
Capacity Enhancement of Uni-directional In-band

Full-Duplex Cellular Networks through

Co-channel Interference Cancellation

Hyungsik Ju , Donghyuk Gwak, Sun-Ae Kim, Yuro Lee, and Tae-Joong Kim

As implementation of the in-band full duplex (IFD)
transceiver becomes feasible, research interest is
growing with respect to using IFD communication with
cellular networks. However, the cellular network in
which the IFD communication is applied inevitably
suffers from an increase of the co-channel interference
(CCI) due to IFD simultaneous transmission and
reception. In this paper, we analyze the performance of
a cellular network based on uni-directional IFD (UD-
IFD) communication, wherein an IFD base station
simultaneously supports downlink and uplink
transmissions of half-duplex (HD) users. In addition, a
multi-pair CCI cancellation (MP-CCIC) method
combining CCIC and user pairing is proposed to
improve the performance of the UD-IFD network.
Simulation results showed that, compared to a
conventional HD cellular network without using
CCIC, capacity gain was not obtained in the UD-IFD
cellular network. On the other hand, when applying
the proposed MP-CCIC, the capacity of the UD-IFD
cellular network greatly improved compared to that of
an HD cellular network.

Keywords: CCI cancellation (CCIC), Cellular
network, Co-channel interference (CCI), In-band full-

duplex (IFD), Uni-directional IFD (UD-IFD), User
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I. Introduction

In-band full-duplex (IFD) communication has recently
received considerable attention because the simultaneous
transmission and reception of signals in the same
frequency band led by IFD has the potential to double the
link capacity compared to conventional half-duplex (HD)
communications. This capacity improvement is predicated
on the complete elimination of self-interference (SI),
which is the transmitted signal of a node received by the
node itself. It thus severely interferes with the desired
received signal. Therefore, among the various issues
related to IFD, SI cancellation (SIC) has been the most
intensively studied. In this regard, many SIC algorithms
that enable IFD communication have been proposed [1]–
[4]. In particular, the practical feasibility of IFD
communication has been verified through a proof-of-
concept, which showed that the power of the residual SI
after SIC can be reduced up to the level of the background
noise [1], [2].
Research attention has now led to the application of IFD

technology to cellular networks, and many related studies
have been published [5]. In a cellular network, the
application of IFD enables the simultaneous support of a
downlink (DL) and an uplink (UL) within the same
frequency band, whereby the network performance is
expected to improve. When IFD is applied to a cellular
network, there are two typical models for simultaneous
DL and UL support. The first is a bi-directional IFD (BD-
IFD) model, in which a base station (BS) operating in IFD
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supports both the DL and UL of the user equipment (UE)
that also operates in IFD. The other is a uni-directional
IFD (UD-IFD) model, in which an IFD BS simultaneously
supports DL/UL transmissions to/from different HD UEs,
respectively.
When IFD is applied to cellular networks, however,

another inherent problem arises in addition to SI, that is,
an increase in co-channel interference (CCI) [6]. This
increase in CCI originates from the fact that the IFD
operation in a cellular network makes a DL and UL
simultaneously active. In a conventional cellular network
based on HD communications (herein, an HD cellular
network), CCI entering from other cells (in other words,
inter-cell CCI) occurs because the DL/UL transmission of
a cell interferes with the DL/UL reception of other cells.
In a cellular network based on IFD communication,

however, additional inter-cell CCI occurs in addition to
that occurring in an HD cellular network because both DL
and UL transmissions of a cell interfere with both UL and
DL receptions of the other cells. In an IFD cellular
network applying the UD-IFD model (herein, UD-IFD
cellular networks), another type of CCI, so-called intra-
cell CCI, also occurs because a UL transmission in a cell
interferes with the DL reception within the same cell.
Considering the increase in CCI, the performance of IFD
cellular networks was studied in [6]–[13].
The performance of an IFD cellular network applying

the BD-IFD model (herein, BD-IFD cellular network) has
mainly been analyzed using stochastic geometry
frameworks [6]–[9]. In [6] to [8], the performance of a
BD-IFD cellular network was analyzed by assuming
perfect SIC on both BS and UE sides, where each IFD BS
and IFD UE pair is modeled through a bipolar point
process [6], [7] and a Thomas cluster point process [8]. In
[9], the performance of a BD-IFD cellular network was
studied in the presence of residual SI at the BSs and UEs.
The results in [6]–[9] showed that the performance of a
cellular network can be significantly improved by
adopting BD-IFD communication between the IFD BS
and IFD UE in each cell. In addition, the performance of a
UD-IFD cellular network was investigated in [10]–[13]. In
[10] and [11], the performance of a UD-IFD cellular
network in conjunction with scheduling and transmit
power allocating was investigated through simulations.
Furthermore, the DL and UL performances in a UD-IFD

cellular network were experimentally evaluated using the
3rd Generation Partnership Project (3GPP) Long Term
Evolution (LTE) Release 9 test bed [12]. Furthermore, the
cell throughput of a UD-IFD cellular network in the
presence of residual SI at the IFD BSs was analyzed by
utilizing a homogeneous Poisson point process framework

[13]. The results of these studies showed that, compared to
that of an HD cellular network, the performance of a UD-
IFD cellular network was not enhanced without control of
the CCI. In particular, the presence of intra-cell CCI had a
much more significant impact on the performance than the
increase in the inter-cell CCI. Therefore, it is necessary to
control the intra-cell CCI in UD-IFD cellular networks
to achieve a performance gain originating from the
employment of an IFD operation.
It is worth noting that, despite the fact that degraded

performance from CCI is more serious, the UD-IFD model
has received more attention than the BD-IFD model for
deployment in cellular networks because of the
inefficiency and difficulties in installing an IFD
transceiver in the UE, as well as the potential for
backward compatibility. Provided that the CCI
(particularly, intra-cell CCI) is properly managed at a DL
UE, the UD-IFD model can provide a more immediate and
promising application of IFD technology to a cellular
network. In this paper, we therefore focus on a UD-IFD
cellular network and study the effects of applying CCI
cancellation (CCIC) at a DL UE for removal of intra-cell
CCI on the overall capacity.
Meanwhile, CCIC schemes applied at a DL UE to

cancel the intra-cell CCI have been studied [14]–[17]. In
[14], a CCIC method that utilizes a side-channel was
proposed. Using this method, the information of the
channel between a DL UE and the interfering UL UE is
sent to the BS. In addition, the effects of channel state
information at the transmitter (CSIT) on the CCIC
performance and the corresponding throughput of a UD-
IFD cellular network have been analyzed [15]. Finally,
opportunistic CCIC schemes based on the received power
of intra-cell CCI at a DL UE have been studied [16], [17].
In this paper, we describe the performance of a UD-IFD

cellular network based on simulations using the
methodology from [18]. We then propose a CCIC scheme
for a DL UE that removes CCI based on the received
power. Although the proposed CCIC method is mainly
intended for eliminating intra-cell CCI, the removal range
of CCI is not limited to intra-cell CCI; it also covers inter-
cell CCI in certain cases. In addition, the proposed CCIC
scheme does not utilize a side channel because doing so
requires an additional frequency band and thus degrades
the spectral efficiency. We first evaluate and compare the
capacity of an HD cellular network and a UD-IFD cellular
network with/without the CCIC scheme in the presence of
a DL UE and UL UE pair in each cell. We then extend our
scope to an environment in which multiple pairs of DL
and UL UEs are distributed in each cell, and we propose a
multi-pair CCIC (MP-CCIC) algorithm in conjunction
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with a new method of DL UE and UL UE pairing based
on the location information. Finally, we show the capacity
enhancement resulting from the proposed MP-CCIC.
The remainder of this paper is organized as follows.

Section II presents a UD-IFD cellular network model and
the simulation parameters used later in this paper.
Section III evaluates the effects of CCIC on the capacity
of a UD-IFD cellular network in the presence of a single
DL UE and UL UE pair in each cell. In Section IV, we
describe the MP-CCIC algorithm proposed for a UD-IFD
cellular network, and we show the performance
enhancement achieved by its application. Finally,
Section V provides concluding remarks on this research.

II. System Model

In this section, we address the UD-IFD cellular network
model and the simulation parameters used later in this
paper.

1. UD-IFD Cellular Network Model

Figure 1 shows the UD-IFD cellular network model
consisting of one IFD BS, one HD DL UE, and one HD
UL UE per cell. In each cell of the UD-IFD cellular
network, the IFD BS transmits a DL signal to the DL UE
while simultaneously receiving the UL signal transmitted
by the UL UE. Because the DL and UL transmissions in
each cell are simultaneously conducted, the cell capacity
of the UD-IFD cellular network can be ideally increased
up to twofold.

In the UD-IFD cellular network, however, CCI
inherently increases compared to a conventional HD
cellular network because DL and UL are simultaneously
active. Figure 1 describes the CCI occurring in a UD-IFD
cellular network. In a conventional HD cellular network in
which the transmissions in the DL and UL are separated in
time or frequency, there are two types of inter-cell CCI—
DL-to-DL and UL-to-UL CCI— caused by a DL/UL
transmission of a cell interfering with the DL/UL
reception of the adjacent cells. In a UD-IFD cellular
network, in addition to the aforementioned DL-to-DL and
UL-to-UL CCI, there are two more types of inter-cell CCI
occurring based on the feature in which both DL and UL
are simultaneously active—that is, DL-to-UL and UL-to-
DL CCI—caused by the DL/UL transmission of a cell
interfering with the UL/DL reception of the adjacent cells.
In particular, simultaneous transmissions in the DL and
UL by a BS and UL UE in the same cell, respectively,
cause intra-cell CCI in the reception of the DL signal of
the DL UE in the same cell. In general, it is known that
intra-cell CCI has a greater effect on the performance
degradation in a UD-IFD cellular network than inter-cell
CCI. Depending on the location of the UE, however, inter-
cell CCI may affect the DL reception of the DL UE more
significantly than intra-cell CCI. As shown in Fig. 1, for
example, the performance of the DL UE in cell 2 is more
significantly affected by the inter-cell UL-to-DL CCI
caused by the UL UE in cell 1 than the intra-cell CCI
caused by the UL UE in cell 2.

2. Simulation Environments

In this subsection, we address the simulation
environment considered throughout this paper, which is
mainly based on the multi-cell macro-pico scenario
defined in [18]. The simulation parameters used later in
this paper are summarized in Table 1.
Macro-cell base stations (MBSs) are deployed following

a typical 19-cell and three-sectored hexagonal system
layout. In addition, four pico-cell base stations (PBSs)
equipped with a single-antenna IFD transceiver are
randomly deployed on each sector of the macro-cells. In
each pico-cell, there are K DL UEs and K UL UEs
constituting K UE pairs, all of which have a single antenna
and operate in HD. An IFD PBS and pairs of HD UEs in
each pico-cell communicate following the UD-IFD model.
The SI can be eliminated such that the power of the
residual SI after SIC is applied can be reduced sufficiently
close to that of the background noise [1], [2]. Accordingly,
it is assumed, without loss of generality, that the SIC at
each PBS is perfect. To further focus on the impact of CCI

IFD BS

HD DL UE

HD UL UE

Cell 2

Cell 1

UL transmission
DL transmission
Intra-cell CCI
Inter-cell CCI (UL-to-DL)
Inter-cell CCI (DL-to-UL)
Inter-cell CCI (DL-to-DL)
Inter-cell CCI (UL-to-UL)

Fig. 1. UD-IFD cellular network model and CCI description.
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and CCIC on a UD-IFD network, the MBSs are
furthermore assumed to be inactive. Finally, the
performance of the DL and UL transmissions of the UD-
IFD network configured in each pico-cell is measured only
in the macro-cell located at the center.
The wireless channels between different PBSs, between

a PBS and UE, and between different UEs are all
characterized by only large-scale fading (in other words,
signal power attenuation owing to distance-dependent path
loss and shadowing), whereas small-scale fading is not
considered because resource allocation based on small-
scale channel fading is beyond the scope of this paper. For
more detailed models of wireless channels, refer to [18].
In this network, the wireless channels are assumed to

follow quasi-static block fading, where all channels
remain constant during a specific block duration.

Accordingly, we consider a frame-based block
transmission in which one transmission block consists of
K time slots (in other words, subframes), and each time
slot is allocated to a DL UE and UL UE pair for their
respective DL reception and UL transmission.

III. CCIC in UD-IFD Cellular Network

As addressed in Section II, a DL UE in a UD-IFD
cellular network is affected not only by the inter-cell CCI,
but also by the intra-cell CCI. Intuitively, the intra-cell
CCI received by a DL UE is minimized when the
interfering UL UE in the same cell is located on the
opposite side of the cell from the location of the DL UE
with the maximum distance. However, it is difficult to
guarantee that the UL UE paired with the DL UE will be
located on the opposite side of the cell. Furthermore, the
UL UE may be located close to the DL UE in adjacent
cells in this case, which may cause a stronger inter-cell
CCI to the DL reception of the adjacent cells. Therefore, it
is difficult to expect a significant performance
improvement of the UD-IFD cellular networks with a UE
pairing strategy that simply selects the UL UE located on
the opposite side of the DL UE in each cell.
Alternatively, another way to improve the DL

performance of a UD-IFD cellular network is removing
the CCI received by the DL UE. It is worth noting that,
depending on the relative positions and distances between
a DL UE and interfering UL UEs, it is more likely that an
order exists in the received powers of the CCI at the DL
UE. In this case, a DL UE can therefore sequentially
decode and restore the CCI from the CCI with the largest
received power—and then remove it from the received
signal [19]—without discriminating between the intra-cell
and inter-cell CCI.
At a DL UE, the decodability of the CCI with the largest

received power is determined by evaluating its signal-to-
interference-plus-noise ratio (SINR) when all remaining
signals (including the desired DL signal) are regarded as
noise, and then comparing the SINR with a pre-
determined value, c. By sorting all CCI received by a DL
UE in descending order by their received power, the ith
strongest CCI at the DL UE can be considered decoded
and restored if

jhU;ij2PU;i

jhDj2PD þ PN
j¼iþ1

jhU;jj2PU;j þ ID þ r2UE

� c; (1)

where N denotes the total number of interfering UL UEs
that cause CCI to the DL UE. In addition, PD and hD

Table 1. Simulation parameters.

Parameters Description and value

Scenario
Multi-cell macro-pico scenario

[18]

System bandwidth 10 MHz

Carrier frequency 2 GHz

Inter-site distance 500 m

Macro deployment
Hexagonal system layout with

7 cells and 3 sectors/cell

Pico deployment
40 m radios, random

deployment

Pico-cells per sector 4

UEs per pico-cell
Uniformly dropped around

PBS within 40 m

Min. distance b/w pico-cells 40 m

Min. distance b/w
PBS and MBS

75 m

Min. distance b/w
PBS and UE

10 m

PBS antenna pattern 2D, omni-directional

PBS antenna gain 5 dBi

UE antenna gain 0 dBi

PBS noise figure 13 dBi

UE noise figure 9 dBi

Max. PBS TX power 24 dBi

UE power class 23 dBi

Shadowing
standard
deviation

b/w PBSs 6 dB

b/w PBS and
UE

LOS 3 dB

NLOS 4 dB

Shadowing b/w PBSs 0.5

Correlation
b/w PBS and

UE

LOS 0

NLOS 0
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represent the transmit powers of the BS by which the DL
UE is supported and the channel through which the
desired DL signal to the DL UE passes, respectively.
Furthermore, hU,i and PU,i represent the transmit power of
the UL UE that causes the ith strongest UL CCI to the DL
UE (including both intra-cell and inter-cell UL-to-DL
CCI) and the channel through which the ith strongest UL
CCI passes, respectively. Finally, ID and rUE

2 denote the
aggregated CCI caused by DL transmissions of BSs in the
neighboring cells and the receiver noise at the UE,
respectively. It is assumed in (1) that, if the ith strongest
UL CCI among the intra-cell CCI and inter-cell UL-to-DL
CCI can be removed, all the first through the (i�1)th
strongest UL CCI are assumed to be decoded and already
removed. For this, it is assumed that hU,1, hU,2, . . . , hU,i–1
are perfectly known by the DL UE. Furthermore, the
CCIC method with (1) only removes the intra-cell CCI
and inter-cell UL-to-DL CCI. This is because, at a DL UE,
the received power of the inter-cell DL-to-DL CCI is
generally less than that of the desired DL signal
transmitted by the BS in the cell to which the DL UE
belongs. Therefore, DL-to-DL CCI is neither decoded nor
removed from the received signal at the DL UE, and ID is
thus regarded as background noise.
It is worth noting that the CCIC method with (1) can be

applied independently at each DL UE. Therefore, UL
transmissions are not affected by the application of this
CCIC method, and the corresponding UL performance
remains the same regardless of the employment of this
CCIC method.
Figure 2 shows the cumulative distribution functions

(CDFs) of the DL and UL capacities in an HD cellular
network and UD-IFD cellular network, which are

evaluated through simulations using the parameters
defined in Table 1. The results are obtained in the
presence of one DL UE and UL UE pair in each pico-cell.
The figure also shows the effect of adopting CCIC with
(1) on the DL capacity of a UD-IFD cellular network
according to various values of c. For comparison, the DL
capacity of an IFD cellular network in which there is no
intra-cell CCI is also included.
As shown in the figure, the presence of intra-cell CCI

severely degrades the DL capacity of a UD-IFD cellular
network compared to the counterpart without intra-cell
CCI. Even when compared with that of an HD cellular
network, the DL capacity of a UD-IFD cellular network is
degraded without the use of CCIC. However, the
application of CCIC with (1) improves the DL capacity of
a UD-IFD cellular network, whereas the UL capacity
remains the same. The enhancement of the DL capacity by
applying CCIC at a DL UE is clearly observed even when
c = 3 dB. Nonetheless, the DL capacity of a UD-IFD
cellular network even with the CCIC is observed to be
much poorer than that without intra-cell CCI. This implies
that CCIC applied in the DL of a UD-IFD cellular network
cannot completely remove the effects of intra-cell CCI on
the DL performance.
Table 2 shows the increments of the average DL and

sum capacities in a UD-IFD cellular network compared to
those of an HD cellular network. Note that the UL
capacity of a UD-IFD cellular network is not affected by
the application of CCIC, and thus the corresponding UL
capacity increment over an HD cellular network is
observed to be 28.52% regardless of the CCIC threshold
value c.
Compared with an HD cellular network, the results

show that the capacity increase in the UD-IFD network is
not large, even when the CCIC is applied. When there is

y = –3 dB ~ 3 dB 

1.0

CD
F

0 2 6 10
Capacity (bps/Hz)

4 8

0.9

0.8

0.6

0.4

0.3

0.2

0.1

0.7

0.5

0

Capacity degradation 
due to intra-cell CCI

12 14 16

HD (DL, UL)
UD-IFD (DL without CCIC)
UD-IFD (DL with CCIC)
UD-IFD (DL without intra-cell CCI)
UD-IFD (UL)

Fig. 2. CDF of DL capacity with/without CCIC.

Table 2. Increment of average DL and sum capacity of UD-IFD
with CCIC over HD.

CCIC threshold
(c)

Increment
(%, DL)

Increment
(%, sum)

No CCIC �34.86 �3.00

3 dB �8.45 10.17

2 dB �3.22 12.77

1 dB 2.89 15.88

0 dB 9.88 19.31

–1 dB 18.25 23.45

–2 dB 27.86 28.25

–3 dB 38.40 33.61

No intra-cell CCI 94.66 61.63
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no intra-cell CCI, the increase in average DL capacity is
94.66%, which is close to the expected 100% capacity
enhancement when IFD is applied in a cellular network. In
the presence of intra-cell CCI, however, the DL capacity
of a UD-IFD cellular network is considerably degraded
compared to that of an HD cellular network if CCIC is not
employed, or if it is applied with a c larger than 2 dB.
Furthermore, the increase in the DL capacity of a UD-IFD
network is only 9.88% when c is 0 dB, and a capacity gain
of 40% can be expected if c is less than �3 dB. On the
other hand, the increase in the average sum capacity
is observed to be 12.77%, 19.31%, and 28.25% when c is
2 dB, 0 dB, and �2 dB, respectively, which are larger
values than those of the DL capacity owing to the increase
in UL capacity.

IV. Multi-pair CCIC in UD-IFD Cellular Networks

As addressed in Section III, it is difficult to effectively
improve the DL capacity of a UD-IFD cellular network
through CCIC when there is only one DL UE and UL
UE pair in each cell. This is because the location of the
UL UE must be sufficiently close to the location of the
DL UE for effective CCIC; thus, the location of the UL
UE to improve the DL capacity through the application
of CCIC is very limited. In the presence of multiple DL
UE and UL UE pairs, however, the CCIC performance
can be enhanced owing to an increase in the degree-of-
freedom in selecting a UL UE paired with a DL UE. In
this section, we propose a CCIC mechanism for a UD-
IFD cellular network that is suitable for a case with
multiple DL UE and UL UE pairs, which is referred to
as multi-pair CCIC (MP-CCIC). For convenience, CCIC
in the presence of a single DL UE and UL UE pair in
each cell is referred to as single-pair CCIC (SP-CCIC)
later herein.
The proposed MP-CCIC consists of a user pairing based

on a guard zone (GZ) and CCIC. The GZ is utilized to
secure a sufficiently close distance between a paired DL UE
and UL UE, considering the fact that the closer the DL UE
and the UL UE are, the more advantageous it is to the CCIC.
The user pairing associated with MP-SCCIC is intended to
have as many UL UEs as possible located within the GZs of
the DL UEs to minimize the number of DL UEs that are
affected by the intra-cell CCI. Note that, after the user
pairing is completed, the CCIC at each DL UE is applied in
the same way as presented in the previous section.
Therefore, a description of CCIC is omitted in this section
for brevity; only the user pairing method is described.

1. GZ-Based User Pairing for MP-CCIC

In the presence of K DL UEs and K UL UEs in each cell,
the proposed user pairing algorithm is performed by the BS
to select the UL UE paired with each DL UE so that as
many UL UEs as possible are located in the GZ of their
associated DL UEs. The BS is assumed to have the location
information of all DL and UL UEs and to utilize the
information for UE pairing. After the pairing between the
DL and UL UEs is completed, each UE pair is then
assigned to each of the K time slots in a transmission block.
Based on the location information of the UEs, the BS

first sets a circle of a given radius R around the position of
a DL UE as the GZ of the DL UE, where the value of R is
assumed to be a pre-determined constant. The distance
between each DL UE and UL UE in a cell is saved in
matrix D, where D(i, j), the element of D on the ith row
and jth column, denotes the distance between the ith DL
UE and jth UL UE in the cell. In addition, a condition
matrix denoted by C is defined, where the element of C on
the ith row and jth column is initially given by

Cði; jÞ ¼ 1
0
; if Dði; jÞ�R;
; otherwise:

�
(2)

Each DL UE and UL UE pair that is assigned to each
time slot is iteratively determined by updating C and D.
At the tth iteration, ∀t = 1, 2, . . . , K, and we first obtain
xt, which is given by

xt ¼
XK
i¼1

XK
j¼1

Cði; jÞ: (3)

Note that, if xt = 0, there is no UL UE belonging to a GZ
of any DL UE. Otherwise, if xt > 0, there exists at least
one UL UE that is located in a GZ of at least one DL UE.
The selection of a DL UE and UL UE pair during the tth
iteration is different for cases with xt = 0 and xt > 0.
When xt > 0, we first choose a set of DL UEs, each of

which has at least one UL UE in its respective GZ. Among
them, the DL UE that has the smallest number of UL UEs
in its GZ is selected as the active DL UE. A UL UE to be
paired with the active DL UE is then selected. To this end,
we define at(i), i = 1, 2, . . . , K, as follows:

atðiÞ ¼ 1;
htðiÞ;

if htðiÞ ¼ 0;
if htðiÞ 6¼ 0;

�
(4)

where ht(i) denotes the sum of the elements in the ith row
of C given by

htðiÞ ¼
XK
j¼1

Cði; jÞ: (5)
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Note that ht(i) in (5) represents the number of UL UEs that
lie in the GZ of the ith DL UE. Then, the dtth DL UE is
selected to be the active DL UE, where dt is given by

dt ¼ argmin ½atð1Þ; atð2Þ; . . . ; atðKÞ�T : (6)

If there exist i and j, i 6¼ j, where at(i) = at(j) holds, dt can
be determined to be either dt = i or dt = j (the selection of
dt = i or dt = j does not affect the performance of the
proposed user pairing algorithm).
To select the UL UE to be paired with the dtth DL UE,

we define two vectors—bt = [bt(1), bt(2), . . . , bt(K)] and
dt = [dt(1), dt(2), . . . , dt(K)]—where bt and dt represent
the dtth row vectors of C and D during the tth iteration,
respectively. Furthermore, we define two other vectors—
ft = [ft(1), ft(2), . . . , ft(K)] and rt = [rt(1), rt(2), . . . ,
rt(K)]—where

ftðiÞ ¼ 1;
btðiÞ;

if btðiÞ ¼ 0;
if btðiÞ 6¼ 0;

1� i�K;

�
(7)

rtðiÞ ¼ ftðiÞdtðiÞ; 1� i�K: (8)

Then, the utth UL UE is selected to be the pair of the dtth
DL UE, with ut given by

ut ¼ argmin ½rtð1Þ; rtð2Þ; . . . ; rtðKÞ�T : (9)

In the case in which there exist i and j, i 6¼ j, where min
[rt(1), . . . , rt(K)] = rt(i) = rt(j). We set ut = i if D(dt,
i) > D(dt, j) and vice versa. This is because the UL UE
that is further from the dtth DL UE is more likely to
belong to the GZ of another DL UE.
After both dt and ut are determined, C is updated for the

next iteration as:

Cðdt; jÞ ¼ 0; 8j ¼ 1; 2; . . . ;K; (10)

Cði; utÞ ¼ 0; 8i ¼ 1; 2; . . . ;K: (11)

The processes in (3) through (11) are then repeated while
xt > 0.
When xt = 0, on the other hand, the values of dt and ut

are determined based on D. We first set the elements of D as:

Dðds; jÞ ¼ 0; 8s ¼ 1; 2; . . . ; t � 1; (12)

Dði; usÞ ¼ 0; 8s ¼ 1; 2; . . . ; t � 1: (13)

Then, dt and ut are determined, respectively, as

ðdt; utÞ ¼ argmax
i;j

Dði; jÞ: (14)

The processes in (3) and (10) through (14) are repeated
until t = K. The proposed GZ-based user-pairing
algorithm for the MP-CCIC addressed above is
summarized in Algorithm 1.

Algorithm 1. Pseudo code for the proposed user pairing
algorithm.

Figure 3 shows an example of the proposed user-pairing
algorithm in a UD-IFD cellular network with K = 7. In
this example, DL UEs and UL UEs are paired in the order
of (D4, U1) ? (D1, U5) ? (D2, U6) ? (D5, U2) ? (D6,
U3) ? (D3, U4) ? (D7, U7) in each iteration. They are
then allocated to the first through seventh time slots,
respectively. Here, D4, D1, D2, D5, and D6, which have at
least one UL UE in their respective GZs, are paired first
with one of the UL UEs in their respective GZs, in other
words, U1, U5, U6, U2, and U3, respectively. Then, D3 and
D7, which have no UL UEs in their GZs, are paired with
the remaining UL UEs, U4 and U7, respectively.
On the other hand, D1, D2, D4, D5, and D6 apply CCIC

to remove the intra-cell UL CCI that is introduced from
the transmissions of U5, U6, U1, U2, and U3, respectively.
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D3 and D7 do not apply CCIC because it is likely that the
received power of their respective intra-cell CCI is not
sufficiently large to decode it. Therefore, the DL
receptions of D3 and D7 are affected by the intra-cell CCI
caused by the UL transmissions of U7 and U3,
respectively, whereas the DL receptions of other DL UEs
are free from the intra-cell CCI.
Note that in this example, U5 is located in the GZs of both

D1 and D2. In this case, U5 is paired with D1 instead of D2

to make both D1 and D2 apply SCCIC (if is U5 paired with
D2, then D1 cannot apply CCIC because there is no UL UE
in its GZ after D2 and U5 are paired). In addition, U4 is
paired with D3 instead of D6 because, although both U3 and
U4 are located in the GZ of D6, it is more advantageous for
D6 to apply CCIC when it is paired with U3 rather than U4.
After D6 and U3 are paired, U4 does not belong to the GZ of
any DL UE and is thus paired with D3, which has no UL
UE in its GZ and is farther from U4 than D7.

2. Performance of MP-CCIC

Figure 4 shows the percentage of DL UEs in the UD-
IFD cellular network that are free from intra-cell CCI after
SP-CCIC and MP-CCIC are applied. The results are
obtained through simulations with the parameters defined

in Table 1, where the radius of GZ is given by

R ¼ q� 40m; (15)

with 0 ≤ q ≤ 1 representing the GZ radius-to-pico-cell
radius ratio. In addition, the length of each time slot assigned
to each DL UE and UL UE pair is assumed to be the same.
This figure shows that, depending on the values of q and

c, the maximum 71% of DL UEs become free from the
intra-cell CCI after the proposed MP-CCIC is applied,
whereas the maximum 42% of DL UEs are free from the
intra-cell CCI after SP-CCIC is applied. Furthermore, the
percentage of DL UEs that are not affected by intra-cell CCI
after the proposed MP-CCIC is applied is always larger than
that after SP-CCIC is applied for all the values of q when
c ≥ 0.2. This is because the use of GZ in the proposed MP-
CCIC increases the probability that the locations of the UL
and DL UEs in each pair are sufficiently close to each other
such that the intra-cell CCI is cancelled by CCIC.
From the above results, it can be inferred that the

proposed MP-CCIC leads to capacity enhancement
compared to SP-CCIC, with an increased number of DL
UEs free from intra-cell CCI.
Meanwhile, Figs. 5 and 6 show percentage increases in

the average DL and sum capacities of the UD-IFD cellular
network compared to the HD cellular network,
respectively, when SP-CCIC and MP-CCIC are applied.
For comparison, these figures also show increases in the
average DL and sum capacities of a UD-IFD cellular
network with no CCIC compared to an HD cellular
network. The results were obtained with the same
simulation setup as in Fig. 4.
These figures show that MP-CCIC improves the

capacity performance of the UD-IFD cellular network
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more effectively than any other techniques. When c is
�3 dB, 0 dB, and 3 dB, in particular, the DL capacity of
the UD-IFD cellular network with MP-CCIC is improved
70%, 47%, and 30% over that of the HD cellular network,
respectively, whereas the sum capacity is improved 50%,
38%, and 30%. In addition, it can be observed that the DL
and sum capacities of the UD-IFD cellular network with
the proposed MP-CCIC first increase with q, and then
decrease with an increasing q for a given value of c. This
is because the probability of a DL UE being paired with a
UL UE that is located in the GZ of the DL UE is too small
when the value of q is too small. However, this probability
increases as the value of q increases. Therefore, the
probability of removing the intra-cell CCI through MP-
CCIC also increases, which leads to an increase in the
capacity performance. If the value of q becomes larger

than a certain value, however, the distance between the
paired DL UE and UL UE is more likely to become too
large to apply MP-CCIC, although the UL UE is in the GZ
of the DL UE paired with it. This is because the received
power of the intra-cell CCI at the DL UL is not
sufficiently large for decoding. This results in a decrease
in the probability of MP-CCIC being applied, leading to a
degraded capacity.
From the above results, it can be inferred that the

capacity of a UD-IFD cellular network using the proposed
MP-CCIC can be optimized by properly selecting the size
of the GZ according to the CCIC capability of DL UEs.
Next, Figs. 7 and 8 show the CDFs of the DL and the

sum capacities of various UD-IFD cellular networks
(without CCIC, with SP-CCIC, and with MP-CCIC),
respectively, to evaluate the effect of employing CCIC.
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For a UD-IFD cellular network with SP-CCIC and MP-
CCIC, it is assumed that c = 0 dB. For the case with MP-
CCIC, q is set to 0.4 to maximize both the DL and sum
capacities in accordance with Figs. 4 and 5. Finally, for
comparison, the CDFs of the DL and sum capacities of an
HD cellular network are also included.
As observed in these figures, CCIC is effective for a

capacity enhancement of the UD-IFD network. In particular,
MP-CCIC is more effective for capacity enhancement than
SP-CCIC. Compared to the HD cellular network, MP-CCIC
improves the DL capacity of the IFD cellular network from
even low-capacity to high-capacity regimes, whereas cases
without CCIC and with SP-CCIC are rather degraded in a
low-capacity regime. Note that the improvement in the DL
capacity with MP-CCIC is more prominent than that of the
sum capacity. This is because, by applying the MP-CCIC,
the DL capacity of the UD-IFD cellular network is
improved to be larger than the UL capacity and the DL
capacity no longer deteriorates the sum capacity.

V. Conclusion

In this paper, we analyzed the capacity of a UD-IFD
cellular network through simulations based on a 3GPP
simulation methodology, and we proposed MP-CCIC
method for a DL to improve the capacity. Simulation
results showed that, without using CCIC, the IFD
application could not yield a capacity gain in the UD-IFD
cellular network compared to the HD cellular network.
Even with SP-CCIC, it was observed that a sufficient
capacity gain was not achieved in the UD-IFD cellular
network. On the other hand, by optimally selecting the GZ
size, the capacity performance of the UD-IFD cellular
network using the proposed MP-CCIC was greatly
improved compared with that of the HD cellular network.
The proposed MP-CCIC can be further optimized

through the application of various criteria, such as the
minimum rate requirement of users, fairness between
users, and traffic asymmetry considerations. Moreover, an
ideal CCIC was assumed in this study, which completely
removes CCI under certain conditions. It is thus necessary
to develop practical CCIC schemes and related
technologies that achieve the performance of this ideal
CCIC. The above aspects remain our future work.
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