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ABSTRACT In-band full-duplex (IBFD) is a promising technology for improving spectral efficiency beyond
5G and 6G. The dynamic duplex cellular (DDC) system has been proposed as a method for the phased
introduction of IBFD into cellular systems while maintaining backward compatibility. Although previous
studies have shown that DDC systems can improve the average user throughput, twice the spectral efficiency
compared to half-duplex (HD), ideally expected for IBFD, has not been achieved. The main component
that disturbs throughput enhancement is the residual component of self-interference (SI) at the base station
(BS), which SI cancellers cannot entirely suppress. In this study, we propose a DDC system with a dedicated
transmitter (DT) and multiple distributed receivers called remote receivers (RRs) for the BS to reduce the
effective SI and enhance uplink reception quality. We implement user equipment scheduling and power
control for the DDC system in the topology with DT and multiple RRs and improvement by IBFD. evaluate
its performance using computer simulations in a single-cell environment. The proposed DDC system with
receiver-distributed topology achieves up to 96% improvement in average user throughput of uplink and
downlink from the HD system with the same topology, which is close to the ideal performance.

INDEX TERMS Distributed BSs, dynamic duplex cellular, in-band full-duplex, local 5G, self-interference.

I. INTRODUCTION
Over the past few decades, mobile data traffic has increased
rapidly [2]. By 2023, 71% of the world’s population (5.7
billion people) are expected to use mobile connectivity ser-
vices, and the number of smartphone subscriptions is expected
to increase by 7% annually [3]. In addition, the number of
machine-to-machine (M2M) terminals supporting the Internet
of Things (IoT) platforms has increased significantly and is
expected to grow by 30% annually [3]. To meet these de-
mands, the 5th generation mobile communication system (5G)
implements new technologies, such as massive multiple-input
multiple-output (MIMO) technology using many antenna ele-
ments, allocation of new high-frequency bands, such as the 28
GHz band, and 5G new radio (5G NR)—a flexible frame com-
position technology that can meet wide bandwidth and low

latency requirements [4], [5], [6]. However, to cope with the
ever-growing traffic requirements, the conventional spectrum
below 6 GHz (i.e., the sub-6 GHz band) must also be used
more efficiently. This requires introducing new technologies
that improve spectral efficiency beyond 5G and 6G [7], [8],
[9], [10], [11], [12], [13].

In-band full-duplex (IBFD) is a promising technology for
improving spectral efficiency beyond 5G and 6G [7], [8].
IBFD is a technique for operating uplink (UL) and down-
link (DL) communications simultaneously in the same band,
which doubles the spectral efficiency compared to half-duplex
(HD) under ideal conditions [14], [15], [16], [17], [18].
Because IBFD allows simultaneous transmission and recep-
tion, the transmitted signal interferes with its own received
signal, which is called the self-interference (SI) problem.
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The cancellation of the SI is essential to ensure reception
quality. Various methods have been proposed for antenna,
analog, and digital domains [15], [16], [17], [18], [19], [20],
[21], [22], [23]. However, SI cancellers are currently difficult
to implement in mobile terminals, such as user equipment
(UE) in cellular systems, because of their large implemen-
tation scale. User-paired IBFD (UP-IBFD), which performs
IBFD only at the base station (BS) and allocates UL and DL
communications to two different UEs, is considered relatively
practical because the SI canceller is installed only at the BS
[15]. Hereafter, the UP-IBFD is referred to as IBFD.

When applying the IBFD to cellular systems, it is important
to maintain backward compatibility. If a legacy 5G system is
suddenly replaced by a new cellular system based on IBFD,
legacy 5G UEs become unavailable. Therefore, the dynamic
duplex cellular (DDC) system has been proposed as a method
for the phased introduction of IBFD into cellular systems
[24], [25], [26]. The DDC system assumes the operation of
the legacy 5G system and applies IBFD only when the in-
terference to the communication of the legacy 5G system is
sufficiently small by a scheduling scheme that includes the
selection of a UE that can perform IBFD [24], [25], [26].
Although previous studies have shown that DDC systems can
improve the average user throughput, twice the spectral effi-
ciency compared to HD, which is ideally expected for IBFD,
has not been achieved [24], [25], [26].

One of the factors limiting the improvement of spectral
efficiency in DDC systems is the inter-user interference (IUI)
caused by the UL-UE (UL communication-allocating UE) to
the DL-UE (DL communication-allocating UE) when IBFD is
applied. The impact of the IUI can be mitigated by appropri-
ately selecting the pair of UEs to be assigned communication,
and the IUI reduction method using successive interference
cancellation has also been proposed [27]. The dominant factor
limiting the improvement of the spectral efficiency in DDC
systems is the residual component of the aforementioned
SI, which cannot be fully suppressed by the SI canceller.
Hereafter, the component is referred to as the residual SI.
The current combination of SI cancellers can suppress SI by
approximately 110 dB [15]. Although a 110 dB of SI cancella-
tion performance is sufficient for considering the introduction
of IBFD to wireless local area network (WLAN)-based sys-
tems [15], the residual SI component cannot be ignored in
cellular systems because of the large transmission power of
the BS.

To overcome this problematic large residual SI, techniques
to suppress effective SI by separating and distributing the
transmitting (Tx) and receiving (Rx) antennas of the BS have
been proposed [28], [29]. The effective SI can be reduced
by separating the Tx and Rx antennas and installing them
at a distance apart. This concept of distributed placement
of antennas is also common to the cell-free architecture,
which is considered a promising candidate for next-generation
cellular networks. Several studies have investigated various
distributed antenna systems [30], [31], [32]. However, to the
best of our knowledge, no previous study has proposed and

evaluated a DDC system that incorporates the antenna distri-
bution technique and includes a scheduling and power control
scheme to mitigate interference and perform IBFD.

In this study, we propose a DDC system operating in the
sub-6 GHz band with multiple distributed Rx-only antennas
for the BS [1], including a scheduling scheme with UE selec-
tion and power control for the BS and UEs. In the proposed
DDC system, the Tx and Rx antennas of the BS are separated.
The Tx-only antenna of the BS of the proposed DDC system
is installed at the location where the Tx/Rx antenna of the
BS in the conventional DDC system is installed. In addition,
multiple Rx-only antennas of the BS are distributed in a cell.
These Tx-only and Rx-only antennas are connected to the
signal processing and control unit of the BS (e.g., centralized
unit (CU) and distributed unit (DU)) via a backbone network
using radio-over-fiber (RoF) technology, similar to the radio
unit (RU) of 5G or remote radio head (RRH) of 4G, to enable
coordinated operation. Hereafter, the Tx-only and Rx-only
antennas of the BS in the proposed DDC system are referred
to as the dedicated transmitter (DT) and remote receiver (RR),
respectively. The proposed DDC system is expected to im-
prove the UL communication quality when IBFD is applied
because the path loss between DT and RRs mitigates the SI,
and the UL communication path is shortened on average.

In our prior and shorter version of this study [1], we pro-
posed the basic concept of the DDC system with a DT and
multiple distributed RRs. Furthermore, we implemented UE
scheduling and power control for the DDC system [24], [25],
[26] in a topology with a DT and three RRs and evaluated its
performance using link-level and system-level computer sim-
ulations. The present work further extends the above studies
to design and evaluate the proposed system for the cases of
distributed placements of one and six RRs. In addition, a new
power control scheme for UL communications superimposed
on DL communications is proposed and evaluated. These
evaluations are performed in a single-cell environment, which
is assumed to be a minimal configuration of local 5G [33],
[34] and a hotspot-like deployment.

The main contributions of this study can be summarized as
follows:
� A comprehensive proposal for a novel DDC system oper-

ating in the sub-6 GHz band that reduces SI by spatially
separating transmission and reception functions through
a distributed arrangement of receiving antennas is
presented.

� Performance evaluation and comparison of the proposed
DDC system and conventional DDC or existing HD sys-
tems using system-level simulations based on results of
5G link-level simulations are conducted.

� Compared to the existing HD system, the proposed DDC
system can improve the average user throughput by more
than 108% for UL and more than 95% for DL.

The remainder of this article is organized as follows:
Section II introduces the basic operation of the DDC system
using the conventional case where transmission and reception
functions of the RU are not spatially separated [24], [25],
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FIGURE 1. Duplex model.

[26]; Section III presents the proposed DDC system with a DT
and distributed-multiple RRs; Section IV designs the optimal
parameters of the proposed DDC system and evaluates its
performance by using 5G-based link-level and system-level
computer simulations; and Section V presents the conclusion
of this study.

II. BASIC DESCRIPTION OF DDC SYSTEM
Here, the time-division duplex (TDD)-based conventional
DDC systems [24], [25], [26], the basis of the proposed sys-
tem, are described. First, we outline the basic principles of the
DDC system. Next, an interference model for a conventional
DDC system is presented. Finally, a scheduling scheme based
on this interference model is described.

A. OUTLINE OF DDC SYSTEM PRINCIPLE
Fig. 1(a) shows the UL/DL switching schematic of a TDD-
based HD system (TDD-HD). Although the UL/DL switching
is possible on a symbol-by-symbol basis in the 5G [6], [35], in
this study, we assumed switching on a subframe-by-subframe
basis for simplicity. In Fig. 1(a), as an example, the first and
second subframes are set to UL subframes (ULSFs) to be al-
located to UL communications, and the third, fourth, and fifth
subframes are set to DL subframes (DLSFs) to be allocated
DL communications.

The TDD-based DDC system (TDD-DDC) allows the su-
perimposition of DL communications with other UEs on
the UL communications allocated in the ULSFs by applying
IBFD, as shown in Fig. 1(b). Furthermore, it allows the su-
perimposition of UL communications with other UEs on DL
communications allocated to DLSFs. The IBFD applicable
condition is that IUI does not degrade the DL communication
quality in DLSF, and SI does not degrade the UL communi-
cation quality in ULSF. If these conditions are not satisfied,
IBFD is not applied, and only HD communication is per-
formed. For the UEs allowed to perform IBFD, an appropriate
modulation and coding scheme (MCS) is selected according
to the signal-to-interference and noise power ratio (SINR). To
realize the DDC system, a scheduling scheme that includes
UE selection is proposed.

FIGURE 2. Interference model.

B. INTERFERENCE MODEL
1) IBFD NON-APPLICABLE CASE
First, we describe the interference model when IBFD is not
applied. Let us assume that there is one BS and N UEs in
the cell. In the DLSF, a DL-UE, d ∈ 𝒟, is determined by the
scheduling method from the set of DL-UE candidates, 𝒟⊂
𝒩, where 𝒩= {ϕ0, ϕ1, . . . , ϕN−1} is the set of all UEs in the
cell, and ϕn represents the nth node in the cell. Thereafter, the
SINR of DL communication from RU �, to the DL-UE d , is
expressed as follows:

γ
HD,DL
d,�

= G�,d Ld,�Gd,�P�

Nd B
, (1)

where Gy,x is the antenna gain from x to y, Ly,x is the path loss
between x and y, Px is the Tx power of x, Nx is the noise power
spectrum density at x, and B is the allocated bandwidth.

In ULSF, a UL-UE, u ∈ 𝒰, is determined by the scheduling
method from the set of UL-UE candidates, 𝒰 ⊂ 𝒩. The SINR
of UL communication from the UL-UE, u, to the RU, �, is
expressed as follows:

γ
HD,UL
�,u = Gu,�L�,uG�,uPu

N�B
. (2)

As shown in (1) and (2), when the IBFD is not applied,
there is no interference because a single-cell environment is
assumed in this study.

2) IBFD APPLICABLE CASE
Fig. 2(a) shows the intracell interference model when IBFD is
applied to a conventional DDC system. When DL-UE, d ∈ 𝒟,
and UL-UE, u ∈ 𝒰, are simultaneously allocated communica-
tions in the same subframe, the SINR of DL communication,
γ

FD,DL
d,�,u , and the SINR of UL communication, γ

FD,UL
�,u , are,

respectively, expressed as follows:

γ
FD,DL
d,�,u = G�,d Ld,�Gd,�P�

Nd B + Gu,d Ld,uGd,uPu
, (3)

γ
FD,UL
�,u = Gu,�L�,uG�,uPu

N�B + CP�

, (4)

where C is a coefficient representing the amount of SI cancel-
lation at the BS that satisfies 0 ≤ C ≤ 1.
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FIGURE 3. Scheduling in the DDC system.

C. SCHEDULING
1) BASIC ALLOCATION METHOD
The basic allocation method in a DDC system is based on
the proportional fairness scheduling (PFS) algorithm [36],
which is widely used in 4G and 5G [37], [38]. In ULSF, the
UL-UE to which the UL communication is allocated in nth
transmission time interval (TTI), u(n), is determined by the
PFS algorithm as

u (n) = arg max
ϕi∈𝒰

RUL
ϕi

(n)

E
{
RUL

ϕi
(n − 1)

} , (5)

where RUL
ϕi

(n) is the instantaneous UL user throughput in
nth TTI when the UL communication is allocated to ϕi, and
E{RUL

ϕi
(n − 1)} is the exponentially moving averaged UL user

throughput of ϕi in (n − 1)th TTI, which is updated for every
TTI as follows:

E
{
RUL

ϕi
(n)

} =
(

1 − 1

Tw

)
E

{
RUL

ϕi
(n − 1)

}

+ 1

Tw
RUL

ϕi
(n) pUL

ϕi
(n) , (6)

where Tw is a coefficient representing the weight, and pUL
ϕi

(n)
is a coefficient that is equal to 1 only if ϕi is allocated com-
munication in nth TTI, and the allocated communication is
successfully completed; otherwise, it is equal to 0. The de-
termination of DL-UE, d, is represented in (5) and (6) by
replacing RUL

ϕi
, 𝒰, and pUL

ϕi
with RDL

ϕi
, 𝒟, and pDL

ϕi
, respec-

tively. We assume that instantaneous throughput is calculated
as a discrete value corresponding to the available MCS with
the highest spectral efficiency.

2) DETERMINATION OF IBFD APPLICABILITY
Fig. 3 shows the scheduling flow of the DDC system. In the
DLSF, DL-UE, d ∈ 𝒟, is determined by the PFS algorithm us-
ing the SINR in HD, as shown in (1). Candidates for UL-UE,
u ∈ 𝒰FD

d , to be allocated superimposed UL communications,
are selected. The set of candidates 𝒰FD

d can be expressed as

𝒰FD
d =

{
ϕi ∈ 𝒰

∣∣∣RDL,HD
d = RDL,FD

d,ϕi

∧
RUL,FD

ϕi
�= 0

}
, (7)

where RDL,HD
d , RDL,FD

d,ϕi
, and RUL,FD

ϕi
are the instantaneous user

throughputs estimated using γ
HD,DL
d,�

, γ
FD,DL
d,�,ϕi

, and γ
FD,UL
�,ϕi

,

respectively. The conditions RDL, HD
d = RDL,FD

d,ϕi
in (7) indicate

that there is no degradation in the existing DL communication.
If 𝒰FD

d �= ∅, the UE to be allocated for the superimposed
UL communication is determined by the PFS algorithm based
on the SINR shown in (4). Otherwise, IBFD is not applied,
and only DL communication is performed. These procedures
for determining the applicability of IBFD and scheduling in
DLSF are shown in Algorithm 1 as pseudo-code.

In ULSF, the UL-UE, u ∈ 𝒰, is first determined by the PFS
algorithm using the SINR in HD, as shown in (2). Second, the
following conditions are checked to ensure that the IBFD is
applicable.

RUL,FD
u = RUL,HD

u , (8)

where RUL,FD
u and RUL,HD

u are the instantaneous user through-
puts estimated using γ

HD,UL
�,u and γ

FD,UL
�,u , respectively. If (8) is

satisfied, the UE to be allocated for superimposed DL commu-
nication is determined from the following UE set, 𝒟FD

u , using
the PFS algorithm based on the SINR shown in (3):

𝒟FD
u =

{
ϕi ∈ 𝒟

∣∣∣∣RDL,FD
ϕi,u �= 0

}
. (9)

If 𝒟FD
u = ∅, IBFD is not applied in this DLSF. These

procedures for determining the applicability of IBFD and
scheduling in ULSF are shown in Algorithm 2 as pseudo-
code.

III. PROPOSED DDC SYSTEM WITH DT AND DISTRIBUTED
MULTIPLE RRS
In this section, we present the proposed DDC system with a
DT and multiple distributed RRs.

A. OUTLINE OF THE PROPOSED DDC SYSTEM
In the proposed DDC system, the transmitting and reception
functions of the RU are separated into DT and RR, respec-
tively, and multiple RRs are distributed in the cell. To enable
coordinated operation, the DT and multiple RRs are connected
to the CU and DU via a backbone network using RoF technol-
ogy, similar to RU or RRH. By separating the DT and RR and
installing them far apart, it is expected that the effective SI can
be significantly reduced. In addition, because the DT and RRs
are connected to the same CU and DU through the backbone
network, conventional SI cancellation schemes in the digital
domain can be used together. Furthermore, by distributing
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Algorithm 1: UE Allocation Procedure in DLSF in the
DDC System.

1: Estimate γ
HD,DL
ϕi,�

for all ϕi ∈ 𝒟

2: Choose one ϕi from 𝒟 by PFS based on γ
HD,DL
ϕi,�

and
set d = ϕi

3: Estimate γ
FD,DL
d,�,ϕ j

and γ
FD,UL
�,ϕ j

for all ϕ j ∈ 𝒰

4: If 𝒰FD
d

:=
{
ϕ j ∈ 𝒰

∣∣RDL, HD
d = RDL,FD

d,ϕ j

∧
RUL,FD

ϕ j
�= 0

}
is

not an empty set then
5: Choose one ϕ j from 𝒰FD

d by PFS based on
γ

FD,UL
�,ϕ j

and set u = ϕ j

6: End If
7: End Procedure

Algorithm 2: UE Allocation Procedure in ULSF in the
DDC System.

1: Estimate γ HD
�,ϕi

for all ϕi ∈ 𝒰

2: Choose one ϕi from 𝒰 by PFS based on γ
HD,UL
�,ϕi

and
set u = ϕi

3: Estimate γ
FD,UL
�,u and γ

FD,DL
ϕ j ,�,u for all ϕ j ∈ 𝒟

4: If RUL,FD
u = RUL,HD

u then
5: Choose one ϕ j from

𝒟FD
u :=

{
ϕ j ∈ 𝒟|RDL,FD

ϕ j ,u �= 0
}

by PFS based on

γ
FD,DL
ϕ j ,�,u and set d = ϕ j

6: End If
7: End Procedure

multiple RRs, the propagation distance of UL communication
is shortened, and the path loss is reduced, resulting in an
improved SINR of the UL communication. These effects are
expected to significantly improve the throughput enhancement
performance of the DDC system with the introduction of the
IBFD.

B. INTERFERENCE MODEL
Fig. 2(b) shows the intracell interference model when the
IBFD is applied in the proposed DDC system. The DT antenna
of the proposed DDC system is installed at the location of the
RU antenna of the conventional DDC system. Therefore, the
SINR of the DL communication in HD at DL-UE d , γ HD,DL,P

d,�
,

is the same as γ
HD,DL
d,�

in (1). In addition, when a UL-UE u,
transmits the UL signal to an RR �i (i = 1, 2, . . . , NRR), the
SINR of UL communication in HD at the RR �i, is expressed
as

γ
HD,UL,P
�i,u

= Gu,�i L�i,uG�i,uPu

N�i B
, (10)

where NRR is the number of multiple RRs in the cell.
When DL-UE, d , and UL-UE, u, are simultaneously allo-

cated communications by the application of IBFD, the SINR

of DL communication γ
FD,DL,P
d,�,u is the same as γ

FD,DL
d,�,u in

(3), and the SINR of UL communication received by �i is
expressed as

γ
FD,UL,P
�i,u

= Gu,�i L�i,uG�i,uPu

N�i B + CG�,�i L�i,�G�i,�P�

. (11)

C. UL COMMUNICATION RECEPTION
In the proposed system, the UL communication is received
at multiple RRs. The received signals are transmitted to the
CU/DU via the backbone network. In this study, it is assumed
that the signal received at the RR with the highest SINR is
selected, and demodulation processing is performed (which
corresponds to receiving the UL communication using the RR
with the best reception quality). Therefore, the SINR that de-
termines the quality of UL communication in HD, γ

HD,UL,P
�,u ,

is expressed as

γ
HD,UL,P
�,u = max

i=1,2,...,NRR
γ

HD,UL,P
�i,u

. (12)

Similarly, the SINR that determines the quality of the UL
communication in IBFD, γ

FD,UL,P
�,u , is expressed as

γ
FD,UL,P
�,u = max

i=1,2,...,NRR
γ

FD,UL,P
�i,u

. (13)

D. SCHEDULING AND DETERMINATION OF IBFD
APPLICABILITY
Procedures for user scheduling and determination of IBFD
applicability in the proposed DDC system are the same as that
shown in Section II-C, using the SINR of UL communication
selected in (12) and (13). As for the condition for the appli-
cation of IBFD in ULSF shown in (8), the SINR of the UL
communication after the application of IBFD is selected again
in (13). Therefore, in the proposed DDC system, the RR that
receives the UL signal used for demodulation may differ for
the IBFD and HD cases. Pseudo-codes for these procedures
are shown in Algorithm 3 for DLSF and in Algorithm 4 for
ULSF.

E. POWER CONTROL
1) UL POWER CONTROL
In this study, the Tx power of the UE is determined by an
open-loop control based on the Tx power control in the 5G
physical uplink shared channel [35]. In the ULSF, the Tx
power of u, PULSF

u , is calculated as follows:

PULSF
u = min

{
P0 + α��,u + 10 log10

(
2μM

)
, Pmax

u

}
,

(14)
where P0 is the target Rx power per physical resource

block in the case of a subcarrier spacing of 15 kHz, ��,u

is the amount of attenuation considering antenna gain and
path loss, α ∈ [0, 1] is a coefficient for adjusting the amount
of compensation for ��,u, μ is an index of numerology that
satisfies � f = 15 × 2μ for the subcarrier spacing � f kHz,
M is the number of allocated resource blocks, and Pmax

u is
the maximum Tx power of u. In a multicell environment, α is
set to reduce intercell interference with the surrounding cells.
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Algorithm 3: UE allocation procedure in DLSF in the
proposed DDC system.

1: Estimate γ
HD,DL,P
ϕi,�

for all ϕi ∈ 𝒟

2: Choose one ϕi from 𝒟 by PFS based on γ
HD,DL,P
ϕi,�

and set d = ϕi

3: Estimate γ
FD,DL,P
d,�,ϕ j

and γ
FD,UL,P
�,ϕ j

for all ϕ j ∈ 𝒰

4: If 𝒰FD
d

:=
{
ϕ j ∈ 𝒰|RDL,HD

d = RDL,FD
d,ϕ j

∧
RUL,FD

ϕ j
�= 0

}
is

not an empty set then
5: Choose one ϕ j from 𝒰FD

d by PFS based on
γ

FD,UL,P
�,ϕ j

and set u = ϕ j

6: End If
7: End Procedure

Algorithm 4: UE Allocation Procedure in ULSF in the
Proposed DDC System.

1: Estimate γ
HD,UL,P
�,ϕi

for all ϕi ∈ 𝒰

2: Choose one ϕi from 𝒰 by PFS based on γ
HD,UL,P
�,ϕi

and set u = ϕi

3: Estimate γ
FD,UL,P
�,u and γ

FD,DL,P
ϕ j ,�,u for all ϕ j ∈ 𝒟

4: If RUL,FD
u = RUL,HD

u then
5: Choose one ϕ j from

𝒟FD
u :=

{
ϕ j ∈ 𝒟|RDL,FD

ϕ j ,u �= 0
}

by PFS based on

γ
FD,DL,P
ϕ j ,�,u and set d = ϕ j

6: End If
7: End Procedure

However, because this study assumes a single-cell environ-
ment, α is fixed at one. ��,u in the conventional system is
expressed as

��,u = −10 log10 Gu,� L�,u G�,u. (15)

In the proposed system, the smallest value of attenuation for
multiple RRs is used as follows:

��,u = min
i=1,...,NRR

(−10 log10 Gu,�i L�i,u G�i,u
)
. (16)

In DLSF, the quality of superimposed UL communication
deteriorates by SI from DL communication, unlike the UL
communication performed in ULSF. To compensate for this
deterioration, the Tx power of the UL-UE in the DLSF, PDLSF

u ,
is determined by adding an offset term �P0 to (14) to improve
the throughput of UL communication as follows:

PDLSF
u =min

{
P0+�P0+α��,u + 10 log10

(
2μM

)
, Pmax

u

}
.

(17)
In a multicell environment, �P0 can increase the inter-

ference with surrounding cells. However, this effect is not
apparent in the results because a single-cell environment is
assumed.

FIGURE 4. Difference between the proposed DDC system and
dynamic-TDD system.

2) DL POWER CONTROL
In 5G, the Tx power of the RU is not dynamically controlled.
In this study, the Tx power of the RU/DT in the DLSF, PDLSF

� ,
is set to the maximum Tx power of the RU/DT. However,
for the DL communication superimposed on the ULSF, the
SI provided to the UL communication increases when the Tx
power of the RU/DT is large, resulting in a decrease in the
IBFD application rate. Therefore, the Tx power of the RU/DT
in ULSF, PULSF

� , should be set to a lower value than PDLSF
� .

However, an excessively low PULSF
� results in low-quality

DL communication, which cannot improve the throughput.
Therefore, in this study, the optimal Tx power of RU/DT in
ULSF, PULSF,opt

� , which maximizes the average user through-
put of DL, is obtained for both the conventional and proposed
systems and then used for comparative evaluation.

F. DIFFERENCE BETWEEN PROPOSED DDC SYSTEM AND
DYNAMIC TDD SYSTEM
As explained in the previous subsections, DT and RRs are
separated and placed in a cell in the proposed DDC system. In
the subframe where IBFD is applied, DL signal transmission
by DT and UL signal reception by RR are performed simulta-
neously. Although this appears similar to the behavior of the
dynamic-TDD system [30], [41], [42], [43], they are different.
Here, we clarify the difference between them.

Fig. 4(a) shows the example of subframe allocation in the
dynamic-TDD system with a two-cell configuration. Cell #1
and cell #2 have different DLSF and ULSF allocations based
on the dynamic-TDD mechanism. Therefore, depending on
the subframe, DL and UL are performed simultaneously in

VOLUME 4, 2023 119



FUKUSHIMA ET AL.: THROUGHPUT ENHANCEMENT OF DYNAMIC FULL-DUPLEX CELLULAR SYSTEM

adjacent cells. However, the BSs in cell #1 and cell #2 do not
actively cooperate in canceling the interference from DL to
UL (i.e., inter-cell interference) and the interference from UL
to DL (i.e., IUI) [30], [41], [42], [43].

Fig. 4(b) shows the example of subframe allocation in the
proposed DDC system with a single-cell configuration when
NRR = 3. The interference from DL to UL (i.e., SI) can be
canceled at the DU using classical SI cancellation techniques
because the DT and RRs can cooperate, and the interference
from UL to DL (i.e., IUI) can be avoided using the proposed
UE scheduling scheme.

Furthermore, unlike the proposed DDC system, the dy-
namic TDD system is only a conventional TDD system in the
case of a single cell, which is assumed to be a minimal config-
uration of local 5G [33], [34] and a hotspot-like deployment.

IV. EVALUATION OF PROPOSED DDC SYSTEM BY
COMPUTER SIMULATIONS
The performance of the proposed DDC system was evalu-
ated using computer-based link- and system-level simulations.
First, the optimal Tx power in the ULSF at the RU/DT for
the conventional and proposed DDC systems was determined.
Thereafter, the impact of the target Rx power in the DLSF on
the performance was confirmed. Finally, the performance of
the proposed DDC system was evaluated, and its effectiveness
was shown.

A. SIMULATION CONFIGURATIONS
The evaluation was performed in a single-cell environment,
which is assumed to be a minimal configuration of the local
5G [33], [34] or a hotspot-like deployment in a dense urban
environment, as shown in Fig. 5. The basic cell configuration
was based on the 3rd Generation Partnership Project (3GPP)
dense urban scenario macro cell configured in [39], using only
one of those sectors. Fig. 5(a) shows the cell configuration of
the conventional system. For the proposed system, we evalu-
ated the cases NRR = 1, 3, and 6, as shown in Fig. 5(b)-(d).
Table 1 lists the parameters of the simulation based on the
3GPP dense urban scenario [39]. The carrier frequency and
system bandwidth were adapted to the technical specifications
of the local 5G in Japan [45]. In one loop of the simulation, 10
UEs were uniformly placed in the cell, and operations were
performed over 1,000 subframes. After all the loops were
executed, the throughput and IBFD application rates were cal-
culated. Because the full buffer model was used for the traffic
model, both 𝒰 and 𝒟were equal to 𝒩. UE communication in
each subframe uses the entire system bandwidth.

All UEs are outdoors, and these movements during a loop
are not considered. For the received power fluctuation, an ad-
ditive white Gaussian noise (AWGN) environment, in which
only shadowing is considered, was assumed as an initial study.
The MCS to be used was selected from the 4 bits channel qual-
ity indicator (CQI) table [46] presented in Table 2. In addition,
Table 2 lists the SINR regions for which MCS was selected, as
calculated by link-level simulations. For this calculation, the
required block error rate (BLER) was set to 10–1. The SINRs

FIGURE 5. Cell configuration.

TABLE 1 Simulation Parameters

shown in (1)–(4), (10), and (11) were assumed to be ideally
estimated.

Table 3 lists the specifications of the UE, RU/DT, and
RR of the evaluated systems. For simplicity, a single-input
single-output was assumed to be implemented. The amount
of SI cancellation in a conventional system was assumed to be
110 dB, as reported in [15], which is obtained by analog and
digital domain cancellation. The amount of SI cancellation
in the proposed system was assumed to be 50 dB, which is
achieved only by cancellation in the digital domain in [15].
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TABLE 2 CQI Table

TABLE 3 Specifications of UE, RU/DT, and RR

This is because the implementation of a circulator cannot be
assumed in the proposed system as the Tx and Rx antennas
are separated, and the implementation of a dedicated circuit
for SI cancellation is not considered in this study.

B. OPTIMIZATION OF RU/DT TX POWER IN ULSF
Prior to the evaluation of the user throughput and IBFD appli-
cation rate, we determined PULSF,opt

� in the conventional and
proposed systems under the condition �P0 = 0 dB.

1) CONVENTIONAL DDC SYSTEM
Fig. 6(a) and (b) show the IBFD application rate and average
user throughput, respectively, as functions of PULSF

� in the
conventional system. The user throughput of the case where
the application of IBFD is not allowed is shown as HD for
reference. Because the DLSF parameters are independent of
PULSF

� , the IBFD application rate for UL communication in

FIGURE 6. Optimization of PULSF
� in the conventional system.

DLSF remains constant, even if PULSF
� is changed. In addi-

tion, the quality of the UL communication in the ULSF is
guaranteed by (8). Therefore, the average user throughput of
UL communication is constant regardless of the PULSF

� .
For DL communication, in the range of PULSF

� ≤ 1 dBm,
the IBFD application rate in ULSF and the average user
throughput improved with an increase in PULSF

� . This is be-
cause, as PULSF

� increases, the SINR of DL communication
in ULSF improves, and consequently, the number of UEs that
satisfy the condition of RDL,IBFD

ϕi,u �= 0 in (9) increases. How-
ever, depending on the location of the UL-UE, the residual SI
component can still degrade the UL communication quality,
even with the assumption of 110 dB SI cancellation. There-
fore, the IBFD application rate does not reach one because
the condition for IBFD application in ULSF shown in (8) is
not always satisfied.

In the range of 2 dBm ≤ PULSF
� ≤ 19 dBm, the IBFD

application rate in ULSF decreased as PULSF
� increased. This

is because the residual SI component increases and degrades
the SINR of UL communication with the increase in PULSF

� ,
increasing the number of ULSFs where (8) is not satisfied.
However, as PULSF

� increases, the quality of the superimposed
DL communication in ULSF improves. Consequently, the
average user throughput of the DL communication reaches
a maximum value at PULSF

� = 7 dBm and remains almost
constant at 7 dBm ≤ PULSF

� ≤ 19 dBm.
In the range of PULSF

� ≥ 20 dBm, even if the Tx power
of the UL-UE does not reach Pmax

u in ULSF, the target re-
ceiving power in (14) is achieved, the degradation of UL
communication quality owing to the residual SI component
occurs, and (8) is not satisfied. Therefore, IBFD cannot be
applied to ULSF, and the average user throughput of DL
communication is equivalent to that of a TDD system using
HD. Consequently, PULSF,opt

� in the conventional system was
determined to be 7 dBm.

2) PROPOSED DDC SYSTEM
Figs. 7, 8, and 9 show the IBFD application rate and average
user throughput in the proposed system as functions of PULSF

� .
When NRR = 1, as shown in Fig. 7, the IBFD application rate
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FIGURE 7. Optimization of PULSF
� in the proposed system (NRR = 1).

FIGURE 8. Optimization of PULSF
� in the proposed system (NRR = 3).

FIGURE 9. Optimization of PULSF
� in the proposed system (NRR = 6).

increases in the range of PULSF
� ≤ 10 dBm. This is because

the number of UEs satisfying the conditions RDL,FD
ϕi,u �= 0 in (9)

increases as PULSF
� increases. In the conventional system, the

IBFD application rate cannot reach one owing to insufficient
SI cancellation. However, in the proposed system, the IBFD
application rate can reach approximately one because the SI
is small owing to the path loss between the DT and RR, and
the residual SI is also sufficiently small.

In the range of PULSF
� ≥ 11 dBm, the IBFD application rate

decreases because the number of ULSFs where (8) is not sat-
isfied increases owing to the increase in residual SI. However,
as the quality of DL communication superimposed on ULSF

FIGURE 10. Impacts of �P0 in the conventional system.

improves, the average user throughput of DL communication
increases. The average user throughput of DL communication
is maximum at PULSF

� = 18 dBm and decreases when PULSF
�

is further increased. Therefore, the optimal value of PULSF
�

in the proposed system, where NRR = 1 is determined as
PULSF,opt

� = 18 dBm.
In the cases NRR = 3 and 6, as shown in Figs. 8 and 9, the

IBFD application rate improves for any PULSF
� compared to

the case NRR = 1 because the RR with a smaller SI can be se-
lected from multiple RRs, as in (13), and it is easier to satisfy
(8). The average user throughput of the DL communication
reaches its maximum value at PULSF

� = 22 dBm for NRR = 3
and PULSF

� = 21 dBm for NRR = 6. Therefore, the optimal
values of PULSF

� for NRR = 3 and NRR = 6 were determined as

PULSF,opt
� = 22 dBm and PULSF,opt

� = 21 dBm, respectively.

C. IMPACTS OF RU/RR TARGET RX POWER IN DLSF
The impacts of �P0 on the performances were confirmed
under the conditions PULSF

� = PULSF,opt
� .

1) CONVENTIONAL SYSTEM
Fig. 10(a) and (b) show the IBFD application rate and aver-
age user throughput, respectively, as functions of �P0 in the
conventional system. In the range of �P0 ≤ 15 dB, the IBFD
application rate in the DLSF decreased as �P0 increased.
This is because IUI provided to the DL-UE increases as the
Tx power of the UL-UE increases, and the number of UEs
satisfying the condition RDL, HD

d = RDL,FD
d,ϕi

in (7) decreases.
However, the increase in �P0 improves the average user
throughput of UL communication because it enables the su-
perimposition of high-quality UL communication when IBFD
is applied.

In ULSF, the IBFD application rate decreased slightly with
increasing �P0. Because UEs far from the RU reach the up-
per limit of the Tx power even when �P0 is approximately
0 dB, increasing �P0 does not change the communication
quality. Therefore, in the DLSF, UEs closer to the RU have
a relatively larger metric on the right-hand side of (5) and
are more likely to be allocated. Conversely, in ULSF, the
allocation to the UEs far from the RU is increased to meet
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FIGURE 11. Impacts of �P0 in the proposed system (NRR = 1).

FIGURE 12. Impacts of �P0 in the proposed system (NRR = 3).

the PFS rule. When the UEs cannot achieve the UL target Rx
power allocated, it becomes difficult to satisfy (8), which is the
condition for superimposing DL communication. Therefore,
the IBFD application rate in ULSF decreased. In the range
of �P0 ≥ 16 dB, the IBFD application rate and average
user throughput of UL communication in DLSF are almost
constant. This is because the number of UEs for which Pmax

u
is selected in (17) increases as �P0 increases, whereas PULSF

u
and PDLSF

u remain unchanged.

2) PROPOSED SYSTEM
Fig. 11 shows the IBFD application rate and average user
throughput as a function of �P0 when NRR = 1 in the pro-
posed system. In the range of �P0 ≤ 10 dB, the IBFD
application rate in the DLSF decreases, as in the conventional
system, because of the increase in IUI with the increase in
�P0. However, because ��,u in (17) is on average smaller
than that in the conventional system, there are relatively few
cases where the UE Tx power reaches its upper limit, and the
UL communication quality does not improve. Consequently,
the average user throughput of UL communication is signifi-
cantly increased. In the range of �P0 ≥ 21 dB, both the IBFD
application rate in the DLSF and the average user throughput
of UL communication remain constant as more UEs reach the
upper limit of the Tx power.

Fig. 12 shows the IBFD application rate and average
user throughput as a function of �P0 when NRR = 3 in the

FIGURE 13. Impacts of �P0 in the proposed system (NRR = 6).

proposed system. In the range of �P0 ≤ 8 dB, the IBFD
application rate in the DLSF does not decrease when �P0

is increased, unlike in the conventional system. Because the
��,u is smaller than that in the conventional system, and the
UL-UE transmit power is lower, thus there are many UL-UE
candidates—UEs that satisfy the condition RDL, HD

d = RDL,FD
d,ϕi

in (7), even when �P0 is large. An increase in �P0 improves
the quality of the UL communication superimposed on the
DLSF, resulting in a higher average user throughput of UL
communication. In the range of 9 dB ≤ �P0 ≤ 20 dB,
the average user throughput of UL communication does not
improve because the IBFD application rate in DLSF decreases
owing to an increase in IUI. In the range of �P0 ≥ 21 dB, both
the IBFD application rate in the DLSF and the average user
throughput of UL communication remain constant because
the number of cases where the maximum Tx power of the UE
is reached increases.

Fig. 13 shows the IBFD application rate and average user
throughput as a function of �P0 when NRR = 6 in the pro-
posed system. The variation in the IBFD application rate in
DLSF and the average user throughput for UL communication
with respect to �P0 show the same trend as in the case of
nRR = 3. The average user throughput of UL communication
improved in the range of �P0 ≤ 10 dB. For example, a 0.98
Mbps improvement at �P0 = 0 dB and a 0.41 Mbps improve-
ment at �P0 = 10 dB. This is because, as the number of RR
increases, the distance between the UL-UE and RR decreases
on average, resulting in cases where the UL received signal
with a higher SINR can be selected in (13).

D. COMPREHENSIVE PERFORMANCE EVALUATION
As mentioned above, it was confirmed that increasing �P0

improves the average user throughput of UL communication
for both conventional and proposed systems. However, it is
desirable to reduce �P0 from the viewpoint of UE power
consumption. In this section, we perform a comprehensive
evaluation and comparison of the IBFD application rate and
user throughput (average and 5% outage) of the conventional
and proposed DDC systems when �P0 is set to 0 dB and
10 dB, as shown in Table 4. To separately confirm the effects
of shortening the UL propagation distance and reducing self-
interference, the results for the case where the application of
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TABLE 4 IBFD Application Rate and User Throughput

IBFD is not allowed for both the conventional and proposed
DDC systems are also shown. The case where the application
of IBFD is not allowed in the conventional DDC system is
equivalent to the case of the existing HD system.

1) CASE WHERE THE APPLICATION OF IBFD IS NOT
ALLOWED
In the case where the application of IBFD is not allowed, the
proposed system improves the average user throughput and
5th percentile outage user throughput (5% user throughput) of
UL communication by 7% and 99%, respectively, for NRR =
1, and by 8% and 103%, respectively, for NRR = 3 and 6. This
performance is achieved because the distance between the
UL-UE and RR in the RR-distributed topology is smaller than
the distance between the UL-UE and RU in the conventional
topology, which allows the UL-UE to achieve the target Rx
power without reaching the maximum Tx power, particularly
at the cell edge. Thus, improving the SINR of UL communi-
cation allows the MCS with higher spectral efficiency to be
used.

2) CASE WHERE THE APPLICATION OF IBFD IS ALLOWED
In the case where the application of IBFD is allowed, the
IBFD application rate in ULSF is only 0.8 owing to insuf-
ficient SI cancellation, even when PULSF

� is optimized in the

conventional system. Furthermore, because PULSF,opt
� is as

small as 7 dBm, the average user throughput improvement
for DL communication compared with the case where the
application of IBFD is not allowed is 50%.

The proposed DDC system where PULSF
� is optimized can

raise the IBFD application rate in ULSF to 0.93 for NRR = 1
and 0.99 for NRR = 3 and 6, in contrast to the conventional
DDC system, because SI can be significantly reduced by sep-
arating the Tx and Rx functions of the RU. In addition, the
average user throughput is improved by 85% for NRR = 1,
95% for NRR = 3, and 96% for NRR = 6, compared with the
case where the application of IBFD is not allowed because

PULSF,opt
� is sufficiently large to ensure the quality of the

superimposed DL communication. These results are close to
100%, which is the ideal value for the improvement rate by
the application of IBFD.

The average user throughput of UL communication is also
improved by 35% for NRR = 1, 64% for NRR = 3, and 74%
for NRR = 6, whereas only 7% is obtained for the conven-
tional DDC system. This is because the separation of the Tx
and Rx functions of the RU significantly reduces the SI and
suppresses the degradation of the SINR of the UL commu-
nication when IBFD is applied. Furthermore, when �P0 is
set to 10 dB, the average user throughput of UL communi-
cation in the proposed DDC system is improved by 72% for
NRR = 1, 92% for NRR = 3, and 96% for NRR = 6, from the
case where the application of IBFD is not allowed. Because
the quality of DL communication in the DLSF is guaranteed
by (7), the average user throughput of DL communication
is equivalent to that of �P0 = 0 dB. This implies that the
proposed DDC system can achieve a user throughput close
to twice that of the case where the application of IBFD is not
allowed for both DL and UL communications, which is the
ideal value of IBFD. In addition, compared to the case where
the application of IBFD is not allowed in the conventional
DDC system, which is equivalent to the case of the existing
HD system, the average user throughput enhancement of the
proposed DDC system where �P0 = 10 dB and NRR = 3 are
108% for UL communication and 95% for DL communica-
tion; the average user throughput enhancement where �P0 =
10 dB and NRR = 6 are 112% for UL communication and 96%
for DL communication. These results indicate that increasing
RRs beyond NRR = 3 does not result in linear performance
improvement, and setting the number of RRs to NRR = 3 is
efficient in the assumed circumstance.

V. CONCLUSION AND FUTURE WORKS
In this study, we proposed a DDC system in which the recep-
tion function of the RU is distributed in the cell as multiple

124 VOLUME 4, 2023



simple structured RRs. The proposed DDC system improves
the communication quality by reducing the SI generated at
the RU when IBFD is applied through path loss and by re-
ducing the propagation distance of the UL communication
on average. The effectiveness of the proposed system was
evaluated using link- and system-level simulations. Under the
conditions of optimizing the Tx power of the DL communi-
cation superimposed on ULSF and increasing the UL target
Rx power in the DLSF by 10 dB, the proposed DDC system
with the RR-distributed topology where six RRs are installed
can increase average user throughput by 96% each for the
UL and DL communications over HD system with the same
topology. Sufficient performance was also confirmed for a
smaller number of RRs. The proposed DDC system is ex-
pected to further improve the performance by using multiple
antenna techniques. Considering inter-cell interference in a
multicell environment as a more practical and flexible system
and discussing optimality under such complex conditions is
a topic for future work. Furthermore, to apply our system to
mm-wave communication, IBFD-massive MIMO [47], [48]
must be considered in future work.
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