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Abstract—This paper addresses the modeling and digital
cancellation of self-interference in in-band full-duplex (FD)
transceivers with multiple transmit and receive antennas. The
self-interference modeling and the proposed nonlinear spatio-
temporal digital canceller structure takes into account, by design,
the effects of I/Q modulator imbalances and power amplifier (PA)
nonlinearities with memory, in addition to the multipath self-
interference propagation channels and the analog RF cancellation
stage. The proposed solution is the first cancellation technique
in the literature which can handle such a self-interference
scenario. It is shown by comprehensive simulations with realistic
RF component parameters and with two different PA models
to clearly outperform the current state-of-the-art digital self-
interference cancellers, and to clearly extend the usable transmit
power range.

I. INTRODUCTION

Full-duplex communications using the same carrier for
simultaneous transmission and reception is a novel paradigm
in the research on wireless communications [1]–[5]. It would
enable the full utilization of the available resources for both the
transmitted and received waveforms, thus potentially doubling
the achievable spectral efficiency. This is obviously a very
appealing prospect, since the spectral resources are already
very limited, and thus more and more users must be served
without significantly increasing the amount of utilized re-
sources. In-band full-duplex radio technology is also receiving
increasing interest in currently emerging 5G mobile cellular
radio technology research, see, e.g., [6]–[8].

However, the obvious problem with simultaneous transmis-
sion and reception at the same carrier is the own transmit
signal, which is coupled back to the receiver and thereby
acts as a powerful source of interference. This so-called self-
interference (SI) poses a fundamental challenge for in-band
full-duplex transceivers, and its suppression is necessary in
order to make this concept feasible in the first place [1]–
[3]. In principle, the SI signal can be cancelled by merely
subtracting the transmitted signal from the received signal, as
it is obviously known within the device [1]–[3]. In practice,
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however, this requires knowledge about the coupling channel
between the transmitter and receiver, as well as additional
circuitry in the radio frequency (RF) front-end. Thus, the
increased spectral efficiency comes at a cost because the
effective SI coupling channel must be estimated and additional
components and processing must be then used to cancel the
SI signal.

One significant obstacle for efficient SI cancellation is
caused by the analog circuit nonidealities, which distort the
transmit signal [4], [9]–[12]. This means that it is not possible
to accurately regenerate the received SI signal with only
linear processing methods. This, on the other hand, results in
less attenuation for the SI, and in some cases decreases the
performance of the full-duplex transceivers below acceptable
levels. One such analog nonideality is the nonlinearity of
the components, which has been widely analyzed in recent
literature [4], [9]–[12]. It has been shown that nonlinear
distortion of the SI signal can result in a large performance
loss if only linear SI cancellation techniques are used [9].
The nonlinearity of the transmitter power amplifier (PA) has
been observed to be especially harmful [10]. This problem
cannot be avoided in practical devices, since the PA needs to be
driven close to saturation for power-efficient operation [13]. To
combat this issue in full-duplex devices, several nonlinear SI
cancellation techniques have already been proposed [4], [10],
[11]. With these methods, it is possible to accurately regenerate
also a nonlinearly distorted SI signal, and thus cancel it more
efficiently.

Another significant analog impairment in most wireless
radio transceivers is I/Q imaging [14], which is caused by the
mismatches between the I- and Q-branches of the transmitter
and receiver chains. This is a widespread issue in wireless
communications since nowadays most transceiver structures
utilize I/Q processing. It has been shown that I/Q imaging is
especially harmful in in-band full-duplex transceivers because
the power of the SI signal can be significantly higher than that
of the received signal of interest [15]. This means that also
the power of the I/Q image component can be very high in
comparison to the signal of interest, possibly resulting in a
low signal-to-interference-plus-noise ratio. However, in [15] it
was shown that it is possible to attenuate also this SI image
component in the digital domain very efficiently by utilizing
widely-linear signal models and processing.

In this paper, we consider both of these sources of non-
ideality, and develop a complete digital cancellation solution
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that is able to regenerate a nonlinearly distorted SI signal
even when there is I/Q imbalance in the transmitter chain. In
addition, for generality, the canceller is derived for a MIMO
full-duplex transceiver with multiple simultaneously operating
transmit and receive antennas. To the best of our knowledge
this is the first time this type of a digital cancellation solution
has been developed and reported in the general MIMO full-
duplex transceiver scenario, and is also the first reported
digital cancellation solution being able to handle joint effects
of I/Q imaging and PA nonlinearities. Since I/Q imaging
and nonlinear distortion are typically the dominant sources of
distortion in the analog domain [9], [15], the proposed solution
can be expected to provide a significant improvement in the
final SINR, while having increased robustness against heavily
nonideal RF components. This is verified and demonstrated
in this article with comprehensive waveform simulations. We
also wish to emphasize that the nonlinearities of the trans-
mitter, generally dictated by the transmitter emission mask
and limits, are particularly challenging in the full-duplex radio
context, stemming from the high sensitivity requirements of the
simultaneously operating receiver chain(s). Hence, even if the
transmitter nonlinearities are at levels well conforming to the
typical emission requirements, the remaining nonlinearities are
still substantial from the perspective of the sensitive receiver.
This is the key motivation behind this work.

The rest of this paper is organized as follows. In Section II,
the baseband signal model for the nonlinear self-interference
is derived. The proposed canceller structure and parameter
estimation are introduced in Section III, where we also discuss
ways to decrease the complexity of the canceller. Section IV
presents comprehensive simulation results on the performance
of the proposed solution in comparison with state-of-the-art
reference techniques. Finally, Section V concludes the article.

II. BASEBAND EQUIVALENT SIGNAL MODELING

In this section we build a complete self-interference chan-
nel model for a multiple antenna full-duplex device, including
the effects of transmitter impairments (PA nonlinearity and
I/Q modulator imbalance), the linear MIMO self-interference
channel, and analog RF SI cancellation. In this study, the
receiver I/Q imbalances are assumed to be calibrated, using
for example the blind compensation techniques from [14]. A
residual receiver I/Q imbalance level is anyway included in the
simulations.

The proposed model is linear-in-parameters, thus lending
itself well to simple parameter estimation schemes. The di-
mensionality of the model is increased compared to a serial,
decoupled model, but with the benefit of simpler estimation.
Some approximate models are also presented, based on prac-
tical insight of the transmitter impairments and their relative
strengths, in order to reduce the complexity. For notational
simplicity, the actual received signal of interest (SoI) and
additive noise are not included in the following presentation
but are naturally present in the performance simulations. An
illustration of the considered full-duplex MIMO transceiver
is given in Fig. 1 with two TX and RX antennas. All the
modeling, estimation, and cancellation algorithm developments
are, however, carried out for a general NT ×NR transceiver.

A. Power Amplifier and I/Q Modulator Models
The baseband signal of transmitter j (j = 1, 2, . . . , NT )

is denoted by xj(n). The output signal of the I/Q modulator

model (frequency-independent model for simplicity) is [14]

xIQMj (n) = K1,jxj(n) +K2,jx
∗
j (n) (1)

with K1,j = 1/2(1 + gj exp(jϕj)) and K2,j = 1/2(1 −
gj exp(jϕj)), where gj , ϕj are the gain and phase imbalance
parameters of transmitter j. Notice that for any practical
transmitter front-end |K1,j | � |K2,j |. The strength of the
induced I/Q image component, represented by the conjugated
signal term in (1), is typically characterized with the image
rejection ratio (IRR) as 10 log10(|K1,j |2/|K2,j |2).

The assumed power amplifier model is parallel Hammer-
stein (PH) with polynomial branch nonlinearities and FIR
branch filters, given for transmitter j as

xPAj (n) =

P∑
p=1
p odd

M∑
m=0

hp,j(m)ψp(x
IQM
j (n−m)). (2)

Here, the basis functions are defined as

ψp(x(n)) = |x(n)|p−1x(n) = x(n)
p+1
2 x∗(n)

p−1
2 (3)

and hp,j(n) denote the FIR filter impulse responses of the PH
branches for transmitter j, while M and P denote the memory
depth and nonlinearity order of the PH model, respectively
[16]–[18]. The PH nonlinearity is a widely used nonlinear
model for direct as well as inverse modeling of power am-
plifiers and has been observed, through RF measurements, to
characterize the operation of various power amplifiers in an
accurate manner [16]–[19] .

Inserting now (1) and (3) into (2) we obtain, after some
straightforward but tedious algebra,

xPAj (n) =

P∑
p=1
p odd

p∑
q=0

M∑
m=0

h
(q,p−q)
p,j (m)×

xj(n−m)
q
x∗j (n−m)

p−q (4)

where h
(q,p−q)
p,j are the coefficients for the basis function of

the form xqx∗p−q . These are, for order p = 1 given as

h
(1,0)
1,j (m) = K1,jh1,j(m)

h
(0,1)
1,j (m) = K2,jh1,j(m)

and for p = 3 as

h
(3,0)
3,j (m) = K2

1,jK
∗
2,jh3,j(m)

h
(2,1)
3,j (m) = (|K1,j |2K1,j + 2|K2,j |2K1,j)h3,j(m)

h
(1,2)
3,j (m) = (2|K1,j |2K2,j + |K2,j |2K2,j)h3,j(m)

h
(0,3)
3,j (m) = K∗1,jK

2
2,jh3,j(m)

Higher orders follow similarly but are not written out explicitly
due to space constraints.

In general, with the above cascaded modeling approach
for I/Q modulator and PA impairments, there are p+1 distinct
filters for pth order nonlinearity, i.e., one for each distinct basis
function of order p. However, many of the terms arising from
cascading the impairments (such as K∗1,jK

2
2,jh3,j(m)) are so

small that they can be neglected with very little effect on
overall modeling accuracy. This will reduce the computational
cost of such modeling and the corresponding cancellation. This
is explored further in Section II-C.
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Fig. 1. Block diagram of the considered 2× 2 full-duplex transceiver.

B. MIMO Channel and RF Canceller Model
We denote the actual MIMO propagation channel impulse

response from TX antenna j to RX antenna i by cij(l), l =
0, 1, . . . , L,, with L denoting the effective delay spread of the
self-interference channel. The received SI signal at RX antenna
i (i = 1, 2, . . . , NR) can now be written as

zi(n) =

NT∑
j=1

L∑
l=0

cij(l)x
PA
j (n− l)

=

NT∑
j=1

P∑
p=1
p odd

p∑
q=0

M+L∑
m=0

h̃
(q,p−q)
p,ij (m)× (5)

xj(n−m)
q
x∗j (n−m)

p−q

where h̃(q,p−q)
p,ij (m) =

∑m
l=0cij(l)h

(q,p−q)
p,j (m− l).

Eq. (5) does not yet include the effect of analog RF cancel-
lation. As shown in Fig. 1, we assume active RF cancellation
where the PA output of each TX is tapped, and subtracted
from each of the received signals after suitable gain, phase and
delay adjustments. The RF cancellers can be either single-tap
or multi-tap, but for generality we denote them with impulse
responses hRFij (n), operating on the PA output signals xPAj (n).
Thus, the received SI signal of receiver i, after analog RF
cancellation, becomes

ri(n) =zi(n)−
NT∑
j=1

L′∑
l=0

hRFij (l)xPAj (n− l)

=

NT∑
j=1

P∑
p=1
p odd

p∑
q=0

M+max(L,L′)∑
m=0

h̆
(q,p−q)
p,ij (m)× (6)

xj(n−m)
q
x∗j (n−m)

p−q .

with h̆(q,p−q)
p,ij (m) =

∑m
l=0c

RF
ij (l)h

(q,p−q)
p,ij (m−l) and cRFij (l) =

cij(l) − hRFij (l). Here, L′ denotes the number of taps in the

RF canceller. Notice that the structure of the model is still of
the same form as in (5) but with modified impulse response
coefficients and orders, taking into account the effect of the
RF canceller.

Purely analog RF cancellation, as assumed in the above
derivations, calls for NT ×NR canceller circuits to be imple-
mented in the device; one canceller from each transmitter to
each receiver. The complexity may become prohibitive when
the number of antennas is increased beyond 2. There is an
alternative RF canceller structure, based on digital regeneration
of the SI, and upconversion to RF via an additional transmit-
ter chain [3], whose complexity scales with NR instead of
NT × NR. This type of a structure may prove to be more
attractive with more antennas. We emphasize, however, that the
proposed modeling is compatible with such RF cancellation as
well, only the exact expressions of the model parameters, and
their number (i.e., filter lengths), may be different. Hence, the
structure of the SI signal model in (6) is of general nature,
independent of the actual RF cancellation implementation.

C. Simplified Signal Models
With high transmit powers, and assuming typical RF com-

ponent characteristics, the most powerful nonlinear SI terms
in (6) are (in approximate order): I/Q mismatch, PA 3rd order
nonlinearity, PA 5th order nonlinearity, cascade of I/Q mis-
match and PA 3rd order nonlinearity, PA 7th order nonlinearity,
etc. The polynomial basis functions corresponding to these
dominant self-interference terms are listed in Table I. In most
practical cases all the other basis functions (except of course
the linear basis function xj) can be neglected. The relative
strengths of the different SI terms naturally depend on the
actual hardware of the device, as well as on the transmit
power, so the relative order of some of the terms in Table I
may eventually be different. The significant memory depths
of the basis functions may also be different, even though
in (6) they are assumed to be the same for all the basis
functions. In particular, the memory depths of the higher order



TABLE I. NONLINEAR SELF-INTERFERENCE TERMS IN
(APPROXIMATE) ORDER OF STRENGTH.

Transmitter impairments Basis functions

I/Q mismatch x∗j

PA 3rd order nonlinearity x2
jx
∗
j

Cascade of I/Q mismatch and PA 3rd order
nonlinearity (stronger terms)

x3
j , xjx

∗2
j

PA 5th order nonlinearity x3
jx
∗2
j

Cascade of I/Q mismatch and PA 3rd order
nonlinearity (weak term)

x∗3j

PA 7th order nonlinearity x4
jx
∗3
j

Cascade of I/Q mismatch and PA 5th order
nonlinearity (stronger terms)

x4
jx
∗
j , x2

jx
∗3
j

(weaker) terms could be reduced without much effect on the
overall modeling and cancellation accuracy. These practical
insights on the RF components and their modeling allow
simplifying the estimation and cancellation processing, and
therefore alleviate the complexity increase associated with such
joint modeling.

The receiver I/Q imbalances were not taken into account
explicitly in the above modeling. In spite of this, it turns
out that the obtained model can indeed model receiver I/Q
imbalances as well. In practice, receiver I/Q imbalance would
induce another widely-linear transformation on the received
SI signal in (6), of the form K1,iri + K2,ir

∗
i , where K1,i

and K2,i are the receiver I/Q imbalance parameters, defined
similarly as the transmitter counterparts below (1). As the
model in (6) already contains all the possible complex-valued
basis functions, none would be added by introducing receiver
I/Q imbalance. Therefore, (6) has the structural capability to
model also receiver I/Q imbalances. In this case, however, the
relative strengths of the terms given in Table I may change.

III. SELF-INTERFERENCE PARAMETER ESTIMATION AND
CANCELLATION

In general, digital self-interference cancellation in a FD
MIMO device requires NT × NR responses (linear or non-
linear) to be estimated, one response from each transmitter
to each receiver. These responses are then used to regenerate
the self-interference and cancel it at the digital baseband
of each receiver. Notice that, despite of certain similarity
in the distortion basis functions, this processing is totally
different compared to classical digital predistortion (DPD) of
transmitters. In general, there are two basic approaches to
digital cancellation of the nonlinear self-interference: (i) build
a complete linear-in-parameters model of the total SI signal (as
in Section II), including the TX impairments, the linear MIMO
channel, and RF cancellation, estimate the parameters of the
developed model, and finally recreate and cancel the SI from
the received signals; (ii) have separate models for the linear
MIMO channel and the transmitter impairments, estimate the
parameters sequentially, and recreate and cancel the SI from
the received signals. The latter approach has the benefit of
smaller complexity, but a more elaborate estimation procedure
is needed. In this article, we only concentrate on the linear-
in-parameters approach, while the latter decoupled estimation
and cancellation approach is considered an important future
work item.
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Fig. 2. Principle description of the proposed model for regeneration and
cancellation of nonlinear self-interference.

A. Proposed Self-Interference Canceller Structure

The objective is now to estimate the parameters
h̆

(q,p−q)
p,ij (m) based on the above SI signal model, and then to

regenerate the SI signals and subtract them from the overall re-
ceived signals at digital baseband. The self-interference replica
generation and cancellation with the linear-in-parameters
model follows (6), and is shown on a fundamental level in
Fig. 2.

Formally, assuming that the desired signal of interest and
additive noise at RX antenna i (after propagating through the
receiver) are denoted by si(n) and wi(n), respectively, the
overall received signal at digital baseband is written as

yi(n) = ri(n) + si(n) + wi(n). (7)

The output of the digital SI canceller at RX antenna i is then

ŝi(n) = yi(n)− r̂i(n), (8)

where r̂i(n) denotes the nonlinear self-interference estimate,
regenerated utilizing the model in (6) and estimates of the
model parameters h̆(q,p−q)

p,ij (m).

B. Parameter Learning

Parameter learning based on least-squares (LS) estimation
is outlined next. First, we write the vector/matrix representa-
tions of the relevant signals with N observed samples as

yi = ri + si + wi, with (9)

yi = [yi(n) yi(n+ 1) · · · yi(n+N − 1)]
T

and ri, si, wi are defined in the same manner as yi. Then we
define the error vector as

ei = yi − r̂i (10)

where the nonlinear self-interference estimate is

r̂i = [Ψ1 Ψ2 · · · ΨNT ]
[
ˆ̆
hTi1

ˆ̆
hTi2 · · ·

ˆ̆
hTiNT

]T
= Ψ

ˆ̆
hi.

(11)



Here, Ψj is a (horizontal) concatenation of the matrices

Ψj,q,p =

 ψj,q,p(n) ψj,q,p(n−1) ··· ψj,q,p(n−M̄+1)

ψj,q,p(n+1) ψj,q,p(n) ··· ψj,q,p(n−M̄+2)

...
...

. . .
...

ψj,q,p(n+N−1) ψj,q,p(n+N−2) ··· ψj,q,p(n+N−M̄)


(12)

where ψj,q,p(n) = xj(n)qx∗j (n)p−q , with j = 1, 2, . . . , NT ,
p = 1, 3, . . . , P̄ , and q = 1, 2, . . . , p, and with P̄ and M̄
denoting the assumed polynomial order and memory depth of
the overall nonlinear SI channel, respectively. The vector ˆ̆

hij
is a (vertical) concatenation of the vectors

ˆ̆
h

(q,p−q)
p,ij = (13)

[
ˆ̆
h

(q,p−q)
p,ij (0)

ˆ̆
h

(q,p−q)
p,ij (1) · · · ˆ̆

h
(q,p−q)
p,ij (M̄ − 1)]T.

Depending on the choice of the relevant basis functions, all
values of q may not be used in (12)-(13) (refer to Table I).

The well-known least-squares solution to the parameter
vector h̆i is then found as the solution which minimizes the
power of the error vector ei, as

ˆ̆
hi = arg min

h̆i

‖ei‖2 = arg min
h̆i

∥∥∥yi −Ψh̆i

∥∥∥2

= (ΨHΨ)−1ΨHyi, (14)

assuming full column rank in Ψ.

Notice that for single-antenna full-duplex transceivers, in
[15] the authors propose a widely-linear SI canceller, i.e.,
one which employs the basis functions x and x∗. Further-
more, in [10] a nonlinear canceller which takes into account
only the nonlinear basis functions induced by the PA (x,
x2x∗, x3x∗2, etc.) is proposed. The joint MIMO nonlinear
SI cancellation solution proposed in this paper can be seen to
contain these single-antenna, single-impairment SI cancellers
as special cases. In the next section, these SISO techniques
(for the individual impairments) are adapted to MIMO, and
compared against the proposed solution.

IV. PERFORMANCE SIMULATIONS AND ANALYSIS

To determine the actual performance of the proposed
algorithm in comparison to previous methods in [10] and
[15], we will evaluate them with full waveform simulations.
The algorithms in [10] and [15] are for single-antenna FD
devices, but they are adapted here to the MIMO scenario by
considering the interference to each receive antenna from every
transmit antenna. These extensions are easily obtained with
the proposed formulation in (6), by fixing q = (p + 1)/2 for
the nonlinear canceller from [10], and by choosing P̄ = 1 for
the widely-linear canceller from [15]. Notice that these special
cases are novel as well, in the sense that no previous cancel-
lation solutions taking into account either PA nonlinearity or
I/Q imbalance in MIMO full-duplex devices exist in current
literature.

A. Simulation Parameters

The used waveform simulator follows the architecture
shown in Fig. 1 and it models each component explicitly
using baseband equivalent models, which include the effects

TABLE II. SYSTEM LEVEL AND GENERAL PARAMETERS OF THE
SIMULATED 2X2 MIMO FULL-DUPLEX TRANSCEIVER.

Parameter Value Parameter Value
SNR target 10 dB RF cancellation 30 dB
Bandwidth 12.5 MHz ADC bits 12

RX noise figure 4.1 dB PAPR 10 dB
RX sensitivity -88.9 dBm IRR (TX) 25 dB

RX input power -83.9 dBm IRR (RX) 50 dB
Antenna separation 40 dB

TABLE III. PARAMETERS FOR THE RELEVANT COMPONENTS OF THE
TRANSMITTER AND RECEIVER CHAINS.

Component Gain (dB) IIP2 (dBm) IIP3 (dBm) NF (dB)
PA (TX) 27 - 13 5

LNA (RX) 25 - 5 4.1

Mixer (RX) 6 50 15 4

VGA (RX) 0-69 50 20 4

of all the considered circuit impairments without any approx-
imations. These baseband equivalent models are constructed
according to the parameters presented in Tables II and III,
with additional parameters for the waveforms being shown
in Table IV. Furthermore, the MIMO SI channel has a delay
spread of 125 ns with Rayleigh fading impulse response taps,
and a K-factor of 35.8 dB [3]. For the PA, we consider two
models. First, the system is simulated with a Hammerstein
PA model, i.e., one which has a static nonlinearity followed
by a linear filter [17]. With a Hammerstein PA model, the
proposed modeling and cancellation can perfectly model the
nonlinear SI arising from the cascade of I/Q imbalance and PA
nonlinearity. The second PA model is Wiener, meaning that
there is a linear filter preceding a static nonlinearity [20]. In
this case there is a model mismatch between the PA model and
the canceller structure. The mismatch is purposely included in
order to demonstrate the robustness of the proposed solution
under modeling inaccuracies.

The receiver nonlinearities are also modeled, with the
parameters given in Table III. Thus, in the simulations, all
significant aspects of the full-duplex transceiver are mod-
eled explicitly, including power amplifier nonlinearity, I/Q
imbalance, analog SI cancellation, analog-to-digital converter
(ADC) quantization noise, and receiver nonlinearities. In the
simulations, 10000 samples are used to determine the canceller
parameter estimates in each case, with the length of each im-
pulse response h̆

(q,p−q)
p,ij being 10. The signal of interest (SoI) is

not present during estimation, even though the estimation can
in principle be done with the SoI present as well. If included
during the estimation, the SoI is seen as additional noise, thus
increasing the estimation variance. The figure-of-merit used
in the subsequent analysis is the signal-to-interference-plus-
noise ratio (SINR) after digital SI cancellation. It is calculated
based on the average value of 100 simulation runs at each
transmit power level. The SoI is naturally present during SINR
calculations, and it has a signal-to-noise ratio (SNR) of 15 dB.
This level naturally represents the upper limit for the obtainable
SINR. Also note that, since the target SNR is 10 dB, an SNR
of 15 dB for the SoI indicates that it is only 5 dB above
the receiver sensitivity level, resulting in a very challenging
scenario in terms of SI cancellation.



TABLE IV. PARAMETERS FOR THE OFDM WAVEFORM SIMULATOR.

Parameter Value
Constellation 16-QAM

Number of subcarriers 64

Number of data subcarriers 48

Guard interval 16 samples

Sample length 15.625 ns

Symbol length 4 µs

Signal bandwidth 12.5 MHz

Oversampling factor 4

K-factor of the SI channel 35.8 dB

B. Results With Hammerstein PA Model

In these simulations, the memory of the Hammerstein PA
is modeled with a 5-tap filter, and it is preceded by a 5th-order
static nonlinearity. The resulting SINR curves for different
algorithms, with respect to the total transmit power of the
device, are shown in Fig. 3. In this example, the proposed
joint nonlinear canceller contains all the basis functions for
P̄ = 5 and M̄ = 10 defined by (6), i.e., no approximations
are made regarding the corresponding signal model. It can
be observed that performing only linear digital cancellation is
clearly insufficient for achieving a high enough SINR in this
scenario, except for the lowest transmit powers. The widely-
linear digital cancellation, proposed in [15], is able to cancel
the SI efficiently up to a transmit power of 15 dBm, after
which its performance starts to decrease heavily. The reason for
this is its inability to consider the PA-induced nonlinearities.
Thus, when the SI signal is distorted nonlinearly more and
more heavily, the widely-linear cancellation algorithm is not
able to generate a sufficiently accurate cancellation signal. The
nonlinear canceller from [10], on the other hand, can provide
hardly any SINR improvement over the linear canceller in this
scenario because it is not capable of modeling the I/Q imaging
of the SI signal, which is dominating the overall interference
profile at all power levels except the highest end.

However, as can be also observed from Fig. 3, the proposed
joint canceller performs significantly better than either widely-
linear cancellation or cancellation of only the PA-induced
nonlinearities, since it takes both of these impairments into
account by design. With the joint cancellation algorithm, the
SINR starts to decrease only with transmit powers above 21
dBm, and even then the drop is very mild. This drop has
been determined to be caused by the receiver nonlinearities,
which the proposed modeling cannot completely grasp, result-
ing in slightly higher levels of residual SI. Also note that,
with OFDM signals, the distribution of the residual SI is
approximately multivariate Gaussian [21].

In Table I, the most dominant SI terms, stemming from
the PA nonlinearities and I/Q imaging, are listed. To determine
how much the different terms affect the actual estimation and
cancellation performance, Fig. 4 shows the SINRs for four
different sets of basis functions, based on which the basis
matrices are constructed. It is clear that including only the
three most powerful terms is not sufficient to provide the
optimal performance, and the SINR corresponding to this
scenario falls approximately 4 dB below the highest achieved
SINR at maximum transmit power. Furthermore, based on
Fig. 4, it seems that the five most prominent terms account
for nearly all of the nonlinear distortion with the considered
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component parameters. In fact, increasing the number of terms
beyond five has a small negative effect on the SINR, as the
estimation of a higher number of small parameters increases
the variance of the final coefficients with a fixed sample size.
This is a significant concern especially in higher order MIMO
systems because the different terms must be generated for
all the transmit signals, resulting in an even larger number
of parameters that must be estimated. However, it should be
noted that the number of necessary terms depends heavily on
the nonlinearity characteristics of the amplifier. For a more
nonlinear PA, also the higher order terms might have a more
significant effect on the accuracy of the cancellation signal.

C. Results With Wiener PA model

In Fig. 5 the simulations are repeated for the Wiener PA
model, the simulation parameters being otherwise the same as
above. The Wiener PA model filter has a length of 5 taps,
the static nonlinearity order is 5, and the gain and IIP3 are as
defined in Table III. It can be observed from Fig. 5, that the
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proposed canceller solution can provide a significant SINR
improvement also under a Wiener PA model. The widely-
linear canceller from [15] and the nonlinear canceller from
[10] perform in almost exactly the same manner as with the
Hammerstein PA model. The SINR achieved by the proposed
solution starts to drop sooner and decreases more compared to
the Hammerstein PA scenario, but the drop is still only about
1.5 dB at maximum transmit power. This drop is indeed mostly
due to the model mismatch, i.e., having a Wiener PA model
but assuming a parallel Hammerstein model in the canceller,
even though, as concluded above, the receiver nonlinearities
start to affect the obtainable SINR as well.

Overall, the results reported in this section clearly demon-
strate that the proposed joint nonlinear SI canceller can effi-
ciently suppress the self-interference under practical imperfect
RF components, and it clearly outperforms the state-of-the-art
reference techniques.

V. CONCLUSION

Transceiver nonidealities, in particular power amplifier
(PA) nonlinearity and I/Q modulator imbalance, have recently
been shown to limit the performance and usable transmit
power range of in-band full-duplex devices. In this article,
detailed modeling of the self-interference in a full-duplex
device with multiple transmit and receive antennas was carried
out, including the effects of PA nonlinearity with memory
and I/Q imbalance. Based on the obtained nonlinear self-
interference model, a novel nonlinear spatio-temporal digital
canceller was proposed. The proposed solution is the first of its
kind in the sense that it takes into account both the dominant
impairments, and is tailored for multiple antenna devices. The
technique was shown by comprehensive simulations with two
different PA models to clearly outperform the current state-of-
the-art, being able to extend the usable transmit power range
to over 20 dBm with practical, imperfect RF front-end models.
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