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ABSTRACT This study proposes a dynamic full-duplex cellular (DDC) system by introducing an in-band
full-duplex in a phased manner into a conventional time-division duplex (TDD)-based cellular system.
Further, we propose and evaluate appropriate user equipment (UE) scheduling and transmission power
control schemes for DDC in dense urban multi-cell environments. The proposed DDC sufficiently suppresses
inter-cell interference through fully distributed resource allocation, which does not require information
exchange among neighboring cells. In particular, the propagation loss compensation factor, UE transmission
power limit, and assumed uplink signal-to-noise plus interference power ratio (SINR) adjustment factor
prove to be essential. By appropriately setting these factors, the proposed DDC system improves the average
throughput of the downlink (DL) by 13.2% and uplink by 31.6% compared with the conventional TDD
system. Moreover, we observe a 2.5% improvement in the DL 5% user throughput. The results of this study
are expected to contribute to the realization of a high-capacity wide-area IoT network backbone by improving
the efficiency of utilization of limited spectral resources, especially in the sub-6 GHz band.

INDEX TERMS Cellular, dynamic-full-duplex cellular, in-band full-duplex, IoT, time-division duplex.

I. INTRODUCTION
The rapid development of the Internet of Things (IoT) is
underway, connecting various objects to the Internet, and
enabling the exchange of data and control processes. The
number of IoT devices on the planet was 6.1 billion in 2018
and is expected to increase to 14.7 billion by 2023 [1].
These numerous IoT devices will be connected to the Internet
via non-cellular systems on an unlicensed spectrum, cellu-
lar systems on a licensed spectrum, or both. The two types
of cellular system-based IoT network topologies are shown
in Fig. 1. An IoT network comprising the third-generation
partnership project (3GPP)-specified systems for IoT (3GPP-
IoT), such as narrow-band IoT (NB-IoT) [2], [3], [4] or
enhanced machine-type communication (eMTC) / Long-Term
Evolution (LTE)-MTC (LTE-M) [3], [4]. In this topology,
mobile and location-fixed IoT devices equipped with the user

equipment (UE) of the 3GPP-IoT communicate directly with
cellular base stations (BSs). A secure IoT network can be
built because all UEs can be managed by the core network.
In addition, high-reliability communication can be achieved
because communication is completed only in the licensed
band. However, all IoT devices must be equipped with a UE
contracted with a telecommunications carrier, thus increasing
the operating cost.

An IoT network comprising cellular and non-cellular sys-
tems is shown in Fig. 1(b). An example of a typical non-
cellular system for IoT network construction in an unlicensed
spectrum is the smart wireless ubiquitous network (Wi-SUN)
[5]. In Particular, Wi-SUN for field area network profile
(Wi-SUN FAN) [6], [7], [8], [9], [10], [11] can construct a
mesh network through multi-hop relaying, making it suitable
for IoT network construction in urban areas with numerous
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FIGURE 1. Cellular system-based IoT network topologies.

radio-quiet zones. In this topology, mobile and location-fixed
IoT devices equipped with Wi-SUN FAN leaf or router nodes
communicate with Wi-SUN FAN border router nodes through
multi-hop relaying. The Wi-SUN FAN border router node is
connected to the cellular UE (or BS) as shown in Fig. 1(b).
Data collected by the Wi-SUN FAN are transported to the
UE and transmitted to the BS via a cellular uplink (UL).
Control signals to each IoT device are delivered through the
Wi-SUN FAN after being sent from the BS to the UE over
the cellular downlink (DL). This topology allows the required
communication of massive IoT devices to be aggregated to
a few locations by utilizing an unlicensed spectrum and mini-
mizes the number of UEs contracted with telecommunications
carriers, which is expected to reduce operating costs for IoT
network operators. However, cellular communications require
a large amount of aggregated IoT-related data to be transmit-
ted in a limited frequency band; thus, improving the spectral
efficiency of the communication between the BS and each UE
is imperative.

To manage the increasing wireless communication traf-
fic, improving the user data rate and spectral efficiency is
a fundamental challenge for beyond-fifth-generation mobile
communication systems. In addition to these requirements,
the constant spectrum shortage in legacy frequency bands
below 6 GHz (sub-6 GHz band) motivates the utilization of
millimeter-wave and terahertz bands to significantly increase
the data rate and communication capacity [12], [13]. However,
an increase in the communication capacity in the sub-6 GHz
band is essential for the sustainable and advanced utilization
of the existing orthogonal frequency-division multiplexing
(OFDM)-based cellular systems.

The in-band full-duplex (IBFD) [14], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24], [25], [26], [27], [28], [29],
[30], [31], [32], [33], [34], [35] is a promising technology
for enhancing communication capacity. Because transmission
and reception are simultaneously performed in the same fre-
quency band in the IBFD system, the communication capacity

FIGURE 2. Basic architecture of the UP-IBFD system.

can be theoretically doubled compared with a conventional
half-duplex (HD) system. In particular, a user-paired IBFD
(UP-IBFD), as shown in Fig. 2 [17], [18], [19], [20], which
simultaneously receives a UL signal from one UE and trans-
mits a DL signal to another UE at the BS, is highly compatible
with cellular systems (full-duplex cellular (FDC) systems)
because no additional circuitry for IBFD is required at the UE.
UP-IBFD is referred to as IBFD hereinafter. Self-interference
(SI), a scenario in which the transmitted signal propagates
in its own receiving circuit [16], [17], [18], [19], [20], [21],
[22], [23], [24], [25], [26], [27], [28], [29], [30], [31], [32],
[33], [34], and inter-UE interference (IUI), which is the in-
terference caused by a UE transmitting a UL signal (UL-UE)
to a UE receiving a DL signal (DL-UE) are major problems
that must be overcome to realize an IBFD system [17], [18],
[35]. The SI should be reduced and the IUI should be mit-
igated to accurately demodulate the desired signals. Many
studies on SI cancellation methods, mainly in the antenna,
analog, and digital domains have been reported. Moreover,
the feasibility of achieving an SI cancellation performance
of approximately 110 dB is increasing [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30],
[31], [32], [33], [34]. Assuming these SI cancellation per-
formances can be realized in the BS, scheduling and power
control algorithms for terminals implementing IBFD have
been proposed [36], [37], [38], [39]. In these studies, theoreti-
cal formulas for UE scheduling that consider inter-UE fairness
and the average sum rate have been proposed. However, these
algorithms assume single cells [36], [37], [38] or multiple
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cells but only apply IBFD to the central cell [39]. To the best
of our knowledge, no practical algorithm that increases the
IBFD application range to multiple cells and considers inter-
cell interference (ICI) and IUI has been proposed. In addition,
pursuing upper-bound values by utilizing theoretical formulas
differs from the development of actual scheduling protocols
and consideration of a feasible system throughput. Further-
more, a scheduling method that suddenly changes all current
5G systems is not feasible when the practical applications of
FDC are considered. Therefore, a step-by-step method that
considers backward compatibility and system performance
evaluation is necessary.

This study proposes a dynamic full-duplex cellular (DDC)
system to gradually extend the current HD-based cellular
(HDC) system to an FDC system with the introduction of an
IBFD communication. The proposed DDC system is based
on a conventional HDC system, in which the DL or UL
communication of another UE is superimposed by the IBFD
only when the UL or DL communication of the UE already
allocated by time-division duplex (TDD) is not influenced.
This study proposes a scheduling method to select the UEs
to apply to the IBFD, and a power control method to improve
the quality of IBFD communication. We evaluate the perfor-
mance of the proposed method through computer simulations
as a DDC system based on an LTE-compliant system with a
bandwidth of 20 MHz.

In previous versions of this study [14], [15], we proposed
the basic concept of a DDC system, and the initial perfor-
mance was evaluated in macro-cell [14] and dense urban
microcell environments [15]. The average user throughput and
lower 5% user throughput of the proposed DDC system were
presented by utilizing link-level and system-level computer
simulations [15]. This study is an extended version of [15],
in which the technical background, system model, and algo-
rithms of the proposed system are described and organized in
more detail, and the UE energy efficiency and IBFD applica-
tion ratio of the proposed system are further evaluated and dis-
cussed in addition to the results of [15]. In particular, the main
contribution of this study is to show that the proposed DDC
system has a higher throughput improvement rate than the
UE energy efficiency degradation rate by evaluating and dis-
cussing both throughput and energy efficiency simultaneously.

The remainder of this paper is organized as follows.
Section II explains the duplex schemes for cellular systems;
Section III proposes the DDC system with the presentation
of the interference models, proposed scheduling method, and
proposed power control method. Section IV evaluates the
proposed DDC system through computer simulations. Finally,
Section V concludes the paper.

The variables, coefficients, and their definitions are listed in
Table 1.

II. DUPLEX SCHEMES FOR CELLULAR SYSTEMS
A. HALF-DUPLEX WITH STATIC-TDD
Existing 3GPP-compliant cellular systems employ HD-based
DL/UL allocation, in which DL and UL communications

TABLE 1. Parameters and Their Definitions

are independently allocated to radio resources (e.g., TDD or
FDD) to avoid interference. An example of a TDD-based
allocation (static-TDD) is shown in Fig. 3(a). To mitigate
ICIs, the allocation of either DL or UL communications in
each subframe is the same for all cells. Thus, in the downlink
subframe (DLSF), UEs receive ICIs from BSs in adjacent
cells, but not from UEs in adjacent cells, as shown in Fig. 4(a).
Similarly, in the uplink subframe (ULSF), BSs receive ICIs
from UEs in adjacent cells, but not from BSs in adjacent cells,
as shown in Fig. 5(a). However, in this general TDD-based
cellular system, the UL/DL allocation pattern for the sub-
frames cannot be changed for each cell. Therefore, flexibly
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FIGURE 3. Duplex schemes for cellular systems.

responding to the UE communication requests in each cell is
impossible.

B. HALF-DUPLEX WITH DYNAMIC-TDD
Dynamic TDDs have been utilized in recent years to respond
flexibly to different UE communication requests for each cell
[40], [41], [42]. As shown in Fig. 3(b), each cell operates with
TDD; however, allows different DLSF/ULSF assignments for
each cell. Although flexible subframe allocation is possible,
additional ICIs may be observed between BSs and UEs in
different cells.

C. IN-BAND FULL-DUPLEX
IBFD has attracted significant attention as a method that can
theoretically double the spectral efficiency of conventional
HD systems because it simultaneously performs UL and DL
communications, as shown in Figs. 2 and 3(c). However, many
challenges must be overcome to introduce IBFD into a cellular
system, including new interferences, such as SI, IUI, and ICIs.

Many studies on SI cancellation methods have been re-
ported, mainly in the antenna, analog, and digital domains,
and the feasibility of achieving an SI cancellation performance
of approximately 110 dB is increasing [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30],
[31], [32], [33], [34]. In addition, the implementation size,
computational complexity, and power consumption of such an
SI canceller are yet to be addressed. However, because the
SI canceller is implemented on the BS side, it is expected
to be considerably tolerable. Various methods to realize IUI
cancellation have been proposed [35]. However, problems
such as the reduction of computational complexity, realization
of IUI cancellation with implementation size, and low power
consumption that can be implemented in a smartphone remain
unresolved.

As explained in Section III, the individual cancellation of
ICIs is impractical because they originate from a large number
of BSs and UEs in neighboring cells. Therefore, scheduling

methods, such as the sum rate-maximizing algorithm have
been proposed [36], [37], [38], [39]. However, most of these
methods assume that IBFD is implemented only in a single
cell [36], [37], [38] or in the central cell of a multi-cell [39].
Practical methods to implement the IBFD in all cells have
not been established. A smooth transition to a system that
applies IBFD to the current cellular system employing static
or dynamic-TDD has not been established, which renders the
practical application of FDC problematic.

III. PROPOSED DYNAMIC FULL-DUPLEX CELLULAR
SYSTEM
Here, we examine the concept and principle of the proposed
DDC system, as well as the scheduling and power control
methods to realize the DDC system.

A. CONCEPTS AND PRINCIPLES
The proposed DDC system is based on an existing TDD-based
cellular system. First, the DL-UE and UL-UE are determined
from the set of candidate UEs attached to the b-th BS by
utilizing the scheduling algorithm in the DLSF and ULSF,
respectively, as shown in Fig. 6(a). Second, IBFD is applied
only to subframes that have a limited impact on the already-
allocated TDD communications, and the communications of
the new UEs are added, as shown in Fig. 6(b)–(d). We analyze
three scenarios: IBFD is dynamically applied only to DLSFs
(DLSF-DDC shown in Fig. 6(b)), only to ULSFs (ULSF-DDC
shown in Fig. 6(c)), and to all subframes (DDC shown in
Fig. 6(d)).

1) DLSF-DDC
In the case of DLSF-DDC, IBFD is dynamically applied only
to DLSFs, as shown in Fig. 6(b). IBFD is applied if the new
interference generated by the additional UL communications
with the IBFD is less than a certain level of impact on the
quality of the existing TDD-DL communications. Therefore,
we provided the interference models in the DLSF without and
with IBFD.

The interference model in the i-th cell for the m-th DLSF
without IBFD application is shown in Fig. 4(a). For simplicity,
only the j-th cell is shown as an adjacent cell. All cells are
assumed to utilize the same frequency. Therefore, the di-th
DL-UE receives the desired signal transmitted from the i-th
BS and the interferences transmitted from the {ψ \ i}-th BSs
located in the other cells. Here {ψ \ i} means the set ψ that
does not contain i. Thus, the signal-to-interference plus noise
power ratio (SINR) of the DL communication at the di-th DL-
UE in the m-th DLSF without IBFD application, γ HD

di,i
, can be

expressed as follows:

γ HD
di,i

= Pdi,i

Ndi + IB
di

, (1)

IB
di

=
∑

b∈{ψ\i}
Idi,b , (2)

Pd,b = Gd Ld,bGbPb. (3)
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FIGURE 4. Interference models in the i-th cell for the DLSF (for simplicity, only the j-th cell is shown as the adjacent cell).

FIGURE 5. Interference models in the i-th cell for the ULSF (for simplicity, only the j-th cell is shown as the adjacent cell).

FIGURE 6. TDD subframe configuration and allocation of DL/UL
communication in each scheme.

The interference model in the i-th cell for the m-th DLSF
with the IBFD application is shown in Fig. 4(b). Suppose
IBFD can be applied. In that case, the UL communications
transmitted by the ub-th UL-UEs are added to the DLSF.
These additional UL signals represent new interferences for
the di-th DL-UE, as shown in Fig. 4(b). Therefore, the SINR

of the DL communication at the di-th DL-UE in DLSF with
IBFD application, γ FD

di,i
, can be expressed as follows:

γ FD
di,i

= Pdi,i

Ndi + IB
di

+ IU
di

, (4)

IU
di

=
∑

b∈{ψ}

∑
ub∈

{
�UL

b

} Idi,ub . (5)

When �UL
b = ∅, no UL-UE candidate can be superimposed

by IBFD on the already assigned DL communication in the
b-th cell. Therefore, the following should be defined:∑

x∈∅
Iy,x = 0. (6)

In contrast, the i-th BS receives interferences from its own
transmission signal (i.e., SI), other cell superimposed UL-
UEs, and other cell BS. Suppose an IBFD-applicable UL-UE
exists in the i-th cell. In that case, the SINR of the UL com-
munication at the i-th BS in the m-th DLSF, γ FD

i, ui
, can be
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expressed as follows:

γ FD
i, ui

= Pi,ui

Ni + IB
i + ISI

i + (
IU
i − Pi,ui

) . (7)

Algorithms to determine the set of IBFD-applicable UL-UE
candidates, �UL

b , and appropriate transmission power control
are required to improve the system throughput of the conven-
tional TDD-based cellular system by DLSF-DDC.

2) ULSF-DDC
In the case of the ULSF-DDC, IBFD is dynamically applied
only to ULSFs, as shown in Fig. 6(c). IBFD is applied if the
new interference generated by the additional DL communica-
tions with the IBFD is less than a certain level of impact on the
quality of the existing TDD-UL communications. Therefore,
we provided the interference models in ULSF without and
with IBFD.

The interference model in the i-th cell for the n-th ULSF
without IBFD application is shown in Fig. 5(a). For simplicity,
only the j-th cell is shown as an adjacent cell. The i-th BS
receives the desired signal transmitted from the ui-th UL-
UE and the interferences transmitted from the ub-th UL-UEs
(b ∈ ψ \ i) located in other cells. Thus, the SINR of the UL
communication at the i-th BS in ULSF without IBFD applica-
tion, γ HD

i,ui
, can be expressed as follows:

γ HD
i,ui

= Pi,ui

Ni + (
IU
i − Pi,ui

) . (8)

The interference model in the i-th cell for the n-th ULSF
with the IBFD application is shown in Fig. 5(b). Suppose
the IBFD can be applied. In that case, DL communications
from the b-th BS to the db-th DL-UE are added to the ULSF.
When �DL

b = ∅, no DL-UE candidate can be superimposed
by IBFD on the already assigned UL communication in the
b-th cell. When �DL

b �= ∅, the additional DL signals cause
new interferences, as shown in Fig. 5(b). The i-th BS addi-
tionally receives interferences from the other cell’s b-th BSs
(b ∈ ψ \ i). Therefore, the SINR of the UL communication
at the i-th BS in ULSF with IBFD application, γ FD

i,ui
, can be

expressed as (7).
In contrast, the di-th DL-UE receives interferences from its

own and ub-th UL-UEs of other cells (b ∈ ψ) as well as inter-
ferences from the b-th BS of other cells (b ∈ ψ \ i). Therefore,
the SINR of the DL communication at the i-th BS in ULSF,
γ FD

di,i
, can be expressed as (4) provided an IBFD-applicable

DL-UE exists in the i-th cell.
To improve the system throughput of the conventional

TDD-based cellular system by ULSF-DDC, algorithms to de-
termine the set of IBFD-applicable DL-UE candidates, �DL

b ,
and appropriate transmission power control are required.

3) DDC
In the case of the DDC, all subframes are candidates for
the application of IBFD. As shown in Fig. 6(d), the IBFD

Algorithm 1: UE Scheduling in the m-th Subframe
(DLSF).

1: Calculate SINR information γ HD
di,i

for all attached
UEs Nb;

2: Map all calculated SINR information γ HD
di,i

to CQI

ωHD
di,i

;
3: for ki = 1 to |Ni| do
4: Calculate RDL(ki, m − 1) according to (10);
5: Calculate RDL(ki, m) using ωHD

di,i
;

6: end for
7: Obtain DL-UE di according to (9);
8: Calculate SINR information γ FD′

di,i
and γ FD′

i, ui
for all

attached UEs Ni;
9: Map all calculated SINR information γ̂ FD

di,i
and γ̂ FD

i, ui

to CQI ω̂FD
di,i

and ̂ωFD
i, ui

, respectively;

10: Initialize �UL
i as ∅;

11: for ki = 1 to |Ni| − 1 do
12: if ωHD

di,i
− ω̂FD

di,i
(ki ) > 0 then

13: if Pki ≤ Plim
UE then

14: �UL
i = �UL

i ∪ {ki};
15: end if
16: end if
17: end for
18: if �UL

i �= ∅ then
19: for ki = 1 to |�UL

i | do

20: Calculate RUL(�UL
i (ki ), m − 1) according to

(14);

21: Calculate RUL(�UL
i (ki ), m) using ̂ωFD

i, ui
;

22: end for
23: Obtain UL-UE ui according to (13);

is applied provided the impact of the new interference gen-
erated by additional DL/UL communications with the IBFD
on the quality of the existing TDD-UL/-DL communication is
less than a certain level. That is, the DLSF-DDC and ULSF-
DDC system models are applied to the DLSF and ULSF,
respectively.

B. SCHEDULING
The proposed DDC system apply an extended UE scheduling
algorithm based on proportional fairness scheduling (PFS) to
apply the IBFD while maintaining compatibility with conven-
tional HD cellular systems. The SINR information that can be
collected by the b-th BS is limited to that related to UEs in
its own cell, and the information from other cells cannot be
utilized for scheduling.

1) SCHEDULING FOR DLSF-DDC
The scheduling flow of the proposed DDC system when the
m-th subframe is a DLSF is shown in Algorithm 1. First, as
in conventional TDD-based cells, the DL-UEs are selected by
utilizing the PFS in each cell, and communication resources
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are allocated. The channel quality indicator (CQI), ωHD
di,i

, cor-

responding to the SINR, γ HD
di,i

, measured at the di-th DL-UE
(di ∈ �i ) is fed back to the i-th BS, which utilizes this CQI
to operate the PFS. In the i-th cell, the DL-UE, di, to which
communication is assigned in the m-th DLSF, is determined
by utilizing the PFS as follows:

di = arg max
ki∈Ni

RDL (ki, m)

RDL (ki, m − 1)
, (9)

RDL (ki, m) =
(

1 − 1

M

)
RDL (ki, m − 1)

+ p (ki, m)

M
RDL (ki, m) , (10)

where RDL(ki, m) is the instantaneous DL throughput of the
ki-th UE when the ki-th UE is assigned to the m-th sub-
frame, calculated by utilizing the modulation and coding
scheme (MCS) index corresponding to the measured CQI,
ωHD

ki,i
. RDL(ki, m) is the DL throughput of the ki-th UE in the

m-th subframe, averaged over the number of subframes M.
Here, p(ki, m) = 1 indicates that the ki-th UE is assigned to the
m-th subframe and communication was successful; otherwise,
p(ki, m) = 0.

Next, the UL-UE to be added by IBFD is determined.
The proposed DDC system does not utilize the UE allocation
information of other cells; therefore, scheduling can be per-
formed by utilizing only the information that can be collected
to a practical extent. That is, IU

di
and (IU

i − Pi,ui ) cannot be
utilized in the calculation. Therefore, the SINR information
utilized for scheduling γ FD

di,i
and γ FD

i, ui
in (4) and (7) are modi-

fied as follows, omitting interference related to UEs allocated
in other cells:

γ̂ FD
di,i

(ui ) = Pdi,i

Ndi + IB
di

+ Idi,ui

, (11)

γ̂ FD
i, ui

= Pi,ui

Ni + IB
i + ISI

i

. (12)

Here are examples of how IB
di

, IB
i , and Idi,ui are measured.

Generally, UEs constantly monitor the signal quality from
neighboring BSs in preparation for handover. Therefore, the
signal power received from neighboring BSs (IB

di
) can be easily

monitored by UEs. Next, as BSs are fixedly installed and
have fixed transmission power, the i-th BS can easily monitor
the interference power between BSs (IB

i ) by pre-measurement
or by periodic measurement of synchronization signals and
physical broadcast channel (SS/PBCH) blocks transmitted by
neighboring BSs. Finally, when a UE is not transmitting its
own UL signal in the ULSF, the UE receives demodulation
reference signals (DM-RSs) from another UE, measures its
power (Idi,ui ), and reports the measurement power information
to the BS. Upon receiving the report, the BS can determine
the interference power between each UE by referring to the
reported information and the UE resource allocation map.

Thus, the CQIs, ω̂FD
di,i

(ui ), and ̂ωFD
i, ui

, corresponding to the

SINRs, γ̂ FD
di,i

(ui ), and γ̂ FD
i, ui

, are calculated, respectively. In the
proposed system, new communications are superimposed on
the IBFD only when the communications allocated to the
HD are slightly or not affected. Therefore, ui-th UEs that

satisfied the conditions ωHD
di,i

− ω̂FD
di,i

(ui ) > 0 are candidates
for additional allocation by IBFD. Furthermore, interference
from other cell UEs cannot be utilized in the calculation of
ω̂FD

di,i
(ui ); thus, an appropriate upper limit on UE transmission

power, Plim
UE , should be set to minimize the impact of this

interference. Therefore, among the candidate terminals earlier
mentioned, ui-th UEs whose transmission power are below the
power limit, Plim

UE , are the final candidates, �UL
i , for additional

allocation by the IBFD. The upper limit of the UE transmis-
sion power, Plim

UE , is determined in advance through computer
simulations.

Therefore, the additional UL-UE ui, to which communica-
tion is assigned in the m-th DLSF, is determined by utilizing
the PFS as follows:

ui = arg max
ki∈�UL

i

RUL (
�UL

i (ki ) , m
)

RUL
(
�UL

i (ki ) , m − 1
) , (13)

RUL
(
�UL

i (ki ) , m
)

=
(

1 − 1

M

)
RUL

(
�UL

i (ki ) , m − 1
)

+ p
(
�UL

i (ki ) , m
)

M
RUL

(
�UL

i (ki ) , m
)

, (14)

where RUL(ki, m) is the instantaneous UL throughput of the
ki-th UE when the ki-th UE is assigned to the m-th subframe,

calculated by utilizing the CQI, ω̂FD
di,i

. RUL(ki, m) is the UL
throughput of the ki-th UE in the m-th subframe, averaged
over the number of subframes, M.

2) SCHEDULING FOR ULSF-DDC
The scheduling flow of the proposed DDC system when the
n-th subframe is a ULSF is shown in Algorithm 2. First, as
in conventional TDD-based cells, UL-UEs are selected by
utilizing the PFS in each cell, and communication resources
are allocated. Because the UE allocation information for other
cells cannot be utilized, scheduling is performed by utilizing
only information that can be collected to an extent that is
practical. That is, (IU

i − Pi,ui ) cannot be utilized in the calcula-
tions. Therefore, the SINR information utilized for scheduling
γ HD

i,ui
in (8) is modified as follows:

γ̂ HD
i,ui

= Pi,ui

Ni +
(

ÎU
i − Pi,ui

) , (15)

where ÎU
i is the assumed interference power. The average

value of the total interference power calculated multiple times
through computer simulation for the case in which UL-UEs

are randomly placed in other cells is utilized as ÎU
i . The CQI,

ω̂HD
i,ui

, corresponding to the SINR, γ̂ HD
i,ui

, is assumed at the i-th

VOLUME 5, 2024 1221



MIZUTANI ET AL.: DYNAMIC FULL-DUPLEX CELLULAR SYSTEM FOR WIDE AREA IOT NETWORK BACKBONE

BS to operate the PFS. In the i-th cell, the UL-UE ui, to which
communication is assigned in the n-th ULSF, is determined by
utilizing the PFS as follows:

ui = arg max
ki∈Ni

RUL (ki, n)

RUL (ki, n − 1)
, (16)

RUL (ki, n) =
(

1 − 1

M

)
RUL (ki, n − 1) + p (ki, n)

M
RUL (ki, n) .

(17)

Subsequently, the DL-UE to be added by the IBFD is de-
termined. The proposed DDC system does not utilize the UE
allocation information of other cells; therefore, scheduling can
be performed by utilizing only the information that can be
collected to a practical extent. Therefore, the SINR informa-
tion utilized for scheduling γ FD

i, ui
and γ FD

di,i
in (7) and (4) are

modified as follows, omitting the interference related to UEs
allocated in other cells:

γ̂ FD
i, ui

= Pi,ui

Ni + βIB
i + ISI

i +
(

ÎU
i − Pi,ui

) , (18)

γ̂ FD
di,i

= Pdi,i

Ndi + IB
di

+ ÎU
di

. (19)

where β is an adjustment factor for the total interference
power from BSs in other cells to be considered in schedul-

ing. ÎU
di

is the assumed interference power obtained through

computer simulations when obtaining ÎU
i . Thus, the CQIs,

̂ωFD
i, ui

, and ω̂FD
di,i

, corresponding to the SINRs, γ̂ FD
i, ui

, and γ̂ FD
di,i

,
are calculated, respectively. In the proposed system, new
communications are superimposed on the IBFD only when
communications allocated to the HD are slightly or not af-

fected. Therefore, di-th UEs that satisfy the conditions ω̂HD
i,ui

−
̂ωFD

i, ui
> 0 are candidates for additional allocation by utilizing

the IBFD.
Thus, the additional DL-UE, di, to which communication is

assigned in the n-th ULSF, is determined by utilizing the PFS,
as follows:

di = arg max
ki∈�DL

i

RDL (
�DL

i (ki ) , n
)

RDL
(
�DL

i (ki ) , n − 1
) , (20)

RDL
(
�DL

i (ki ) , n
)

=
(

1 − 1

M

)
RDL

(
�DL

i (ki ) , n − 1
)

+ p
(
�DL

i (ki ) , n
)

M
RDL

(
�DL

i (ki ) , n
)

. (21)

C. TRANSMISSION POWER CONTROL FOR UES
In 3GPP-compliant cellular systems, UE transmission power
control is specified according to the estimated propagation
loss between the BS and UE to efficiently suppress UE power
consumption and ICI [43]. In this study, open-loop control is
applied to UE transmission power control, assuming no time

Algorithm 2: UE Scheduling in the n-th Subframe
(ULSF).

1: Calculate the SINR information γ̂ HD
i,ui

for all attached
UEs Nb;

2: Map all calculated SINR information γ̂ HD
i,ui

to CQI

ω̂HD
i,ui

;
3: for ki = 1 to |Ni| do
4: Calculate RUL(ki, n − 1) according to (17);

5: Calculate RUL(ki, n) by utilizing ω̂HD
i,ui

;
6: end for
7: Obtain UL-UE ui according to (16);

8: Calculate the SINR information γ̂ FD
i, ui

and γ̂ FD
di,i

for
all attached UEs Ni;

9: Map all calculated SINR information γ̂ FD
i, ui

and γ̂ FD
di,i

to CQI ̂ωFD
i, ui

and ω̂FD
di,i

, respectively;

10: Initialize �DL
i as ∅;

11: for ki = 1 to |Ni| − 1 do

12: if ω̂HD
i,ui

− ̂ωFD
i, ui

> 0 then
13: �UL

i = �UL
i ∪ {ki};

14: end if
15: end for
16: if �DL

i �= ∅ then
17: for ki = 1 to |�DL

i | do

18: Calculate RDL(�DL
i (ki ), n − 1) according to

(21);
19: Calculate RDL(�DL

i (ki ), n) using γ̂ FD
di,i

;
20: end for
21: Obtain DL-UE di according to (20);

variability of the communication traffic and received power.
The transmission power of the ui-th UE is expressed as fol-
lows:

Pui = min
{
P0 + 10log10L + α�i,ui , Pmax

UE
}

, (22)

where P0, L, �i,ui , α, and Pmax
UE represent the target received

signal power per resource block (RB), number of allocated
RBs, estimated propagation loss between the i-th BS and
ui-th UE, compensation factor for the propagation loss, and
maximum transmission power of the UE, respectively.

IV. PERFORMANCE EVALUATION
Here, we evaluate the proposed DDC system through com-
puter simulations.

A. SIMULATION CONFIGURATIONS
1) SYSTEM PARAMETERS
During the simulation, the parameters are compliant with
those in Table 2. These parameters are based on the dense
urban multicell environment specified by 3GPP [44]. The cell
configuration utilized for the computer simulation, with 19
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TABLE 2. Simulation Parameters

FIGURE 7. Cell configuration for the computer simulation.

cells arranged at an inter-BS distance of 200 m is shown
in Fig. 7. Subsequently, cell rapping is performed. In each
cell, 20 UEs are uniformly and randomly distributed. Based
on assumptions, the channel state information (CSI) can be
estimated and its feedback is not delayed. Moreover, all UEs
assume a fixed outdoor installation connected to a Wi-SUN
FAN border router, and path loss and shadowing are the only
channel fluctuations. In addition, the traffic model of the DDC
system is assumed to be a full buffer model, assuming that the
IoT data aggregated by the Wi-SUN FAN border rooter is very
large. In this system-level simulation, the link-level simulator,
which is the reference for the SNR-to-block error rate (BLER)
curves, is run using TD-LTE with a 20 MHz bandwidth [45].
For all the simulations, the SI is assumed to be ideally reduced
by 110 dB at the BS [24].

2) FRAME STRUCTURE
The TDD frame structure based on Configuration #1 defined
in the LTE (the basic frame structure of the proposed DDC
system) is configured to have the same DLSF and ULSF
time ratios, as shown in Fig. 6 [45]. One DLSF or ULSF is
assigned to one DL-UE or UL-UE, and the system bandwidth
is instantaneously occupied by one UE.

3) EVALUATION METRICS
We utilize four evaluation metrics: the average user through-
put, 5% user throughput, IBFD application ratio, and average
UL energy of UE per bit (average UL-EPB). The average user
throughput is calculated by averaging RDL and RUL shown
in (10), (14), (17), and (21) for the overall UEs and all
subframes. The 5% user throughput is calculated by sorting
the user throughput of all UEs and then obtaining the user
throughput of the UE that corresponds to the bottom 5%. The
IBFD application ratio is defined as the ratio of subframes to
which IBFD has been applied to candidate subframes for the
IBFD application. The average UL-EPB, η̄, is calculated as
follows:

η̄ =
∑Q

q=1 Pq × 10−3 · Tq × 10−3∑Q
q=1 Bq

, (23)

where Q is the number of packets, and Pq, Tq, and Bq represent
the transmission power (W), time of the q-th packet (s), and
size of the q-th packet (bits), respectively [47]. A smaller UL-
EPB indicates that the UE is more power efficient in the UL.

B. DLSF-DDC
The performance of the proposed DDC system is evaluated
by utilizing a system-level simulation. Here, the DLSF-DDC
is evaluated. In the ULSF, P0 in (22) is set to –90 dBm, which
is sufficiently large relative to the thermal noise power, and
α is set to 0.8 to balance the average and cell edge user
throughputs.

1) EFFECT OF UE TRANSMISSION POWER CONTROL
In the DLSF, throughput and power efficiency are evaluated
under different conditions of P0 and α in the UE transmission
power control shown in (22) for UL communications super-
imposed by IBFD to search for appropriate parameters.

The average user throughput and average UL-EPB as a
function of the BS transmission power in the DLSF, PDLSF

BS ,
are shown in Figs. 8 and 9, respectively, when the UE trans-
mission power limit Plim

UE is set to 23 dBm (the maximum
UE transmission power). As shown in Fig. 8, the average
throughput for DL users is superior at P0 = –40 dBm and
α = 0.4, whereas the average throughput for UL users is
approximately the same for all combinations of P0 and α. In
Fig. 9, the average UL-EPB is also the smallest at α = 0.4.
The assumption of propagation loss between BS and UE in-
creases by decreasing α, thus reducing the transmission power
of the UE and suppressing interference from UEs in other
cells. Therefore, in terms of efficiency of both throughput and
terminal energy consumption, the DLSF-DDC requires P0 to
be set to –40 dBm to obtain a received power sufficiently
higher than the interference, and α to be set to 0.4 to suppress
interference from UEs in adjacent cells.

2) EFFECT OF UE TRANSMISSION POWER LIMIT
Next, we evaluate the UE transmission power limit, Plim

UE , used
for UL-UE scheduling. The average throughput of DL and UL
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FIGURE 8. Average user throughput as a function of BS transmission
power in DLSF for various target received signal powers P0 and
compensation factors for the propagation loss α in DLSF-DDC.

FIGURE 9. Average UL-EPB as a function of BS transmission power in DLSF
for various target received signal powers P0 and compensation factors for
the propagation loss α in DLSF-DDC.

communications and average UL-EPB are shown in Figs. 10
and 11, respectively, as a function of Plim

UE for P0 = –40 dBm,

α = 0.4, and PDLSF
BS = 30 dBm. When Plim

UE is 9 dBm, the aver-
age UL throughput reaches a maximum, whereas the average
DL throughput increases by decreasing Plim

UE . Furthermore,
the average UL-EPB is significantly improved by lowering
Plim

UE to less than approximately 13 dBm. This is because
UEs with large propagation losses between the BS and UE
and transmission power above Plim

UE are excluded from the
UL-UE candidates in the DLSF. Consequently, in addition to
the improvement in the UL communication success rate in the
DLSF, the average UL-EPB is improved owing to the reduced
transmission power of the UL-UE. Based on these results, we
set the upper limit of the UE transmission power to Plim

UE =
9 dBm for UL-UE scheduling in the DLSF.

FIGURE 10. Average user throughput as a function of UE transmission
power limit Plim

UE in DLSF-DDC.

FIGURE 11. Average UL-EPB as a function of the UE transmission power
limit Plim

UE in DLSF-DDC.

3) EFFECT OF BS TRANSMISSION POWER
The IBFD application ratio as a function of the BS transmis-
sion power in the DLSF, PDLSF

BS , when the selected parameters

are utilized is shown in Fig. 12. By decreasing PDLSF
BS , the

IBFD application ratio increases because interferences from
other BSs are suppressed. In addition, the assumed SINR of

UL, γ̂ FD
i, ui

, shown in (12) is improved, increasing the number of
UEs allocated for UL communication by IBFD in the DLSF.

The average user throughput as a function of PDLSF
BS is

shown in Fig. 13. The UL average user throughput increased
by decreasing PDLSF

BS because the interference from BSs in
other cells and the SI are suppressed. Therefore, the assumed

UL-SINR, γ̂ FD
i, ui

, shown in (12) is improved, and the CQI,
̂ωFD

i, ui
, and IBFD application ratio increases. However, the

average DL throughput decreases because the received power
of the DL signals decreases. In addition, the interference from
the UL-UEs in other cells increases as the IBFD application
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FIGURE 12. IBFD application ratio in DLSF-DDC as a function of BS
transmission power.

FIGURE 13. Average user throughput as a function of BS transmission
power in DLSF-DDC.

ratio increases, which is unpredictable in the DDC system.
In particular, when PDLSF

BS = 27 dBm in the DLSF-DDC, the
average UL user throughput can be successfully increased by
60.0% compared with that of the conventional TDD system,
whereas the average DL user throughput decreased by only
8.9%.

C. ULSF-DDC
Here, the ULSF-DDC is evaluated. P0 in (22) is set to –90
dBm, which is sufficiently large relative to the thermal noise
power, and α is set to 0.8 to balance the average and cell
edge user throughputs. In addition, PDLSF

BS is set to 44 dBm
(maximum BS transmission power).

1) EFFECT OF β ADJUSTMENT
First, the values of β related to the calculation of the assumed
UL-SINR, γ̂ FD

i, ui
, shown in (18) are evaluated. The average

FIGURE 14. Average user throughput as a function of BS transmission
power in ULSF for various values of β in ULSF-DDC.

FIGURE 15. UL 5% user throughput as a function of BS transmission
power in ULSF for various values of β in ULSF-DDC.

user throughput and UL 5% user throughput as a function of
the BS transmission power of ULSF, PULSF

BS , for various β are
shown in Figs. 14 and 15, respectively. As β decreases, the
average DL user throughput increases and the average UL user
throughput decreases. This is because, the conditions for the
application of IBFD are relaxed and more DL communica-
tions are additionally allocated to the ULSF by decreasing β.
Thus, by adjusting β, the system capacity can be expanded in
response to traffic. The IBFD application ratio increases when
β is less than 0.5. Consequently, the interference from the
BSs in other cells increases and the UL 5% user throughput
significantly decreases. Therefore, β is set to 0.5 in this study,
which improves the average DL user throughput without sig-
nificantly decreasing the UL 5% user throughput compared
with the case where β = 1.
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FIGURE 16. IBFD application ratio in the ULSF-DDC as a function of the BS
transmission power in the ULSF.

FIGURE 17. Average user throughput as a function of BS transmission
power in the ULSF in ULSF-DDC.

2) EFFECT OF BS TRANSMISSION POWER
The IBFD application ratio as a function of PULSF

BS is shown

in Fig. 16. The IBFD application ratio increases as PULSF
BS

decreases when PULSF
BS ≥ –20 dBm. However, the IBFD ap-

plication ratio decreases as PULSF
BS decreases when PULSF

BS ≤
–20 dBm. This is because when PULSF

BS ≥ –20 dBm, as PULSF
BS

decreases, the assumed UL-SINR, γ̂ FD
i, ui

, shown in (18) is im-
proved and the IBFD application condition is easily satisfied.
However, when PULSF

BS ≤ –20 dBm, the estimated SINR of DL,

γ̂ FD
di,i

, shown in (19) deteriorates as PULSF
BS decreases, and the

number of DL-UEs that satisfy CQI ≥ 1 decreases.
The average user throughput as a function of PULSF

BS is

shown in Fig. 17. Unlike the IBFD application ratio, as PULSF
BS

decreases, the average DL user throughput decreases when
PULSF

BS ≤ –10 dBm. This is because when –20 dBm ≤ PULSF
BS≤ –10 dBm, the impact of the degradation of the CQI of

FIGURE 18. Average user throughput as a function of BS transmission
power in the DLSF when DDC is applied to both DLSF and ULSF.

FIGURE 19. 5% user throughput as a function of BS transmission power in
the DLSF when DDC is applied to both DLSF and ULSF.

DL communications owing to the degradation of SINR of

DL, γ̂ FD
di,i

, is smaller than the impact of increasing the IBFD

application ratio. In particular, when PULSF
BS is set to –5 dBm in

the ULSF-DDC, it resulted in a 17.0% increase in the average
DL user throughput compared with that of the TDD system,
with only a 6.0% decrease in the average UL user throughput.

D. DDC
Finally, the performance of the DDC system when applied
to both the DLSF and ULSF is evaluated by utilizing the
parameters determined in the previous sections.

1) THROUGHPUT PERFORMANCE
The average and 5% user throughputs as functions of PDLSF

BS
are shown in Figs. 18 and 19, respectively. Because PULSF

BS is
set to –5 dBm, the average user throughput and 5% DL user
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FIGURE 20. Average UL-EPB as a function of the BS transmission power in
DLSF PDLSF

BS when DDC is applied to both the DLSF and ULSF.

throughputs are 16.1% and 7.0% higher, respectively, com-
pared with those in the TDD system when PDLSF

BS = 44 dBm.

However, as PDLSF
BS decreases, the average DL and 5% user

throughputs deteriorate because the IBFD application ratio in
the DLSF increased and the SINR of DL, γ FD

di,i
, shown in (4)

decreases. In particular, when PULSF
BS = –5 dBm and PDLSF

BS =
32 dBm, the average DL and UL user throughputs increase by
13.2% and 31.6%, respectively, compared with those in the
TDD system, whereas the DL 5% user throughput increases
by 2.5%, and the UL 5% user throughput degrades by 4.1%.
Furthermore, with PULSF

BS = –5 dBm and PDLSF
BS = 27 dBm, the

average DL and UL user throughputs increase by 6.3% and
57.0%, respectively, compared with those in the TDD system,
whereas the DL and UL 5% user throughputs decrease by
9.0% and 4.1%, respectively.

2) ENERGY PERFORMANCE
The average UL-EPB as a function of PDLSF

BS is shown in

Fig. 20. Regardless of PDLSF
BS , the average UL-EPB of the DDC

system is lower than that of the TDD system. This is because
the UL communications allocated to the DLSF required more
power than the ULSF because of the SI, and interference from
the BSs in other cells significantly degrades the quality of
UL communications in the DLSF. However, this degradation
resulted in an increase in the UL capacity by applying the
DDC system. In particular, with PDLSF

BS = 32 dBm, the average
DL user throughput increases by 31.6%, whereas the average
UL-EPB increases by 24.6%. Furthermore, when PDLSF

BS =
27 dBm, the average DL user throughput increases by 57.0%,
whereas the average UL-EPB increases by 27.5%.

V. CONCLUSION
This study proposed a DDC system in which FDC was
achieved by introducing IBFD in a phased manner to a

conventional static-TDD-based cellular system. We proposed
and evaluated appropriate UE scheduling and transmission
power control schemes for DDC systems in dense urban
multi-cell environments. The proposed DDC system suffi-
ciently suppressed ICI through a fully distributed resource
allocation that did not require information exchange among
neighboring cells. In particular, the propagation loss compen-
sation factor α, the UE transmission power limit Plim

UE , and the
factor β related to the assumed UL-SINR calculation proved
to be essential. By setting α = 0.4 and Plim

UE = 9 dBm for
DLSF-DDC, and β = 0.5 for ULSF-DDC, the proposed DDC
system improved the average throughput of DL by 13.2% and
UL by 31.6% compared with the conventional TDD system,
whereas the DL 5% user throughput also improved by 2.5%.
The throughput improvement of the DL and UL users could
be flexibly controlled by changing the main factors previ-
ously mentioned. The results of this study are expected to
contribute to the realization of high-capacity wide-area IoT
network backbone by improving the efficiency of utilization
of limited spectral resources, especially in the Sub-6 GHz
band. Although this paper focused on evaluating the basic
architecture and fundamental characteristics of DDC systems,
it is one of the future-works to evaluate or propose additional
techniques for DDC systems when frequency-selective fading
or multiple antennas are introduced. Another future issue is
research on a simple method of parameter tuning for more
realistic implementations.
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