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Abstract—Dynamic time-division duplex (D-TDD) aided mobile commu-
nication systems bear the potential to achieve significantly higher spectral
efficiency than traditional static TDD based systems. However, strong
cross-link interference (CLI) may be caused by different transmission
directions between adjacent cells in D-TDD systems, thus degrading the
performance. Most existing CLI mitigation schemes require sharing certain
information among base stations (BSs) via backhaul links. This strategy
is usually expensive and suffers high latency. Alternatively, we propose a
pilot information sharing scheme based on over-the-air forwarding of the
downlink pilot of the interfering BS to the interfered BS via a wireless
terminal, along with a dedicated CLI channel estimation method. Simu-
lation results demonstrate that thanks to the proposed pilot information
sharing scheme the classic interference rejection combining (IRC) receiver
achieves a signal detection performance highly comparable to that of the
IRC detector with perfect pilot information, necessitating no information
sharing among BSs via backhaul links. Furthermore, the proposed CLI
channel estimation scheme reduces the impact of errors introduced by
pilot forwarding, thereby improving the performance of both CLI channel
estimation and signal detection.

Index Terms—Cross-link interference, dynamic time-division duplex,
interference mitigation, over-the-air, pilot forwarding.

1. INTRODUCTION

Dynamic time-division duplex (D-TDD) allows each cell to adap-
tively schedule its uplink (UL) and downlink (DL) traffic based on
specific demands. It is a solution to dealing with the UL and DL traffic
asymmetry, mainly arising in dense heterogeneous network deploy-
ments. Compared with traditional static TDD, D-TDD can significantly
enhance system throughput and spectrum efficiency by offering duplex
flexibility [1]. D-TDD has been implemented to different levels in the
4G long-term evolution (LTE) and 5G new radio (NR) systems, and is
expected to be further exploited in future mobile networks.

In D-TDD systems, different cells may adopt different subframe
configurations. Consequently, during certain time slots, there may be
simultaneous presence of DL and UL cells within the network, causing
two additional types of interference, i.e., the DL-to-UL interference
and the UL-to-DL interference among adjacent cells operating in the
opposite direction. These types of interference are known as cross-link
interference (CLI). Specifically, the CLI caused by a DL base station
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Fig. 1. Tllustration of CLI in a D-TDD system.

(BS) to other UL BSs is referred to as DL-to-UL interference, while
the CLI caused by a user terminal (UT) in a UL cell to UTs in other DL
cells is referred to as UL-to-DL interference, as illustrated in Fig. 1. CLI
imposes a severe constraint on the achievable throughput performance
of D-TDD systems [2], making the mitigation of CLI one of the most
critical challenges in D-TDD systems.

Coordination-based schemes, including cell clustering [3], power
control [4], beamforming [5] and resource allocation [6], mitigate
CLI by decreasing the probability of its occurrence [7]. Additionally,
advanced receivers are often employed for CLI mitigation, aimed at
reducing the impact of the CLI that is not avoided. In this paper, we
primarily focus on advanced receiver based CLI mitigation schemes.

Interference rejection combining (IRC) detectors based on the min-
imum mean-square error (MMSE) criterion constitute a representative
type of advanced receiver for mitigating inter-cell interference (ICI) [8]
and can be employed to mitigate CLI similarly. In [9], two linear
IRC receivers for D-TDD systems were studied, i.e., the MMSE-IRC
receiver and the enhanced MMSE-IRC receiver. The MMSE-IRC re-
ceiver suppresses interference based on the covariance matrix of the
received signal, whereas the enhanced MMSE-IRC receiver requires the
channel state information (CSI) of the CLI channel to achieve enhanced
interference mitigation. Another type of advanced receiver based CLI
mitigation scheme invokes interference cancellation (IC), which regen-
erates CLI using the estimated CSI and the transmitted data shared via
backhaul links, and then cancels CLI from the received signal [10], [11].
In [12], the BS-oriented partial IC scheme and the UT-oriented partial
IC scheme were proposed to cancel DL-to-UL interference. Neither of
them cancels all CLI signals from other DL cells but instead cancels
only a portion of them to reduce the complexity and cost of the IC
schemes. In recent years, machine learning has also been applied to
advanced receivers for mitigating CLI. In [13], a CLI canceller based
on polynomial channel parameter estimation and two CLI cancellers
based on lightweight feedforward neural network were proposed, where
the nonlinearity characteristics of radio frequency chain were taken into
account and excellent IC capabilities were demonstrated.

However, all the existing advanced receiver based CLI mitigation
schemes require the sharing of certain information between BSs, such
as demodulation reference signal (DMRS), modulation and coding
scheme (MCS), radio network temporary identity, and so on, via the
backhaul link [7], which leads to high deployment cost and commu-
nication latency. Additionally, in certain scenarios, the interfering and
interfered BSs may not be able to exchange information through the
backhaul link, e.g., when they belong to different mobile communi-
cation systems whose core networks are supposed to be isolated from
each other.
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To overcome this challenge, we propose a pilot information sharing
scheme based on over-the-air (OTA) forwarding by a wireless terminal.
Additionally, we introduce a dedicated CLI channel estimation scheme
to reduce the impact of pilot symbol errors induced by OTA pilot
forwarding on the CLI channel estimation performance. To the best of
our knowledge, this is the first advanced receiver based CLI mitigation
scheme that does not require sharing information via the backhaul
link. We evaluate the detection performance of the IRC receiver that
employs the proposed pilot information sharing scheme. Simulation
results demonstrate that the proposed OTA pilot forwarding scheme
enables the IRC receiver to achieve a detection performance highly
comparable to that of the IRC receiver with perfect pilot information
shared via backhaul links between BSs.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

In D-TDD systems, the DL-to-UL interference has a more severe
impact on the system performance than the UL-to-DL interference.
Therefore, this paper is dedicated to mitigating the DL-to-UL in-
terference. We consider a multi-cell multiple-input multiple-output
orthogonal frequency-division multiplexing (MIMO-OFDM) system
operating in the D-TDD mode and on W subcarriers. In a given time
slot, the received signals in one of the UL cells are contaminated not
only by white noise but also by ICI from I adjacent UL cells and CLI
from J adjacent DL cells. We assume that the interfered BS is equipped
with R antennas to serve ' UTs. Denote the BS of the ith interfering
UL cell by BS; and the BS of the jth interfering DL cell by BS;. BS; is
equipped with R; antennas to serve K; UTs and BS; is equipped with
N antennas to serve M; UTs. Each UT has a single antenna.

For the subcarrier w, let u,, € CEX*! be the signal vector transmit-
ted by the K UTs in the interfered cell, u,, ; € CXi*! be the signal
vector transmitted by the K; UTs in the ¢th interfering UL cell and
d, ; €CMi*! be the DL data vector transmitted by BS; of the jth
interfering DL cell to its M; UTs. The transmitted signals are normal-
ized as E[u,u}y] =1k, Elu, uj ;] =1k, and E[d,, ;d} ;]=1u;,
with I denoting the K x K identity matrix and (-)™ denoting the Her-
mitian transpose operator. The interfered BS’s received signal vector
Y € CF*1 s given by:

Yw = HUT,wuw + Z Tw,iuw,i + ZHw,jww,jdw,j + ng,

J

(H
where Hyr,,, € CT*K is the channel frequency response (CFR) matrix
at the subcarrier w between the interfered BS and the UTs served by
it, Ty, ; € CF*Ki ig the CFR matrix between the interfered BS and
the UTs served by BS;, H,, ; € C®*Ni is the CFR matrix between the
interfered BS and the interfering BS;, and W, ; € CNi*M; is the DL
precoding matrix of BS;, while n g € C**! is a complex-valued additive
white Gaussian noise (AWGN) vector with variance o2 per element,
ie.,np~CN(0Og, afLIR), with O denoting the length- R zero vector.
By ignoring the weak ICI imposed by adjacent UL cells, the received

signal vector at the interfered BS is expressed as:

Yuw = HUT,wuw + HCLI,wdw + ng, (2)
where d,=[d},,,...,d}, ;,...,d}, ;|7 denotes the overall

data vector transmitted by the BSs of the J interfering DL
cells, with ()T being the transpose operator, and Heyj,, =
Hy Wi, Hy W i, Hy JWo, 5] denotes the
equivalent channel or transfer matrix between the interfering BSs and
the interfered BS. In this paper, this equivalent channel is referred to
as the CLI channel. Let M = . M;, then we have Heyy . € CR*M
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B. IRC-Based CLI Mitigation

The task of an advanced receiver in D-TDD systems is to recover
u,, from y,,. The MMSE-IRC detector, which aims to minimize the
mean-square error (MSE) between u,, and its estimate [14], can ef-
fectively mitigate CLI and achieve satisfactory detection performance.
Let I:IUTW, be the estimate of Hyr,,,, and I:ICLI,w be the estimate of
Hci,w- The estimated signals of the MMSE-IRC detector are obtained
as: R

i, = Hyp , Qu' Yo, 3)
where (~)*1 denotes the inverse operator, and Q,, is the received signal’s
covariance matrix given by

Q. = I:IUT,wI:IEnu, + I:ICLI,wI:IgLLw + UflIR~ 4

In this paper, we employ the MMSE-IRC algorithm to enable signal
detection under severe CLIL

C. Channel Estimation Methods

Clearly, the estimation of the CLI channel is crucial for effective
CLI mitigation. The estimation of the CLI channel can be directly
performed using classical channel estimation schemes developed for
MIMO-OFDM systems. The CLI channel can be regarded as RM
subchannels, each estimated separately, and the following discussion
in this subsection focuses on the estimation methods for a single
subchannel.

Let xy,x,,...,xp denote the P pilot symbols used for estimating
this subchannel, with their corresponding subcarrier indices given by
c1,C,...,cp. The CFR of subcarrier c in this subchannel is denoted
by g.. Then, the corresponding received signal z € C”*! is given by:

z = Xg -+ np, (®)]

where X = diag(z,z,...,zp) is a diagonal matrix, and g =

[Gers Gers - -+ Gep)

To estimate g, we consider two classical algorithms: least-square
(LS) and linear MMSE (LMMSE) [15]. The CFRs of subcarriers that
have no pilot symbols can then be obtained through interpolation based
ong.

1) LS Channel Estimation: The LS channel estimation can be
expressed as:

gLs = X'z (6)

2) LMMSE Channel Estimation: The LMMSE channel estima-

tion can be expressed as:

gimmse = Rgz R;l z, @)

where R, = E[gz"] and R, = E[zz"]. (7) can be further simplified
as:
gimmse = Rg (Rg + Rn(XHX)q)il gis, (8

where R = E[gg'], R, = E[npnfl]. Let 02 denote the variance of
the pilot symbol. Then, (8) simplifies to [15]:

2
. (o8 iy
gimmse = Rg(Rg + (TZIP) 1. 9
III. PROPOSED PILOT SHARING SCHEME AND CLI CHANNEL

ESTIMATION SCHEME

A. Proposed DL Pilot Information Sharing Scheme

As seen from the above exposition, the interfered BS requires the
DL pilot information from the interfering BSs to perform CLI channel
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Fig. 2. Illustration of the proposed DL pilot information sharing scheme.
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Fig. 3. Flow chart of the proposed DL pilot information sharing scheme.

estimation. Existing schemes typically share DL pilot information
among BSs via backhaul links, which increases deployment cost and
communication latency. Furthermore, a usable backhaul link may not
always be available between an interfering BS and an interfered BS.
Therefore, we propose a DL pilotinformation sharing scheme to address
the issue of CLI mitigation under such a scenario.

The idea of the proposed pilot information sharing scheme is that the
interfering BS transmits its DL pilot information to a wireless terminal
(referred to as the forwarding terminal). The forwarding terminal then
forwards the pilot information to the interfered BS, as illustrated in
Fig. 2. This forwarding terminal can be a dedicated terminal placed
at a specific location in advance, or it can be a UT within either the
interfered cell or the interfering cell, while having dual connections to
both the interfered BS and the interfering BS, a feature supported by the
related standards. The procedure of the proposed scheme is depicted in
the flowchart of Fig. 3, and the detailed steps are elaborated as follows.

1) Determine the Forwarding Terminal: 1f a dedicated terminal
has been pre-placed, itis selected as the forwarding terminal. Otherwise,
an appropriate UT that is near the boundary of the adjacent cells and
has dual connections to both cells is chosen as the forwarding terminal.

2) Transmit DL Pilot Information: The interfering BS sends its
DL pilot information to the forwarding terminal, using the subcarri-
ers allocated specifically for this transmission. The information may
include DL MCS, synchronization sequence, pilot sequence, and so
forth. To reduce the cost of information forwarding, the interfered BS
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can pre-store possible values of the synchronization sequence and pilot
sequence of the interfering BS. In this case, only the index information
needs to be sent.

3) Forward the Pilot Information: The forwarding terminal
sends the received information to the interfered BS during its UL time
slot. Since the subcarriers used for forwarding are also specifically allo-
cated, the interfering BS does not transmit DL data on these subcarriers,
which means that the forwarded signal is free from CLIL

4) Determine the Pilot Positions: The interfered BS uses the
synchronization sequence information received from the forwarding
terminal to determine the positions of pilots in the CLI signal [16].

The proposed pilot information sharing scheme enables the inter-
fered BS to obtain both the pilot sequence and pilot positions in the
CLI signal, thereby allowing the estimation of the inter-BS transfer
matrix. This scheme can be easily extended to scenarios where DL
pilot information from multiple interfering BSs needs to be shared, by
assigning a forwarding terminal to each interfering BS.

B. Proposed CLI Channel Estimation Scheme

The proposed pilot forwarding scheme consists of two stages: 1) the
transmission stage, where the interfering BS transmits pilot information
to the forwarding terminal, and 2) the forwarding stage, where the
forwarding terminal relays the pilot information to the interfered BS.
Both stages may introduce errors into the transmitted pilot information.
In this subsection, we present a CLI channel estimation algorithm
tailored to the proposed pilot forwarding scheme to reduce the impact
of pilot errors on CLI channel estimation.

We first consider the transmission stage, by using a pilot symbol x,,
as an example. In this stage, the interfering BS transmits x,, as a data
symbol to the forwarding terminal. On the subcarrier carrying x,, the
interfering BS, equipped with NV; antennas, simultaneously transmits
data to M’ UTs, including the forwarding terminal, then the received
signal vector y .~ € CM'*! is expressed as:

Yep> = Hopus Wo o xops + 0, (10

where H_,,~ € CM"*Nj is the CFR matrix, W ., € CNi*M’ s the
precoding matrix, X <, € CM %1 denotes the transmitted signal vector
and z, is an element of x.,~. We consider the zero forcing (ZF)
precoding algorithm, i.e., W,s = oHY _ (Ho,» H? _)~! with o
being a scaling factor to satisfy the transmit power constraint [17]. Then
the recovered value of x,,~. can be expressed as:

. 1
Xep> = —Y<p> = Xcp> + — Dyt
P a P P a

(11)

Let £, denote the recovered value of x,, at the forwarding terminal,
and n,; be the equivalent noise introduced during the transmission
stage, i.e., ny | = &, — Tp. Then the variance of this equivalent noise

is 2.

I(ifext, we consider the forwarding stage, again using the pilot symbol
x, as an example. In this stage, the forwarding terminal transmits ,,
to the interfered BS. On the subcarrier carrying &, K’ UTs simultane-
ously transmit signals to the R-antenna interfered BS, and the received
signal vector y(,) € CE*! is given by:

Y = Hp)X@p) + ng, (12)

where H(,) € C™*X' is the CFR matrix, X €C*'*! denotes the
transmitted signal vector, and %, is an element of x(,). The inter-
fered BS employs the ZF detection algorithm to recover X(,). Let

llj‘p = (H{,,)H(,)) "H{},), then the recovered value of x(;) is given
y:

X(p) = Fpyp) = Xp) + Fpng. 13)
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TABLE I
SIMULATION SYSTEM’S PARAMETERS
Parameter Value
Carrier frequency 3GHz
System bandwidth 5.6 MHz
Number of subcarriers 144
Subcarrier spacing 30kHz
Pilot interval 4
Modulation scheme 4QAM
Cell radius 100 m
Distance between the interfering and interfered BS 150 m
Shadow fading standard deviation 3dB
Transmitting power of the interfering BS 33dBm
Transmitting power of a UT 20dBm
Transmitting power of the dedicated terminal 20dBm
Number of antennas at the interfering BS 8
Number of antennas at the interfered BS 8
Number of UTs in the interfering cell 4
Number of UTs in the interfered cell 4

Let 7, denote the recovered value of %, at the interfered BS
and g be the index of %, in X(;,), i.e., &, is the gth element of
X(p). Let ny, » be the equivalent noise introduced during the forward-
ing stage, i.e., n,» = £, — Tp. This equivalent noise is given by
npa = S.%  F,(q,7)ng(r), where F,(g,) and ng(r) denote the
(g, r)th element of F,, and the rth element of ng, respectively. Let
& =S |F,(q,7)|% then the variance of n,, , is £,072.

Let 1, =z, — &,, denote the total noise introduced by the two
stages, then it can be expressed as 7, = 1y, | + np . Letm, = ﬁ + &
Therefore, the variance of 7i,, is 7,02 .

Let X denote the recovered value of X at the interfered BS after
forwarding, i.e., X = diag(Z, s, ...,%p). Consequently, with the
proposed pilot information sharing scheme, (5) becomes:

z=Xg+Ng+np, (14)

where N = diag(7i1, 72z, . . ., up). The interfered BS estimates the CLI

channel based on X, treating both Ng and np as noise. The covariance

matrix of the equivalent noise, given by n’ = Ng + np, is:

R, = E[Ngg"'N"] + E[npn']. (15)

By substituting R, = E[gg'] and E[npn'l] = ¢21p into (15), we
obtain:

Rn’ Zdiag(m77727~~>77P)7 (16)
where 1, = (7,Rg(p, p) + 1)o2 with Rg(p, p) denoting the (p, p)th
element of Rg. ~

By replacing R, and X in (8) with R, and X, respectively, the
proposed CLI channel estimation scheme is formulated as:

~ o~ -1 .
gproposed = Rg (Rg + Rn’(XHX)il) Xﬁlz, (17)

IV. SIMULATION EVALUATION

A. Simulation System Settings

To evaluate the proposed pilot information sharing scheme and CLI
channel estimation scheme, we simulate a D-TDD system comprising
an interfered UL cell and an interfering DL cell, i.e., /=J=1. The
simulation system’s parameters are listed in Table I. In addition, all
wireless channels are generated following the tapped delay line model
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--4A-- LS (perfect pilot information)

- -8 - LMMSE (perfect pilot information)
—4—LS (OTA pilot forwarding)
—&—LMMSE (OTA pilot forwarding)

—O— Proposed scheme (OTA pilot forwarding)

100,

NMSE

-25 -20 -15 -10 -5
Relative Power of the Equivalent Noise (dB)

Fig. 4. NMSE of different CLI channel estimation schemes as a function of
the relative power of 7.

specified in 3GPP TR 38.901 [18]. All UTs are randomly distributed
within the cells. The interfering BS adopts the ZF DL precoding algo-
rithm. Subcarriers for pilot transmission and forwarding are exclusively
allocated to the forwarding terminal, i.e. M'=K'=1.

B. Simulation Results

We define the relative power of the equivalent noise 7, introduced
to the pilot symbols during pilot transmission and forwarding stages
as the ratio of the average power of 7, to that of x,,. Fig. 4 presents
the normalized MSEs (NMSEs) of different CLI channel estimation
schemes, including LS estimation, LMMSE estimation, and the pro-
posed estimation scheme, as a function of the relative power of 7.
LS and LMMSE estimations with perfect pilot information are used
as baseline schemes. Simulation results show that when the relative
power of 71, is low, the proposed scheme exhibits no significant perfor-
mance gap compared with LMMSE estimation. As the relative power
increases, the NMSE values of the proposed scheme, LS estimation
and LMMSE estimation all increase. However, the proposed scheme
consistently achieves a lower NMSE than LS and LMMSE estimations,
demonstrating its ability to reduce the impact of pilot errors on CLI
channel estimation.

Both stages of the proposed pilot information sharing scheme intro-
duce noise to the forwarded pilot symbols. We consider two strategies
for selecting a UT from the interfered cell to serve as the forwarding
terminal. The first strategy selects the dually connected UT closest to
the interfering BS, thereby minimizing the noise introduced during the
transmission stage. The second strategy selects the dually connected UT
that is closest to the interfered BS, thus minimizing the noise introduced
during the forwarding stage. In addition to selecting a UT as the
forwarding terminal, a dedicated dually connected forwarding terminal
can also be deployed specifically for forwarding pilot information.
To investigate the impact of the forwarding terminal determination
on the proposed pilot-sharing and channel estimation schemes, we
use the normalized squared error (NSE) between the estimated and
actual CFR values of the CLI channel to measure the performance of
a CLI channel estimator. Fig. 5 presents the cumulative distribution
function (CDF) curves of the NSEs corresponding to different CLI
channel estimators that employ the proposed pilot information sharing
scheme under various scenarios. The results corresponding to the
proposed CLI channel estimation scheme and LMMSE estimation are
provided for comparison. Here, the CDF of the NSEs of an LMMSE
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Fig. 5. CDF curves of the NSEs under different CLI channel estimators and
different pilot acquisition strategies.

estimator with perfect pilot information is included as a benchmark.
The considered scenarios include selecting the dually connected UT
closest to the interfering BS, the dually connected UT closest to the
interfered BS, and the dedicated dually connected terminal positioned
at the midpoint of the line connecting the interfering and interfered
BSs, as the forwarding terminal. Simulation results confirm that the
proposed CLI channel estimation scheme consistently outperforms
LMMSE estimation across all the above mentioned scenarios, aligning
with the conclusion drawn from Fig. 4. Compared with using a selected
UT for pilot forwarding, employing a dedicated terminal yields slightly
better channel estimation performance, given both having the same
transmitting power. This is because the random positions of UTs in
the interfered cell lead to greater transmitting path loss than the case
of the dedicated terminal. Additionally, selecting the UT closest to the
interfering BS as the forwarding terminal achieves a lower NSE than
selecting the UT closest to the interfered BS. In summary, deploying a
dedicated forwarding terminal is recommended when feasible, despite
the additional cost. If a UT from the interfered cell is employed
for pilot forwarding, the UT nearest to the interfering BS should be
selected.

To further evaluate the performance of the proposed pilot sharing
scheme and CLI channel estimation scheme, we employ the MMSE-
IRC receiver introduced in Section II-B to detect signals under severe
CLI. Fig. 6 depicts the bit error rate (BER) performances of the MMSE-
IRC receiver as a function of the signal-to-interference-plus-noise ratio
(SINR) under different pilot acquisition strategies and CLI channel
estimation schemes. Note that here SINR refers to the ratio of the
power of the desired signal received by the interfered BS to the total
power of AWGN and the received CLI signal. In this experiment,
SINR is adjusted by configuring the transmitting power of UTs. In
the considered scenario, whether a UT from the interfered cell or
a dedicated terminal is employed for forwarding, the proposed pilot
information sharing scheme enables the IRC receiver to achieve a
BER close to that under the perfect pilot information assumption. The
proposed CLI channel estimation scheme further lowers the BER.

Fig. 7 depicts the BERs of the MMSE-IRC receiver under differ-
ent CLI channel estimation schemes and different pilot acquisition
strategies, as a function of the relative power of n,,. It demonstrates
that when the relative noise power is small, the proposed CLI channel
estimation scheme yields only a slight improvement over LMMSE.
However, as the relative noise power increases, the proposed scheme
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Fig. 6. BERSs of the MMSE-IRC receiver under different CLI channel estima-
tion schemes and different pilot acquisition strategies, as a function of SINR.
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Fig. 7. BERs of the MMSE-IRC receiver under different CLI channel esti-
mation schemes and different pilot acquisition strategies, as a function of the
relative power of 7.

gradually outperforms both LS and LMMSE, which aligns with the
observed NMSE trends of Fig. 4.

V. CONCLUSION

We have proposed a pilot information sharing scheme based on
OTA pilot forwarding, which enables the interfered BS to acquire
the necessary DL pilot information of the neighboring interfering BS.
As a beneficial result, advanced receivers can be implemented in the
scenario where information sharing between the interfering BSs and the
interfered BS via backhaul links is infeasible. Additionally, we have
proposed a CLI channel estimation scheme tailored to the proposed
pilot sharing framework to reduce the impact of pilot symbol errors
induced by OTA pilot forwarding on CLI channel estimation accuracy.
Simulation results show that although the detection performance of the
MMSE-IRC receiver employing the proposed OTA pilot forwarding
scheme is slightly lower than that of the MMSE-IRC receiver with
perfect pilot information, they remain highly comparable. Additionally,
the proposed CLI channel estimation scheme further enhances the
detection performance, particularly in the scenario where the relative
power of the equivalent noise introduced by OTA pilot forwarding to
pilot symbols is high.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on September 21,2025 at 08:39:08 UTC from IEEE Xplore. Restrictions apply.



14816

(1]

(2]

[3]

[4]

(51

(6]

(71

(8]

[9]

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 74, NO. 9, SEPTEMBER 2025

REFERENCES

J. M. B. da Silva, G. Wikstrom, R. K. Mungara, and C. Fischione, “Full
duplex and dynamic TDD: Pushing the limits of spectrum reuse in multi-
cell communications,” IEEE Wireless Commun., vol. 28, no. 1, pp. 44-50,
Feb. 2021.

H. H. Yang, G. Geraci, Y. Zhong, and T. Q. S. Quek, “Packet throughput
analysis of static and dynamic TDD in small cell networks,” IEEE Wireless
Commun. Lett., vol. 6, no. 6, pp. 742-745, Dec. 2017.

X. Li, N. Ma, Q. Tang, and B. Liu, “Buffered DL/UL traffic ratio sensing
cell clustering for interference mitigation in LTE TDD system,” in Proc.
IEEE Wireless Commun. Netw. Conf., Barcelona, Spain, 2018, pp. 1-6.
Q. Chen, H. Zhao, L. Li, H. Long, J. Wang, and X. Hou, “A closed-loop
UL power control scheme for interference mitigation in dynamic TD-LTE
systems,” in Proc. IEEE 81st Veh. Technol. Conf., Glasgow, U.K., 2015,
pp. 1-5.

F. R. V. Guimar@es, G. Fodor, W. C. Freitas, and Y. C. B. Silva, “Pricing-
based distributed beamforming for dynamic time division duplexing sys-
tems,” IEEE Trans. Veh. Technol., vol. 67,n0. 4, pp. 3145-3157, Apr. 2018.
C. Yoon and D.-H. Cho, “Energy efficient beamforming and power al-
location in dynamic TDD based C-RAN system,” IEEE Commun. Lett.,
vol. 19, no. 10, pp. 1806-1809, Oct. 2015.

H. Kim, J. Kim, and D. Hong, “Dynamic TDD systems for 5 G and beyond:
A survey of cross-link interference mitigation,” IEEE Commun. Surveys
Tut., vol. 22, no. 4, pp. 2315-2348, Fourthquarter 2020.

Y. Ohwatari, N. Miki, T. Asai, T. Abe, and H. Taoka, “Performance of
advanced receiver employing interference rejection combining to suppress
inter-cell interference in LTE-Advanced downlink,” in Proc. IEEE Veh.
Technol. Conf., San Francisco, CA, USA, 2011, pp. 1-7.

S. Guo, X. Hou, and H. Wang, “Dynamic TDD and interference man-
agement towards 5G,” in Proc. IEEE Wireless Commun. Netw. Conf.,
Barcelona, Spain, 2018, pp. 1-6.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

K. Lee, Y. Park, M. Na, H. Wang, and D. Hong, “Aligned reverse frame
structure for interference mitigation in dynamic TDD systems,” [EEE
Trans. Wireless Commun., vol. 16, no. 10, pp. 6967-6978, Oct. 2017.

M. Ding, D. L. Pérez, A. V. Vasilakos, and W. Chen, “Dynamic TDD
transmissions in homogeneous small cell networks,” in Proc. IEEE Int.
Conf. Commun. Workshops, Sydney, NSW, Australia, 2014, pp. 616-621.
M. Ding, D. L. Pérez, R. Xue, A. V. Vasilakos, and W. Chen, “On dynamic
time-division-duplex transmissions for small-cell networks,” IEEE Trans.
Veh. Technol., vol. 65, no. 11, pp. 8933-8951, Nov. 2016.

J.-S. Tan et al., “Lightweight machine learning for digital cross-link
interference cancellation with RF chain characteristics in flexible du-
plex MIMO systems,” IEEE Wireless Commun. Lett., vol. 12, no. 7,
pp. 1269-1273, Jul. 2023.

Y. Léost, M. Abdi, R. Richter, and M. Jeschke, “Interference rejection
combining in LTE network,” Bell Labs Tech. J., vol. 17, no. 1, pp. 25-49,
Jun. 2012.

Y. Liu, Z. Tan, H. Hu, L. J. Cimini, and G. Y. Li, “Channel estimation
for OFDM,” IEEE Commun. Surveys Tut., vol. 16, no. 4, pp. 1891-1908,
Fourthquarter 2014.

T. M. Schmidl and D. C. Cox, “Robust frequency and timing synchroniza-
tion for OFDM,” IEEE Trans. Commun., vol. 45, no. 12, pp. 1613-1621,
Dec. 1997.

N. Fatema, G. Hua, Y. Xiang, D. Peng, and I. Natgunanathan, “Mas-
sive MIMO linear precoding: A survey,” IEEE Syst. J., vol. 12, no. 4,
pp- 3920-3931, Dec. 2018.

3rd Generation Partnership Project (3GPP), “Study on channel model
for frequencies from 0.5 to 100 GHz,” 3GPP, Sophia Antipolis,
France, Tech. Rep. 38.901, Mar. 2024. [Online]. Available: https:
//portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.
aspx?specificationld=3173

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on September 21,2025 at 08:39:08 UTC from IEEE Xplore. Restrictions apply.


https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx{?}specificationId$=$3173
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx{?}specificationId$=$3173
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx{?}specificationId$=$3173


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


