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ABSTRACT

Digital predistortion is applied to account for all significant
hardware impairments in a regeneration architecture full-
duplex transceiver. Compared to a conventional regeneration
architecture, where non-linearities are simply reconstructed
for cancellation, by predistorting we avoid these components
to achieve an improvement in both self-interference suppres-
sion and signal quality. A new set of predistortion basis func-
tions is proposed for the cascade of baseband non-linearities,
mixer IQ imbalance, and power amplifier non-linear memory
effects. Experimental results on a hardware testbed operat-
ing in the 2.4 GHz ISM band show that an additional 14 dB
analog suppression can be achieved using the proposed pre-
distortion basis over a 20 MHz bandwidth (compared to the
case without predistortion), leading to a total self-interference
suppression of 71.5 dB.

Index Terms— Full-duplex, Non-linear predistortion

1. INTRODUCTION

Full-duplex is a novel approach that promises to double
the spectral efficiency of a wireless link (compared to half-
duplex) by allowing simultaneous transmission and reception
in the same frequency band [1, 2, 3]. As the transmit signal
is ‘known’ within the full-duplex transceiver, it is possi-
ble to generate an appropriate cancellation signal that will
effectively suppress the self-interference coupled into the re-
ceiver chain. Ideally the self-interference is suppressed to
(or below) the receiver noise-floor [4]. To avoid saturating
the receiver RF components and analog-to-digital converter
(ADC), the cancellation signal must be generated and applied
in the RF/analog domain [4, 5]. To this end, there are two
full-duplex architecture choices: regeneration-based, where a
separate RF chain is used to synthesise the necessary RF can-
cellation signal directly from the digital baseband [2, 6, 7];
and circuit-based, where a replica of the transmitted signal
is appropriately attenuated and phase-shifted via delay lines
to produce the required RF cancellation signal, which is then
coupled into the received signal [1, 3, 8].

This paper focuses on regeneration-based full-duplex sys-
tems, as these have practical advantages over RF circuit based
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systems, including a reduced physical size, the ability to more
rapidly adapt to changing channel conditions and better scala-
bility for multiple-input multiple-output (MIMO) technology.
However, as the cancellation signal is synthesised from the
digital-baseband, regeneration-based systems are also more
prone to the effects of transmitter and receiver hardware im-
pairments. Straightforward analog/RF cancellation can only
suppress components of the self-interference that are linearly
proportional to delayed copies of the baseband transmitted
signal. Suppression of non-linear effects can be achieved by
reconstructing these non-linearities in the analog cancellation
signal. Unfortunately, this reconstruction turns out to be ex-
tremely difficult since the RF components in the cancellation
chain will also introduce additional (and independent) non-
linear signal components. At ‘high’ transmit power levels,
the non-linear components in the residual (after analog sup-
pression) can have significant power. The high power of this
residual often requires the sensitivity of the receiver to be re-
duced, thereby decreasing the effective signal-to-noise ratio.
As an alternative to the reconstruction of non-linearities, pre-
vious research has examined the use of digital predistortion
in full-duplex transceivers to compensate for power ampli-
fier memory effects [7]. In this case an overall 13 dB im-
provement in the suppression was observed (compared to the
case without predistortion). However, this improvement was
achieved only in the digital stage, i.e., no additional suppres-
sion in the analog stage was observed.

Given the limited analog suppression that can be prac-
tically achieved, existing regeneration-based (and circuit-
based) full-duplex systems use additional digital cancellation
stages to remove the non-linear components in the resid-
ual [1, 3, 2, 9]. Unfortunately, accurate reconstruction of
these components requires a very complex digital cancella-
tion stage [6]. In particular, the self-interference signal be-
comes very difficult to model, as it contains the cascaded
effect of multiple hardware impairments, e.g., baseband
non-linearities introduced by the DACs [6]; IQ imbalance
arising from the mixers [10]; sampling jitter [11]; phase-
noise [12, 13]; and memory effects of the non-linear power
amplifiers [7, 10, 14, 15]. While capturing the impact of
all of these components requires high-order polynomials, it
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is important to avoid over-fitting the cancellation model, as
noise will always be present in the measurements.

Contributions: In this paper we propose to use predistor-
tion together with signal regeneration to compensate for all
significant hardware impairments in a full-duplex transceiver.
Since the predistorted passband self-interference signal is
only a linear copy of the baseband transmit signal, a predis-
torted analog cancellation stage alone is sufficient to suppress
the self-interference. In addition to the introduction of the
concept of predistortion based self-interference cancella-
tion, we also extend the power amplifier predistortion basis
functions developed in [7] to incorporate the cascade of 1Q
imbalance, digital-to-analog converter (DAC) non-linearity
and power amplifier memory effects. We validate both our
proposed predistortion based full-duplex cancellation archi-
tecture and the extended non-linearity model on a wideband
full-duplex over-the-air hardware testbed operating in the
2.4 GHz ISM band.

The paper is organised as follows. In Section 2, we briefly
describe the predistortion based regeneration architecture for
self-interference cancellation in full-duplex radios, and we
outline mathematical models for the various hardware im-
pairments present in a typical regeneration-based full-duplex
transceiver. In Section 3, the theoretical models are validated
with experimental measurements of the self-interference sup-
pression achieved on an experimental full-duplex testbed.
The paper is briefly concluded in Section 4.

2. APPLICATION OF DIGITAL PREDISTORTION
TO FULL-DUPLEX TRANSCEIVERS

Fig. 1(a) shows the block diagram of a full-duplex transceiver,
where the analog-self-interference signal is generated via a
dedicated passband circuit. In comparison, Fig. 1(b) shows
a regeneration architecture, where the cancellation signal is
regenerated from the digital baseband using a separate RF
chain. The self-interference ‘channel’ is sounded using a
training frame. The response is used to compute the coeffi-
cients of the finite-impulse response (FIR) filter that produces
the required cancellation signal [2, 6]. Only few hardware
impairments can be included, as this process only suppresses
linear signal components. Typically the analog suppression
stage is followed by a digital cancellation stage to suppress
the residual non-linear components. However, the (often)
high analog residual signal necessitates reducing the receiver
sensitivity to avoid saturation.

2.1. Characterisation of Hardware Impairments in Full-
Duplex Transceivers

In this section we briefly outline the digital baseband mathe-
matical models for the various hardware impairments present
in the full-duplex transmitter depicted in Fig. 1(b). The
baseband transmit signal x(n) is comprised of a real and

imaginary component, which are up-converted using sepa-
rate DACs and mixers. The DACs introduce baseband non-
linearities, which manifest as both odd- and even-ordered
harmonics (of the complex-valued baseband signal) in the
real-valued passband transmitted signal [6]. Accordingly,
the DAC non-linearities can be modelled in the baseband
representation of the passband signal using a Taylor’s series
expansion,
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where R {z(n)} and &{x(n)} are the real and imaginary
components of the baseband transmit signal respectively. The
coefficients a,, and b,, are the non-linear coefficients for the I-
and Q-DAC:s respectively, and the expansion is truncated after
P4 terms. IQ-imbalance arises due to inherent differences
between the I- and Q-mixers. In the baseband the impact of
this imbalance can be modelled as an additional complex con-
jugate term [16, pp. 71-79]

r1Q(n) = axpac(n) + Brpac(n), 2

where x5, represents the complex-conjugate of xpac, and o
and [ are coefficients that can be derived from the amplitude
and phase difference between the I- and Q-mixers [16, pp. 72—
73]. The power amplifier stage can be modelled as a non-
linear system with memory using the Volterra series [17, 18].
However, for wireless systems where (typically) the signal
bandwidth is small compared to the carrier frequency, the
Volterra series can be simplified to a memory polynomial ex-
pansion [17, 19]. In this case, for an arbitrary non-linearity
excited with input x(n), the output signal y(n) can be ex-
pressed by

y(n) =" > awmaig(n —m)
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where ay,, are the power amplifier coefficients, and K and
M are the sets of polynomial orders and delays, respec-
tively [17]. For a typical RF power amplifier only odd ordered
polynomial terms are included, as even ordered harmonics of
the RF signal would fall out of band. The basis functions
in (3) have the form z(n)|z(n)[* "' to ensure the phase
information in x(n) is preserved.

2.2. Predistortion for All Hardware Impairments

The basic idea behind predistortion is to distort the transmit
signal in the digital baseband to compensate for the non-linear
distortion and memory effects introduced by the baseband and
passband hardware impairments. In the ideal case, when a
baseband predistorted signal is applied to the non-linear hard-
ware, the passband output will be free from non-linear distor-
tion. Accordingly, for a full-duplex transceiver, predistortion
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Fig. 1. Full duplex system architectures: (a) RF cancellation circuit; (b) regeneration from the digital baseband; and (c) proposed
regeneration with digital predistortion for hardware impairments.

of the transmitted signal would thus considerably simplify the
design and implementation of the cancellation algorithms at
both the RF and digital stages, as shown in Fig. 1(c).

Predistorting for the hardware impairments requires the
inversion of (3). Unfortunately, explicitly inverting (3)
is complicated. However, following the approach of [17]
and [18] for signals where the bandwidth is small compared
the carrier frequency, we can use (3) to model the inverse
of the non-linear system directly, i.e., the output is used to
predict the input. This method is termed postdistortion. The
post-distortion coefficients in (3) are estimated by sending a
training frame and applying least-squares estimation to the
training and the received signal [17]. Following convergence,
these coefficients are copied into the predistortion stage and
the system is run in open-loop configuration [17].

Cascading the hardware impairment models for the DAC
non-linearities, IQ imbalance, and the power amplifier non-
linearities (with memory effects) leads to a transmit signal
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where xpac(n) includes the DAC non-linearities given by (1).
It is difficult to directly estimate the coefficients in (4) using
least-squares estimation. However, (4) can be expanded and
expressed with a different basis, in which the real and imagi-
nary parts of the signal are separated, e.g.,
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where b s, are the coefficients, and F and G are the set of
polynomial orders for the real and imaginary parts, and H
and L are the corresponding sets of delay terms respectively.
In this form, the required set of post-distortion coefficients,
bgsni, can be computed in a straightforward manner using
least-squares estimation.

3. EXPERIMENTAL VALIDATION

Our hardware testbed is based on the National Instruments
PXI platform with two NI-5791 RF transceiver modules op-
erating in the 2.4 GHz ISM band [6, 7]. Baseband signal pro-
cessing is performed in Matlab, and the NI-5791 modules are
configured using Labview. An external 30 dB gain amplifier
(Skyworks SE2576L) is used to increase the average transmit-
ted power to approximately 10 dBm. The transmit and receive
antennas are ‘rubber-duck’ monopoles, and are placed 25 cm
apart with the same polarisation, resulting in 25 dB of passive
suppression. As shown in Fig. 1(b) and (c), the cancellation
signal is ‘added’ to the received signal from the antennas be-
fore the receiver chain using an RF combiner. The transmitted
signal used to estimate the predistortion coefficients consists
of a frame containing 20 2048-tone OFDM symbols, where
each sub-carrier is modulated with 64-QAM representing a
random bit-stream. Frame synchronisation symbols or pilot
tones are not included. The OFDM signal has a bandwidth
of 20 MHz (the signals are sampled at 60 MHz to capture the
out-of-band emissions). The carrier frequency was 2.48 GHz,
and the local oscillator was shared between the transmit, re-
ceive, and cancellation chains to reduce the impact of phase-
noise.

Fig. 2(a) shows an experimental measurement of the
power spectral density recorded on the full-duplex testbed



when no digital predistortion is applied, i.e., using the ar-
chitecture depicted in Fig. 1(b). In this case the analog
cancellation signal only contains linear time-delayed com-
ponents. Significant out-of-band emissions are observed in
the transmitted signal, and these remain in the residual self-
interference after both the analog and digital suppression
stages. In particular, the residual after analog suppression is
approximately 23 dB above the measured noise-floor. The
digital suppression stage (using the model outlined in [6],
which only accounts for a limited number of coupled IQ and
non-linear terms) only improves the suppression by an addi-
tional 2 dB. The noise-floor is measured when ‘transmitting’
an empty, i.e., all zero, frame and thus includes also the ther-
mal noise arising from the cancellation chain. The increase
in the residual observed beyond +27 MHz arises from LO
leakage in the cancellation chain.

Fig. 2(b) shows the power spectral density when predis-
torting only for the power amplifier non-linearities using (3),
with the architecture depicted in Fig. 1(c). A comparison with
Fig. 2(a) shows the out-of-band emissions in the analog resid-
ual component (and the transmitted signal) are significantly
reduced. Unfortunately, the analog residual is still approxi-
mately 21 dB above the noise-floor. However, the digital sup-
pression stage, with the same model applied in Fig. 2(a), can
further reduce the self-interference by approximately 12 dB.

While predistortion for the power amplifier improves
the overall suppression, this is only achieved in the digital
stage. The high analog residual measured in Fig. 2(b) there-
fore reduces the receiver sensitivity. In contrast, as shown
in Fig. 2(c) predistortion for all significant hardware impair-
ments, using (5), improves the performance of the analog
suppression stage by 10 dB, compared to only predistorting
for the power amplifier. The analog residual is thus only
approximately 10 dB above the measured noise-floor, and
importantly, this suppression is achieved in the analog do-
main, before the signal reaches the receiver. In this case the
digital suppression stage does not further reduce the self-
interference.

4. CONCLUSIONS

Regeneration-based full-duplex transceivers are prone to the
effects of hardware impairments, which introduce signifi-
cant non-linear components in the self-interference signal,
particularly at high transmit power. Digital predistortion
for hardware impairments in the transceiver chain—e.g.,
mixer 1Q-imbalance, DAC non-linearities, and power ampli-
fier non-linear memory effects—effectively ‘linearises’ the
self-interference signal and allows for increased suppression.
Results on a hardware testbed operating at 2.48 GHz shows
that predistortion for all significant hardware impairments
in a full-duplex transceiver can increase the analog suppres-
sion by an additional 14 dB for a 20 MHz OFDM signal,
compared to a conventional regeneration architecture with no
predistortion.
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Fig. 2. Experimentally measured self-interference power
spectral density with: (a) no digital predistortion; (b) predis-
tortion only for the power amplifier; and (c) predistortion of
all significant hardware impairments.
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