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ABSTRACT This article presents sub-band full duplex (SBFD) as a duplexing scheme to improve the
uplink (UL) throughput in 5G—Advanced networks, as an alternative to traditional time-division duplexing
(TDD). SBFD provides opportunities to transmit and receive simultaneously on non-overlapping frequency
resources. To accomplish this, SBFD time slots include both UL and downlink (DL) transmission. This leads
to UL transmission being more expanded in the time domain rather than the frequency domain, which allows
to increase the amount of UL transmission opportunities, as compared to TDD where the majority of time
slots are used for DL. Concurrent UL and DL transmission create different types of interference, which makes
cancellation approaches essential for appropriate performance. The SBFD interference types, including
self-interference as the main challenge of SBFD deployment, are outlined and corresponding analytical
models are proposed to provide a realistic evaluation of SBFD performance. System-level simulations
with different load conditions in a high-power urban macro environment are used to evaluate the SBFD
performance in comparison with TDD as the baseline. The results indicate a four times increase in the UL
throughput for cell-edge users as well as 32% and 6% increase in average UL throughput, at low and medium
loads, respectively. Furthermore, simulation results determine that at least 149 dB of self-interference
mitigation is required for acceptable performance in SBFD. Results also show that SBFD benefits are limited
by inter-site gNB-to-gNB interference.

INDEX TERMS 5G-Advanced, uplink coverage, self-interference, interference modeling, system-level
performance.

I. INTRODUCTION

The standardization of the fifth generation of cellular net-
works (5G) was started by the Third Generation Partnership
Project (3GPP) with the first 5G specifications, appear-
ing in Release 15 (Rel-15). Rel-18 marks the start of the
5G-Advanced era, where 5G is taken to its fullest capabilities
by introducing numerous new functionalities and enhance-
ments to existing schemes that were introduced in earlier 5G
releases [1]. The 5G New Radio (NR) standard, and earlier
mobile networks standards, were mainly developed to accom-
modate the ever-increasing downlink (DL) traffic demands,
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although several uplink (UL) enhancements, were naturally
also included. Recently, uplink (UL) traffic demands have
started to increase significantly [2] due to the emergence
of new UL-heavy services and applications, e.g., extended
reality (XR) applications with live video feeds from devices.
Consequently, the 5G-Advanced standard aims to further
enhance the overall uplink performance. The majority of
the spectrum available for NR deployments is unpaired with
the default duplexing scheme being time-division duplexing
(TDD), where 5G base stations (gNBs) and user equipment
(UE) transmit using the same frequencies at different times,
as illustrated in Fig. 1. TDD has some advantages over
frequency-division duplexing (FDD), such as lower complex-
ity on devices and flexibility of distributing the resources
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between UL and downlink (DL) in time-domain [3]. The
5G NR standard is designed to support highly flexible con-
figurations for TDD deployments and allows deployments
to adopt dynamic TDD, in which the link direction per slot
dynamically changes with the instantaneous traffic demands.
Dynamic TDD has been extensively studied in the open
literature, with examples in [4], [5], and [6], showing attrac-
tive benefits for single-operator cases if handling the TDD
cross-link interference (CLI) with care. However, in realistic
multi-operator cases, where operators are assigned neighbor-
ing carrier frequencies within the same unpaired carrier band,
it has been found that fulfilling the inter-operator co-existence
requirements in most macro deployment cases prevent the
use of dynamic TDD deployment [7], [8]. Instead, fully
synchronized static DL-heavy radio frame configurations are
adopted by the operators to accommodate large volumes of
DL data, in line with regulatory requirements. By doing this,
no inter-operator (i.e., inter-frequency) CLI occur, and also
intra-carrier co-channel CLI is avoided. The disadvantage of
applying such static DL-heavy TDD radio frames configura-
tions is reduced UL coverage due to the sparse availability of
only one time slot out of every five slots for UL transmission
[9], [10].

New duplexing solutions to enhance the UL performance
are therefore gaining more interest. In the past, full duplex
schemes were studied as a solution to boost UL transmission
opportunities by allowing UL and DL transmission at the
same overlapping radio resources. Traditional full duplex
(FD) refers to simultaneous transmission and reception at
the gNB on overlapping frequency resources, which has
the potential to double the spectral efficiency, and reduce
packet latency [11], [12], [13]. Nevertheless, FD introduces
new types of interference that are not present in today’s
TDD or FDD networks, including gNB self-interference as
well as UE-to-UE and gNB-to-gNB CLI [14]. Consequently,
advanced interference mitigation techniques are required to
suppress interference to a reasonable level [12], [15]. In [16],
the authors show that FD operation outperforms TDD in
terms of throughput and latency, under the assumption of
ideal self-interference and CLI mitigation, while in case of
significant inter-cell interference, TDD may provide better
performance. Similarly, [17], [18] show that the theoretical
100 % FD gain is achievable only under specific assumptions,
including ideal self-interference mitigation, isolated cell, and
full buffer traffic model, while the lower gain is generally
achieved under realistic multi-cell and dynamic traffic sce-
narios [18]. Consequently, in the short term, FD is currently
not yet seen as practical for multi-cell cellular networks with
real-world traffic patterns, as also concluded in [19], although
pursuing FD for future systems such as 6G is still an active
research area. For further insight on FD, we refer to the two
comprehensive textbooks in [13] and [14].

More recently, sub-band full duplex (SBFD) has emerged
as a new promising approach that allows simultaneous UL
and DL transmission on non-overlapping frequency resources
in the same unpaired TDD carrier [3], [20] as pictured in
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Fig. 2. Contrary to traditional FD, SBFD does not intend
to increase the total (UL + DL) resource availability, but
instead, it allows more frequent availability of UL resources
as compared to traditional TDD, as well as slots with simulta-
neous UL and DL resources. Despite SBFD appearing similar
to FDD, there are several differences. Firstly, FDD employs
separate frequency bands for UL and DL communication
with a large guard band in-between to prevent any potential
cross-link interference. In contrast, SBFD utilizes a single
frequency band for both UL and DL (as used today for
TDD) which may result in interference primarily due to
power leakage from DL to the UL transmission and vice
versa. Moreover, in FDD, the uplink and downlink frequency
bands, have generally the same size, while they can be asym-
metrical in SBFD as illustrated in Fig.2.
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Adopting SBFD in 5G-Advanced is expected to reduce the
latency and improve UL coverage, especially for cell-edge
UEs who can only transmit over a limited set of frequency
resources at a time. SBFD comes with the benefit of less
strict requirements on the self-interference mitigation at the
gNB, due to no overlap between DL and UL resources.
However, the CLI is still present due to different transmit-
ter and receiver imperfections. These imperfections cause
leakage of the power transmitted on the allocated resources
into adjacent frequencies, which creates interference and
damages the reception over the adjacent resources. SBFD
was presented and studied in [3] (under the name of cross-
division duplex, XDD), where authors show that SBFD is
able to extend the maximum radio distance by 54 % compared
to TDD, which is equivalent to 2.37 times larger coverage
area. The focus of [3] is on self-interference suppression
techniques and shows that a combination of antenna isolation
(i.e. separate transmit-receive antennas at gNB) and digital
self-interference cancellation (SIC) is required to achieve an
acceptable performance. Recently, authors in [20] studied
SBFD performance in dense urban and indoor scenarios,
and proposed a framework for interference coordination to
manage gNB-to-gNB interference. Their simulation results
show a notable gain of SBFD in UL throughput and latency,
as well as, a minor performance reduction in DL. This study
indicates that a lower DL load increases the UL through-
put due to the lower self-interference and gNB-to-gNB
CLL

This study presents a comprehensive analysis of the perfor-
mance of SBFD in a realistic Urban Macro (UMa) environ-
ment, with multiple users and time-varying interference and
traffic. As SBFD is a relatively new concept, this paper first
discusses and proposes models for gNB self-interference,
gNB-to-gNB, and UE-to-UE cross-link interference. New
interference models are derived since existing models for
FD in the literature cannot be applied as the interference
originates from leakage emissions due to transmitter/receiver
imperfections and non-linearities. Based on these models, the
SBFD performance is studied with a focus on the impact of
the different types of interference for different loads of traffic
and self-interference mitigation capabilities at the gNB. The
paper is aligned with the currently ongoing 3GPP Rel-18 NR
study item on duplexing evolution, as part of 5G-Advanced
standardization, which targets to assess the feasibility and
performance of SBFD for different network deployments and
frequency ranges [21]. The main contributions of this work
are listed in the following:

o We propose precise analytical models of the different
interference types in SBFD scenarios, including self-
interference, gNB-to-gNB cross-link interference, and
UE-to-UE cross-link interference, which are essential
to accurately understand the performance of SBFD
operation.

o We study the contribution of each individual interfer-
ence component on the SBFD performance for different
levels of self-interference mitigation at the gNB.

VOLUME 11, 2023

o The SBFD performance under different offered load
conditions is studied to discover its benefits as well as
its weaknesses compared to baseline TDD.

« Based on the obtained results, the recommendation for
the required level of self-interference mitigation is pro-
vided based on trade-offs between gNB complexity and
performance gains.

The complexity of our system model prevents a purely ana-
lytical evaluation without omitting many important practical
aspects. For this reason, a hybrid methodology is adopted
in this study, where models are first derived in an ana-
lytical manner, and then implemented in a system-level
simulator, which is used as the primary tool to quantify
the overall system performance. The simulator follows the
5G NR evaluation methodology agreed upon in the 3GPP,
including explicit and detailed modeling of the majority of
radio resource management (RRM) functionalities, which
are known to have a major impact on the radio perfor-
mance. When conducting such simulations, good practices
are applied to ensure trustworthy results. This includes real-
istic simulation assumptions as well as collecting enough
samples to provide sustainable statistics, using a Monte Carlo
methodology with multiple users drops.

The rest of the paper is organized as follows. Section II
describes the considered network and UE deployment
assumptions, including SBFD frame configuration and
adopted traffic model. This section also details the examined
key performance indicators (KPIs), antenna configuration
aspects, and RRM considerations. Section III outlines the
different interference types in SBFD and presents the pro-
posed interference modeling. The evaluation methodology
and simulation assumptions are presented in Section IV. The
performance results are shown in Section V, followed by
concluding remarks in Section VI. Additionally, a list of
abbreviations is provided at the end of the manuscript.

Il. PROPOSED SYSTEM MODEL

A. SETTING THE SCENE

An UMa cellular network is considered with C cells placed
in a sectorized manner on a hexagonal grid; 7 sites with
three cells each (covering a 120° sector) for a single operator
deployment, and 500 m inter-site distance (ISD). Note that,
the terms ‘““cell”, “‘base station” and “gNB’ are used inter-
changeably in this article. U UEs are uniformly distributed
in outdoor and indoor locations, across the entire network
area. Each gNB is equipped with N antennas, while UEs
are equipped with M antennas. Each user generates both
UL and DL traffic and operates in a half-duplex manner,
i.e., it transmits and receives at different times. UL and
DL signals from/towards different users are dynamically
multiplexed on a time-frequency grid of resources, using
orthogonal frequency division multiple access (OFDMA).
The radio resources are assigned with a resolution of one
resource block (RB), composed of 14 OFDM symbols in the
time domain and 12 sub-carriers in the frequency domain,
as shown in Fig. 2. A 5G NR-compliant physical layer design
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is assumed with 30 kHz subcarrier spacing (SCS), resulting in
a slot duration of 0.5 ms and RB bandwidth of 360 kHz [22].
The assumed carrier bandwidth is 100 MHz corresponding to
Prp = 273 RBs after accounting for the mandatory inter-
operator guard-bands.

For the baseline TDD cases as pictured in Fig. 1, each
slot is used for either UL or DL transmissions (denoted as
‘U’ or ‘D’ slot, respectively), while SBFD slots are used for
simultaneous UL and DL, denoted as ‘X’ slot (Fig. 2). In each
SBFD slot, Urp and Drp RBs are configured for UL and DL
transmission, respectively. The group of contiguous RBs for
a given link direction is also known as sub-band. The SBFD
slot configuration is assumed to have 2 DL and 1 UL sub-
bands. A guard band of Grg/2 RBs is introduced in between
two sub-bands of opposite link directions to improve the
isolation between transmission and reception. In line with the
ongoing 3GPP discussions [23], the UL sub-band is placed in
the middle of the carrier bandwidth following the sequence
(DrB/2, GrB/2, Urs, GrB/2, DrB/2), With Prg = Urp +
DRrp + Ggrp. In the time-domain, without loss of generality,
a SBFD frame structure ‘XXXXX’ is assumed for all the
gNBs, i.e., SBFD operation with fixed Urp, Drg, Grp split
is assumed for all the time slots, while options with time-
varying UL-DL RB split are also possible e.g., ‘XXXXU’,
which has been studied in [20].

B. TRAFFIC MODELING AND KPIs

The generated traffic follows the file transfer protocol
model 3 (FTP3), in which fixed packets of B bits are gen-
erated for each UE in both DL and UL directions. The packet
arrival per UE follows a Poisson Arrival Process with dif-
ferent packet arrivals [packet/s] of 29 and A" for DL and
UL direction, respectively. The generated traffic load per UE
in the DL direction is: L9 = A% x B [bps], and, in the
same way, the traffic load in the UL direction is: L =
A x B [bps]. Consequently, DL offered load per cell can
be calculated as: Lfil =2 x B x U,,[bps] where U, refer
to the number of users associated to cell ¢;, and, in the same
manner, UL offered load per cell is: Lfil = M x Bx U, [bps].
Simulations are run for different levels of offered load to
reflect different network load conditions.

The main examined KPI is the experienced user throughput
per link direction. For each generated packet of index j, the
throughput per packet is calculated as the total amount of
bits B in the packet divided by the time 7 [s] it took to
successfully transmit the packet:

B
oty = )
Based on this, the average UE perceived throughput, denoted
as Thy, [bps], is calculated as the average of the throughput
of the packets transmitted or received by each UE i, i.e.:

T
Thue, = <= 2 thpks @
pkt j=1
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where N! « corresponds to the number of received packets
(in either UL or DL direction) for the i-th user during the
simulation time.

C. ANTENNA CONFIGURATION

For the considered SBFD deployment, gNB’s antenna design
is assumed to employ separate antenna elements for transmis-
sion and reception to provide spatial isolation (more details in
Sec. III-A1), whereas in TDD all antenna elements are used
to transmit and receive. Consequently, doubling the number
of antenna elements is required for SBFD to obtain the same
antenna gain as in TDD. In this study, N, x M, x P, antenna
elements, (N, columns, M, rows, and P, polarization dimen-
sion) are considered for TDD baseline whereas in SBFD N, x
M, x P, antenna elements for reception and a same number
of antenna elements for transmission are assumed. Therefore,
the total number of antenna elements will be Ny x 2M, x Py
for SBFD deployment as illustrated in Fig. 3.

SBFD antenna panel TDD antenna panel

IXXXXXXXX! XXXXXXXX]]

XXX XXX X X! XXX XXX XX

XXX XXX X X! XXX XXX XX

XXX XXX X X! XXX XXX XX
TxaH X XX XXX X X | XXX XXX XX
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XXXXX XXX re -2

FIGURE 3. Considered antenna configuration for TDD and SBFD.

Digital single-user multiple-input multiple-output (SU-
MIMO) with the dual-stream transmission for DL and
single-stream for UL direction are assumed, using Type-I
precoders [22]. At the receiver-side, a linear minimum mean
square error interference rejection combining (MMSE-IRC)
receiver is assumed [24].

D. RADIO RESOURCE MANAGEMENT

Dynamic link adaptation is assumed for all users by adjusting
the modulation and coding scheme (MCS) per transmis-
sion. For each DL transmission, the MCS index is selected
based on the channel quality indicator (CQI) reported by the
UESs, which indicates the largest supported data rate without
exceeding a block error rate (BLER) of Prgger. The default
setting for the BLER target is Pyager = 0.1. The CQI report
is determined by the UE by measuring the DL signal-to-
interference and noise ratio (SINR) which is mapped to a
CQI index by having knowledge of the BLER versus SINR
for each supported MCS. In addition, due to the UE SINR
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estimation imperfections and CQI reporting delays (during
which the SINR conditions may change), the well-known
outer loop link adaptation (OLLA) algorithm is assumed,
where the received CQI values are offset by a certain factor O
(OLLA offset). This factor O is increased in case of receiving
NACK and decreased if receiving an ACK [25].

The DL resource allocation procedure is based on trans-
mission time intervals (TTIs). On every TTI, each cell c;
independently allocates resources to its associated users
(U,). Each RB p is assigned to the user ue;." that maximizes
the proportional fair (PF) metric,

3

Lp ue;

rue,-,p[t] ]

uer = ar max[
B0 | Thye,l1]

where ¢ is the discrete time index for the scheduling interval,
Tue;,p 18 an estimate of the instantaneous supported data rate of
user ue; in the p’h RB, and Th,, is the average delivered user
throughput in the past interval. The value of 7, , is estimated
based on the periodical frequency-selective CQI report sent
by each UE, whereas Thy,,[t] is calculated recursively using
a moving average filter and it is updated only for the users
with buffered data [25].

For UL, the gNB uses the sounding reference signal (SRS)
transmitted by each of the active UEs to estimate the channel
state information (CSI). This CSI is used by the link adapta-
tion unit to select the appropriate MCS. An OLLA algorithm
is adopted to compensate for the link adaptation delay and
SINR measurement errors. The OLLA offset adjustments
occur based on ACK/NACK from first transmissions [26].
Asynchronous hybrid automatic repeat request (HARQ) with
chase combining for both link directions is assumed. The UE
transmit power P%]f determines the reception quality from the
UE at the serving cell. The UE transmit power is subjected to
open-loop power control that is controlled by two parameters,
namely the path-loss compensation factor, o, and the target
power spectral density per RB pg. Consequently, P}Flf [dBm]
formulates as:

PXE = min{Pyax, po + 101og o(NuLrB) + & - PLY,  (4)

where P4y is the maximum UE transmit power, NyL-RB
indicates the number of allocated UL RBs, and PL refers to
the measured path-loss by the UE [27], [28]. The UL resource
allocation follows the adaptive transmission bandwidth-based
packet scheduling, presented in [29]. On every TTI, the
channel quality metrics of the active UEs are calculated for
each RB according to their transmitted SRS. The RB allo-
cation starts with the highest UE quality metric value and
the bandwidth expands until the UE receives the required
RB allocation to transmit the buffered data, the UE trans-
mit power P[ij reaches its maximum, or all the available
resources have been allocated.

Ill. INTERFERENCE MODELING
The following six types of co-channel interference are present
in SBFD as pictured in Fig. 4:
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1) gNB self-interference (SI): SI refers to the receive
antennas of the gNB capturing the interfering signals
from its own transmit antennas.

2) gNB-to-gNB co-channel inter-subband CLI: Interfer-
ence at a gNB receiver from another gNB transmitting
on non-overlapping frequency resources.

3) Intra-cell UE-to-UE co-channel inter-subband CLI:
Interference at a UE receiver from another UE connected
to the same cell and transmitting on non-overlapping
frequency resources.

4) Inter-cell UE-to-UE co-channel inter-subband CLI:
Interference at a UE receiver from another UE connected
to a neighbor cell of the serving cell and transmitting on
non-overlapping frequency resources.

5) Inter-cell UE-to-gNB UL co-channel legacy interfer-
ence: The interference of UL transmission of one UE to
the UL reception of other cells gNBs.

6) Inter-cell gNB-to-UE DL co-channel legacy interfer-
ence: The interference of DL transmission of gNB to the
DL reception of other cells UEs.

A. SIGNAL MODEL

Let us denote C = {1, ..., C} as the set of cells, and K and
K,; as the set of UEs with active DL and UL transmissions
during a given slot ¢, respectively. In the slot ¢, the received
DL signal yZ{C(km") for UE k (k € Ky) with serving cell ¢
(ck € C) over a specific resource block (m), is expressed as
follows (note that in order to simplify the notation, the slot
and RB index are omitted).

d dl dl ~
vl = H Wixi + Z H{ Wix;
T ieKali#k)

Desired signal @
gNB-to-UE interference @

+ > iy + nf, 5)
jeKu (k)

UE-to-UE interference @ @

where
. H;C” CiW,-xi indicates the M x 1 signal received by the
k-th UE from the c;-th cell. It consists of the channel
matrix Hz{ o € CMXN petween the gNB and the UE, the
transmit precoder W; € CN*La applied at the gNB in
the DL RB (n), and the transmitted data symbol vector
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x; of size Ly x 1, where Ly refers to the transmission
rank in DL, i.e. the number of simultaneous MIMO
spatial layers. The channel HZ{ ¢; 18 modeled accord-
ing to the 3-dimensional (3D) UMa channel model,
defined in [30], including transmit and receive antenna
gain, distance-dependent path loss, shadowing, and fast-
fading effects. x; includes the gNB transmission power
per RB for each layer which is denoted as P,’Ff oNB° while
the total transmission power is controlled by condi-
tioning ||W;||r = 1, where ||.||r refers to the Frobenius
norm.

o iy j is the cross-link interference matrix received by the
k-th UE from aggressor UE j. The details about the
modeling of this interference are described in the next
subsection, and

. nz’ is the thermal noise at each receiver antenna repre-
sented as a M x 1 vector whose entries are i.i.d. complex
Gaussian distributed with zero mean and variance o 2.
Similarly, the UL signal y,’jl c(:’t) received at the gNB ¢

from the k-th UE at time instant 7 and over a specific resource

block (n), is defined as:

ul ul ul .
Vi, = HCk’kOka + E Hckqjojxj
— . :
JeKu (j#k)
Desired signal .

UE to gNB interference @

+ Jsi T D
gNB self-Interference (1) i€C(i))

ul
+an 9

gNB to gNB interference @
(6)

where,

o Hgi * € CN*M Oy, and x; represent the channel matrix
between transmitter and receiver, the M x Ly; UE
transmit precoder matrix, and the Ly; x 1 transmitted
data symbols, respectively.

o igg refers to the interference from c; gNB DL to its own
UL.

e ig. is the interference generated from the gNB ¢;
towards gNB c¢y.

The detailed modeling of is; and ick,q are presented in
the next subsections. We strive for presenting interference
models that are broadly applicable to various scenarios and
endorsed by a large number of partners in 3GPP.

1) SELF-INTERFERENCE MODELING

The gNB self-interference (isy) refers to the interference
generated from the gNB’s DL transmission to its own UL
reception. The large power difference between the received
UL signal and the transmitted DL signal represents a major
impairment to the UL reception. Extensive research has been
carried out in the domain of self-interference cancellation
for traditional full duplex, see e.g. [3], [11], [31], [32],
[33], [34], and [35]. In the context of SBFD, the following
main techniques for self-interference mitigation have been
identified in the ongoing Release 18 study in 3GPP [21]:
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TABLE 1. Self-interference mitigation techniques values [39].

RSI component Value [dB]
Frequency separation 45
Antenna isolation [50 - 80]
Digital interference cancellation [0 - 50]
Beam nulling [0 - 40]
Overall RSI [95 - 185]

i) frequency separation, ii) antenna isolation, iii) digital inter-
ference cancellation, and iv) beam-nulling techniques, as also
summarized in Table 1. The combination of one or more
of those defines the ratio of self-interference (RSI), which
indicates the self-interference power in each UL RB relative
to the gNB transmit power in each DL RB. The frequency
separation aims to reduce the self-interference by separate
DL and UL RBs (as compared to the traditional full duplex
where DL and UL fully overlap) including the isolation effect
of guard-band RBs. Antenna isolation refers to the use of
separate transmit and receive antennas at the gNB (with
potentially mechanical barriers to maximize the isolation [3]).
According to [21], up to 45 dB and 80 dB of isolation can be
achieved by these two methods, respectively. The 45dB of
frequency separation corresponds to the 3GPP requirement
for the adjacent channel leakage ratio (ACLR), expressing the
ratio of the transmitted power on the assigned channel, to the
power received in the adjacent radio channel (e.g. assigned
to another operator) [36]. Furthermore, the digital interfer-
ence cancellation techniques can be employed to remove
remaining interference in the digital base-band, by estimating
the linear component from the received signal [37]. Beam-
formed transmission can also be used to increase the RSI,
providing that transmit antenna signals are transmitted in a
null-space of the self-interference channel, which is nulled
when arriving at the receive antennas [38]. Note that 0 dB
is assumed as the minimum possible value for digital inter-
ference cancellation and beam nulling since the feasibility of
these two techniques is still under discussion in 3GPP.

The self-interference is represented as a vector irsy =
[Irs11, - - -, IRSL, ~1T (where [.]T refers to the transpose oper-
ation), whose elements indicate the signal received on each
gNB receive antenna. The self-interference components are
modeled as white Gaussian random variables [36]. The rea-
son for such modeling is that this leakage interference is
generated from non-linear effects on the transmitter side,
especially at the power amplifier (PA) RF component. The
exact signal distortion introduced by the PA is not fully
known at the transmitter (nor at the receiver) and therefore it
cannot be completely suppressed using digital pre-distortion
techniques. For simplicity, it is consequently assumed that
such components are raising the noise floor in each receiver
antenna, i.e. Irsrx ~ MN(O, OI%SI), where the power of
the self-interference equals the variance of the Gaussian
distribution UI%SI which is calculated as:

RB
2 P Tx gNB Nuysed-DL-RBs
ORsI = X , @)
ORSI Drp
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where aggy refers to the RSI and Nyged-pr.-RrBs 1S the number
of scheduled DL RBs at the current TTI. Essentially, the
equation in (7) implies that the self-interference power equals
Plff oNB /agsy under full DL load conditions (Nysed-DL-RBs =
Dgp), while it reduces linearly under fractional DL load
conditions (i.e. Nysed-DL-RBs < Dgp). The RSI is the main
parameter determining the impact of self-interference on UL
RBs relative to the DL transmit power Plff oNB" In dB domain,
aRsr can be expressed as the sum of one or more methods for
self-interference mitigation (see Table 1) as follows:

dB(arsp) ~ dB(arx-Rx isolation) + dB(Offreq. separation) +...

®

where dB() refers to the conversion from linear to dB, i.e.
dB(x) = 10log;y(x). Note that (8) is used to exemplify
the individual components contributing to achieving the RSI,
although in practice the individual RSI components may
have some dependencies. As an example, [3] shows that
digital interference cancellation is only feasible under the
condition of sufficient antenna isolation between the trans-
mit and receive antennas. Under such conditions, 130 dB
self-interference mitigation capability was achieved in the
prototype in [20] as a combination of 55 dB antenna isola-
tion, 45 dB ACLR and 30 dB sub-band filtering, and digital
cancellation.

In each TTI ¢, the experienced self-interference irgy is
assumed to be the same in any of the 1, ..., Urg RBs in
the UL sub-band, regardless of the separation of the UL RB
with respect to RBs in the DL sub-band. This is regarded
as a frequency-flat interference model, and is motivated
by the typical spectral emission masks (SEM) of cellular
base stations [40], [41]. In short, the assumption is that the
gNB emissions are considerably high in the RBs imme-
diately adjacent to the DL sub-band, while the emissions
significantly reduce and become relatively constant upon a
certain minimum frequency separation between the DL and
UL RBs. By assuming a sufficiently large guard-band Grp
between DL and UL sub-band, to provide adequate isolation,
the frequency-flat interference model becomes a reasonable
assumption.

2) gNB-TO-gNB INTERFERENCE MODELING

DL transmissions on one cell interfere the UL reception of
a neighbor cell during SBFD slots or symbols. For UMa
scenario, gNB-to-gNB interference i, ¢; can originate from
cells ¢x and ¢; located in the same macro site (i.e. intra-
site interference), or located on different sites (inter-site
interference). Given the significantly distinct propagation
characteristics, different modeling is proposed for these two
cases as explained in the following.

In the case of intra-site gNB-to-gNB interference, the
3GPP 3D channel models [30] cannot be applied to estimate
the spatial channel between cells on the same site. There-
fore, 3GPP has agreed to use the same white noise-based
modeling as for self-interference [36], where the interference
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FIGURE 5. Transmitter leakage and receiver selectivity effects.

power generated from one aggressor cell towards another cell
deployed in the same site is defined as:

RB

Py enB y Nuysed-DL-RBs

2

0B intrasite = ©)

NB-intra-site ’
¢ Qintra-site Drgp

Comparing (7) and (9), the only difference is the use of
Wintra-site, Which includes the effect of inter-sector isolation
as well as frequency separation. Considering that cells in the
same macro site are typically pointing in different directions,
most of the interference will be received from the sidelobes
and back lobes of the antenna. Therefore for simplicity, it is
assumed a similar level of isolation as for self-interference,
1.e. Qintra-site = ORSI-

For the gNB-to-gNB inter-site interference i ;. the
impact of an aggressor cell ¢; towards the victim cell ¢ is
twofold:

. .deakage = .selectivity
Lep,c; = Yep . + Leg ¢ . (10)

As illustrated in Fig. 5, first, leakage emissions (iiﬁf?ge) from
the aggressor cell, due to the non-linear nature of the power
amplifier, may increase the interference in the UL subband
at the victim cell. Second, the non-ideal receiver frequency
selectivity (iif{ijthIty) in the victim cell, may result in leakage
of the power received on the DL subband to the UL chains of
the receiver.

The gNB-to-gNB leakage interference in the UL RB (n) is
modeled as ii?léfge = Hck,q,Wc,-Zq,, where Hck,c_/ corresponds
to the N x N channel matrix between cells ¢, and ¢;, and
W, refers to the transmit precoder of the aggressor gNB.
Since the interference is coming from unwanted leakage
emissions at the transmitter side, the equivalent Wcj at the
receiving band is modeled as a N x N identity matrix with
the unitary norm, i.e. ||Wcj ||F = 1. This is in line with the
agreed assumptions in [36]. The vector z, = lz1, ..., zav]T
provides the leakage signal at each transmit antenna of
aggressor cell ¢; which is modeled as white Gaussian noise,

~ 2 : .
e.g. zt ~ N(O, GgNB»]eakage)’ with average power:

RB
o2 _ Prignm y Nused-DL-RBs an
NB-leakage — ’
& ¢ QACLR Dgp
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where aacrr is the ACLR of the gNB transmitter, expressing
the power that leaks in adjacent RBs relative to the transmit
power in the DL subband.

For the receiver selectivity, the adjacent channel selectivity
(ACS) determines the receiver’s ability to operate under the
presence of a strong interfering signal in the adjacent (DL)
subband [23]. For the purposes of performance evaluation, the
total interference power received over the DL subband caused
by the DL transmission of cell ¢; (also referred to as blocker
interference) and averaged over the N receive antennas is first
calculated as follows:

1
B = S MW 02
meD
where D = {1, ..., Dgg} denotes the set of DL RBs in each

cell, Hg';)cj represents the N x N channel between the cells,
WE’/") the applied N x Ly DL precoding matrix at the cell ¢;

and sg.") the Ly x 1 DL symbols transmitted by cell ¢; in the
m-th DL RB of the aggressor gNB.

Based on the blocker interference in the DL subband,
the interference present in the UL RB n due to selectiv-

lectivit
ity is modeled as white Gauss1an Noise, i.e. iy ec‘; vity
T ~
[x1,...,xny]" where x; ~ N(O, agNB Selecthlty) with average

2
POWET O4Np selectivity determined as a ratio (defined by a4cs)
of the blocker interference:
blocker
ck ¢j

2
O‘gNB—selectivity (13)

aacs
where a4cs denotes the adjacent channel selectivity of the
cell.

3) UE-TO-UE INTERFERENCE MODELING

UL leakage emissions from one UE’s UL transmission gen-
erates interference to the DL reception of another UE during
SBFD slots or symbols. The UE-to-UE leakage interference
received by UE k (k € K ) at the DL RB m, as a result of a
simultaneous transmission at UE j (j € K;) in an UL RB v is
modeled as follows:

iy j = Hy jOjz;, (14)

where Hy ; corresponds to the M x M channel matrix between
UEs k and j at the RB m, which includes the distance-
dependent path-loss, slow and fast fading effects according to
the 3D Urban Micro (UMi) channel model [30]. Since the sce-
nario includes both outdoor and indoor UEs, the UMi model
is extended according to [42] to include building penetration
losses for indoor-to-outdoor UE links and indoor-to-indoor
UE links placed in different buildings. These assumptions are
in line with the agreements in 3GPP [36]. In (14), O refers to
the UL transmit precoding at the aggressor UE in the UL RB
m. Similar to the gNB-to-gNB CLI modeling, since the inter-
ference is generated from unwanted leakage emissions and
there is no UL transmission from the aggressor UE on the RB
of interest, O, is modeled as an M x M identity matrix with
the unitary norm. z; is the M -dimensional column vector that
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TABLE 2. IBE components description [43].

Value

max{—25 — 101log; o (Nysed-uL-rBs/URB),
20log;o(EVM) — 3 — 5(|Agg| — 1)/Urs,
—57dBm + 10log;((SCS/15kHz) — Pt}
—28if (PE > 10 dBm),

—25if (PPE < 10 dBm)

—28if (PPF > 10dBm),

Carrier Leakage —25if (0 dBm < PJE < 10 dBm),

[dBc] —20if (—30 dBm < PPE < 0.dBm),

—10if (—40 dBm < PPF < —30 dBm)

Component

General [dB]

1Q Image [dB]

models the leakage interference at each UE transmit antenna,
with each component following a Gaussian distribution with
an average power of:
RB
P UEj Tx

(my) ’
IBE;

OUE-leakage — (15)

where PUE jTx Tepresents the transmit power per RB of the
Jj-th UE (note that PUE Ty 18 time-varying and UE-dependent
following the UL power control procedure in Section II-D),
and oe;;”Ev) is the UE leakage power ratio from the RB v to
the RB of interest . Contrary to the frequency-flat leakage
model assumed for the base station, the 3GPP specifica-
tions [41] provide a more detailed representation of the UE
transmission leakage known as the in-band emission (IBE)
model. In this IBE model, the power leakage is a function of
the UE transmit power, selected MCS, and number of RBs in
the allocation of the aggressor UE, as well as the frequency
separation (i.e. number of RBs) between the UL allocation
and DL allocation.

Fig. 6 shows an example of the UE spectral emission mask
for a 10 RB allocation with 23 dBm transmission power
(resulting in a transmit power per RB of 13 dBm). According
to the 3GPP model, the UE emission is the sum of three
components denoted as general, carrier leakage, and in-phase
quadrature (IQ) image, where the carrier leakage is only
present in the RB(s) in the middle of the carrier bandwidth,
while the IQ image applies to the mirrored allocation on
the opposite side of the carrier. Note that for the adopted
SBFD frame structure where the UL RBs are placed in the
middle of the carrier, both the IQ image and carrier leakage
components are contained in the UL subband meaning that
only the general component will have an impact on other
UEs’ DL reception (with oéE_leakage between —12dBm to
—22 dBm as per the example in Fig. 6).

The detailed calculations of each IBE component are
described in Table 2, where the error vector magnitude
(EVM) denotes the limit specified for the modulation for-
mat used in the allocated RBs. Agp indicates the starting
frequency offset between the allocated RB and measured
non-allocated RB (e.g. Agp = 1 or Agp = —1 for the first
adjacent RB). Finally, P}gg refers to the average of transmit
power per RB measured in dBm.
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FIGURE 6. The UE IBE components.

IV. EVALUATION METHODOLOGY AND ASSUMPTIONS
The SBFD performance evaluation is conducted using
advanced system-level simulations. The simulator is capa-
ble of modeling 3D multi-path channel models and realistic
antenna patterns as specified by 3GPP [44]. It follows the
latest 3GPP guidelines on SBFD evaluation methodology and
it supports detailed modeling of 5G NR resource management
mechanisms, such as link adaptation, dynamic scheduling,
and power control, among others, and has been extensively
calibrated against other companies’ simulators [45].

The main simulation assumptions are summarized in
Table 4. The network design and UE distribution follow the
system model presented in Section II-A. The simulated sce-
nario is a single-operator UMa deployment with C = 21 cells
and U = 210 uniformly distributed static UEs. Each UE
selects its candidate cell for connection based on the highest
reference signal received power (RSRP). Each UE generates
DL and UL traffic following the FTP3 model [46]. In short,
the FTP3 mode produces data packets according to a homo-
geneous Poisson point process, where each packet is having
a fixed size (assumed to equal 100 KBytes in this study).
The average packet arrival rate is fine-tuned to generate three
different load conditions, namely, low, medium, and high
load. The average offered load of LY = 43.2 Mbps and
L* = 3.2 Mbps at low load, L% = 96 Mbps and L* = 12
Mbps at medium load, and L4 = 212 Mbps and L = 27.2
Mbps at high load, are configured for each cell. These offered
loads values result in an average RB load of 9%, 20%, and
55% in DL and 8%, 26%, and 52% in UL, which means
the percentage of RBs allocated from the available RBs in
each direction, for the TDD configuration which is used as
the baseline for the purposes of comparison. Static TDD
serves as the baseline for evaluating SBFD performance as
this is the default duplexing scheme for current 5G deploy-
ments in unpaired bands. The deployed cells are assumed to
be time-synchronized and to follow the same SBFD frame
configuration, which resembles the configuration shown in
Fig. 2. The SBFD frame configuration is designed to have a
similar number of resource elements (REs) as TDD in each
direction. Details of RB allocation and the corresponding
number of REs for DL, UL, and guard-band in SBFD and
DL, UL, and guard-period in TDD frame configurations
are presented in Table 3, where yrg refers to the relative
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differences in the number of REs between the SBFD and TDD
configurations.

TABLE 3. Details of SBFD frame configuration and TDD baseline.

Avalaible Resources

"DDDSU" D=DL slot, U=UL slot,

TDD S= 12 DL symbol + 2 guard symbol
Drg = 176904, Urg = 45864, Grg = 6552
"XXXXX" X=DL+G+UL+G+DL

SBFD Dgrp = 208 RB, Urg = 55 RB, Grg = 10 RB
Dgrg = 174720, Urg = 46200, Grg = 8400

Duplexing Scheme

Ratio in %

(SBFD/TDD - 1) T =-12% g =+0.7%

For every transmission, SINR calculations are performed
at OFDM-symbol-subcarrier resolution at the corresponding
receiver end. All the sources of interference, including the
SBFD-specific interference types, are accounted for during
each SINR calculation in UL and DL direction according
to (5) and (6), respectively. The calculated SINR over the
bandwidth of interest is mapped to the mean mutual infor-
mation per bit (MMIB) to form an effective SINR value [47].
This value is then mapped to BLEP which is dependent on
the selected MCS. In cases of decoding errors, asynchronous
HARQ with chase combining is used at both gNBs and UEs.
The transmission of the HARQ feedback and retransmis-
sion(s) are modeled by taking into account the processing
delay at both UE and gNB, as well as resource availability
in both UL and DL. In DL, each UE explicitly acknowl-
edges the corresponding gNB about the decoding outcome
by transmitting HARQ feedback. In case of a decoding
error, the gNB performs a HARQ re-transmission in the next
available DL slot [48]. In UL, the gNBs do not explicitly
indicate the decoding outcome, instead a retransmission grant
is only transmitted if there is a need for a HARQ retransmis-
sion. The radio resource management schemes presented in
Section II-D are also included in the simulations.

The conducted simulations are run for a sufficiently long
time to ensure statistically reliable results, which allow us
to draw solid conclusions. Monte Carlo methodology is
applied to generate statistically independent snapshots of the
simulated scenarios with randomized UE positions in each
snapshot. The simulation time of each snapshot is adjusted
to achieve at least 10 received packets per UE and a total of
10 snapshots are simulated to create a sufficient number of
samples for the main KPI, presented in Section II-B. After-
wards, the results of each realization are jointly processed
and results are presented in the next section. The empirical
cumulative distribution function (CDF) of the users through-
put is generated and different percentiles of the CDF are
analyzed.

V. SBFD PERFORMANCE ANALYSIS

In this section, the effects of different interference compo-
nents on the SBFD performance are evaluated by system-
level simulations. Furthermore, the SBFD performance with
diverse interference mitigation capabilities is studied and

71511



IEEE Access

M. Mokhtari et al.: Modeling and System-Level Performance Evaluation of Sub-Band Full Duplexing

TABLE 4. Simulation assumptions.

Parameter Value

3GPP Urban Macro (UMa) network with 21 cells,
500 meter inter-site distance and 25 meter gNB
height

30 kHz subcarrier spacing; 12 subcarriers per RB;
TTI size of 14 OFDM symbols

100 MHz carrier bandwidth (273 RBs) at 4 GHz
carrier frequency

Network env.

PHY settings

Carrier config.

gNB: (M, Ny, Py) = (8,8,2) with 32

?o[:gnﬁiation transmit/receive chains. Directive radiation pattern
g with 8 dBi gain as in [49]
UE: (Mg, Ny, Py) = (1,2,2) with 2 transmit and
4 receive chains and isotropic radiation pattern
MIMO Dual-stream single-user MIMO with Type-I

codebook-based precoder
gNB max TX power: 53 dBm

Transmit Power UE max TX power: 23 dBm

Receivers gNB: LMMSE-IRC; 5 dB of noise figure
UE: LMMSE-IRC; 9 dB of noise figure
Thermal noise: -174 dBm/Hz
HARQ Chase combining with max. HARQ retransmissions

=6
BLER target = 10% with OLLA [25]
po =-80dBm; o« = 0.7

Link adaptation
Power control

gNB to gNB: UMa with hyy p = 25 m and line of
sight (LOS) probability of 0.75 to other base stations

gNB to UE: UMa [30]
UE to UE: Urban Micro (UMi)

Radio

propagation
channel models

210 uniformly distributed UEs. 80 % in indoor
locations and 20 % outdoor [30]. Static UEs with
fast fading speed of 3 km/h

Packet size B = 100 KByte

Low load: (A\%=5.4) (\*!=0.4)

Medium load: (A\%=12) (A\*!=1.5)

High load: (A\%=26.5) (\%!=3.4)

UE distribution

Traffic model

DL: Proportional fair with max. 6 scheduled UEs
per TTI

UL: Adaptive transmission bandwidth with max. 6
scheduled UEs per TTI

Packet scheduler

agrst = [135,149,160] dB

Interference Qinra-site = [135, 149, 160] dB
modeling aacLr = 45 dB
QACS = 46 dB

compared with TDD as the baseline. Different RSI val-
ues are assumed to resemble various self- and intra-site
gNB-to-gNB interference mitigation capabilities. As a start-
ing point, a 149 dB RSI is derived such that the noise floor
of the gNB receiver is only increased by 1 dB as the con-
sequence of self-interference. Additionally, other RSI values
including 135 and 160 dB are simulated to show the perfor-
mance of SBFD with conservative and advanced interference
mitigation capabilities. How to achieve the different RSI
values depends on the suppression capabilities as detailed
in Table 1.

A. UL USER THROUGHPUT

Fig. 7 illustrates the 5%-ile UL user throughput for TDD
and SBFD for different RSI values and offered load condi-
tions. The green bar refers to ideal SBFD without any CLI,
where only the legacy co-channel interference is present.
At low load, the 5%-ile (corresponding to cell-edge users)
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experiences two times higher UL throughput in SBFD with
135 dB and four times with 149 dB or higher RSI, compared
to TDD. At medium load, only SBFD with 149 dB or higher
RSI values increases 5%-ile UL throughput, up to four times.
Finally, at high load scenarios, even a very high RSI value
is not able to improve the cell-edge UL throughput, except
for the ideal SBFD case without any CLI. This shows that
SBFD gains on 5%-ile UL throughput decrease by increas-
ing the load due to a higher number of allocated DL RBs,
which increases the severity of both self- and gNB-to-gNB
interference. Higher RSI values can help to mitigate self-
and intra-site interference at medium load while inter-site
gNB-to-gNB is still damaging the SBFD performance.

The reason for this notable improvement of 5%-ile UL
user throughput is the effect of UL resources being spread
more in time for SBFD compared to TDD configuration,
which allows users to transmit more often in the UL direction.
According to the histogram of the number of allocated RBs
per UE UL allocation shown in Fig. 8, for SBFD, the number
of allocations with a small number of RBs (see [1], [2], [3],
[4], [5] RBs) is 4.6 times higher than TDD. Note that small
RB allocations typically correspond to cell-edge users who
can only transmit over the limited number of RBs before
reaching their maximum transmit power (P, in (4)). This
means that cell-edge users have the opportunity to transmit
in UL direction more frequently, while the number of UL
allocations for cell-center UEs (with a large number of RBs,
e.g.> 50) is similar for TDD and SBFD. Similarly, the CDF
of the UE transmit power per UL allocation in Fig. 9 shows
that 86% of the UL transmissions reach P,,,, = 23 dBm in
TDD, whereas it is 65% in the case of SBFD. This indi-
cates fewer UEs reach the maximum transmit power for
UL transmission in SBFD due to an overall smaller RB
allocation.

Bl TDD L
EISBFD (135dB RSI)
[ISBFD (149dB RSI)
EISBED (160dB RSI)
ERISBFD (No CLI)

©
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w
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5%-ile of UL User throughput [Mbps]

Medium load
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FIGURE 7. 5%-ile of users UL throughput in TDD compared to SBFD with
different RSI values.

In Fig. 10, the average UL user throughput is presented
for TDD and SBFD. At low load, the average of the users
UL throughput in SBFD is higher than TDD even with
135 dB RSI. At medium load, SBFD can provide a higher
UL throughput than TDD with 149 dB or higher RSI values.
Finally, at high load scenarios, only ideal SBFD with-
out any CLI provides a higher UL throughput than TDD.
As mentioned before, the inter-site gNB-to-gNB interference
increases with a higher offered load (more allocated DL RBs),
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FIGURE 8. Histogram of the number of allocated RBs in each scheduled
UL transport block during the simulation time for SBFD (RSI = 149 dB)
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FIGURE 10. Average of users UL throughput for TDD and SBFD with
varied RSl levels.

and highly damages the users UL throughput in SBFD at high
load.

To understand the effects of the SBFD interference on the
UL throughput performance, Fig. 11 shows the average power
of different interference types in UL direction at medium load
for SBFD. As expected, in case of low RSI value of 135 dB,
self-interference and gNB-to-gNB including both intra-site
and inter-site interference damage the SBFD performance
more or less in an equal manner. For higher RSI, the inter-
site gNB-to-gNB becomes the main damaging factor with
the highest interference power. In the case of 160 RSI the
self- and intra-site interference power becomes even lower
than legacy UE-to-gNB interference. This indicates that even
with sufficient self- and intra-site interference mitigation, the
inter-site gNB-to-gNB interference is limiting the SBFD gain
on the UL throughput.
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FIGURE 11. Average power of different interference components in UL
direction for SBFD at medium load. The interference power is calculated
as the average of the interference measurements in each (30 kHz) UL
subcarrier.
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FIGURE 12. Average of the DL user throughput for TDD and SBFD with
149 dB RSI.

B. DL USER THROUGHPUT

Fig. 12 and 13 show the average and CDF of the DL user
throughput for SBFD compared to TDD, respectively. The
reason for the differences in users DL throughput for SBFD
and TDD is that TDD configuration allows the packets to
be fully transmitted in a shorter time than SBFD due to the
larger availability of DL resources in DL slots. On the other
hand, the difference between ideal SBFD and SBFD with
CLI indicates the UE-to-UE interference (15) impact on DL
transmission. Since the UEs are assumed to be uniformly
distributed in the Urban Macro network, UEs are generally
far away from each other and the UE-to-UE interference
is not significant. Nevertheless, the UE-to-UE interference
increases with the offered load due to the larger probability
of having a UL UE transmitting while another UE is being
served in the DL direction.

When analyzing the impact of different interference types
on UL and DL throughput in a UMa environment, it is evident
that gNB self-interference and gNB-to-gNB interference are
the dominant effects on the SBFD performance, while the
UE-to-UE and legacy interference only have minor effects.
Nevertheless, after ensuring sufficient RSI, inter-site gNB-to-
gNB interference emerges as the primary challenge in SBFD
deployment.

To wrap up, Fig. 14 illustrates the relative gains of SBFD
with 149 dB RSI in UL and DL user throughput compared
to TDD baseline at different load conditions. At low load,
SBFD provides 310% increase of cell-edge and 32% increase
of average UL user throughput, while it causes a decrease of
cell-edge and average DL user throughput by 4% and 13%,
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FIGURE 13. CDF of the DL user throughput for TDD and SBFD with 149 dB
RSI.
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FIGURE 14. Relative gains in UL and DL user throughput for SBFD with
149 dB RSI compared to TDD.

respectively. This goes to a 365% increase of cell-edge and
6% increase of average UL user throughput at medium load,
with 7% and 12% decrease of 5%-ile and average DL user
throughput, respectively. However, there is no positive gain in
high load due to the inter-site gNB-to-gNB interference effect
on SBFD performance: As the DL offered load increases,
more DL RBs are allocated, which results in higher interfer-
ence to the UL transmission and subsequently reduces the UL
throughput. This means, the proposed SBFD configuration
has the potential to significantly improve the UL throughput
for cell-edge users as well as average UL user throughput
with a minor decrease in DL throughput; but, this requires
managing inter-site gNB-to-gNB interference in addition to
sufficient self- and intra-site gNB-to-gNB interference miti-
gation. In DL, the lower average UE throughput for SBFD is a
consequence of the lower availability of DL resources in ‘X’
slots as compared to TDD DL slots, which increases the time
it takes to deliver the DL packets to the UE. Also, at high load,
the SBFD cell-edge DL throughput reduces as much as 14%
(compared to only 4% at low load) which can be attributed to
the higher UE-to-UE interference due to higher UL load.
Finally, the required level of RSI is assessed in detail in
Fig. 15, which shows the relative gains of SBFD at medium
load for six different RSI values. At medium load, the SBFD
gain on 5%-ile users UL throughput is positive for 140 dB
or higher RSI values while it is negative for lower RSIL
The increase of 5%-ile UL user throughput becomes more
significant with increasing the RSI value in addition to some
increase in the average of the UL user throughput. However,
more than 149 dB RSI does not result in significant improve-
ment of the SBFD performance. This indicates that 149 dB
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RSI can be considered an appropriate value to have accept-
able performance benefits of SBFD compared to TDD. This
RSI value can be achieved by applying the interference tech-
niques presented in Table 1. For instance, using a combination
of 45 dB frequency separation and 80 dB antenna isolation,
while the remaining 24 dB requires additional techniques
such as digital interference cancellation and/or beam nulling
which are still under study in 3GPP.

‘-5%»ile of DL-User throughput

600 5 %-ile of UL-User throughput
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=1
'§,300( 282 |
3}
2200 -
=
§ 100 -
0 1 6 9 10
,7741‘12_34 -7 -‘12-|2 -7 712 -7 712 -7 :12 7 :]2
AN N N & N N
«© « « « & &
\o \g \g \ \d \d
RV N R G

FIGURE 15. Relative gains in UL and DL user throughput for SBFD at
medium load with different RSI values dB RSI compared to TDD.

The set of system-level performance results for SBFD
cases that come closest to our results are those reported
in [20]. There are, however, several differences in simulations
assumption and modeling, that prevents a detailed one-to-one
comparison of the results. Most notably, the results in [20]
are for dense urban cases with 200 meters ISD and 40 dBm
gNB transmit power (we assume 500 meters ISD and 53 dBm
gNB transmit power), and a generalized memory polynomial
(GMP) model for the self- and gNB-to-gNB interference
modeling is assumed. Furthermore, [20] assumes two Tx/Rx
antennas at the gNB, while we assume 32 antenna ports
and SU-MIMO with MMSE-IRC receivers. Taking these
differences into account, we find a need for a higher RSI of
149 dB as compared to those in [20] due to differences in gNB
transmit power and interference modeling. Secondly, as our
simulated environment is more coverage limited with higher
UE transmit power (due to the larger ISD), and assuming
frame structure of XXXXX (while [20] assume XXXXU,
i.e., more UL resources and less DL resources), our reported
UL gain values are few percentage points lower, but with a
smaller loss in the DL.

VI. CONCLUSION

In this work, SBFD is proposed as a novel duplexing method
to improve UL throughput, by providing simultaneous UL
and DL allocation on non-overlapping frequency resources.
The precise modeling of different interference types is pre-
sented and used in highly detailed system-level simulations.
For an Urban Macro scenario, simulation results indicate that
SBFD with 149 dB ratio of self-interference (RSI) is able to
increase the cell-edge UL throughput four times compared to
static TDD as well as 32% and 6% increase of average UL
user throughput at low and medium load, respectively. Lower
RSI values (135-140 dB) provide a cell-edge UL throughput
increase of only two times at low load, while no gains as
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compared to static TDD are observed at medium or high load.
RSI values above 149 dB do not increase the SBFD gains
significantly, since the inter-site gNB-to-gNB interference
becomes the bottleneck in terms of UL performance. The UL
throughput improvements come at a small cost of only 12%
average UE DL throughput reduction.

Note that the SBFD results assumed the use of a separate
transmit and receive antenna panel in the gNB which doubles
the total number of antenna elements in order to keep the
same antenna array gain as in TDD. This increase in gNB
hardware size in addition to the higher gNB complexity due to
the need for sophisticated interference mitigation techniques
needs to be accounted for when determining the pros and
cons of SBFD. Similarly, for future work, the feasibility and
techniques for achieving 149 dB of RSI need to be further
studied.

Future research directions include performance evalua-
tion of SBFD also for other environment types such as low
power gNB deployments, and performance comparison of
SBFD versus traditional FD. Finally, studying coordinated
beamforming (precoding techniques) as a potential method
to further combat the gNB-to-gNB CLI is recommended to
unleash the full performance gain of SBFD.
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