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Fig. 1. Application of the predistortion coefficients, w, to the baseband signal,
u(n). A postdistortion step is used to estimate w from training data. Adapted
from [18].

the improvement in suppression that is obtained, relative to
the case when no predistortion is applied.

Outline: This paper is organised as follows. Section II
outlines the methodology for the predistortion of power am-
plifiers, and includes experimental results when the power
amplifier is considered in isolation. Section III discusses how
predistortion can be incorporated into a full-duplex system.
Implementation results on an experimental testbed are reported
in section IV.

II. POWER AMPLIFIER DIGITAL PREDISTORTION

In this section we outline the application of digital predis-
tortion to a RF power amplifier in isolation; in sections III
and IV we discuss how this approach can be extended to full-
duplex systems. The basic idea behind digital predistortion is
to compensate for the compression introduced by the power
amplifier by appropriately distorting the baseband signal.
Fig. 1 shows how a baseband signal, u(n), is predistorted
before passing through the power amplifier. In the ideal case,
when the predistorted signal, x(n), is applied as an input to
the non-linear power amplifier, the output, y(n), will simply
be u(n), and free of non-linear distortion. The predistortion
step thus requires finding a suitable model for the inverse of
the power amplifier. For narrowband signals, where memory
effects can be neglected, the inverse can be found relatively
easily by sweeping the input power, and either fitting a
low-order polynomial model, or deriving look-up-tables [17,
pp. 99–101]. However, wideband signals typically require
taking the non-linear memory effects into account (which
arise from propagation delays in the circuit and thermal time
constants [18]), i.e., the output depends not only on the current
input but also on the previous values [17].

A. Memory Polynomial Models

General models for characterising non-linearities with mem-
ory can be formulated from the Volterra series [18], [19].
For signals where the bandwidth is small compared to the
carrier frequency (e.g., in most typical wireless systems), the
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Fig. 2. Spectrum of a 512-tone, 5 MHz OFDM signal through an RF power
amplifier (with 20 dBm total output power and 2.48 GHz carrier frequency)
and after two successive DPD stages. The signal is attenuated by 20 dB before
measurement.

generalised Volterra series can be simplified to a memory
polynomial expansion [18], [20]. In this case, for an arbitrary
non-linearity excited with input x(n), the output signal, y(n),
can be expressed

y(n) =
K�1X

k=0

M�1X

m�0

a

km

x(n�m) |x(n�m)|k (1)

where a

km

are the coefficients to be determined, and K

and M are the maximum polynomial order and delay con-
sidered, respectively. The basis functions in (1) have the
form x(n) |x(n)|k to ensure the phase-information in x(n) is
preserved. Memory polynomial models have previously been
shown to accurately characterise the non-linear effects of a
range of RF power amplifiers [18], [21].

Predistorting for the power amplifier non-linearities requires
us to find the inverse of (1). While the inverse of a memory
polynomial is also a memory polynomial, explicitly inverting
the model is challenging [18], [19]. In this paper, we follow
the approach outlined in [18] and [19], where (1) is applied
to model the inverse of the power amplifier directly, i.e.,
the output, y(n), is used to predict the input, x(n). This
method is termed postdistortion, and Fig. 1 depicts a block
diagram showing how the coefficients are estimated from the
inverse amplifier model. Once the system has converged the
coefficients are copied into the predistortion stage, which can
then be run in open loop [18].

The KM predistortion coefficients, w, are estimated by
transmitting a frame (containing N samples) of training data,
x = u(n), for n = 1, . . . N . The received samples, y(n), are
gathered into an N ⇥ (KM) matrix, Y. Each column in Y

corresponds to a specific coefficient in w, and is distorted
according to the basis function, y(n � m) |y(n�m)|k. The
inverse model for the power amplifier can then be compactly
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Fig. 1. Application of the predistortion coefficients, w, to the baseband signal,
u(n). A postdistortion step is used to estimate w from training data. Adapted
from [18].

convergence. The proposed architecture is implemented on a
hardware testbed and experiments are performed to quantify
the improvement in suppression that is obtained, relative to
the case when no predistortion is applied.

Outline: This paper is organised as follows. Section II
outlines the methodology for the predistortion of power am-
plifiers, and includes experimental results when the power
amplifier is considered in isolation. Section III discusses how
predistortion can be incorporated into a full-duplex system.
Implementation results on an experimental testbed are reported
in section IV.

II. POWER AMPLIFIER DIGITAL PREDISTORTION

In this section we outline the application of digital predis-
tortion to a RF power amplifier in isolation; in sections III
and IV we discuss how this approach can be extended to full-
duplex systems. The basic idea behind digital predistortion is
to compensate for the compression introduced by the power
amplifier by appropriately distorting the baseband signal.
Fig. 1 shows how a baseband signal, u(n), is predistorted
before passing through the power amplifier. In the ideal case,
when the predistorted signal, x(n), is applied as an input to
the non-linear power amplifier, the output, y(n), will simply
be u(n), and free of non-linear distortion. The predistortion
step thus requires finding a suitable model for the inverse of
the power amplifier. For narrowband signals, where memory
effects can be neglected, the inverse can be found relatively
easily by sweeping the input power, and either fitting a
low-order polynomial model, or deriving look-up-tables [17,
pp. 99–101]. However, wideband signals typically require
taking the non-linear memory effects into account (which
arise from propagation delays in the circuit and thermal time
constants [18]), i.e., the output depends not only on the current
input but also on the previous values [17].

A. Memory Polynomial Models

General models for characterising non-linearities with mem-
ory can be formulated from the Volterra series [18], [19].
For signals where the bandwidth is small compared to the
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carrier frequency (e.g., in most typical wireless systems), the
generalised Volterra series can be simplified to a memory
polynomial expansion [18], [20]. In this case, for an arbitrary
non-linearity excited with input x(n), the output signal, y(n),
can be expressed

y(n) =
K�1X

k=0

M�1X

m�0

a

km

x(n�m) |x(n�m)|k (1)

where a

km

are the coefficients to be determined, and K

and M are the maximum polynomial order and delay con-
sidered, respectively. The basis functions in (1) have the
form x(n) |x(n)|k to ensure the phase-information in x(n) is
preserved. Memory polynomial models have previously been
shown to accurately characterise the non-linear effects of a
range of RF power amplifiers [18], [21]. Even ordered terms
are included in (1) as previous research has shown the DAC
introduces baseband non-linear effects [4].

Predistorting for the power amplifier non-linearities requires
us to find the inverse of (1). While the inverse of a memory
polynomial is also a memory polynomial, explicitly inverting
the model is challenging [18], [19]. In this paper, we follow
the approach outlined in [18] and [19], where (1) is applied
to model the inverse of the power amplifier directly, i.e.,
the output, y(n), is used to predict the input, x(n). This
method is termed postdistortion, and Fig. 1 depicts a block
diagram showing how the coefficients are estimated from the
inverse amplifier model. Once the system has converged the
coefficients are copied into the predistortion stage, which can
then be run in open loop [18].

The KM predistortion coefficients, w, are estimated by
transmitting a frame (containing N samples) of training data,
x = u(n), for n = 1, . . . N . The received samples, y(n), are
gathered into an N ⇥ (KM) matrix, Y. Each column in Y

corresponds to a specific coefficient in w, and is distorted
according to the basis function, y(n � m) |y(n�m)|k. The
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The RF non-linearities introduced by the power amplifier
can be modelled using a Taylor series expansion around 0,
with maximum degree K,

y(n) =
KX

k=1,
k odd

akx(n)
k (2)

where ak 2 R. Even ordered harmonics in (2) will lie out of
band and are assumed to be cutoff by the RF lowpass filter in
the receiver front-end.

y(n) =
KX

k=1

M�1X

m�0

akmx(n�m) |x(n�m)|k (3)

Although predistortion of the power amplifier by (??) would
not correct for IQ imbalance, the

IQ imbalance arises from amplitude and phase mismatch
between the in-phase and quadrature mixers and can be
expressed

x(n) = ↵x

0(n) + �x̃

0(n) (4)

where x

0 is the original baseband complex OFDM signal, x̃0

the complex conjugate and ↵ and � are the
Eqn. (4) can be expressed in terms of the real and imaginary

parts of the signal,

x(n) = ↵x

0(n) + �x̃

0(n)

= (↵+ �)<{x0(n)}+ j(↵� �)={x0(n)} (5)

Letting c1 = ↵ + � and c2 = j(↵ � �) and substituting (5)
into (3) yields,

Explicitly estimating the coefficients in (??) is difficult,
however, we note that can over all the terms in the expansion
using a new set of basis functions, namely

y(n) =
FX

f=0

GX

g=0

MX

m=0

afgm<{x0(n�m)}
f
2 ={x0(n�m)}

g
2
.

(6)
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Fig. 2. Estimation of the digital predistortion coefficients, w, using a post-
distortion step.

The predistortion coefficients agfm are linear in the basis
<{x0}={x0} and can thus be found via least squares estima-
tion, similar to the approach outlined in section ??. It must
be noted that (??) is not proposed as a digital cancellation
stage as this model can potentially be overfit. However, when
applied as a predistortion stage any over-fitting

IQ imbalance is also introduced by the mixer on the receiver
side, however, this operation is linear and will thus also be
captured by (6).

However, this nesseciates estimation of the coefficients on
each piece of hardware

V. EXPERIMENTAL VERIFICATION

VI. DISCUSSION AND CONCLUSIONS
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Skyworks	SE2576L	30	dB	gain	
power	amplifier:	up	to	20	dBm	
(average)	transmit	power		

Hardware Testbed 

Predistor)on	with	IQ	and	PA	basis	

NI	FlexRIO	PXIe-1082	with	two	NI-5791	RF	modules	
•  Baseband	signal	processing	performed	in	Matlab	

Two	stage	self-interference	suppression:		
1.  RF	cancella.on	signal	generated	from	digital	

baseband	(by	sounding	self-interference	channel)	
2.  Digital	cancella.on	applied	to	the	residual	self-

interference	(joint	model	includes	IQ-imbalance)	
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•  Inherently	captures	all	TX	non-
ideali.es		

•  Requires	reconfigurable	analog	
hardware:	does	not	scale	well	
for	MIMO	

•  All	signal	processing	done	digitally:	
scales	well	for	MIMO	

•  Requires	precise	modelling	and	
reconstruc.on	of	TX	non-ideali.es	

•  Linearizing	the	TX	signal	means	less	
non-linear	cancella.on	is	required		

•  Avoid	modelling	the	PA	memory	in	
digital	cancella.on	
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Fig. 1. Application of the predistortion coefficients, w, to the baseband signal,
u(n). A postdistortion step is used to estimate w from training data. Adapted
from [18].

convergence. The proposed architecture is implemented on a
hardware testbed and experiments are performed to quantify
the improvement in suppression that is obtained, relative to
the case when no predistortion is applied.

Outline: This paper is organised as follows. Section II
outlines the methodology for the predistortion of power am-
plifiers, and includes experimental results when the power
amplifier is considered in isolation. Section III discusses how
predistortion can be incorporated into a full-duplex system.
Implementation results on an experimental testbed are reported
in section IV.

II. POWER AMPLIFIER DIGITAL PREDISTORTION

In this section we outline the application of digital predis-
tortion to a RF power amplifier in isolation; in sections III
and IV we discuss how this approach can be extended to full-
duplex systems. The basic idea behind digital predistortion is
to compensate for the compression introduced by the power
amplifier by appropriately distorting the baseband signal.
Fig. 1 shows how a baseband signal, u(n), is predistorted
before passing through the power amplifier. In the ideal case,
when the predistorted signal, x(n), is applied as an input to
the non-linear power amplifier, the output, y(n), will simply
be u(n), and free of non-linear distortion. The predistortion
step thus requires finding a suitable model for the inverse of
the power amplifier. For narrowband signals, where memory
effects can be neglected, the inverse can be found relatively
easily by sweeping the input power, and either fitting a
low-order polynomial model, or deriving look-up-tables [17,
pp. 99–101]. However, wideband signals typically require
taking the non-linear memory effects into account (which
arise from propagation delays in the circuit and thermal time
constants [18]), i.e., the output depends not only on the current
input but also on the previous values [17].

A. Memory Polynomial Models

General models for characterising non-linearities with mem-
ory can be formulated from the Volterra series [18], [19].
For signals where the bandwidth is small compared to the
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Fig. 2. Spectrum of a 512-tone, 5 MHz OFDM signal through an RF power
amplifier (with 20 dBm total output power and 2.48 GHz carrier frequency)
and after two successive DPD stages. The signal is attenuated by 20 dB before
measurement.

carrier frequency (e.g., in most typical wireless systems), the
generalised Volterra series can be simplified to a memory
polynomial expansion [18], [20]. In this case, for an arbitrary
non-linearity excited with input x(n), the output signal, y(n),
can be expressed

y(n) =
K�1X

k=0

M�1X

m�0

a

km

x(n�m) |x(n�m)|k (1)

where a

km

are the coefficients to be determined, and K

and M are the maximum polynomial order and delay con-
sidered, respectively. The basis functions in (1) have the
form x(n) |x(n)|k to ensure the phase-information in x(n) is
preserved. Memory polynomial models have previously been
shown to accurately characterise the non-linear effects of a
range of RF power amplifiers [18], [21]. Even ordered terms
are included in (1) as previous research has shown the DAC
introduces baseband non-linear effects [4].

Predistorting for the power amplifier non-linearities requires
us to find the inverse of (1). While the inverse of a memory
polynomial is also a memory polynomial, explicitly inverting
the model is challenging [18], [19]. In this paper, we follow
the approach outlined in [18] and [19], where (1) is applied
to model the inverse of the power amplifier directly, i.e.,
the output, y(n), is used to predict the input, x(n). This
method is termed postdistortion, and Fig. 1 depicts a block
diagram showing how the coefficients are estimated from the
inverse amplifier model. Once the system has converged the
coefficients are copied into the predistortion stage, which can
then be run in open loop [18].

The KM predistortion coefficients, w, are estimated by
transmitting a frame (containing N samples) of training data,
x = u(n), for n = 1, . . . N . The received samples, y(n), are
gathered into an N ⇥ (KM) matrix, Y. Each column in Y

corresponds to a specific coefficient in w, and is distorted
according to the basis function, y(n � m) |y(n�m)|k. The

Coefficients	

Experimental	Verifica)on:	

Memory	polynomial	predistor.on	only	accounts	for	the	power	amplifier:	
mixer	IQ-imbalance	and	DAC	baseband	non-lineari.es	are	also	significant	

•  New	predistor)on	IQ	and	PA	basis	that	includes	mixer	and	DAC	effects:		
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thereby accounting for both sets of non-linearities. The impact
of the channel (including any internal reflections within the
system, and the actual multipath wireless channel) will also
be captured by the memory terms of the predistortion model,
when sufficient delay terms are included.

The transmitter and cancellation predistortion coefficients
are computed sequentially by sounding the channels using a
randomly generated OFDM training signal. First, the transmit-
chain coefficients, w

tx

, are computed using (2), where Y is
the received signal matrix, and x is the N ⇥ 1 vector of
training samples. The cancellation chain coefficients, w

cx

,
could be computed similarly, however, section II-B shows
residual non-linearities are present in the received signal even
after several iterations of the predistortion algorithm. Thus,
to further increase the cancellation, we compute w

cx

by
setting x in (2) to �y

tx

, the signal obtained after predistorting
the transmitter-chain. While computing the coefficients can
be computationally expensive (requiring the inverse of a
81⇥41600 matrix), our experiments have shown both sets
of coefficients remain largely constant, and thus could be
computed off-line and stored.

IV. EXPERIMENTAL VERIFICATION

Our full-duplex testbed consists of a NI FlexRIO PXIe-1082
chassis and two NI 5791 transceiver modules, each containing
a transmit and receive chain. The same local oscillator is
inherently used by the transmit and receive chains within each
NI 5791 module and is explicitly shared between each card
to reduce the impact of phase noise [13], [14]. An external
power amplifier (Skyworks SE2576L) is used to provide up to
20 dBm (average) transmit power, while a low-noise-amplifier
(Minicircuits ZX60-272LN+) is used on the receiver side to
increase the sensitivity to the incoming desired signal. Two
vertically orientated 2.4 GHz ‘rubber duck’ antennas are used
and spaced 30 cm apart, providing approximately 20 dB
‘passive’ isolation. As shown in Fig. 3, the RF cancellation
signal is applied before the LNA using an RF combiner
(Minicircuits ZX10-2-252-S+).

Fig. 4(a) shows the transmitted and residual self-interference
spectra for a 5 MHz, 512-tone OFDM signal when no pre-
distortion is applied. The (average) transmission power is
20 dBm, and strong side-lobes are observed; these are also
present in the residual after analog suppression has been
applied. The power of the self-interference before the analog
cancellation stage (at the receiving antenna) is approximately
0 dBm; in this case, the analog stage provides 37 dB sup-
pression. Applying linear digital cancellation (i.e., attempting
to remove components in the residual proportional to the
transmitted signal) does not increase the suppression. This
observation is consistent with [3] and [4], where it was
noted that the combined suppression obtained from successive
analog and digital-linear stages is approximately constant.

As observed in Fig. 4(a), application of a joint cancellation
model [7] that includes non-linear components of the complex
conjugate of the baseband transmit signal—thereby partially
accounting for the IQ imbalance in the mixers, and non-
linearities introduced by the DAC—marginally improves the
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Fig. 4. Experimentally measured suppression spectrum for a 5 MHz band-
width, 2.48 GHz full-duplex system operating with 20 dBm transmit power:
(a) no predistortion applied; and (b) the transmit and cancellation chains are
predistorted.

suppression. However, the resulting residual is still approxi-
mately 30 dB from the measured noise-floor. In this config-
uration, the measured noise-floor is approximately �68 dBm
(it should be noted that this value is measured after the LNA,
which provides approximately 13 dB gain).

Fig. 4(b) shows that predistorting the transmit and can-
cellation chains results in significantly reduced side-lobes in
the analog residual signal. The power of the analog residual
is 2 dB lower in the non-predistorted case, however, in this
case, application of digital cancellation (using the joint model)
significantly reduces the self-interference by a further 11 dB,
to within approximately 17 dB of the measured noise floor. To
understand why this occurs, let us consider the case where the
transmit signal before the power amplifier, x(n), is distorted
by IQ imbalance,

x(n) = ↵x

0(n) + j�

e
x

0(n), (3)

where ↵ and � are introduced by the gain and phase mismatch

4

thereby accounting for both sets of non-linearities. The impact
of the channel (including any internal reflections within the
system, and the actual multipath wireless channel) will also
be captured by the memory terms of the predistortion model,
when sufficient delay terms are included.

The transmitter and cancellation predistortion coefficients
are computed sequentially by sounding the channels using a
randomly generated OFDM training signal. First, the transmit-
chain coefficients, w

tx

, are computed using (2), where Y is
the received signal matrix, and x is the N ⇥ 1 vector of
training samples. The cancellation chain coefficients, w

cx

,
could be computed similarly, however, section II-B shows
residual non-linearities are present in the received signal even
after several iterations of the predistortion algorithm. Thus,
to further increase the cancellation, we compute w

cx

by
setting x in (2) to �y

tx

, the signal obtained after predistorting
the transmitter-chain. While computing the coefficients can
be computationally expensive (requiring the inverse of a
81⇥41600 matrix), our experiments have shown both sets
of coefficients remain largely constant, and thus could be
computed off-line and stored.

IV. EXPERIMENTAL VERIFICATION

Our full-duplex testbed consists of a NI FlexRIO PXIe-1082
chassis and two NI 5791 transceiver modules, each containing
a transmit and receive chain. The same local oscillator is
inherently used by the transmit and receive chains within each
NI 5791 module and is explicitly shared between each card
to reduce the impact of phase noise [13], [14]. An external
power amplifier (Skyworks SE2576L) is used to provide up to
20 dBm (average) transmit power, while a low-noise-amplifier
(Minicircuits ZX60-272LN+) is used on the receiver side to
increase the sensitivity to the incoming desired signal. Two
vertically orientated 2.4 GHz ‘rubber duck’ antennas are used
and spaced 30 cm apart, providing approximately 20 dB
‘passive’ isolation. As shown in Fig. 3, the RF cancellation
signal is applied before the LNA using an RF combiner
(Minicircuits ZX10-2-252-S+).

Fig. 4(a) shows the transmitted and residual self-interference
spectra for a 5 MHz, 512-tone OFDM signal when no pre-
distortion is applied. The (average) transmission power is
20 dBm, and strong side-lobes are observed; these are also
present in the residual after analog suppression has been
applied. The power of the self-interference before the analog
cancellation stage (at the receiving antenna) is approximately
0 dBm; in this case, the analog stage provides 37 dB sup-
pression. Applying linear digital cancellation (i.e., attempting
to remove components in the residual proportional to the
transmitted signal) does not increase the suppression. This
observation is consistent with [3] and [4], where it was
noted that the combined suppression obtained from successive
analog and digital-linear stages is approximately constant.

As observed in Fig. 4(a), application of a joint cancellation
model [7] that includes non-linear components of the complex
conjugate of the baseband transmit signal—thereby partially
accounting for the IQ imbalance in the mixers, and non-
linearities introduced by the DAC—marginally improves the
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Fig. 4. Experimentally measured suppression spectrum for a 5 MHz band-
width, 2.48 GHz full-duplex system operating with 20 dBm transmit power:
(a) no predistortion applied; and (b) the transmit and cancellation chains are
predistorted.

suppression. However, the resulting residual is still approxi-
mately 30 dB from the measured noise-floor. In this config-
uration, the measured noise-floor is approximately �68 dBm
(it should be noted that this value is measured after the LNA,
which provides approximately 13 dB gain).

Fig. 4(b) shows that predistorting the transmit and can-
cellation chains results in significantly reduced side-lobes in
the analog residual signal. The power of the analog residual
is 2 dB lower in the non-predistorted case, however, in this
case, application of digital cancellation (using the joint model)
significantly reduces the self-interference by a further 11 dB,
to within approximately 17 dB of the measured noise floor. To
understand why this occurs, let us consider the case where the
transmit signal before the power amplifier, x(n), is distorted
by IQ imbalance,

x(n) = ↵x

0(n) + j�

e
x

0(n), (3)

where ↵ and � are introduced by the gain and phase mismatch

No	predistor)on	 Predistor)on	with	memory	polynomial	

12	dB	

Out	of	band	emissions	
significantly	reduced	

•  Digital	cancella.on	stage	unable	to	reduce	
self-interference	more	than	analog	stage	

•  Self-interference	approx	30	dB	above	the	noise	

PA	predistor)on	allows	digital	cancella)on	stage	
to	reduce	self-interference	further	by	12	dB		

•  Analog	cancella.on	stage	alone	reduces	self-
interference	to	within	20	dB	of	the	noise-
floor	(on	the	same	level	as	digital	with	PA	
lineariza.on)	

What	is	in	the	residual?	
•  A	“feasible”	genie	removes	all	determinis.c	

signal	components	by	averaging	over	10	frames	
		

	

•  The	remaining	self-interference	(10	dB	above	
the	noise-floor)	comes	from	random	
components,	e.g.,	phase-noise	or	.ming	jiAer		

The	genie	predicts	an	addi)onal	10	dB	
analog	or	digital	suppression	is	possible		

Full-duplex	transceivers	based	on	
digital	regenera)on:	more	
sensi.ve	to	PA	non-lineari.es	
(and	other	impairments)	than	
analog	cancella.on	architectures	

Noise-Floor:	set	by	the	approx	66	dB	
dynamic	range	of	the	receiver	ADC	


