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ABSTRACT Improving spectral efficiency is an important issue for the next generation of the 5th generation
mobile communication (5G) systems. Full-duplex cellular (FDC) and dynamic-FDC (DDC) systems based
on the 5G signal format (5G-FDC and 5G-DDC) have gained substantial attention for introducing in-band
full-duplex (IBFD) into 5G. However, self-interference (SI) at a base station (BS) and inter-user interference
(IUI) in user equipment (UE) are significant hurdles in implementing FDC and DDC systems. This study
proposes an IUI cancellation (IUIC) scheme based on successive interference cancellation tailored to the
signal configuration and channel coding of 5G. Additionally, we introduce user scheduling and adaptive
modulation algorithms for 5G-DDC. We evaluate the proposed schemes using link- and system-level sim-
ulations. The results demonstrate a remarkable 40 dB reduction in IUI with a 3.4 dB decline in reception
quality. Furthermore, our IUIC method reduces the IUI of close-distance UE pairs, expands the candidate
UE pairs for IBFD operation, and significantly enhances the IBFD application ratio in the downlink slot by
51.0% compared to conventional 5G-DDC. Moreover, the gain of the uplink average throughput increases
by 11.4% when the BS and UE transmission powers are at their maximum.

INDEX TERMS Dynamic full-duplex cellular, full-duplex cellular, in-band full-duplex, inter-user interfer-
ence, 5G.

I. INTRODUCTION
Mobile traffic has rapidly surged since the inception of mobile
communication systems. In 2020, the 5th generation mobile
communication (5G) system was launched to address the in-
creasing demand by leveraging new technologies, such as 5G
new radio (NR) and massive multiple-input multiple-output
(MIMO) [1]. However, the upsurge in mobile traffic is poised
to continue due to advanced use cases encompassing auto-
mobiles, telemedicine, and factory automation. Projections
suggest that by 2030, approximately 500 billion devices will
be interconnected within networks, with machines such as
robots, drones, and sensors emerging as the predominant users
of mobile communication [2]. Therefore, various technolo-
gies have been investigated to improve spectral efficiency and
accommodate these burgeoning requirements.

As we move toward the evolution beyond 5G system
(5G-Advanced), a spectrum of new technologies, such as
sidelink user equipment (UE)-to-UE relay [3], artificial intel-
ligence/machine learning [4], and sub-band non-overlapping
full-duplex (SBFD) [5] have been developed within the third-
generation partnership project (3GPP) as part of Release 18
[6], [7]. SBFD enables concurrent uplink (UL) and downlink
(DL) communication within a shared carrier while judiciously
allocating distinct frequency resources to UL and DL com-
munications to prevent interference. SBFD has been verified
to improve UL throughput and latency by increasing UL
transmission opportunities [5]. However, the DL throughput
and latency deteriorate because SBFD does not inherently
improve spectral efficiency. SBFD is recognized as an inter-
mediate step, paving the way for the integration of an in-band
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full-duplex (IBFD) in the 5G-Advanced evolution or the forth-
coming 6th generation mobile communication (6G) system
[5], [8]. Hence, the ongoing development of IBFD and SBFD
remains imperative.

IBFD is a duplex scheme that enables the simultaneous
transmission and reception of signals using the same fre-
quency resources [9], [10], [11], [12], [13], [14], [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25]. Ideally, IBFD
doubles the spectral efficiency of conventional half-duplex
(HD) and SBFD systems. The forthcoming introduction of
a full-duplex cellular (FDC) system, embracing IBFD, is
anticipated in 5G-Advanved evolution or the advent of 6G.
However, IBFD introduces additional interference, such as
self-interference (SI) and inter-user interference (IUI). SI
arises at the base station (BS), where the DL signal transmitted
by the BS substantially degrades the reception quality of the
UL signal owing to the proximity of the transmission and
reception antennas. Therefore, many studies have proposed
passive suppression schemes within the propagation domain
and active cancellation schemes within the analog and digital
domains [10], [11], [12], [13]. For instance, the SI cancel-
lation performance of wireless fidelity (Wi-Fi) systems can
reach up to 110 dB [10]. Digital SI cancellation schemes have
been proposed for 5G (referred to as 5G-based SI cancella-
tion) and long-term evolution (LTE) signals in [12] and [13],
respectively, significantly enhancing the feasibility of FDC
systems.

Conversely, IUI occurs at the UE receiving the DL signal
(DL-UE), where the UL signal transmitted by the UE trans-
mitting the UL signal (UL-UE) degrades the reception quality
of the DL signal. Various studies have proposed IUI reduc-
tion techniques at the physical (PHY) layer [15], [16], [17],
[18], [19], [20] and methods for avoiding IUI at the media
access control (MAC) layer [21], [22], [23], [24]. In the PHY
layer, examples of IUI suppression involve beamforming [15],
nulling signal generation and forwarding at the BS [16], [17],
polarization state utilization [18], and successive interference
cancellation (SIC) [19], [20]. In contrast, IUI avoidance is
achieved at the MAC layer by judiciously determining DL-
UE and UL-UE pairs that are less susceptible to IUI based
on collected IUI information. This approach relies on the
propagation loss between UEs and is commonly preferred in
IBFD studies owing to its simplicity, resulting in reduced UE
circuit complexity and power consumption [21], [22], [23],
[24], [25].

A dynamic full-duplex cellular (DDC) system can operate
in an environment where some UEs have no function for
IBFD operation and represents a pragmatic and incremental
approach to FDC implementation employing the MAC layer
method [20], [21], [22]. The DDC system operates based on
the conventional HD system and activates IBFD when con-
ventional communication in an HD system experiences less
degradation owing to IBFD, enabling adaptive IBFD within
a reasonable situation. Some FDC systems introduce user
scheduling algorithms to maximize the sum of UL and DL
throughput [26], [27], but there exists a possibility that user

fairness may be ignored. The DDC system aims to maintain
the communication quality of the conventional HD system
and increases the throughput of all UEs without any degra-
dation. However, the limitation of the FDC system using the
MAC-layer method is the potential challenge of not always
identifying UE pairs that effectively mitigate IUI, which may
hinder IBFD adoption. This scenario is more likely to occur
in smaller cell sizes owing to shorter distances between UEs
and amplified IUI effects. Therefore, a PHY-layer IUI cancel-
lation (IUIC) scheme employing SIC has been proposed for
DDC systems [20], increasing the IBFD-applicability ratio.
The method can reduce IUI by digital signal processing of UE
even if the number of BS and UE antennas is small. It may in-
crease the computational complexity and power consumption
of UE but be more flexible for BS and UE sizes than other
schemes. Nevertheless, to the best of our knowledge, directly
applying SIC-based IUIC to 5G-based FDC (5G-FDC) or 5G-
based DDC (5G-DDC) systems presents several unresolved
challenges.
� The conventional IUIC scheme neglects the signal con-

figuration and channel coding inherent in 5G systems.
� The IUIC design must be compatible with SI cancella-

tion methods tailored to 5G-FDC and 5G-DDC.
� IUIC utilization should be minimized to decrease com-

putational complexity and power consumption at the
UE, but controlling whether to use IUIC from BS is
challenging owing to the fluctuating IUI power resulting
from fading and shadowing caused by UE mobility and
environmental factors.

� New user scheduling and adaptive modulation algo-
rithms considering the IUIC must be developed.

This study proposes an IUIC based on SIC at the PHY
layer for UE in the context of 5G-FDC and 5G-DDC sys-
tems. This IUIC is designed to mitigate IUI when the IUI
signal is moderately stronger than the desired signal based
on the principle of SIC using the power difference between
the two signals. The DL-UE firstly demodulates the IUI sig-
nal and subtracts it from the received signal. Considering
the coexistence of IUIC and SI cancellations, the proposed
IUIC leverages the configuration of a demodulation reference
signal (DMRS), as originally proposed for SI cancellation
[12], to estimate the IUI channel. Subsequently, it removes
the IUI signal by demodulating and subtracting it from the
received signal. However, an IUIC based on SIC may increase
power consumption, as mentioned above. Therefore, we pro-
pose a method for determining whether to employ IUIC with
the DMRS in the received signal. While demodulating both
IUI and desired signals, the UE must decode a low-density
parity-check (LDPC) code adopted as channel coding in the
5G system. Successful decoding requires calculating the log-
likelihood ratio (LLR). We propose an appropriate method for
LLR calculation to enhance the demodulation and IUIC per-
formance when using the 5G-compatible signal. Additionally,
we introduce new adaptive modulation and user scheduling al-
gorithms at the MAC layer to advance the development of the
proposed IUIC-introduced 5G-DDC. The proposed adaptive
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modulation method determines the modulation and coding
scheme (MCS) for efficient DL and UL communications with
the IUIC. The proposed user scheduling algorithms expand
the pool of potential DL-UE and UL-UE candidates in UL
and DL slots, respectively, resulting in an augmented ratio of
the number of times of applying IBFD to all communication
opportunities (i.e., IBFD application ratio).

This study offers several key contributions:
� We propose an IUIC method based on SIC, considering

the signal format and channel coding specific to the 5G
system. The proposed IUIC aligns seamlessly with SI
cancellations for 5G systems because it uses the DMRS
configuration employed in 5G-based SI cancellations.
Moreover, an LLR calculation method is introduced to
enhance the accuracy of demodulation and cancellation.

� We propose a decision-making mechanism to judi-
ciously employ IUIC with the received DMRS, prevent-
ing unnecessary activation and conserving resources.

� Adaptive modulation and user scheduling algorithms are
proposed to introduce IUIC into the 5G-DDC. These
algorithms can expand the number of UE candidates for
IBFD and the IBFD application ratios.

� We evaluate the performance of the PHY layer using the
proposed IUIC through link-level simulations. Further-
more, the performance of the MAC layer is evaluated
using a system-level simulation.

The article structure is as follows: Section II explains
the principle of the DDC system. Section III proposes the
IUIC based on SIC, including the decision method and LLR
calculation. Furthermore, the adaptive modulation and user
scheduling schemes are also discussed. Section IV evaluates
the PHY-layer performances of the proposed IUIC. Section V
assesses the MAC-layer performances of the DDC system
using the proposed IUIC. Finally, Section VI concludes the
article.

II. DDC SYSTEM
This section elucidates the principles of the DDC system.
Subsequently, we explore the interference model and the user
scheduling scheme of the DDC system. As an initial study, we
assumed a single-cell environment for introducing the IBFD
to local 5G to verify the effectiveness of the IUIC in an envi-
ronment unaffected by other interferences, such as inter-cell
interference (ICI). Local 5G predominantly functions as a
self-contained system in a private space with a single cell.

A. OUTLINE OF DDC SYSTEM
Fig. 1 illustrates examples of resource allocation. Fig. 1(a)
and (b) show a time-division duplex (TDD)-based HD system
and the DDC system based on the TDD-based HD system. In
this study, one UE or BS or both occupied the available band-
width. Specifically, frequency-division duplex (FDD) was not
considered. Furthermore, this study assumed that UL and DL
communications could be switched in each slot (i.e., 14 con-
secutive orthogonal frequency-division multiplexing (OFDM)
symbols).

FIGURE 1. Examples of resource allocation.

FIGURE 2. Interference model of HD and DDC system.

Fig. 1(a) illustrates that conventional TDD-based HD sys-
tems execute UL and DL communications independently.
However, the DDC system can fully superimpose DL and UL
communications onto the UL and DL slots, respectively, in
both the time and frequency resources (Fig. 1(b)). However,
the SI and IUI generated by superimposed DL and UL signals,
respectively, may degrade their reception quality. Therefore,
the DDC system performs IBFD only under the following
conditions. The SI must not deteriorate UL communication
in the UL slot. However, the IUI must not deteriorate DL
communication in a DL slot. A user scheduling scheme was
proposed to overcome these limitations and apply IBFD [21],
[22].

B. INTERFERENCE MODEL
This section describes the interference model, particularly
when implementing IBFD. As mentioned above, the sce-
nario involves a single BS and multiple UEs in a single-cell
environment.

1) IN HD OPERATION
In the DL slot (Fig. 2(a)), the received signal-to-noise power
ratio (SNR) for DL communication from BS, b, to i-th UE, ui,
is expressed as follows:

γ
HD,DL
ui,b

= PbGui,bLui,bGb,ui

Nui B
, (1)

where Nx corresponds to the noise power spectral density
of x, B denotes the allocated bandwidth, Px represents the
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transmission power of x, Gx,y is the antenna gain of y toward
x, and Lx,y denotes the path loss between x and y.

In the UL slot (Fig. 2(b)), the received SNR for the UL
communication from the j-th UE, u j , to b is expressed as
follows:

γ
HD,UL
b,u j

= Pu j Gb,u j Lb,u j Gu j ,b

NbB
. (2)

2) IN FD OPERATION
In the IBFD operation (Fig. 2(c)), the received DL and UL sig-
nals are affected by IUI and SI, respectively. Therefore, when
ui and u j denote the DL-UE and UL-UE, respectively, the
received signal-to-interference plus noise power ratio (SINR)
for the DL and UL communications at ui and b, respectively,
can be expressed as follows:

γ
FD,DL
ui,b,u j

= PbGui,bLui,bGb,ui

Nui B + Pu j Gui,u j Lui,u j Gu j ,ui

, (3)

γ
FD,UL
b,u j ,ui

= Pu j Gb,u j Lb,u j Gu j ,b

NbB + PbCSI
, (4)

where CSI ∈ [0, 1] corresponds to the amount of SI cancella-
tion implemented in the BS.

C. USER SCHEDULING
1) BASIC SCHEDULING METHOD
In 4G and 5G systems, the proportional fairness scheduling
(PFS) algorithm is commonly employed [28], [29]. The con-
ventional DDC system also adopted a PFS-based algorithm
[21], [22]. The UE allocated for UL communication in the
n-th transmission time interval (TTI), uUL(n), is determined
as follows:

uUL (n) = argmax
ui∈u

RUL
ui

(n)

R̄UL
ui

(n − 1)
, (5)

where RUL
ui

(n) and R̄UL
ui

(n) denote the instantaneous UL
throughput and exponentially moving averaged UL through-
put of ui at the n-th TTI, respectively. Furthermore, u cor-
responds to the set of potential candidates for the UL-UE
who wish to engage in UL communication. The exponentially
moving averaged UL throughput is updated for each TTI as
follows:

R̄UL
ui

(n) =
(

1 − 1

Tw

)
R̄UL

ui
(n − 1) + 1

Tw

RUL
ui

(n) pUL
ui

(n) ,

(6)
where Tw denotes a weighting coefficient and pUL

ui
(n) repre-

sents a function that returns 1 when ui is allocated to UL
communication in the n-th TTI; otherwise, it returns 0.

The UE allocated for DL communication, uDL(n), is deter-
mined as follows:

uDL (n) = argmax
ui∈D

RDL
ui

(n)

R̄DL
ui

(n − 1)
, (7)

FIGURE 3. Scheduling flow of the conventional DDC system.

R̄DL
ui

(n) =
(

1 − 1

Tw

)
R̄DL

ui
(n − 1) + 1

Tw

RDL
ui

(n) pDL
ui

(n) ,

(8)

where D corresponds to the set of candidates for the DL-UE
that are required to engage in DL communication.

2) DETERMINATION OF IBFD APPLICATION
The DDC system employs a decision-making process to de-
termine whether IBFD should be applied to maintain the
reception quality of UL and DL communications in the re-
spective UL and DL slots. Fig. 3 shows the scheduling flow.
IBFD can be employed if the MCS used for UL/DL communi-
cation in the UL/DL slot remains suitable when superimposed
with DL/UL signals (i.e., SI and IUI signals).

In the UL slot, UL-UE uUL is first determined using the
PFS algorithm from u. Subsequently, the DL-UE is selected
from the set of potential DL-UE candidates, DFD, using the
PFS algorithm. DFD is expressed as follows:

DFD =
{

ui ∈ D|ωHD,UL
uUL = ω

FD,UL
uUL,ui

∧ ωFD,DL
ui,uUL �= 0

}
, (9)

where ωHD,UL
x represents the channel quality indicator (CQI)

used for UL communication from x to the BS in HD operation,
ωFD,UL

x,y is the CQI from x in FD operation when y is allocated
to DL-UE, and ωFD,DL

x,y is the CQI to x in FD operation when
y is allocated to UL-UE. Here, although the CQI is a param-
eter of the channel state information (CSI) for DL channel
in general, the concept of the CQI is also applied to the UL
channel in this study. A CQI of zero indicates poor communi-
cation conditions, and communication cannot be performed.
An adaptive modulation algorithm sets the MCS based on
CQI; a function ψ[·] is used to return the maximum CQI
to achieve the required block error ratio (BLER) based on
the SNR or SINR. CQIs in (9) are determined as follows:
ω

HD,UL
uUL = ψ[γHD,UL

b,uUL ], ωFD,UL
uUL,ui

= ψ[γ FD,UL
b,uUL,ui

], and ωFD,DL
ui,uUL =
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ψ[γ FD,DL
ui,b,uUL]. If DFD = ∅, IBFD is not applied. Otherwise, the

DL-UE uDL is determined from DFD using the PFS algorithm
(see (7)). As shown in (4) and (3), the first and second con-
ditions of (9) are related to SI and IUI, respectively. Hence,
the size of DFD is based on the SI cancellation performance
and the strength of the IUI. In particular, if the DL-UE lacks
an IUIC scheme, it must be positioned far from the UL-UE to
decrease the impact of IUI.

In the DL slot, DL-UE uDL is first determined using the PFS
algorithm from D. Subsequently, UL-UE, uUL, is selected
from the set of candidates for UL-UE, uFD, using the PFS
algorithm. uFD is expressed as follows:

uFD =
{

ui ∈ u|ωHD,DL
uDL = ω

FD,DL
uDL,ui

∧ ωFD,UL
ui,uDL �= 0

}
, (10)

where ωHD,DL
x represents the CQI for DL communication

from the BS to x in HD operation. Therefore, these CQIs are
determined as ωHD,DL

uDL = ψ[γHD,DL
uDL,b

], ωFD,DL
uDL,ui

= ψ[γ FD,DL
uDL,b,ui

],

and ω
FD,UL
ui,uDL = ψ[γ FD,UL

b,ui,uDL]. If uFD = ∅, IBFD is not em-

ployed. Otherwise, the UL-UE uUL is selected from uFD using
the PFS algorithm. Similar to the UL slot, SI and IUI decrease
the number of uFD.

D. TRANSMISSION POWER CONTROL
In a mobile communication system, the transmission power of
the UL-UE should be adjusted based on the path loss between
the BS and UL-UE and other parameters to suppress inter-cell
interference and UE power consumption. In 5G systems, the
transmission power of UE ui is determined as follows [30]:

Pui = min
{
Pmax

ui
,P0 + 10log10

(
2μM

) + α�ui,b
}
, (11)

where Pmax
ui

corresponds to the maximum transmission power
of ui, P0 denotes the pre-configured target received power
per one RB when the subcarrier spacing, � f , is 15 kHz, μ
corresponds to the numerology determining subcarrier spac-
ing as � f = 15 × 2μ kHz [31], M denotes the number of
allocated RB for UL communication, α ∈ [0, 1] is a constant
that determines the amount of path loss compensation, and
�ui,b denotes the path loss between BS b and UE ui. The
received SNR or SINR at BS and reception quality of UL
communication increase with α. However, it may also inten-
sify ICI in multicell environments. In our study, α was fixed
to one because we only assumed a single-cell environment.

In 5G, the transmission power of the BS is not dynami-
cally adjusted based on the path loss between the BS and the
DL-UE. On the other hand, the conventional studies of DDC
systems [21], [22] adjusted it based on whether the current slot
is a DL or UL slot. In particular, reducing the transmission
power of the BS in the UL slot mitigates the impact of SI
on desired UL communication and facilitates the DL signal
superposition (i.e., realization of IBFD). However, because
this assumption was deemed unrealistic and does not satisfy
the current 5G standard, the transmission power of the BS was
fixed in this study.

III. PROPOSED IUI CANCELLATION METHOD
This section discusses an IUIC scheme suitable for 5G-FDC
and 5G-DDC, a method for calculating the LLR when using
the proposed IUIC, and a method for determining whether the
IUIC should be employed. Additionally, a novel scheduling
algorithm and an adaptive modulation scheme are proposed
to integrate the IUIC into the 5G-DDC system.

A. PRINCIPLE OF PROPOSED IUI CANCELLATION
Fig. 4 shows a block diagram of the proposed IUIC scheme
introduced and implemented within UE. The quantization
noise produced by the digital-to-analog converter (DAC) and
analog-to-digital converter (ADC) and the nonlinearities of a
power amplifier (PA) and a low-noise amplifier (LNA) are not
considered. This assumption aligns with common practices in
IUIC studies [16], [17], [18]. When operating in IBFD mode,
the received signal of the DL-UE in frequency domain, Y, can
be expressed as follows:

Y = HDLX DL + H IUIX UL + N, (12)

where X DL and X UL denote the transmitted DL and UL sig-
nals, respectively. HDL and H IUI represent the DL and IUI
channels, respectively. N corresponds to additive white Gaus-
sian noise (AWGN). Uppercase letters indicate variables in
the frequency domain.

The DL-UE should eliminate the IUI signal component,
H IUIX UL, but it lacks knowledge of H IUI and X UL. Therefore,
similar to [19] and [20], we introduced an IUI cancellation
based on SIC in the DL-UE. First, the DL-UE obtains the
estimated value of the IUI channel, H̃ IUI, using some known
symbol in the received signal, Y. Second, it performs channel
equalization and demodulation using H̃ IUI, ultimately deriv-
ing the bit stream of the UL signal. Third, DL-UE applies
LDPC coding and modulation to the bit stream, producing an
estimated UL transmission signal, X̃ UL. Finally, it creates a
signal with reduced IUI, Y ′, by subtracting the replica signal,
H̃ IUIX̃ UL, from Y. Y ′ can be expressed as follows:

Y ′ = Y − H̃ IUIX̃ UL

= HDLX DL + (
H IUIX UL − H̃ IUIX̃ UL

) + N.
(13)

Subsequently, the DL-UE demodulates Y ′ as the DL signal
(i.e., the desired signal) and obtains the desired bit stream.
When the estimation accuracy of the IUI channel and the
demodulation accuracy of the UL signal are sufficiently high
(i.e., H IUI ≈ H̃ IUI and X UL ≈ X̃ UL), the residual IUI sig-
nal component, H IUIX UL − H̃ IUIX̃ UL, is negligible. However,
if either or both of the factors degrade, the residual IUI
signal component will grow, deteriorating the demodulation
accuracy of the desired signal. Therefore, it is imperative to
improve the estimation accuracy of H IUI and X UL.

To improve the estimation accuracy of H IUIand conse-
quently enhance the efficacy of IUI cancellation, we should
use the demodulation reference signal (DMRS) for demod-
ulating PDSCH/PUSCH in the 5G system [31]. However, in
the current 5G systems, which do not operate as FDC systems,
the UL/DL signals may interfere with the DMRSs contained
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FIGURE 4. Block diagram of the proposed IUI cancellation.

FIGURE 5. Resource allocation examples for the proposed IUI cancellation.

in the DL/UL signal (DL-DMRS/UL-DMRS). Hence, we
adopted the DMRS configuration proposed for 5G-based SI
cancellation [12].

As shown in Fig. 5, the positioning of DL-DMRS and
UL-DMRS is designed to minimize interference from other
signals. This configuration ensures that H̃ IUI and H̃DL dur-
ing IBFD are equivalent to those during HD. Additionally,
5G-based SI and IUI cancellations can coexist using the same
DMRS configuration as the 5G-based SI cancellation. In 5G,
the maximum number of OFDM symbols containing a DMRS
in a slot is four (i.e., 14 consecutive OFDM symbols) [31]. We
assumed two OFDM symbols with DMRS in a slot.

B. PROPOSED DECISION METHOD FOR THE USE OF IUI
CANCELLATION
In this section, we introduce a decision method for using an
IUIC based on the received signal. The necessity of IUI can-
cellation varies based on the radio propagation environment,
influenced by the location of the DL-UE, UL-UE, and nearby
objects. As depicted in Fig. 6(a), when the propagation loss of
the IUI channel is large, and the received DL power at DL-UE
is stronger than the IUI power, the DL-UE should directly
demodulate the DL signal. However, when the propagation
loss of the IUI channel is small, and the DL power is smaller
than the IUI power, the DL-UE should demodulate the DL
signal after reducing the IUI signal component using the IUIC
based on the SIC (Fig. 6(b)).

The BS can regulate whether the DL-UE employs the
IUIC based on the previously reported IUI information. Nev-
ertheless, this control information may be erroneous owing
to instantaneous fluctuations in the DL and IUI channels.

FIGURE 6. Difference of the operation of DL-UE.

Therefore, we propose a decision method that leverages the
characteristics of the DMRS configuration described in Sec-
tion III-A. The received DL-DMRS, Y DLD, and UL-DMRS,
Y ULD, can be expressed as follows because the DL-DMRS
and UL-DMRS remain unaffected by the UL and DL signals,
respectively:

Y DLD = HDLX DLD + N, (14)

Y ULD = H IUIX ULD + N, (15)

where X DLD and X ULD denote the transmitted DL-DMRS and
UL-DMRS, respectively. First, the estimated noise power, σ̃ 2,
is obtained using DL-DMRS, following a procedure similar
to 5G-based SI cancellation [12]. Subsequently, the powers
of DL-DMRS, PDL, and UL-DMRS, PIUI, are calculated as
follows:

PDL = E
[∣∣Y DLD

∣∣2
]

− σ̃ 2, (16)

PIUI = E
[∣∣Y ULD

∣∣2
]

− σ̃ 2, (17)

where E[·] represents the expected value. Finally, they are
used to determine whether the proposed IUIC can be used.
If PDL > PIUI, the DL-UE refrains from employing the IUIC
and demodulates the received signal, Y , as the desired signal.
However, if PDL ≤ PIUI, the DL-UE proceeds with the IUIC
to obtain the residual signal, Y ′, as the desired signal.
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C. PROPOSED LLR CALCULATION METHOD
The demodulation accuracy of the IUI signal must be suffi-
ciently high to enhance the performance of the IUIC. In 5G
systems, binary LDPC code is employed as an error correction
code for the PHY DL/UL shared channel (PDSCH/PUSCH),
which is used for user data transmission [32]. LDPC is defined
by an extremely sparse parity-check matrix and offers high
error correction performance, particularly when the code is
sufficiently long, approaching the Shannon limit asymptoti-
cally. The input to the decoder is the LLR of the received
signal. The accuracy of the LLR calculation significantly
affects the decoding performance.

The LLR of the j-th bit in the i-th received signal, λi, j , is
defined as

λi, j = log
P

(
yi|xi, j = 0

)
P

(
yi|xi, j = 1

) , (18)

where yi denotes the i-th received symbol, and xi, j represents
the j-th bit in the i-th transmitted symbol. In the AWGN
channel, λi, j is calculated as follows:

λi, j = log

∑
s∈S0

exp
[
− 1
σ 2

{(
yi,x − sx

)2 + (
yi,y − sy

)2
}]

∑
s∈S1

exp
[
− 1
σ 2

{(
yi,x − sx

)2 + (
yi,y − sy

)2
}] ,
(19)

where S0 and S1 denote the sets of ideal constellation points
with j-th bits equal to 0 and 1, respectively. Furthermore, sx

and sy correspond to the in-phase and quadrature coordinates
of S0 and S1, respectively; yi,x and yi,y represent the in-phase
and quadrature coordinates of yi, respectively. Moreover, σ 2

denotes the power of AWGN. In the case of a fading channel,
the LLR can be calculated according to (19) after equalizing
the channel.

However, as shown in (19), the computational complexity
increases exponentially with higher modulation levels. There-
fore, LLR can be approximately calculated using the terms
that express the closest points in S0 and S1 to the received
symbol, as follows [33]:

λi, j = − 1
σ 2

[
min
s∈S0

{(
yi,x − sx

)2 + (
yi,y − sy

)2
}

− min
s∈S1

{(
yi,x − sx

)2 + (
yi,y − sy

)2
}]
.

(20)

In this study, we calculated the LLR according to (19) for
the QPSK symbols and (20) for the 16QAM and 64QAM
symbols.

As mentioned earlier, the accuracy of LLR calculation plays
a pivotal role in demodulating 5G signals. Therefore, an LLR
calculation method considering the IBFD operation must be
adopted. Therefore, it is proposed for all cases irrespective of
whether the IUIC is applied.

1) WHEN NOT USING THE IUI CANCELLATION
The received signal is demodulated directly as the desired
signal when the IUIC is not used; however, an IUI signal
component exists. Therefore, the noise power terms in (19)

and (20) are replaced as follows:

σ 2 = σ̃ 2 + PIUI. (21)

The IUI signal is assumed to follow a Gaussian distribution.

2) WHEN USING THE IUI CANCELLATION
LLR calculation involves two stages when the IUIC is em-
ployed: one for the IUI signal and the other for the desired
signal after IUIC. Therefore, we demodulate the IUI signal,
which resulted in the desired DL signal being treated as an
interference signal in the initial LLR calculations. Therefore,
the noise power terms in (19) and (20) are substituted as
follows:

σ 2 = σ̃ 2 + PDL, (22)

where the DL signal is assumed to follow a Gaussian dis-
tribution. In the second stage, when the desired signal is
demodulated after IUIC, a residual IUI component remains,
as shown in (13). In this case, the noise power terms are
replaced, as shown in (23). The rationale here is that when
the demodulation accuracy of the IUI signal is sufficiently
high, IUI and SI cancellations can be considered equivalent.
Therefore, only the estimated noise power term is utilized
[12]. The noise terms are replaced as follows:

σ 2 = σ̃ 2. (23)

These modifications reflect how the noise terms are adapted
when performing LLR calculations in the presence of IUI
cancellation in the IUIC scheme. This ensures that the noise
power is correctly accounted for during demodulation and re-
flects the actual interference conditions at each stage of signal
processing.

D. PROPOSED USER SCHEDULING AND ADAPTIVE
MODULATION ALGORITHMS WITH THE PROPOSED IUI
CANCELLATION
In the conventional DDC system, the IUI component is treated
as noise. If the IUI power becomes significantly strong, it
prevents DL-UE from demodulating the DL signal, hindering
the application of IBFD. However, introducing the proposed
IUIC enables situations where the IUI power is moderately
stronger than the DL signal power to still enable the DL-UE
to extract and demodulate the desired signal. The proposed
new user scheduling and adaptive modulation algorithms are
shown in Algorithm 1 and Algorithm 2 for the DL and UL
slots, respectively, to control and maximize the effectiveness
of the IUIC.

1) IN DL SLOT
In the DL slot, candidates for the UL-UE, uFD

IUIC, intending the
DL-UE to use the IUIC are selected in addition to the conven-
tional DDC system. After determining uDL and uFD following
the conventional DDC system procedures, the CQI for UL
communication in the DL slot, incorporating the proposed
IUIC, ωFD,UL,IUIC

ui,uDL , is calculated. ωFD,UL,IUIC
ui,uDL is determined as
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Algorithm 1: User Scheduling and Adaptive Modulation
Algorithm in DL Slot in the DDC System Using IUI Can-
cellation.

1: Estimate γHD,DL
ui,b

and determine

ωHD,DL
ui

= ψ[γHD,DL
ui,b

] for all ui ∈ D

2: Select one uDL = ui from D by PFS algorithm
3: Estimate γ FD,DL

uDL,b,ui
and γ FD,UL

ui,b,uDL and determine

ω
FD,DL
uDL,ui

= ψ[γ FD,DL
uDL,b,ui

] and ωFD,UL
ui,uDL = ψ[γ FD,UL

b,ui,uDL]
for all ui ∈ u

4: Select candidates for UL-UE intending DL-UE not
to use the IUIC as
uFD = {ui ∈ u|ωHD,DL

uDL = ω
FD,DL
uDL,ui

∧ ωFD,UL
ui,uDL �= 0}

5: Estimate εFD,DL
uDL,b,ui

and δFD,DL
uDL,b,ui

and determine

ω
FD,UL,IUIC
ui,uDL = min(ωFD,UL

ui,uDL , ψ[εFD,DL
uDL,b,ui

]) for all
ui ∈ u

6: Select candidates for UL-UE intending DL-UE to
use the IUIC as
uFD

IUIC = {ui ∈ u|ωFD,UL,IUIC
ui,uDL �= 0 ∧ δFD,DL

uDL,b,ui
> ρ}

7: If {uFD ∪ uFD
IUIC} is not empty set then

8: Choose one uUL = ui from {uFD ∪ uFD
IUIC} by PFS

algorithm
9: End If

10: End Procedure

Algorithm 2: User Scheduling and Adaptive Modulation
Algorithm in UL Slot in the DDC System Using IUI Can-
cellation.

1: Estimate γHD,UL
b,ui

and determine

ωHD,UL
ui

= ψ[γHD,UL
b,ui

] for all ui ∈ u

2: Select one uUL = ui from u by PFS algorithm
3: Estimate γ FD,UL

b,uUL,ui
and γ FD,DL

ui,b,uUL and determine

ω
FD,UL
uUL,ui

= ψ[γ FD,UL
b,uUL,ui

] and ωFD,DL
ui,uUL = ψ[γ FD,DL

ui,b,uUL]
for all ui ∈ D

4: Select candidates for DL-UE intending not to use
the IUIC as
DFD = {ui ∈ D|ωHD,UL

uUL = ω
FD,UL
uUL,ui

∧ ωFD,DL
ui,uUL �= 0}

5: Estimate γ ′FD,DL
ui,b,uUL and determine

ω
FD,DL,IUIC
ui,uUL = ψ[γ ′FD,DL

ui,b,uUL] for all ui ∈ D

6: Select candidates for UL-UE intending to use the
IUIC as DFD

IUIC = {ui ∈
D|ωFD,DL,IUIC

ui,uUL �= 0 ∧ δFD,DL
ui,b,uUL > ρ ∧ εFD,DL

ui,b,uUL

> θ ∧ ωHD,UL
uUL = ω

FD,UL
uUL,ui

}
7: If {DFD ∪ DFD

IUIC} is not empty set then
8: Choose one uDL = ui from {DFD ∪ DFD

IUIC} by
PFS algorithm

9: End If
10: End Procedure

follows because the UL signal must be demodulated at not
only BS but also DL-UE to ensure high estimation accuracy
of X̃ UL:

ω
FD,UL,IUIC
ui,uDL = min

(
ω

FD,UL
ui,uDL , ψ

[
ε

FD,DL
uDL,b,ui

])
, (24)

where εFD,DL
uDL,b,ui

signifies the interference-to-signal plus noise
ratio (ISNR) at DL-UE. When ui and u j denote the DL-UE
and UL-UE, respectively, εFD,DL

ui,b,u j
is calculated as follows:

ε
FD,DL
ui,b,u j

= Pu j Gui,u j Lui,u j Gu j ,ui

Nui B + PbGui,bLui,bGb,ui

. (25)

Subsequently, uFD
IUIC is selected. The first condition to en-

sure the value of UL communication is ωFD,UL,IUIC
ui,uDL �= 0. This

condition aligns with the one used for the selection of uFD.
The second condition is δFD,DL

uDL,b,ui
> ρ, which ensures that the

IUI power is not excessively large to surpass the IUIC perfor-
mance. Here, δFD,DL

uDL,b,ui
and ρ denote the signal-to-interference

power ratio (SIR) at DL-UE uDL and the SIR threshold, re-
spectively. When ui and u j denote the DL-UE and UL-UE,
respectively, δFD,DL

ui,b,u j
is calculated as follows:

δ
FD,DL
ui,b,u j

= PbGui,bLui,bGb,ui

Pu j Gui,u j Lui,u j Gu j ,ui

. (26)

Note that ρ should be adjusted properly based on the result of
the link-level simulation of the proposed IUIC.

Subsequently, uUL is selected from the union of sets uFD

and uFD
IUIC using the PFS algorithm. Therefore, introducing the

proposed IUIC can increase the range of UL-UE selections.

2) IN UL SLOT
In the UL slot, similar to the DL slot, candidates for DL-UE,
DFD

IUIC, are selected, aiming to use the IUIC. After determin-
ing uUL and DFD following the conventional DDC system
procedures, the algorithm calculates the CQI for DL commu-
nication in the UL slot with the proposed IUIC, ωFD,DL,IUIC

ui,uUL .
The residual IUI power should be considered when deciding
on its value. However, accurate estimation of the strength of
the residual IUI power is challenging because it depends on
the estimation accuracies of H̃ IUI and X̃ UL (13). Therefore,
ω

FD,DL,IUIC
ui,uUL is determined based on the potential SINR at

DL-UE after processing the IUIC, γ ′FD,DL
ui,b,uUL , which is estimated

as follows:

γ
′FD,DL
ui,b,uUL = PbGui,bLui,bGb,ui

Nui B + PuUL Gui,uULLui,uULGuUL,ui
CIUI

, (27)

where CIUI ∈ [0, 1] indicates the potential cancellation
amount of the proposed IUIC implemented in the UE.

Subsequently, DFD
IUIC is selected. The first and second con-

ditions are approximately identical to those in the DL slot.
Additionally, the third condition of εFD,DL

ui,b,uUL > θ ensures that
DL-UE can demodulate the IUI signal for the IUIC using
SIC. θ denotes the SINR threshold, which can achieve the
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TABLE 1. Link-Level Simulation Parameters

required BLER using ωHD,UL
uUL . This condition is not required

in the DL slot because it is inherently satisfied by the proposed
adaptive modulation algorithm. Finally, the fourth condition
checks if ωHD,UL

uUL = ω
FD,UL
uUL,ui

, which remains consistent with
the conventional DDC system.

Finally, uDL is selected from the union of sets DFD and
DFD

IUIC using the PFS algorithm.

IV. LINK-LEVEL EVALUATION OF PROPOSED IUI
CANCELLATION
In this section, the performance of the proposed IUIC scheme
is evaluated using a link-level simulation.

A. LINK-LEVEL SIMULATION PARAMETERS
Table 1 lists the link-level simulation parameters. The same
parameters were used for the DL signal (i.e., the desired sig-
nal) and UL signal (i.e., the IUI signal). However, their DMRS
configurations differed, as depicted in Fig. 5. The transmis-
sion and reception antennas of the BS and UE were assumed
to be single-input single-output (SISO). The channel model
employed for both the DL and IUI signals was the TDL-A
model, as defined by 3GPP [34]. The TDL-A model enables
customization of the delay spread, which, in this study, was set
to 100 ns, representing the average value in a non-line-of-sight
environment. Assuming that the UE and objects around the
BS moved at 3 km/h, the maximum Doppler frequencies of
the DL and IUI channels were set to 11.1 Hz. In this study,
the IUIC performance was evaluated based on the BLER per-
formance of the desired signal. The required BLER was set to
0.1. Additionally, it was assumed that the DL-UE can receive
the DL and IUI signal completely simultaneously. The effect
caused by the gap in reception timing is left for future study.

B. BLER PERFORMANCE
Figs. 7 and 8 illustrate the BLER performance of the IBFD as
a function of SIR when the SNR is fixed at 20 dB. Figs. 7 and
8 present the BLER characteristics under the following two
conditions for the noise power terms in the LLR calculation:

FIGURE 7. BLER characteristics with the proposed IUI cancellation as a
function of SIR (Case-1).

FIGURE 8. BLER characteristics with the proposed IUI cancellation as a
function of SIR (Case-2).

Case-1. Only the estimated noise power σ̃ 2 is used.
Case-2. The estimated noise power σ̃ 2 and signal powers

PIUI and PDL are used, following the approach outlined in
Section III-C.

The red solid and green dashed lines represent the BLER
characteristics with and without the IUIC, respectively. The
blue dashed line represents the demodulation accuracy of the
IUI signals in IUIC. The black dashed line corresponds to the
BLER characteristics when the proposed decision method is
introduced.

First, when the IUIC is not employed, Case-1 and Case-2
exhibit nearly identical characteristics. As the SIR increases
(i.e., the IUI power decreases), the BLER performance im-
proves. The threshold SIRs required to achieve the target
BLER in Case-1 and Case-2 are 18.3 dB and 16.8 dB, respec-
tively. It indicates that the proposed LLR calculation method
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increases the maximum allowable power of the IUI signal by
1.5 dB.

Second, the IUI demodulation accuracy improves as the
SIR decreases (i.e., the IUI power increases), regardless of the
LLR calculation method. However, Case-2 exhibits a steeper
decline in BLER than Case-1. In Case-1 and Case-2, the
threshold SIR values are −21.2 dB and −15.5 dB, respec-
tively. It implies that the proposed LLR calculation method
improves the IUI demodulation accuracy by 5.7 dB, decreas-
ing the residual IUI signal component. Hence, Case-1 and
Case-2 can achieve the required BLER using the proposed
IUIC in the range of −41.6 dB < SIR < −21.5 dB and
−41.6 dB < SIR < −15.9 dB, respectively. This result high-
lights that the proposed LLR calculation method extends the
SIR range in which the required BLER can be achieved using
the IUIC by 5.6 dB. In the SIR range where SIR < 0 dB, the
upper threshold is determined by the IUI demodulation accu-
racy. Conversely, the lower threshold of the SIR is determined
by decreasing the effective SINR because the residual IUI
component primarily arises from the errors in estimating the
IUI channel. In this context, even with the IUIC, the required
BLER can be achieved when SIR > 0 dB though the IUI
power is significantly low to accurately demodulate the IUI
signal. This is because the absolute value of the estimated IUI
channel, H̃ IUI, becomes small. Hence, when the IUI power is
sufficiently small, the received signal after the IUIC can be
expressed as Y ′ = Y − H̃ IUIX̃ UL ≈ Y . However, Fig. 8 shows
that the threshold SIR with the IUIC is 8.3 dB higher than
that without the IUIC. Therefore, the UE should be equipped
with a decision method to reduce the computational complex-
ity and power consumption and maximize the allowable IUI
power range.

Third, the BLER characteristics obtained using the pro-
posed decision method in both Case-1 and Case-2 conform
to the best BLER characteristics. Therefore, the proposed
method can effectively determine whether to employ IUIC
based on the received signal and maximize the SIR range to
attain the required BLER. In Case-2, the required BLER can
be achieved within the range of −41.6 dB< SIR<−15.9 dB
or 16.8 dB < SIR.

Finally, Fig. 9 shows the BLER characteristics of IBFD in
Case-2 as a function of the SNR under the conditions of SIR at
−45 dB, −40 dB, −20 dB, 0 dB, 20 dB, and 40 dB. The BLER
characteristics of the HD are illustrated for comparison. The
BLER curve for SIR = 40 dB matches with that of the HD
because the IUI power is negligibly small. The situation can
be considered as HD in the SNR range of< 20 dB. When SIR
is −40 dB, −20 dB, and 20 dB, the BLER characteristics de-
crease as SNR increases. However, they deteriorate compared
to the HD because the SINR becomes worse than the SNR
and cannot exceed 20 dB, primarily owing to the IUI power
when the IUIC is not used under SIR = 20 dB. Conversely,
in the case of SIR of −40 dB and −20 dB, where the IUIC is
used, the residual IUI signal degrades the effective SINR after
the IUIC, even if SNR is improved. When SIR = −45 dB,
the required BLER cannot be achieved due to a severe drop in

FIGURE 9. BLER characteristics with the proposed IUI cancellation as a
function of SNR.

the effective SINR after the IUIC. Finally, when SIR = 0 dB,
demodulating the desired signal is impossible owing to the
lack of power difference between the desired and IUI signals
to directly demodulate the desired signal or use the proposed
IUIC based on SIC.

The required SNRs to achieve the required BLER under
the condition of HD and SIR of 40 dB, 20 dB, −20 dB, and
−40 dB are 15.5 dB, 15.5 dB, 17.0 dB, 17.3 dB, and 18.9 dB,
respectively. These values vary with the SIR. Therefore,
introducing IUIC may adversely impact the system through-
put without well-designed user scheduling and adaptive
modulation algorithms.

V. SYSTEM-LEVEL EVALUATION OF DDC SYSTEM
APPLYING PROPOSED IUI CANCELLATION
This section discusses the performance of a 5G-DDC sys-
tem applying the proposed IUIC through a system-level
simulation.

A. SYSTEM-LEVEL SIMULATION CONFIGURATION
Table 2 presents the system-level simulation parameters. We
evaluated the proposed schemes in a single-cell environment,
which can be considered a local 5G scenario. The parameters
were determined based on [34] and [35]. The indoor factory
(InF)-DH and InF-SL models defined in 3GPP were used for
the channel models between the BS and UE and between the
UE and UE, respectively. Generally, the InF model is used
only for channels between the BS and the UE [34]. However,
we applied the InF model to the channel between the UE by
setting the heights of the transmission and reception antenna
to the same value, following a similar approach as in [36].
The factory hall size was 50 × 50 m, the room height was
set to 10 m, and the BS was fixed at the center of the hall.
These are equivalent to one cell extracted from the multi-cell
environment for the InF scenario. The ten UE were uniformly
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TABLE 2. System-Level Simulation Parameters

TABLE 3. CQI Table and Available SINR Range

distributed randomly on the floor and assumed to move ran-
domly at a 3 km/h speed. The SI cancellation performance
was set to 110 dB, as reported in [10].

In the system-level simulation, radio channel realizations
were obtained according to stepwise procedures [34]. The BS
and UL-UE generated DL and UL signals, respectively, and
BS and DL-UE demodulated the UL and DL signals, which
included the IUI signal, respectively. Therefore, a link-level
simulation was performed for each loop. The parameters for
the link-level simulation were consistent with those in Table 1,
except for the channel model and moving speed, which were
incorporated into the radio channel realizations. The modula-
tion scheme and code rate differed due to the introduction of
the proposed adaptive modulation algorithm.

The MCS used for UL or DL communication was selected
from the 4-bit CQI table defined in the 5G system [37]. Table 3
presents the CQI table [37] and the SINR regions required to

achieve the target BLER. The SINR regions where each MCS
can achieve the pre-configured required BLER (= 0.1) were
determined based on the results of the link-level simulation of
the HD system. The link-level parameters remained consistent
with those listed in Table 1, except for the delay spread, which
was set to 50 ns, approximating the mean value of the delay
spread calculated from the hall size and room height [34].

In this simulation, the powers of the UL, DL, and IUI
signals at the BS and DL-UE were ideally measured and re-
ported in every slot, enabling the user scheduling and adaptive
modulation algorithms to use the most up-to-date information.
Additionally, considering the result of Figs. 8 and 9, both the
threshold ρ and the amount of the IUIC CIUI, which play
a critical role in user scheduling and adaptive modulation
algorithms, were set to −35 dB.

B. EFFECT OF TRANSMITTING POWER OF BS AND UE
Fig. 10(a) shows the ratio of the average user throughput of the
5G-DDC system with and without the proposed IUIC to that
of the HD system. Fig. 10(b) shows the ratio of the 5% user
throughput. Additionally, the IBFD application ratios in the
UL and DL slots, both with and without IUIC, are illustrated
in Fig. 10(c). The horizontal axis represents P0, which relates
to the transmission (Tx) power of the UE, as described in (11).
The right end of the horizontal axis represents the scenario
where the Tx power of the UE is fixed at the maximum power.

Regardless of the IUIC usage, an increase in P0 (i.e., higher
Tx power of the UE) leads to a gain in DL average throughput
and 5% throughput, with both converging to approximately
165% and 142%, respectively. However, the performance with
the proposed IUIC is slightly inferior to that without IUIC
because the IBFD application ratio in the UL slot exhibits
minimal changes, as shown in Fig. 10(c), while IUIC has
a marginally negative impact on the success ratio of DL
communication.

In the range of −100 dB ≤ P0 ≤ −90 dB, as P0 increases,
the gains of the UL average and 5% throughput become signif-
icant primarily because the MCSs for the UL communication
in both the UL and DL slots improve with higher UE Tx
power.

However, in the range of −85 dB ≤ P0, the gains of the UL
average and 5% throughput decrease as P0 increases owing
to the increasing IUI power and a reduction in the IBFD
application ratio in the DL slot. Nevertheless, the IUIC can
mitigate this reduction in gain when the Tx power of the
UE is adequately high. As shown in Fig. 10(c), the IUIC
increases the IBFD application ratio in the DL slot from 9.8%
to 60.8% when the Tx power of the UE is at its maximum.
Consequently, because of the increased opportunity for UL
communications, the gains in the UL average and 5% through-
put increase from 109.6% to 121.0% and 100.6% to 106.6%,
as shown in Fig. 10(a) and (b), respectively.

IUIC can improve the IBFD application ratio in the DL
slot but not in the UL slot so much. As described in
Section III-D, in the DL slot, the UL-UE can adjust the MCS
for UL communication based on the IUI power at the DL-UE.
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FIGURE 10. Performance of the 5G-DDC system as a function of P0 when the Tx power of BS is 27 dBm.

FIGURE 11. Performance of the 5G-DDC system as a function of P0 when the Tx power of BS is 10 dBm.

This enables the DL-UE to demodulate the UL signal (i.e., the
IUI signal) during the IUIC process. Essentially, the available
position of the DL-UE relative to the UL-UE can be adjusted
by changing the MCS for the superimposed UL communica-
tion. Therefore, the number of UL-UE candidates in the DL
slot with IUIC increases. However, in the UL slot, the MCS
for the UL communication is predetermined. Hence, the IUIC
cannot significantly increase the number of DL-UE candidates
in the UL slot because the relative position of the DL-UE that
can effectively use IUIC is limited by the fixed UL MCS.

The power constraints and interference considerations are
crucial in real-world operations to avoid interference with
other systems, such as adjacent cellular and public 5G sys-
tems. Under these circumstances, the impact of IUI can
become more significant, affecting IBFD application and
overall system performance.

Fig. 11 shows the ratio of throughput to the HD system and
IBFD application when the Tx power of the BS is fixed at
10 dBm. The trends in Fig. 11 are similar to those shown in
Fig. 10, where the Tx power of the BS was set to 27 dBm.

However, the gains in the UL average and 5% throughput in
Fig. 11(a) and (b) are larger than those in Fig. 10(a) and (b),
respectively. In particular, the gains in the UL average and
5% throughput increase from 99.99% to 156.0% and from
100.0% to 135.6%, respectively, when the Tx power of the
UE is maximum. The IBFD application ratio in the DL slot
rapidly decreases and converges to 0% without using IUIC
with increasing P0 because the impact of IUI is relatively more
significant. However, with IUIC, in the range of −95 dB ≤
P0, the application of IBFD increases and converges to 99.8%
as P0 increases. Therefore, the gains in UL communication
increases.

C. EFFECT OF THE NUMBER OF UE
The number of UE in a system can significantly impact its
performance. Figs. 12 and 13 illustrate the throughput ratio
to the HD system and IBFD application ratio as a function
of the number of UEs. The Tx powers of the BS in Figs. 12
and 13 were set to 27 and 10 dBm, respectively. P0 was set
to −70 dBm because the gains of the user throughput and
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FIGURE 12. Performance of the 5G-DDC system as a function of the number of UEs when the Tx power of BS is 27 dBm.

FIGURE 13. Performance of the 5G-DDC system as a function of the number of UEs when the Tx power of BS is 10 dBm.

IBFD application ratio approximately converged, as shown in
Figs. 10 and 11.

When the Tx power of the BS is 27 dBm, the gain of the
average and 5% throughput increases with the number of UE.
The signal with a higher MCS can be superimposed, increas-
ing the gain, owing to increasing the number of candidates for
DL-UE/UL-UE in the UL/DL slot. However, as the number
of UE increases, the gain in the UL throughput with the IUIC
becomes larger than that without the IUIC. This is attributed
to a higher number of candidates for UL-UE intending to use
the IUIC, increasing the IBFD application ratio in the DL slot,
as shown in Fig. 12(c). However, the gain in DL throughput
with the IUIC is approximately equivalent to that without the
IUIC or slightly worse because the IUIC has limited ability
to improve the IBFD application ratio in the UL slot, as
discussed in Section V-B.

When the Tx power of the BS is 10 dBm, the improvement
in the gain of the UL throughput with the IUIC is remarkable.
Without IUIC, the gains in UL throughput are approximately

100%, regardless of the number of UEs, because the IBFD
application ratio in the DL slot is approximately 0% owing
to the high impact of IUI. However, the IBFD application
ratio in the DL slot significantly increases with introducing
the IUIC, reaching approximately 100% for ten or more UEs.
Consequently, with 40 UEs, the gains of the UL average and
5% throughput increase from 100.1% to 171.9% and from
100.0% to 163.8%, respectively. Therefore, in scenarios with
a low Tx power of the BS and the impact of the IUI is larger,
the proposed IUIC is highly effective in improving the UL
throughput.

D. EFFECT OF SI CANCELLATION PERFORMANCE
In the above evaluations, the SI cancellation performance
was set to 110 dB, following the previous studies on DDC
systems [21], [22]. However, when the Tx power of the BS
was 27 dBm, the interference-to-noise power ratio (INR)
after SI cancellation became 8 dB owing to the −91 dBm
noise floor of BS. This value may decrease the system-level
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FIGURE 14. Performance of the 5G-DDC system as a function of the SI cancellation performance when the Tx power of the BS is 27 dBm.

performance including the IUIC owing to the residual SI com-
ponent. Therefore, this section evaluates the effect of the SI
cancellation performance. Fig. 14 illustrates the throughput
ratio to the HD system and IBFD application ratio as a func-
tion of the SI cancellation performance when the Tx power of
BS and P0 are set to 27 dBm and −70 dBm, respectively.

As shown in Fig. 14(c), the IBFD application ratio in the
UL slot increases with an increase in the SI cancellation per-
formance, regardless of the use of the IUIC. This is because
the original UL communication is not interfered with the
residual SI component, and the number of DL-UE candidates
that satisfy the first condition in (9) increases. When the SI
cancellation performances are 110 dB and 130 dB, the IBFD
application ratios in the UL slot with the IUIC are 84.3%
and 99.9%, respectively. On the other hand, little variation
is observed in the IBFD application ratio in the DL slot. If
the SI cancellation performance is increased from 110 dB to
130 dB, the IBFD application ratio in the DL slot remains
almost the same. Additionally, regardless of the amount of
SI cancellation, the proposed IUIC can improve the IBFD
application ratio in the DL slot.

Consequently, the DL average and 5% throughput are
greatly affected by the SI cancellation performance, as shown
in Fig. 14(a) and (b). As the IBFD application ratio in the UL
slot increases with the SI cancellation performance, the DL
communication opportunities and gain of throughput increase
and converge. However, a larger SI cancellation performance
greater than 110 dB can improve DL throughput but has
minimal impact on the effectiveness of the IUIC and UL
throughput.

E. EFFECT OF TX POWER OF BS
In Figs. 10–13, the Tx power of the BS was set to 27 dBm or
10 dBm to change the relative strength of the IUI. However,
it is important to perform a detailed evaluation of the effect of
the Tx power of the BS. Therefore, this section evaluates the
effect of the Tx power of the BS on the IUIC and 5G-DDC.

Fig. 15 illustrates the throughput ratio to the HD system and
IBFD application ratio as a function of the Tx power of the
BS when the SI cancellation performance and P0 are 110 dB
and −70 dBm, respectively.

As shown in Fig. 15(c), in the UL slot, regardless of the use
of the IUIC, as the Tx power of the BS increases, the IBFD
application ratio increases when the Tx power of the BS is
between 0 dBm and 15 dBm. This is because the larger Tx
power of the BS diminishes the impact of IUI. However, as
the Tx power of the BS increases from 15 dBm, the IBFD
application ratio decreases under the crucial effect of SI with
110 dB SI cancellation. On the other hand, in the DL slot, the
IBFD application ratio without the IUIC increases with the Tx
power of the BS. This is because the effect of IUI is smaller.
However, the IBFD application ratio is low owing to the IUI.
The IUIC can increase the IBFD application ratio in the DL
slot, especially assuming the low Tx power of the BS. The
IBFD application ratio decreases with an increase in the Tx
power of the BS because the power difference between the
IUI and desired signal becomes small, making it difficult to
utilize the IUIC.

According to these characteristics of the IBFD application
ratios, the gains of the average and 5% throughput changes, as
shown in Fig. 15(a) and (b). Regardless of the use of the IUIC,
the gains of the DL throughputs increase with the Tx power
of the BS. However, when the Tx power of the BS is 27 dBm,
they decrease because of SI. As described in Section V-B, the
IUIC is more effective on the UL average and 5% through-
put. The smaller the Tx power, the greater the effectiveness
of the IUIC. In particular, when the Tx power of the BS
is 0 dBm, the gains of the UL average and 5% throughput
increase from 100.0% to 176.0% and 99.6% to 160.0%, re-
spectively. Therefore, because the Tx power of the BS affects
the system-level performance, various parameters, such as the
SI cancellation performance and the Tx power of the BS and
UE, should be appropriately designed according to the desired
performance.
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FIGURE 15. Performance of the 5G-DDC system as a function of the Tx power of the BS when the SI cancellation performance is 110 dB.

VI. FUTURE WORKS
This study aimed to introduce the IBFD with the IUIC into a
5G system. However, its applicability and effectiveness must
be further evaluated from following the four viewpoints to
implement the proposed system in society, and new schemes
for the IUIC should be proposed in the future if necessary.

The first is the user density or the number of UEs. This
thesis evaluated the effect of the number of UEs on the user
throughput, but the larger number of UEs causes a further
larger system overhead to collect IUI information. Consider-
ing the overhead, the gain of the user throughput may not be
obtained even with the IBFD. Therefore, the effectiveness of
the proposed system should be evaluated, including the impact
of the system overhead.

The second is the various mobility scenarios. We intro-
duced IBFD into the local 5G, such as an indoor factory
environment, with low mobility. The signal processing of
the IUIC is expected to work in an environment with higher
mobility, but the old IUI information will affect the proposed
scheduling and adaptive modulation algorithms. Therefore, it
is essential to evaluate the impact of the mobile speed along
with the proposal of a new protocol.

The third is the deployment scenarios. When the IBFD
is introduced into not a single-cell but a multi-cell environ-
ment, the effect of ICI will affect the scheduling and adaptive
modulation algorithms. The ICI decreases the system-level
performance, even in the conventional DDC and FDC sys-
tems. Although the proposed IUIC does not at least increase
the impact of ICI, the evaluation of the various deployment
scenarios will provide insights for new IUIC schemes and
scheduling algorithms in the future.

The fourth is the number of antennas. In this study, a
SISO environment was assumed, where the SIC-based IUIC
may be the most effective because other schemes, such as
beamforming [15] and nulling signal forwarding [16], should
use multiple antennas. However, combining the IBFD with
MIMO will be necessary to further enhance spectral efficiency
in some scenarios. Therefore, we should expand the proposed

schemes to adapt to MIMO and compare their effectiveness
with other IUIC schemes in the future.

As generating signals for transmitting user data (i.e.,
PDSCH, PUSCH, and DMRS) follows the 5G standard, the
demodulation characteristics conform to it. However, this
study did not consider exchanging the control signal, such
as downlink control information (DCI) and uplink control
information (UCI). Furthermore, this study assumed the ideal
measurement and feedback of the IUI information. These
assumptions may give our IUIC schemes resilience to the mo-
bility and number of accommodated terminals, as mentioned
above. Therefore, control and feedback protocols for the IUI
information should be proposed in the future.

VII. CONCLUSION
This study proposed an IUIC scheme using SIC based on
a 5G signal format to improve the performance of 5G-FDC
and 5G-DDC. The IUIC approach includes methods for LLR
calculation to improve demodulation and cancellation per-
formance and a decision-making process to determine when
to use the IUIC. Additionally, user scheduling and adaptive
modulation algorithms were introduced for operating a 5G-
based DDC system. We evaluated the effectiveness of the
IUIC through link- and system-level simulations. The link-
level simulation showed that the DL-UE could demodulate
the desired signal with a 3.4 dB deterioration compared to the
HD system, even when SIR was −40 dB. The system-level
simulation showed that IUIC could significantly improve the
IBFD application ratio in the DL slot and the user throughput
of UL communication. In cases where the Tx powers of the BS
and UE were maximum, IUIC increased the IBFD application
ratio in the DL slot from 9.8% to 60.8%. Moreover, it led
to gains of 109.6% to 121.0% and 100.6% to 106.6% in the
UL average and 5% throughput, respectively, with a slight
deterioration in the user throughput of DL communication.
This reduction occurred because IUIC had a slightly adverse
impact on the reception quality of DL communication, even
though it improved the IBFD application ratio in the UL slot.
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The effectiveness of the IUIC was increased with a decrease in
the Tx power of the BS or an increase in the number of UEs.
In particular, when the Tx power of BS and the number of
UEs were 10 dBm and 40, respectively, the IBFD application
ratio in the DL slot increased from 0.2% to 100%. The gains
of the UL average and 5% throughput increased from 100.1%
to 171.9% and from 100.0% to 163.8%, respectively. Future
research efforts may focus on further refining the digital signal
processing of the IUIC, user scheduling, and adaptive modu-
lation algorithms, to further enhance UL throughput and DL
throughput.
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