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ABSTRACT

In this paper, the self-interference mitigation performance of
in-band full-duplex multiple-input multiple-output (MIMO)
nodes is considered in the context of models for realistic
hardware characteristics in which antennas are reused to
transmit and receive simultaneously. The use of MIMO
indicates a self-interference channel with spatially diverse
inputs and outputs. Consequently, there are both MIMO
channels for self interference and MIMO channels between
the intended transmit array and receive array. Furthermore,
physical transceivers suffer from nonlinearities and other
nonidealities including IQ mismatch associated with direct
conversion RF. Approaches to address self-interference mit-
igation under this model are presented and performances are
detailed.

Index Terms— Full-Duplex, MIMO, Wireless, Commu-
nications, Nonlinearity, IQ-Mismatch

1. INTRODUCTION

In this discussion, we assume that full-duplex communica-
tions indicates that on a given radio the allocated bandwidth
is being used simultaneously to transmit and receive [1]. Fur-
thermore, for this discussion, we also assume that the same
antenna is being used to transmit and receive, although por-
tions of this analysis can be extended for radios with isolated
transmit and receive antennas.

1.1. Contribution
The primary contribution of this paper is the investigation
of the formulation and effects of nonlinearity on the self-
interference multiple-input multiple-output (MIMO) channel
under the assumption of soft nonlinearities and IQ mismatch.
In general, self-interference mitigation is a special case of
adaptive interference mitigation [2]. We develop a simple for-
mulation for temporal mitigation [3], expressed as a projec-
tion operator, when in the presence of nonlinearities in both
the transmit and receive chains. Specifically, in this effort we
extend an earlier investigation in which we assumed that IQ
mismatch could be ignored [4].

1.2. Background
There is a significant and quickly growing literature on in-
band full-duplex self-interference mitigation (for example,
see the special issue [5]). Both MIMO channels and nonlin-
ear effects have been considered previously. We considered
MIMO self-interference channels in [3], channel estimation
errors in [6], and nonlinear effects on MIMO self-interference
adaptive transmit protection in [7, 4].

Given the numerous efforts in this field, it would be un-
reasonable to attempt to identify all of the significant contri-
butions here. We will, however, attempt to identify a rep-
resentative set of papers that have connection to our efforts.
Experimental full-duplex demonstrations have been discussed
[3, 8, 9]. Motivation for and limitations of full-duplex MIMO
radios have been considered [10, 11, 12, 13]. The effects of
hard nonlinearities on MIMO full-duplex systems, such as
those introduced by analog-to-digital converters, have been
investigated [14]. The effects of nonlinearities on full-duplex
communications, in more generality, have been considered
[15, 7, 16, 17, 18, 4].

2. MODEL

We consider a symmetric MIMO full-duplex system with N
antennas that are used to transmit and receive simultaneously
in the same band as depicted in Figure 1. For this analysis,
we assume that the channel is spectrally flat. This assumption
is clearly unrealistic; we plan to address this in future efforts.
In this analysis, we include the effects of IQ mismatch that is
typically present in direct conversion radios.
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Fig. 1. MIMO full-duplex radio example.
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2.1. Nonidealities
In general, many issues limit the performance of self-interference
mitigation. These many issues include receive noise, trans-
mit noise, phase noise, channel estimation errors, dispersion,
and nonlinearities. Here we focus on a simplified model that
ignores all adverse effects except soft nonlinearities and IQ
mismatch.

We focus on soft nonlinearities in this work, which are as-
sociated with low order terms in the perturbative expansion of
the system. In the absence of memory effects, this simplifies
to a Taylor series representation. Because of typical system
symmetries, the dominant nonlinearity is often the 3rd-order
term, and we limit the expansion to this order in this effort.

In modern radio systems, direct conversion is often em-
ployed to move between complex baseband and passband
representations, as displayed for a receive channel in Figure
2. Consequently, there is a separate channel between the
in-phase and quadrature channels, as displayed in the simpli-
fied scalar example representation for the complex baseband
signal z(t) given by

z(t) = <{hx(t)}+ i={hx(t)} (1 + ε)− α<
σ2

rx

(<{hx(t)})3

− i α=
σ2

rx

(={hx(t)})3 −O(hx(t))5 + n(t) , (1)

where h is the channel, and x(t) is the transmitted signal as a
function of time t. The terms α< (and its imaginary counter-
parts) are the normalized unitless coefficients of the 3rd-order
nonlinearity. The term σ2

rx is the average receive power. Un-
der the assumption of small IQ mismatch, we encoded this
effect in the complex variable ε. The real part of ε produces
scale mismatch and the imaginary component breaks IQ or-
thogonality. Because the effect is small, we assume product
of IQ mismatch and nonlinearity are negligible.
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Fig. 2. Simplified example of the receive chain with indepen-
dent nonlinearity for the in-phase and quadrature channels.

2.2. Direct Conversion RF MIMO Nonlinear Model
We present a simple model of the MIMO N × N antenna-
reuse full-duplex radio. It is common for these systems to
assume a circulator or similar technology to reduce direct
transmit-to-receive chain signal strength. While this isola-
tion is helpful, it is far from sufficient. We consider a simple
model of transmit nonidealities caused by direct conversion.
We assume a normalized transmit sequence s(t) ∈ CN×1,
such that

〈
‖s(t)‖2

〉
= N . The intended transmitted signal is

given by x(t) = σtx s(t)/
√
N , where σ2

tx is the total trans-
mit power across the multiple antennas. We assume for this
analysis that the nonlinearity coefficients (α for transmit and
β for receive) are the same for the real and imaginary compo-
nents. The effect of the transmit nonlinearity represented at
complex baseband is given by

xNL(t) = x(t) + i={x(t)} � εtx (2)

− 1

σ2
tx

α� (<{x(t)}(3) + i={x(t)}(3)) ,

where ·�· indicates Hadamard product, and ·(3) indicates rais-
ing each of the vector or matrix elements to the third power.
If we consider the linear (in x(t)) term of the transmit signal,
one notices that real and imaginary components of x(t) ef-
fectively see different channels because of the IQ mismatch.
We have used the real channel as the reference channel in
Equation (2). We can rewrite the linear component as having
two different complex channels associated with the real and
imaginary components H< and H= ∈ CN×N of the transmit
up-conversion chain, given by

Hx(t) + iH={x(t)} � εtx

= H<<{x(t)}+ iH=={x(t)} . (3)

The effective channel is further modified by the IQ mismatch
of the receive direct conversion RF chain. Consequently, in
processing and channel estimation we must attempt to incor-
porate this effect.

The effects of direct conversion receive nonlinearities at
complex baseband z(t) ∈ CN×1 is given by

z(t) = HxNL(t) + i={HxNL(t)} � εrx + n(t) (4)

− 1

σ2
rx

β � (<{HxNL(t)}(3) + i={HxNL(t)}(3)) ,

where H ∈ CN×N is the self-interference channel represent-
ing the complex propagation attenuation between each an-
tenna and the circulators for the same antenna, and n(t) ∈
CN×1 is the thermal noise. Expanding the self-interference
signal in powers of nonlinearities, the complex baseband sig-
nal is given by

z(t) ≈ Hx(t) + iH={x(t)} � εtx + i={Hx(t)} � εrx

− 1

σ2
tx

Hα� (<{x(t)}(3) + i={x(t)}(3))

− 1

σ2
rx

β � (<{Hx(t)}(3) + i={Hx(t)}(3)) + n(t) .

(5)

2.3. Matrix Representation of Sampled Signals
At this point, it will be useful to employ matrix representa-
tions of sampled data. As an example, the intended transmit
signal is represented by

S = (s(T0) s(T1) · · · s(T [ns − 1])) ∈ CN×ns , (6)
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where T is the sample period and ns is the number of samples.
Similarly, X ∈ CN×ns is constructed from x(t), and Z ∈
CN×ns is constructed from z(t).

3. IQ-SPACE SELF-INTERFERENCE MITIGATION

To address the issue of mismatched IQ channels one can con-
struct an interference mitigation approach that increases the
dimensionality by introducing a real space of parameters. To
mitigate the effect of the self interference including IQ mis-
match and low-order nonlinearities we employ the temporal
projection operation given by(

<{Ž}
={Ž}

)
=

(
<{Z}
={Z}

)
P⊥

Š
(7)

P⊥
Š

= I− Š† (Š Š†)−1 Š , (8)

where the temporal space is now spanned by

Š =



<{S}
={S}

(<{S})(3)

(={S})(3)

(<{[H<<{S}+ iH= ={S}])(3)

(={[H<<{S}+ iH= ={S}])(3)

 ∈ R(6N)×ns .

(9)

To perform this operation, we need to have an accurate esti-
mate of the self-interference channel. Of course, we do not
know the channel H.

3.1. MIMO Self-Interference Channel Estimation
Because the self-interference level is very high, the self-
interference channel can be estimated well, in theory. How-
ever, the effects of nonlinearities can adversely affect the
estimate if not addressed. Furthermore, the effects of IQ
mismatch introduce a significant challenge, which are only
partially addressed in this work. The standard linear least
squares MIMO channel estimator [2] is given by

Ĥ = ZX† (XX†)−1 =

√
N

σ2
tx

ZS† (SS†)−1 (10)

One could employ a nonlinear maximum-likelihood approach
to jointly estimate all nonlinear coefficients explicitly in ad-
dition to the channel, but this approach is somewhat compli-
cated. To reduce estimation complexity, it is convenient to
use an estimator that is invariant to the nonlinearities. This
channel estimator projects onto a basis (for both data and ref-
erence) that is orthogonal to the nonlinearities. Unfortunately,
this requires knowledge of the channel. This issue can be cir-
cumvented by employing an iterative estimator developed by
extending multiuser detection concepts in [2]. We initialize

the orthogonal spanning matrices as

A<(1) =

 ={S}
(<{S})(3)

(={S})(3)

 , A=(1) =

 <{S}
(<{S})(3)

(={S})(3)

 .

(11)

We then iterate with the following procedure,

repeat

P<(m) = A<(m)

†
[A<(m) A

<
(m)

†
]−1A<(m) (12)

P=(m) = A=(m)

†
[A=(m) A

=
(m)

†
]−1A=(m) (13)

S̃<(m) = <{S} (I−P<(m)) (14)

S̃=(m) = i={S} (I−P=(m)) (15)

Ĥ<(m) =

√
N

σ2
tx

Z (S̃<(m))
† [S̃<(m) (S̃<(m))

†]−1 (16)

Ĥ=(m) =

√
N

σ2
tx

Z (S̃=(m))
† S̃=(m) (S̃=(m))

†]−1 (17)

B(m) = Ĥ<<{S}+ i Ĥ=={S}

A<(m+1) =


={S}

(<{S})(3)

(={S})(3)

(<{B(m)})(3)

(={B(m)})(3)

 , A=(m+1) =


<{S}

(<{S})(3)

(={S})(3)

(<{B(m)})(3)

(={B(m)})(3)


until bored,

where the mth estimate of the channel is given by Ĥ< or=
(m) ,

and the mth estimate of the orthogonal spanning matrices is
indicated by A< or=

(m) . Given our relatively simple model, this
estimate converges quickly as seen in Figure 3. If the IQ mis-
match is large compared to the nonlinearity terms, then fur-
ther iterations do not improve upon the initial estimate.
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Fig. 3. Self-interference channel estimation variance for 4
antenna system with nonlinearities in the transmitter, α of
−30 dB, and receiver, β of −30 dB, and IQ-mismatch vari-
ance of −60 dB as a function of iteration, assuming 130 dB
self-interference. Assumed self-interference channel H ele-
ment variance is −20 dB.
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3.2. Estimation and Subtraction
The projection operation can be interpreted as estimation and
subtraction,(
<{Ž}
={Ž}

)
=

(
<{Z}
={Z}

)
−
(
<{Z}
={Z}

)
Š† (Š Š†)−1︸ ︷︷ ︸

ˆ̌H

Š ,

(18)

where ˆ̌H ∈ R(2N)×(6N) is an estimate of the combined lin-
ear and nonlinear channel as seen at complex baseband. In
this form, we observe that the nonlinear channel could be
estimated at one point in time and then applied at a later
time. This opens the possibility of using this approach to miti-
gate the self-interference including nonlinearities at passband,
which would be desirable.

4. PERFORMANCE EXAMPLES

In the following plots we present the residual power to noise
ratio under the assumption of temporal self-interference mit-
igation limited to nonlinear transmit and receive 3rd-order
terms, for a system with 4 antennas, transmit-to-receive-noise
ratio of 130 dB, i.i.d. complex Gaussian self-interference
channel with average attenuation of 20 dB, and i.i.d. complex
Gaussian signals with 100 samples. The residual power is
averaged over an ensemble of 1,000 channel, IQ mismatch,
signal, and noise realizations. In Figures 4 and 5 the pro-
cessing assumes symmetric complex processing with no IQ
mismatch. This assumption is valid for Figure 4, but fails
badly in Figure 5 for which each element of the i.i.d. circu-
larly symmetric complex Gaussian IQ match parameters εtx

and εrx has variance -60 dB. In Figure 6, we use the approach
developed within this paper. Despite the IQ mismatch, rel-
atively good self mitigation performance is achieved. It is
worth noting that when the IQ mismatch is larger, channel
estimation performance suffers, and consequently the self-
interference mitigation performance suffers.
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Fig. 4. Residual power to noise ratio (dB) after complex sym-
metric nonlinear mitigation approach correctly assuming IQ
match, with εtx = εrx = 0.
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Fig. 5. Residual power to noise ratio (dB) after complex sym-
metric nonlinear mitigation approach incorrectly assuming IQ
match, with εtx and εrx variance −60 dB.

-
-60 -50 -40 -30 -20

,

-50

-45

-40

-35

-30

-25

-20

0

10

20

30

40

50

60

70

80

Fig. 6. Residual power to noise ratio (dB) employing nonlin-
ear mitigation approach introduced in this paper, with εtx and
εrx variance −60 dB.

5. CONCLUSION

We have developed a simple formalism for temporal mit-
igation of self-interference for in-band full-duplex MIMO
radios with antenna reuse. We considered a reduced com-
plexity problem formalism by assuming flat-fading channels.
We introduced an invariance motivated channel estimation
approach and provided simulated performance results as a
function of the nonlinear contributions that incorporated the
effects of IQ mismatch. With useful parameter sets, we can
mitigate the self-interference to near the noise floor; how-
ever, channel estimation, and thus mitigation performance, is
challenged in the large IQ-mismatch regime.

We would like to thank Richard Gutierrez, Bryan Paul,
Andrew Herschfelt, and Yu Rong of ASU for their comments.
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