N\
WHITE PAPER: Platform Technologies UTS : G B DTc X;‘

Global Big Data Technologies Centre

IN-BAND FULL-DUPLEX TECHNOLOGY FOR
FUTURE GENERATIONS OF WIRELESS
COMMUNICATIONS

Contact: Professor Xiaojing Huang, Distinguished Professor Jay Guo

Abstract

In-Band Full-Duplex (IBFD) technology has the potential of doubling the spectrum efficiency and data rates
of existing and future wireless communications systems, and is currently being considered as part of the 6G
standards. We have been pioneering the research and development of IBFD technology since 2016. Our IP

covers system architecture, hardware implementation, and signal processing algorithms.

Introduction

For decades, wireless transceivers have been operating in the half-duplex mode, i.e., a pair of frequency
bands is required for simultaneous two-way communications. As the demands for connectivity and data
rates increase exponentially, there has been a shortage of frequency resources to support new systems,
and this spectrum scarcity problem is becoming significantly more severe for 6G. In-band full-duplex (IBFD)
technology, which allows transceivers to transmit and receive in the same frequency band simultaneously,
is considered a key solution to the problem of spectrum scarcity. By enabling the full-duplex mode, a single
radio can achieve double throughput compared to the conventional half-duplex counterpart. Moreover,
combining this technology and multiple-input multiple-output (MIMO) systems is even more attractive to
further enhance channel capacity and spectral efficiency.

A fundamental challenge to IBFD systems is self-interference (SI) which is the signal received by a receiver
from a collocated transmitter. Sl is typically much stronger than the signal received from an intended
distant transmitter. Since the Sl in an IBFD system occupies the same frequency band but has much higher
power than the desired signal, it is very hard to be removed using conventional methods. To enable an
IBFD operation, one would need to sufficiently reduce the SI, ideally to below the noise level. For example,
if the transmit power level is +20 dBm and the thermal noise level of the receiver is -90 dBm, the Sl should
be suppressed by 110 dB.

Mitigating Sl is challenging because it is unknown to the receiver even though the clean transmitted data
is known. This is because when the baseband signal is up-converted to the radio frequency (RF) signal, it is
distorted by the non-linearity of the power amplifier and the phase noise of the local oscillator. In addition,
after being radiated, the Sl arrives at the receive antenna over a multi-path dynamic channel. Therefore,
to cancel the SI, a combination of different techniques is required.
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Self-interference Mitigation
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Figure 1. Block diagram of a full-duplex system with three stages of SI
be obtained by using orthogonal cancellation.
polarizations for transmit and receive
antennas, advanced antenna decoupling methods or other IBFD antenna technologies. In MIMO systems,

beamforming technique can be used to minimise the Sl at the receiver.

Analog domain approaches intend to generate a signal, which mimics the SI, in order to cancel the Sl at the
receiver input. The cancellation signal can be produced by passing a copy of the transmitted signal through
a multi-tap adaptive filter in which the signal is delayed, and its amplitude and phase are modified by
weighting coefficients so that the output signal approximates the SI. The main problem here is how to
calculate and generate the weighting coefficients of the adaptive filter. Conventional RF adaptive filters
require an auxiliary receive chain to synthesize the weighting coefficients of the filters with the aid of digital
signal processing.

Digital domain cancellation exploits the known transmitted data symbols and the estimated Sl channel to
cancel the residual Sl in the digital baseband. The critical problem is to accurately estimate the residual
self-interference channel, while ensuring the estimation time is as short as possible to avoid latency.

UTS Research Achievements on Self-interference
Cancellation

The UTS team pioneered IBFD research on analogue domain Sl cancellation with solutions in all three
domains to achieve a sufficient level of SI suppression. The main research achievements can be classified

into the following three categories.

e Propagation Domain Solutions
e Analog Domain Cancellation

e Joint Analog and Digital cancellation
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Propagation Domain Solutions

In a single-input single-output full-duplex system,
hybrid

orthogonal polarizations can be used to transmit and coupler

receive antennae for Sl suppression. The transmitter and
receiver are matched with the corresponding antennae
by a directional hybrid coupler. Conventional matching
networks only work with narrow-band (< 10% fractional
bandwidth) and low isolation (< 40 dB). UTS has
developed a wideband hybrid coupler achieving at least 0 ;

50 dB of isolation over 30 % fractional bandwidth T e
between transmit and receive ports [2]. "
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signal matrix X falls into the null-space of H, i.e., H"'X = 0 Figure 2. A feeding antenna network with over 50 dB
and hence the self-interferences at the receiver are ' Rxiselation.
nullified. If N > M, there are at least (N-M) zero
eigenvalues of H with the corresponding eigenvectors Qq. In this ideal case, the transmitted signal vectors
spanned by Qq will fall into the null-space of H, satisfying the condition H"X = 0. This beamforming method
works well if the channel matrix H is perfectly known, and the DSP in the transmitter has sufficiently high
precision. However, if Nis much larger than M, the communication performance of the receiver is degraded
due to poor receive beamforming quality. In addition, there are always errors in the self-interference
channel estimation and digital signal processing. We have revealed the trade-off of beamforming
cancellation performance versus the number of transmit and receive antennas as well as precoding errors.

We have also proposed a joint beamforming and analog Sl cancellation structure to relax this trade-off [3].
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Figure 3. Joint beamforming and beam-based analog Sl cancellation.
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RV 7. Analog Domain Cancellation

x(1)

A critical task in analog domain cancellation is to synthesize the

weighting coefficients in the adaptive filter to generate the

» cancellation signal. Conventional methods require complicated
;

and power-thirsty digital signal processing to attain the

d(t)=r(1)-y(1)

weighting coefficients. We have developed a novel adaptive

7 filter, named the Analog Least Mean Square (ALMS) loop, which

LNA

iz can be implemented purely by analog components without any

PA

Infwi(t) digital signal processing [4]. We have shown that the level of

cancellation achieved by this filter can be estimated based on its
components’ parameters [5]. We have evaluated this filter
under various scenarios, such as different transmitted signal
properties, such as multi-carrier signalling in OFDM systems [6],
[7] and deterministic signalling in radar systems [8]. These works
show that the filter performs well with different schemes.
Furthermore, the impacts of hardware impairments such as IQ
imbalances on the performance of the ALMS loop have been

- - ; investigated in [9]. We show that the filter is robust to the
Figure 4. Proposed purely analog adaptive filter frequency-independent IQ imbalances. In particular, under a
severe condition of IQ imbalance, the performance of the filter
is only degraded by a maximum level of 3.5 dB, which can be easily compensated in other domains. We
have developed a prototype of this filter using off-the-shelf components and demonstrated an average of
40 dB SI cancellation over 20 MHz bandwidth [10]. The structure and its prototype are presented in Figure
4, while the cancellation performance of the ALMS loop is demonstrated in Figure 5. Table 1 explicitly
summarises the ALMS loop’s advantages over other adaptive filtering structures found in the literature
[11]. Clearly, the ALMS loop requires fewer extra modules than other methods, while providing a

sufficiently high level of Sl cancellation for satisfying the requirements of the RF stage.

na Bl wsl 67 "SI
No DSP involvement v v
No additional Tx chain v o v
No DAC or ADC v v
No channel state information (CSI) requirement v v o v
No additional down-converter v v
Sufficient SIC demonstrated v v v

Table 1. Comparison of ALMS loop and other adaptive filtering for analog Sl cancellation [11].
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Another advantage of this filter is that it can be easily

Marker 1.4 0.000 Hz

adopted for full-duplex MIMO systems in which
conventional methods face a huge signal processing S i
complexity. We have proposed a novel beam-based analog
Sl cancellation structure for full-duplex MIMO systems [12].
For an N X M full-duplex MIMO system, conventional
methods would require N X M adaptive filters for Sl
cancellation. With our beam-based structure, this number

is reduced to K X M with K << N. Our recent work shows

WA I e e

Center 2.40000 GHz Span 80.00 MHz
#Res BW 100 kHz #VBW 10 kHz Sweep 80.60 ms (1001 pts)

that this adaptive filter is also applicable for a dual-
polarization full-duplex MIMO, which employs both vertical Figure 5. Experimental result for SI cancellation of the ALMS
. . . . . loop.

and horizontal polarizations for transmitter and receiver,

for potentially achieving four-fold data throughput [13].

Joint Analog and Digital Cancellation

A crucial problem in digital cancellation is to estimate the Sl channel from the residual Sl after the first two
stages. Therefore, characterising the noise behaviours of the adaptive filter in the analog domain is
necessary for efficiently combining the two stages of Sl cancellation. We have investigated the noise caused
by the filter in the analog domain and revealed a mechanism to reduce this noise. A protocol for joint
analog domain and digital domain cancellation while optimizing communication performance has been
proposed [14]. We have also designed a unique training sequence to efficiently estimate the Sl channel for
beamforming and digital cancellation, while providing a reference signal for synthesizing the weighting
coefficients in the adaptive filter.
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Figure 6 Transmission protocol for joint analog and digital cancellation.
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Conclusions

Full-duplex technology is crucial to solve the urgent problem of frequency shortage. To enable the full-
duplex operation, a sufficient level of cancellation needs to be achieved to mitigate the Sl at the receiver.
The UTS team has developed a world-leading, simple solution to mitigate the SI, and a complete full-duplex

system will be developed soon.
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