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Abstract

In-band full duplex has emerged as a solution for high data rate and low access delay for 5G wireless networks after
its feasibility has been demonstrated. However, the impact of the in-band full duplex on the system-level performance
of multi-cell wireless networks has not been investigated thoroughly. In this paper, we conduct an extensive
simulation study to investigate the performance of in-band full duplex for indoor 5G small cell wireless networks.
Particularly, we compare the in-band full duplex with static and dynamic time division duplexing schemes which
require much less hardware complexity. We examine the effects of beamforming and interference cancellation under
various traffic demands and asymmetry situations in the performance comparison. Our objective is to identify under
which condition and with which technology support the in-band full duplex becomes advantageous over the simpler
duplexing schemes. Numerical results indicate that for highly utilized wireless networks, in-band full duplex should be
combined with interference cancellation and beamforming in order to achieve a performance gain over traditional
duplexing schemes. Only then in-band full duplex is considered to be advantageous at any number of active mobile
stations in the network and any downlink to uplink traffic proportion. Our results also suggest that in order to achieve
a performance gain with the in-band full duplex in both links, the transmit power of the access points and the mobile
stations should be comparable.

Keywords: Wireless networks, In-band full duplex, Static time division duplexing, Dynamic time division duplexing,
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1 Introduction

In order to meet the future society’s crave for high data
rate and capacity requirements, the next generation of
wireless networks, namely 5G, must support one thou-
sand times higher mobile data volume per area and ten
to hundred times higher data rate per user than today
[1, 2]. Such challenging requirements necessitate the
scarce resources to be utilized more efficiently. In-band
full duplex (IBFD) is a promising technology that provides
an insight into tackling this challenge [3].

It used to be a fundamental belief that radio units can-
not transmit and receive concurrently at the same time
and frequency resources due to the self-interference (SI)
[4], i.e., the duplexing of transmission and reception must
be done by either frequency division duplex (FDD) or
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time division duplex (TDD). Both FDD and TDD have
the disadvantage of wasting time and frequency resources
[5]. However, recent advances in signal processing have
made it possible to reduce the effect of SI, allowing IBFD
wireless communications [6, 7]. The authors of [6] demon-
strated that it is possible to reduce the SI using analog
and digital interference cancellation techniques by more
than 78 dB with antenna separations of 20 and 40 cm. In
[7], a 110 dB of SI cancellation was achieved in a dense
indoor office environment with 80 MHz bandwidth. The
analog cancellation circuit in [7] has the dimensions of
(10cm x 10cm). Both [6] and [7] suggest that it would be
difficult to implement the IBFD in user equipments due to
the limited device sizes, whereas it is not a limiting factor
for access points (APs).

The IBFD can bring benefits to the wireless systems
in various angles. For example, the IBFD can provide a
better way to detect collisions in contention-based access
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protocols [8]. Also, in [9], it is reported that IBFD can
improve the secrecy of relay networks significantly. In this
study, we focus on the improvement of user data rate in
a capacity-demanding indoor environment. In an ideal
situation, a wireless system that operates in IBFD only
requires half the frequency and time resources required
to operate in FDD and TDD or double the data rate with
the same amount of resources. In practice, however, IBFD
might not lead to the performance improvement because
it induces higher interference compared to its half duplex
alternatives. It can be particularly the case for a network
of high utilization. Thus, system-level performance of full
duplex is of profound interest for the design of 5G wireless
networks.

Several investigations have been conducted on the per-
formance of IBFD-enabled systems. In [10], the perfor-
mance of IBFD in a dense small cell network was evaluated
and compared against the conventional half duplex trans-
mission. It is argued in [10] that IBFD provides 30—-40%
mean throughput gain over the half duplex for indoor sce-
narios. The 100% throughput gain is only noticed when
the cells are isolated by extremely high wall loss figures.
In [11], it was demonstrated that IBFD cannot double
the throughput of half duplex transmission with ALOHA
medium access control (MAC) protocol. Even with the
perfect SI cancellation, the actual throughput gain ranges
from 0-33% for the path loss exponent range [2, 4]. The
authors of [11] arrived to the conclusion that there is a
strong need for a MAC protocol for IBFD wireless net-
works that intelligently switches between IBFD and half
duplex based on different network configurations. How-
ever, both APs and mobile stations (MSs) are assumed to
have IBFD capabilities in [10] and [11]. As we discussed
earlier, it is far from being a realistic assumption consid-
ering the size limitation of the handheld devices. In [12],
a hybrid scheduler was proposed that shifts between the
IBFD and half duplex based on the best available circum-
stances. For a scenario where only APs are IBFD capable
with 85 dB SI cancellation capability, the throughput was
improved by 69% in DL and 81% in UL. But the work
in [12] is limited to a single-cell scenario. The authors of
[13] studied a multi-cell scenario where only APs are IBFD
capable with intelligent scheduler, power allocation, and
selection of MSs that maximize the throughput. However,
the major focus of [13] lies in the energy efficiency, and the
conclusion is that the degradation in energy efficiency due
to IBFD operation at the APs can be resolved by operating
MSs in IBED as well.

In this paper, we conduct an extensive simulation study
to investigate the performance of in-band full duplex for
indoor 5G small cell wireless networks. Our work differs
from the previous studies in the following aspects. First,
we make a direct performance comparison of IBFD and
dynamic TDD (D-TDD). The D-TDD, which is another
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candidate duplexing scheme for future wireless sys-
tems, is known to outperform the traditional static TDD
(S-TDD) by adapting to the instantaneous traffic asym-
metry between the downlink (DL) and the uplink (UL)
[14—-16]. Since the D-TDD does not need to handle the SI,
the hardware requirement for the D-TDD will be much
simpler than that for the IBFD. Therefore, we believe that
the implementation of IBFD only makes sense when a con-
siderable performance gain over the D-TDD is expected.
Second, we examine the effects of transmitter/receiver
techniques, namely beamforming and interference can-
cellation, on the different duplexing schemes. The major
concern of IBFD is the increase in the interference, and
thus, it is necessary to investigate the performance of
IBFD with and without the advanced interference miti-
gation techniques. Third, our investigation considers var-
ious traffic demands and asymmetry levels as well as
different power settings of APs and MSs. We also exam-
ine the performances of DL and UL separately because
the IBFD is known to enhance the performance of one of
the links at the expense of the other, making the total net-
work throughput a non-intuitive performance metric. In
summary, our objective is to identify the operating condi-
tion of IBFD, i.e., under which parameters and with which
technology support the IBFD becomes advantageous over
the simpler duplexing schemes. We do not propose a new
technique or algorithm in this paper. Rather, we aim at
providing insights into the design principles of the 5G
wireless systems, particularly on the desirable capabilities
in the device level.

We consider an indoor office environment because it is
where the data rate requirements can be extremely high
[17]. Coordination between APs may be burdensome to
the backhaul due to the high data rate demand. Thus,
we focus on device-level techniques, i.e., beamforming
and interference cancellation, that can be implemented by
individual APs and MSs. APs are assumed to use a fixed
transmit power. Frequency band of 70 GHz is assumed
due to the availability of obtaining a large contiguous
spectrum, e.g., 1 GHz bandwidth. Then, a statistical prop-
agation model proposed by [18] is used to model the
prorogation loss between the nodes in the system. Most of
simulation experiments are conducted with the assump-
tion that the APs are IBFD capable with SI cancellation
of 110 dB, while the MSs are half duplex. The effect of SI
capability is also examined. In addition, APs can employ
beamforming for the transmission and reception depend-
ing on the simulation experiments, but MSs are always
assumed to be non-beamforming capable. A full buffer
traffic model is assumed where the MSs always have data
to transmit or receive.

The remainder of this paper is constructed as fol-
lows: Section 2 includes an overview of the fundamen-
tals of the duplexing schemes that are considered in this
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paper; in Section 3, we introduce the system models; in
Section 4, we explain the simulation algorithms followed
in this paper together with the simulation parameters;
the numerical results are presented in Section 5; and in
Section 6, we present our conclusions together with the
proposed future work.

2 Overview of duplexing schemes

This section provides an overview of duplexing schemes
considered in this study, namely S-TDD, D-TDD, and
IBFD. We explain our assumptions about how each
duplexing scheme operates and highlight the potential
interference problems.

2.1 Static time division duplexing

In S-TDD, transmission and reception of data occur at
the same frequency band, through allocating distinct time
slots for UL and DL. Additionally, the transmission band-
width of each link is fixed depending on the average traffic
load [14, 19].

Consider a simple setup consisting of two APs as in
Fig. 1. Each AP is having two MSs within its coverage area;
one of the MSs is requesting a DL, while the other MS is
requesting an UL. In S-TDD, there will be a DL time slot
where only DL MSs are served as in Fig. 1 and an UL time
slot where only UL MSs are served as in Fig. 2. This way,
S-TDD will always avoid the interference between DL and
UL as shown in Figs. 1 and 2.

2.2 Dynamic time division duplexing

In D-TDD, the radio nodes can transmit and receive data
on the same frequency band, through allocating distinct
time slots for UL and DL just like S-TDD. Conversely, with
D-TDD, the DL and the UL bandwidths vary according
to the instantaneous traffic load. D-TDD enables effi-
cient and flexible asymmetric services, which improves
the spectral efficiency of wireless networks [14, 16].
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Nevertheless, D-TDD induces interference between DL
and UL as shown in Figs. 3 and 4.

2.3 In-band full duplex

With IBFD, radio nodes transmit and receive on the same
frequency and time resources, allowing more MS allo-
cations. Operating in IBFD causes severe interference in
the network, composed of inter-cell interference, intra-
cell interference, as well as SI as shown in Figs. 5 and 6. If
we can reduce the level of interference in IBFD, we could
achieve a performance gain over D-TDD and S-TDD.

3 System models
3.1 Environmental model
In this paper, we utilize the indoor office simulation envi-
ronment shown in Fig. 7 [17]. This simulation environ-
ment represents a futuristic scenarios where the nature of
office work requires Internet services with high data rates
at low latencies. Moreover, this simulation environment
has a realistic environmental model geometry, including
cubicle offices and tables, adding more credibility to the
results obtained in this study [20].

Heights and materials of the objects in the simulation
environment are given in Table 1.

3.2 Propagation model

In order to satisfy the data rate and latency requirements
expected in the future, it is necessary to deploy 5G wire-
less networks at frequencies in the mmWave bands. The
mmWave bands are known to have wide bandwidths;
also the very short wavelengths of the mmWave bands
allow the implementation of beamforming, with a huge
number of antenna elements. In this paper, we will uti-
lize a 70 GHz frequency of operation, at a bandwidth of
1 GHz as suggested in [17]. Furthermore, the propagation
models presented in [18] will be exploited to model the
propagation channel at the mmWave bands [17].

MS1

AP2

AP

% UL MS
MS 4 Q

DL MS

Fig. 1 Interference in S-TDD DL time slots
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Fig. 2 Interference in S-TDD UL time slots

MS 2 MS 3
I Mo,
& ar
% UL MS
MS 1 MS 4
Q DL MS
Fig. 3 UL to DL interference in D-TDD
MS 2 MS 3
MS1
MS 4

Fig. 4 DL to UL interference in D-TDD
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Fig. 5 Interference in IBFD at MSs
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Fig. 6 Interference in IBFD at APs
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Fig. 7 The indoor office simulation environment [17]
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Table 1 List of heights and materials in the simulation
environment [20]

Height [m] Material
Room 29 Concrete
Cubicle 1.5 Wood
Table 0.7 Wood

Accordingly, we will utilize the close-in (CI) free space
reference distance path loss model for the case of line-of-
sight (LOS) propagation [18]. The CI path loss model is
given by

PLEY(f,,d)[dB] =10 x ms x log,o(d/1 m) + PLES(f,,1 m)
+ X,

los”

1)

where njys refers to the path loss exponent for LOS
transmission, d is the separation distance between the
transmitter and the receiver in meters, f; is the fre-
quency of operation in hertz which has to belong to
the (0.5-100 GHz) range of frequencies, X, . is a zero-
mean Gaussian random variable with standard deviation
Olos in decibels representing the LOS shadow fading, and
PLYS(f,,1 m) is the free space path loss at 1 m and fre-
quency fz which can be calculated as

47;fc>,

PLF(f.,1 m)[dB] = 20log, ( (2)
with ¢ being the speed of light.

On the other hand, the non-line-of-sight (NLOS) prop-
agation path loss will be modeled with the close-in
free space reference distance model with frequency-
dependent path loss exponent (CIF) [18]. The CIF path
loss model can be expressed as

PLYY(f, d)[ dB] = 10 X nalos X (1 + b(fe — f0)/fo))
x log,(d/1 m)+PLFS(f,,1 m) +X,

nlos?

3)

where ny)0s represents the path loss exponent for NLOS
propagation, b is an optimization parameter that models
the frequency dependency of the path loss exponent, fy
is a fixed reference frequency, and X, is a zero-mean
Gaussian random variable with standard deviation opos in
decibels representing the NLOS shadow fading [18].
Table 2 summarizes the parameters of the CI and the

CIF models, for an indoor office environment as suggested

Table 2 Parameters of the Cl and the CIF models for indoor
office environments [18]

Nnlos b fo
242GHz 828

Onlos €

3% 105 m/s

Nios Olos

Value 173 302 219 006
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in [18]; the same parameters will be utilized in our
simulations.

In our simulations, the propagation between APs is
always assumed to be LOS, as the APs are installed at a
height of 2.85 m and the cubicles have a height of 1.5 m.
On the other hand, the MS to MS and the MS to AP
paths can be either LOS or NLOS depending on the loca-
tions of the transmitter and the receiver. Furthermore, we
assume that the propagation occurs over a Rayleigh fading
channel.

3.3 Interference mitigation techniques

3.3.1 Maximal ratio transmit and receive beamforming
When APs have multiple transmit and receive antennas,
a multi-stream transmission and reception can be used
to combat fading, increase spectral efficiency, and reduce
interference. In this paper, we will employ the maximal
ratio transmit and receive beamforming technique with
256 antenna elements at the APs side only.

Maximal ratio transmit and receive beamforming uti-
lizes precoding and postcoding to weight information
streams, which in return, maximize the desired signal
power and keep the interference signals at the same
level [21, 22].

3.3.2 Interference cancellation

As some of the received interfering signals may be strong
enough to decode, successive interference cancellation
allows receivers to decode packets that arrive concur-
rently. The strongest signal can be decoded and subtracted
from the collision, allowing the decoder to recognize
weaker interfering signals and decoding them as well.
The procedure can be repeated iteratively, as long as the
collided signals have different strengths [23, 24].

A simplified successive interference cancellation tech-
nique will be implemented in this paper, where we will
use the assumption that both APs and MSs can cancel the
strongest interferer. Henceforth, we will be referring to
this technique as interference cancellation.

3.4 Signal-to-interference-plus-noise ratio model

Given that AP J is serving MS j in DL, MS j will be receiv-
ing interference from all APs in DL (A,) except AP J and
all MSs in UL (m,,). Then, the instantaneous signal-to-
interference-plus-noise ratio (SINR) of MS j in DL can be
formulated as

PuGy g

d
I +o}

v = : (4)

with I]-d indicating the total interference that MS j is
experiencing in DL given by

f= 3 PiGuitn +0 X PuGinsgnss O
Ag#] Mu
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where P4 and Py, are the APs’ and the MSs’ transmit pow-
ers; G4, j and Gy, ; are the link gains from AP A; and MS
m,, to MS j; 031 being the total noise power at the MSs;
84,,jand g, ; are the equivalent channel gains from AP A,
and MS m,, to MS j; and w value depends on the duplexing
scheme according to Table 3.
For maximal ratio transmit beamforming, the equiva-
lent channel gains are given by
{gAd,j ~T'WM, 1), Ag=] (6)
8agj ~exp(l), Ag#J

with M being the number of antenna elements at the APs,
while

8m,; ~ exp(l) [22]. (7)

I'(M, 1) refers to the gamma distribution with « = M
and B = 1, and exp(1) refers to the exponential distri-
bution with A = 1. For the case without beamforming,
all the equivalent channel gains become exponentially
distributed [22, 25].

Let us represent 1]{1 by a sum of interference terms, i.e.:

poyd ®
n

where i is an interference term resulting from interferer

n € {1,...,N}, which is either an active DL AP or an
active UL MS, and N is the total number of interferers.
Then, for the case of interference cancellation, Il-d can be
expressed as

I =% i — max{if). )
n

In a similar manner, the instantaneous UL SINR at AP J
can be calculated as

PuGjygiy

, (10)
2
I}” +oy

') =

with Uj being the total noise power at the APs and II”
denoting the total interference at AP J formulated as

[;4 = WZPAGAngAdJ + Z PG, j8m,
Ay myF#j

+ psPagyy.

(11)

Table 3 The values of w and p for different duplexing schemes

S-TDD D-TDD IBFD
w 0 1 1
0 0 1
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In Egs. (10) and (11),
o~ TM 1), m,=j
ol ! (12)
8myg ~ exp(l),  my F#j
while
8ay) ~ exp(l)  [22]. (13)

Without beamforming applied, all the equivalent chan-
nel gains become exponentially distributed with A = 1.
Here, we can represent 11” by a sum of interference
terms:

u __ ‘U
=% i
n

(14)

where i is an interference term resulting from inter-
ferer n € {1,...,N}. Then, for the case of interference
cancellation, 1,” can be expressed as

If =y iy — max{if), (15)
n

The value of p depends on the duplexing scheme under
study according to Table 3, and ¢ is the SI cancella-
tion capability factor which ranges from 0 to 1, with 0
indicating perfect SI cancellation.

3.5 Performance metrics
In this paper, we will utilize the following performance
metrics:

e The average mobile station downlink experienced
rate, denoted as R, and referred to as MS DL
throughput.

e The average mobile station uplink experienced rate,
denoted as R, and referred to as MS UL throughput.

e The average mobile station sum experienced rate,
denoted as R, and referred to as MS sum throughput.

These metrics are calculated in the following procedure.
Firstly, the instantaneous DL and UL rates of MS j can
be calculated according to the modified Shannon capacity
formula as in Eq. (16) [26]. The modified Shannon for-
mula takes into account the bandwidth efficiency (1),
the SINR efficiency (1, ), and the maximum spectral effi-
ciency (émax) which is directly related to the modulation
and coding scheme utilized by the system and sets a limit
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to the maximum instantaneous rate that can be achieved
by a MS.

0, Y (®) < Ymin
ri@)[bps] = { S.W .€max, Y () > Ymax
SW.aw.logy(1 4+ y(t).ny), otherwise.
(16)

In Eq. (16), y(¢) refers to the instantaneous SINR
whether it was in DL or UL. yp, is the minimum SINR
required for a successful transmission, Ymax is the maxi-
mum SINR that can be detected, W is the total transmis-
sion bandwidth, and S is the overhead scaling [26].

Secondly, we evaluate the average MS experienced rates
over T time slots and L MS position realizations. With m
being the total number of MSs in the system, m1, the sub-
set of MSs scheduled in DL, and m,, the subset of MSs
scheduled in UL, the average MS experienced DL rate can
be formulated as

_ Y1 Yt Yomg (e, 0)

Rb
(bps] LxTxmy

(17)

the average MS experienced UL rate can be calculated as

Y Yt o, 1)

R*[bps] =
[bps] LxTxmy

(18)

and the average MS experienced sum rate is expressed as

R[bps] = R% + R*. (19)

Henceforth, we will refer to R%, R%, and R as the MS
DL throughput, the MS UL throughput, and the MS sum
throughput, respectively.

4 System simulations

4.1 Simulation algorithm

We employ the Monte Carlo snapshot-based computer
simulations implemented in MATLAB. The general simu-
lation algorithm is briefly described in Algorithm 1.
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Algorithm 1 General simulation algorithm

1: Set the simulation parameters

2: Determine which interference mitigation techniques
to be active

3 for1=1:Ldo

4 Randomly distribute MSs
5 Associate MSs to APs
6: Create MSs demand
7 fort=1:Tdo
8 Activate S-TDD
9 Generate i_state
10: if i_state= DL then
11: Select MSs in DL to serve.
12: Calculate rf(t, D,Viemy
13: else
14: Select MSs in UL to serve.
15: Calculate 7(¢t,1), Vi e m,
16: Activate D-TDD
17: Select MSs to serve.
18: Calculate rld t,D,Vie my
19: Calculate rf’(t,0), Vie m,
20: Activate IBFD
21: Select MSs to serve.
22: Calculate rfl(t, D,Viemy
23: Calculate rf(t,0), Vie m,

24: Calculate R%, R¥, and R for each duplexing scheme

In every simulation run, we have L MS positioning real-
izations; for every positioning realization, we have T time
slot budget. MSs are distributed randomly, but they can
only exist on grids 0.5 m spaced in the x-y plane. The
height of the MSs is fixed to 0.75 m. MSs are associated to
the closest AP.

A MS demands an UL with probability ¥, and a DL with
probability (1 — ). For instance, if we have a total of 20
active MSs, with v, = 0.1, this means that on average, in
every time slot, there will be 2 UL MSs and 18 DL MSs. A
full buffer traffic model is assumed, where the MSs always
have data to transmit or receive [27]. The instantaneous
S-TDD system transmission mode (i_state) is decided in
an alternating manner, such that the system alternates DL
and UL in every instance, each AP decides the MS to
serve if there is any, and the selection is performed with
equal probability among all the MSs with a traffic demand
similar to the system’s transmission mode.

For simplicity, we will consider a blind D-TDD scheme
where each cell allocates resources in a completely unco-
ordinated manner whenever there is a need for transmis-
sion [14]. The selection in D-TDD is performed such that
each AP selects one MS out of all the MSs within its
coverage area. The MS is selected with equal probability
regardless of its demand.
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Table 4 Simulation parameters

Parameter Pm Py fe W T L

Value 25dBm 30 dBm 70 GHz 1 GHz 500 500
Parameter o) o} Dy m Yy e

Value 318 x 107w 127 x 1071w 05 20 05 1x 1071
Parameter A M c S Ymin Ymax
Value 5 256 3% 108 m/s 0.75 —7dB 32dB
Parameter €max Ny nw

Value 9 bps/Hz 0.8 0.88

An IBFD AP selects two MSs within its coverage area
to serve. The selected MSs have dissimilar link demand.
In each link, the MSs are selected with equal probability
among the MSs with a similar link demand. Furthermore,
in this paper, we assume an SI cancellation capability of
110 dB at the APs, which is the amount of SI cancella-
tion achieved in [7]. We will not use the same frequency
band the researchers in [7] used, but we assume that in the
future, such SI cancellation capability, will be possible in
the mmWave bands.

4.2 Simulation parameters

Table 4 summarizes the parameters utilized in the numer-
ical simulations. The values of T and L were selected to
be 500 each, so we cover enough points inside the sim-
ulation environment with all possible selections of MSs.
The values of P4 and P, were selected to be comparable
so that we prevent one of the links to cause massive inter-
ference to the other link while the APs operate in D-TDD
and IBFD.

5 Numerical results

5.1 Impact of interference mitigation techniques with
variable traffic demand

In this section, we will present the numerical results for

the MS DL and UL throughput at variable number of

active MSs with different combinations of interference
mitigation techniques employed.

5.1.1 Downlink

Figure 8 shows the MS DL throughput (R?) at variable
number of active MSs (m) for the experiment without
interference cancellation or beamforming. We can see
that, as the network starts to get lightly utilized, the MS
DL throughput attained with D-TDD and IBFD starts to
become comparable to that achieved with S-TDD. Inter-
ference cancellation will lead D-TDD and IBFD to have
higher MS DL throughputs when the network is lightly
utilized; nevertheless, D-TDD and IBFD still have simi-
lar performance to S-TDD when the network is highly
utilized as demonstrated in Fig. 9.

Beamforming adds a substantial DL performance gain
to all the duplexing schemes as can be seen in Fig. 10.
In this experiment, IBFD is achieving a higher MS DL
throughput compared to S-TDD and D-TDD, with the gap
in the performance between D-TDD and IBED increasing
with the number of active MSs. In the fourth exper-
iment (i.e., beamforming and interference cancellation
being applied), a very little performance gain is noticed
with S-TDD and D-TDD compared to the third experi-
ment; IBFD, nevertheless, experienced a substantial per-
formance gain, especially at high number of active MSs

=S-TDD
DTDD
©IBFD

T e
2 4 6 8 10 12 14 16 18 20
m

Fig. 8 MS DL throughput at variable number of active MSs without
interference cancellation or beamforming

+S-TDD
L DTDD
3.2 ©IBFD

2 4 6 8 10 12 14 16 18 20
m
Fig. 9 MS DL throughput at variable number of active MSs with

interference cancellation only
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18 20

2 4 6 8 10 12 14 16
m

Fig. 10 MS DL throughput at variable number of active MSs with
beamforming only

as demonstrated in Fig. 11. With 20 MSs in the network,
IBED is amounting to a total of 79% MS DL throughput
gain, while D-TDD settles for 13% MS DL throughput gain
with the reference being the MS DL throughput achieved
with S-TDD in the same experiment and at the same
number of active MSs.

Figure 12 shows the MS DL throughput in the third
experiment, for 20 active MSs, with variable number of
antenna elements. The figure indicates that there is a
room for performance enhancement by increasing the
number of antenna elements while keeping a practical size
of the antenna. Figure 12 also reflects that we need at least
eight antenna elements to reach for a positive DL through-
put gain for IBFD with respect to S-TDD and D-TDD in
the same experiment.

In DL, a special attention needs to be paid to IBFD
because it suffers from interference within a cell, i.e.,
intra-cell interference as illustrated in Fig. 5. Impact of
the intra-cell interference is examined in Fig. 13 where
the cumulative distribution function (CDF) of DL intra-
and inter-cell interference is depicted. The figure shows
that the intra-cell interference can be more serious than
the inter-cell interference for the worst case users in the

18 20
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m

Fig. 11 MS DL throughput at variable number of active MSs with
interference cancellation and beamforming
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Fig. 12 MS DL throughput with beamforming only, under variable
number of antenna elements

absence of IC. Thus, an interference-aware scheduling
algorithm would be strongly required for this case. On
the other hand, IC effectively reduces the intra-cell inter-
ference, making the inter-cell interference the major
interference source. It indicates that network-level coordi-
nation would be a good supplement of IC.

5.1.2 Uplink

We can notice from Fig. 14 that without beamforming
and interference cancellation, the moment the network
becomes lightly utilized, IBFD and D-TDD start to have a
worse UL performance in comparison to S-TDD. Indeed,
this is due to the interference originating from the DL APs
as they have a LOS path to the UL APs, besides, the APs’
transmit power is higher than that of MSs. Interference
cancellation here adds fairly good amount of UL perfor-
mance enhancement to D-TDD and IBFD for very low
number of active MSs as we can see in Fig. 15, still the
performance of IBFD and D-TDD is worse than that of

1r B
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0.9 — & — Intra-cell interference with IC
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0.8 | — % — Inter-cell interference with IC
071
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Fig. 13 CDF of DL intra- and inter-cell interference in IBFD
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S-TDD at average and high number of active MSs. IBFD,
D-TDD, and S-TDD will have comparable performance
when the number of active MSs is high as beamforming
is activated; this is shown in Fig. 16. With beamforming
and interference cancellation, IBFD is superior to both S-
TDD and D-TDD at every number of active MSs as we can
notice in Fig. 17. IBFD in the fourth experiment at m = 20
is obtaining a MS UL throughput gain of 59%, and D-TDD
is amounting to a 29% of MS UL throughput gain with
respect to the MS UL throughput obtained with S-TDD at
the same number of active MSs and experiment.

Figure 18 shows the MS UL throughput with variable
number of antenna elements in the third experiment at 20
active MSs. It is clear from the figure that M should be at
least 128 for IBFD to start having a similar performance
to S-TDD in UL. On the other hand, with 1024 antenna
elements, an IBFD MS UL throughput gain of 43% was
accomplished, compared to throughput gain of 17% at 256
antenna elements.

If we compare the results obtained in the DL to the
results obtained in the UL, we can notice that higher per-
formance gains for IBFD and D-TDD are achieved in the

%2 4 6 8 10 12 14 16
m
Fig. 16 MS UL throughput at variable number of MSs with

beamforming only

18 20

DL; one reason for that is the higher transmitted power
of the APs which can cause high interference at the UL
APs. Also, the deployment scenario in this study includes
no obstacles between the APs, which leads to the fact that
an AP to AP path is always LOS, while a MS to AP path
can be either LOS or NLOS. Thus, UL is vulnerable to
severe AP-to-AP interference. It causes IBFD and D-TDD
to have lower performance gains in the UL compared
to the DL.

Thus far, we have assumed the self-interference can-
cellation capability of 110 dB. However, it is obvious
that the performance of IBFD in UL depends heavily
on the self-interference cancellation capability of the
receiver. Figure 19 shows the MS UL throughput with
variable self-interference cancellation capabilities with the
beamforming-enabled APs for 20 active MSs. From the
figure, we can see that IBFD has a performance gain in UL
over S-TDD and D-TDD when the self-interference can-
cellation capability is higher than 80 dB and the capability
of 90 dB or higher is required to fully benefit from the
IBFD. We will stick to the assumption of 110 dB in the
subsequent experiments.

3.6r +S-TDD
32 sore
2.8f

~2.4

»

&2

C16

2 4 6 8 10 12 14 16 18 20
m
Fig. 15 MS UL throughput at variable number of MSs with
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Fig. 17 MS UL throughput at variable number of MSs with
interference cancellation and beamforming
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Fig. 18 MS UL throughput with beamforming only under variable
number of antenna elements

5.2 Impact of interference mitigation techniques with
asymmetric traffic demand

Now, we will be looking into the performance of the
duplexing schemes with beamforming and interference
cancellation under asymmetric traffic demand for 20
active MSs. As shown in Fig. 20, S-TDD will have a poor
performance when the traffic demand is highly asymmet-
ric, as then plenty of the time slots will be wasted without
any allocations. The amount of unused time slots will
decline as the demand becomes more symmetric.

D-TDD behaves excellently under extreme asymmetric
traffic demand situations. D-TDD will never waste a time
slot as long as there is a MS to serve; thus, when the
traffic demand is asymmetric, D-TDD doubles the spec-
tral efficiency of highly utilized S-TDD wireless networks.
Conversely, as the demand starts to become symmet-
ric, additional interference will be generated between DL
and UL leading to a slight decrease in the achieved MS
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sum throughput. D-TDD has higher MS sum throughput
compared to S-TDD at every DL to UL traffic demand
proportion anyway.

IBED will reduce to a D-TDD system when the traffic
is highly asymmetric. The more the demand is sym-
metric the more MSs are served. Thus, IBFD over-
comes S-TDD at every DL to UL traffic proportion.
Besides, the gap in the performance between D-TDD and
IBED turns out to be bigger as the demand becomes
symmetric.

5.3 Impact of access points’ transmit powers

Now, we will show the significance of choosing compara-
ble APs’ and MSs’ transmit powers. We will only show the
results for the experiment with beamforming and inter-
ference cancellation applied for 20 active MSs. The MSs’
transmit power is fixed at 25 dBm while we vary the APs’
transmit power from 25 to 50 dBm.

As we can see from Figs. 21 and 22, no change occurs
on the performance for S-TDD in either links, regard-
less of the APs’ transmit power, as S-TDD avoids DL to
UL interference. In Fig. 21, we can see that for IBFD
and D-TDD, a higher transmit power for the APs is
directly translated into higher achievable MS DL through-
put. IBFD suffers more than D-TDD in the UL, as
depicted in Fig. 22. For IBFD, increasing the APs’ transmit
power by 25 dBm will increase the MS DL through-
put by 18%, while it will downgrade the UL throughput
by 80%.

It is interesting to observe that the aggregated DL and
UL throughput decreases as the power of the APs’ goes
higher. For the UL, a higher APs’ transmitted power
means a higher interference at the UL APs, leading to
a worse performance. This effect is particularly severe
in our simulation environment where no obstacles exist

0 1 1 1 1 L L

1 1 1 1 1 1 L

0 10 20 30 40 50 60 70
SIC Capability (dB)

80 90 100 110 120 130 140 150

Fig. 19 MS UL throughput with beamforming only under variable self-interference cancellation capabilities
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between the APs. On the DL, however, a higher APs’
transmitted power means a higher DL SINR, which does
not contribute much to the rate in high SINR regime. Fur-
thermore, according to the modified Shannon formula we
are using in this paper, there is a threshold for the SINR
(Ymax), after which there is no increase in the achieved rate
as described in Section 3.5.

6 Conclusions
In this paper, we investigated the performance of IBFD
in comparison to D-TDD for 5G wireless networks. Our
objective was to identify when the IBFD becomes advan-
tageous over the D-TDD, particularly under which traffic
condition and with which support of interference miti-
gation techniques. For this, we performed an extensive
simulation study in an indoor office environment with
high user throughput requirements. We considered beam-
forming and interference cancellation for the interference
mitigation techniques and examined the DL and UL user
throughputs of IBFD and D-TDD under various traffic
demands and asymmetry conditions.

Numerical result shows that the implementation of
IBFD is only beneficial if it is combined with the
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Fig. 21 MS DL throughput with variable APs' transmit power
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beamforming. The interference cancellation also provides
additional performance gain for the IBFD. With the
support of these techniques, IBFD is observed to have
a superior performance to the D-TDD regardless of the
DL to UL traffic proportion in the network or the num-
ber of active MSs. This conclusion is only valid when the
transmission power of APs is comparable to that of MSs.
Thus, the advanced transmitter/receiver techniques and
the careful selection of transmission power are identified
as the key factors to make IBFD beneficial.

It is important to mention that we focused on
the device-level techniques which do not require any
network-level interference coordination. The rationale is
to reduce the burden of the backhaul to the indoor
small cells. However, such device-level techniques may
induce heavy signal processing load and device complex-
ity to the APs and MSs. Furthermore, the device-level
techniques do not eliminate the adverse impact of the
interference completely. As a complement, network-level
techniques ranging from MAC and power control to coor-
dinated multi-point transmission and reception (CoMP)
could be employed. Then, an interesting future work
lies in striking a balance between the device-level and
network-level techniques. Each combination of the tech-
niques will exhibit a certain performance at the cost of
device complexity and backhaul requirement. Examin-
ing the cost and benefit of the combinations will pro-
vide insights into the desired features of the 5G devices
and network.

Another direction of the further study is the generaliza-
tion of this work. This study is limited to an indoor office
environment where the user throughput requirements
are high and similar transmit power can be allocated
to APs and MSs. The performance of IBFD in various
environments, such as outdoor urban streets, should be
further investigated. Mathematical modeling of the IBFD
networks with the beamforming and the interference can-
cellation also remains as a future work.
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