;( fj AT Y (u,sG PR+ AL IS H(D,o))

Lip(s)=e & \k=1 s , (11)
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and Lo (s) = (1+ sPuC)on ) T where the expressions

Y (k,B) and H (S, k) are given by (13) and (14), respectively.
Proof. See Appendix A. [

2) Uplink: We denote the UL coverage probability as
77}; (Y ) and is given by PU( Y)Y =P [SINRU > 7Y],
where 7V is the predefined threshold for UL. The following
theorem provides the UL network performance.

Theorem 2. The UL coverage probability ’PZ-IJJ- (TU)
in an FD cell, is given by (10), where A(s) =

2
,C[U (SIU) LIEI (SILIIJI) e_SUn,

K
—27 b s LI U
Loo(s)=c 2 ch< §1Akﬂ V(0,5G Py )+, T ;H(U ))7

and Lyv (s) = (1+ 2B U“ where Y (k,B) and H (S, k)
are given by (13) and (14) respectively.

Proof. The proof follows similarly steps as the proof of
Theorem 1. The proof is omitted due to space limitations. [

D. Sum-rate Performance

An equally important performance metric is the sum-rate
performance (bits/sec/Hz). Using the coverage probability, we
can now derive the average spectral efficiencies achieved by
the FD and the HD users. By using Shannon’s formula, the
rate RY of an FD link for a user served by a BS from the i-th
tier for DL and a BS from the j-th tier for UL, is defined as

ZZMZ

1=1 j52>1
On the other hand, the rate RS of an HD link for a user served
by a BS from the i-th tier for S transmission, is defined as

Z PPy (7

In the following theorem the sum-rate expression of the
considered cellular networks is derived.

)In (1+7°). (18)

S)In(1+7%). (19)

Theorem 3. The sum-rate performance of the considered
cellular networks, is given by

R (TD,TU) =RF (TD TU) + RP (TD) +RY (TU) . (20)
Proof. By substituting (9) into the expressions (18) and (19)
and by adding them up, the expression (20) follows. O

IV. NUMERICAL RESULTS

In this section, we provide numerical results to verify our
model and illustrate the impact of implementing an FD-
enabled mmWave cellular network. We focus on the special
case of a heterogeneous network with K = 2 tiers, where the
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Fig. 1: Coverage versus 7 for different € and R; 6¥ = 0.5

density of the first and the second tier are A\; = 8 BSs/km?
and A\ = 20 BSs/km?, respectively; the transmit powers
of the network tiers are P, = 15 dBm and P, = 5 dBm,
respectively, and the fraction of BSs that operate in FD mode
is 7 = 7f = 0.8. The noise power is set to 02 = —90
dBm. The path loss exponent of a LOS and a NLOS link is
set to ar, = 3 and ay = 4, respectively, and the maximum
length of a LOS link is R = 100 m [10]. The power control
factor is € = 0.9 and all BSs have the same receiver sensitivity
p = —40 dBm. The parameters for the residual LI of FD
nodes are of; = —60 dB and p = 4, and for the sectorized
antenna model are set to M = 10 dB, m = —10 dB and
¢ = %. For the evaluation of the performance metrics, we
assume 7 = 7P = 7Y, 60 = §U = 0.5 and 6F = 0.5.

Fig. 1 illustrates the effects of blockages and power control
on the FD-enabled mmWave network performance. The first
main observation is the positive effect of the blockages on the
coverage probability for both the DL and UL transmissions.
This observation was expected, since by reducing the amount
of LOS interference, i.e. the density of blockages increases,
the received interference becomes weaker and the received
SINR is increased. Moreover, we can easily observe that as
the power control factor increases, the DL coverage probability
decreases and the UL coverage probability increases. This is
explained by the fact that, by increasing the ability of the users
in compensating the large-scale path loss, the users transmit
with higher power levels. Thus, the received interference
and the residual LI at the users are increased, resulting in
a decreased SINR for the DL transmission. On the other
hand, the received signal at the BSs is increased, resulting
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Fig. 2: Sum-rate versus 6" for different residual LI; 7 = 0 dB.

in an increased SINR for the UL transmission. Finally, the
figure shows that the analytical expressions for the DL and
the UL coverage probabilities, perfectly match the simulation
results, presented as dotted lines, and validate our theoretical
derivations.

Fig. 2 shows the effect of the residual LI and the fraction
of FD users on the network’s sum-rate performance. We can
easily observe that by increasing the ability of the users to
cancel the LI, the sum-rate of the considered network is
increased. This was expected since by decreasing the residual
LI at the users, the received SINR and the sum-rate are
increased. As expected, the sum-rate is independent from the
ability of users to cancel the LI for the case where all the users
operate in HD mode. Finally, it is clear from the figure that
if the users have high LI cancellation capabilities, the highest
sum-rate performance can be achieved when all the users are
operating in FD mode. For the case where the users have low
LI cancellation capabilities, all the users must operate in HD
mode in order to achigve the hi%hest sum-rate performance.

V. CONCLUSION

In this paper, we studied the performance of FD radio
in heterogeneous mmWave cellular networks. We proposed
a stochastic geometry-based model that allowed us to theo-
retically assess the coverage and sum-rate performance, for
both the DL and the UL directions. Both the coverage and the
sum-rate performance were derived in analytical expressions
and the impact of blockage density, power control, residual
LI and fraction of FD users, have been discussed. We have
shown that mmWave cellular networks provide to FD radio
an ideal environment in which it doubles the network’s spec-
tral efficiency, while combating the severe interference via
mmWave characteristics. A future extension of this work is to
investigate the energy efficiency of the considered FD-capable
heterogeneous mmWave cellular networks.

APPENDIX A

The DL coverage probability of a user that is served by the
BSs r; € ®; and r; € ®; for the DL and the UL transmissions,

respectively, is given by
PR (r°) CE [exp (—s (I° + IP + 02))]
By, [£10 (51°) £1p, (s101) €777

Ti,Tj
D

where s = T-i5— and (a) follows from the fact that |h,|?
is an exponential random variable with mean M2P;r; *(")
In (b), we make use of the Laplace transform of /P and I3,
where Lo = E [exp(—sIP)| and L =E [exp(—sIf))].
respectively. Using (8), the Laplace transform of the received
interference 1P, £;o(s), can be re-written as

b oo 1 4
K =27\ I1° 34 pe fm‘ <1_1+scpku*a(u)>Udu

Lio(s) = szl e
270" 3 pa JOOC (1—IE7; [41+scpu(lg)y—a(y7) :| )ydy
)

which follows from the probability generating functional of a
PPP [10]. It is important to note here that, the area in which
the interfering BSs are located, depends on the location of
the serving BS. Specifically, if the location of the serving
BS is r; < R, then the interfering BSs are located in
{ri, R}U{R, o0}, otherwise, they are in {r;, co}. On the other
hand, all users, irrespective of the link status S € {L,N},
are causing interference to the typical user. Thus, the Laplace
transform of the received interference is given by (11) and
the expressions ) (k, ) and H (S, k) are formed as in (13)
and (14), respectively. The Laplace transform of the LI can

X e

be written as L;p (s) =E [efspu(rj)lhuﬂ , and by using the
moment generating function of the gamma random variable
[P 2 the expressions in Theorem 1 are derived.
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