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Abstract

The challenge of a full-duplex single-channel system is the method to transmit and receive
simultaneously at the same time and on the same frequency. Consequently, a critical issue involved in
such an operation is the resulting self-interference. Moreover, for MIMO system, the full-duplex single-
channel system is subjected to the very strong self-interference signals due to multiple transmitting and
receiving antennas. So far in literatures, there have not been any suitable techniques presented to reduce
the self-interference for full-duplex single-channel MIMO systems. This paper initially proposes the
method to cancel the self-interference by utilizing the mutual coupling model for self-interference
cancellation. The investigation on the effect of antenna mutual coupling involving the full-duplex
concepts of transmitting and receiving mutual impedances on the MIMO channel capacity is presented.
The novel technique for self-interference cancellation in full-duplex single-channel MIMO system is
proposed. The interference can be eliminated by using a pre-known interference that is the mutual
coupling signals. The results indicate that the channel capacity performance of the proposed technique can
significantly be improved due to the reduction of the self-interference power. The measurement results

indicate that the proposed system can reduce the level of self-interference power significantly.
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The challenge of a full-duplex single-channel system is the method to transmit and receive signals simultaneously at the same time
and on the same frequency. Consequently, a critical issue involved in such an operation is the resulting self-interference. Moreover,
for MIMO system, the full-duplex single-channel system is subjected to the very strong self-interference signals due to multiple
transmitting and receiving antennas. So far in the pieces of literature, there have not been any suitable techniques presented to
reduce the self-interference for full-duplex single-channel MIMO systems. This paper initially proposes the method to cancel the
self-interference by utilizing the mutual-coupling model for self-interference cancellation. The interference can be eliminated by
using a preknown interference, that is, the mutual-coupling signals. The results indicate that the channel capacity performance of
the proposed technique can significantly be improved due to the reduction of the self-interference power. The measurement results
indicate that the proposed MIMO system can suppress the self-interference and mutual-interference signals with the reduction of

31dB received power.

1. Introduction

Nowadays, multiple-input multiple-output (MIMO) system
is the promising technology for the next generation of wire-
less communication systems as MIMO system can provide
a wide coverage area, a high spectral efficiency, and an
increased system capacity. The MIMO system employs the
multiple antennas to transmit signals on the same frequency
which cause the strong interference signals at the receiving
antennas on the same side. These interferences are more
pronounced when operating the full-duplex single-channel
MIMO system.

The full-duplex single-channel system is one of the most
interesting technologies for future wireless communications
because it can offer double throughput from any conventional
system without paying any expenses of spectrum. This is
because the system is able to receive and transmit simultane-
ously within a single channel. In the literature, the problem
of full-duplex interference has been addressed on the specific
configuration of MIMO relay nodes. The self-interference
cancellation is introduced to be used at only relaying node

[1-3]. So far there have not been any techniques proposed
for source or destination. In this light, the authors propose
the new technique to suppress the self-interference for full-
duplex single-channel MIMO systems. From the literature on
RF interference cancellation, the work in [4-9] presentsa full-
duplex wireless system that can transmit and receive signals
at the same time and on the same frequency band since it
requires at least two antennas having one for transmitter (Tx)
and one for receiver (Rx). The key challenge in realizing such
a system lies in addressing the self-interference generated
by the Tx antenna at the Rx antenna. For example, one
can implement the above self-interference cancellation idea
completely in analog domain using noise cancellation circuits
reported by Radunovic et al. [5]. But the practical noise
cancellation circuits can only handle a dynamic range of
at most ~30dB. Another technique in [6] employs the
antenna cancellation by using three antennas to create a beam
forming null. This method cancels the self-interference at the
receiver antenna by using antenna placement as an additional
cancellation technique or antenna cancellation. The antenna
cancellation requires two asymmetrically placed transmitting
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antennas and one receiving antenna. This three-antenna
system can remove ~60dB reduction of self-interference
power for a802.15.4 system. Although it looks promising, the
antenna cancellation-based designs have two major limita-
tions. The first is that they require three antennas having
two transmitting antennas and one receiving antenna, which
are very sensitive to the relative location of antennas and
any material around them. It is a fact that the full-duplex
system can have double throughput, but with three antennas
a MIMO system can have triple throughput. Hence, the use of
multiple antennas for only full-duplex purpose is not worth.
The second limitation is a bandwidth constraint, a theoretical
limit which prevents supporting wideband signal such as
WiFi.

The MIMO techniques for wireless communications have
been studied extensively over the past decade as a means of
achieving significant capacity gains needed for supporting
high-rate wireless broadband applications [10]. A critical
factor in the design and analysis of MIMO systems is the the-
oretical models which are used for representing the MIMO
transceiver as well as the wireless fading channel. So far in
the literature, the factor onrealistic channel configuration has
gained a lot of attention such as spatial correlation (see, e.g.,
[11, 12] and many others). One issue which has received less
attention in comparison is that of mutual coupling [10,13-15],
which occurs due to electromagnetic interactions between
the antennas in both transmitter and receiver. This effect,
as well as spatial correlation, is particularly significant for
applications with compact antennas, such as cellular mobile,
in which the available space for placing the antennas is highly
restrictive.

In this paper, we will investigate the effect of antenna
mutual coupling (MC) on the full-duplex single-channel
MIMO system with the aim of self-interference eliminations.
Based on the mutual-coupling model, the signals with self-
interference can be preknown. As a result, it is possible to
eliminate all self-interference signals by subtracting from
preknown signals. The concept of transmitting and receiving
mutual impedances is employed to incorporate the antenna
MC effect into the correlated channel model [16]. This model
is applied to work out the suppression technique to reduce the
self-interference performed by subtracting the interference
signals from the transmitting signals that are suitably tuned
according to the interaction between multiple antennas. This
is because the self-interference signals do not depend on
the environments. Then, the proposed technique can be
done on the manufacturing process. The paper presents the
comparison between the MC full-duplex single-channel sys-
tems with and without the proposed technique. The channel
capacity performance is the key performance used to indicate
the merit of proposed technique. The results show that the
proposed technique is not only to suppress the interference
but also to improve the system performance capacity.

2. Problem Formulation

This paper focuses on the full-duplex wireless communica-
tions operating on the same frequency and at the same time.
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The simultaneous transmitting and receiving signals can be
achieved via the cancellation of the self-interference signal.
However, the problem is that the self-interference is billions of
times stronger (60-90 dB) than a received signal; for example,
for WiFi the self-interference would be nearly up to 80 dB
stronger. Hence, the main key success is to eliminate the self-
interference as much as possible. In this section, the overview
of full-duplex system is presented in order to be the basic
knowledge before getting to the main problem of this work.
Next, the survey of RF interference cancellation techniques is

detailed.

2.1. Full-Duplex Wireless Communication. Currently, full-
duplex wireless systems achieve the isolation required
between the two directions of communication using inde-
pendence in either time or frequency. Accordingly, these
duplexings are called time division duplexing (TDD) and
frequency division duplexing (FDD). The TDD system is
the system that divides the access of each node in time.
TDD is also commonly known as half-duplexing. Other full-
duplex wireless systems separate the Tx and Rx functions
in the frequency domain, the so-called FDD, and may
operate using two different carrier frequencies for carrying
transmissions. In this case, nodes 1 and 2 can send data to
each other at the same time, although using two different
frequencies. The use of different frequencies prevents the
two signals from interfering with each other, even though
the two transmissions occur at the same time. Time division
duplexing exacerbates the inconsistency in the channel views
across nodes. Since only one node among a pair of com-
municating nodes can transmit at a given time, the wireless
channel around the transmitting node may look occupied,
while the wireless channel around the receiving node may
look unoccupied. Such inconsistencies are the root cause of
many of the problems with time division duplexing wireless
networks, such as packet losses due to hidden terminal effects.
On the other hand, frequency division duplexing requires
a wireless node to use twice the frequency bandwidth for
sending and receiving signals of a given bandwidth. In some
cases, this is expensive and infeasible. The key challenge in
implementing a full-duplex wireless system, where a device
can simultaneously transmit and receive signals over-the-air
at the same time and in the same frequency band, is the large
power differential between the self-interference from a node’s
own transmission and the signal of interest coming from a
distant source.

2.2. Single-Channel Full-Duplex Wireless Communications. A
basic perception of wireless communication is that a radio
cannot transmit and receive on the same frequency and at the
same time. As wireless signals attenuate quickly over distance,
the signal from a local transmitting antenna is hundreds of
thousands of times stronger than transmissions from other
nodes. Figure 1 shows an example where nodes 1 and 2 are
trying to send data to each other simultaneously using the
same frequency. Node 1 own transmission is much stronger
at its receiving antenna, compared to the signal it receives
from node 2. With such strong self-interference, the receiver
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Self-interference

T T
Node 1 Node 2

F1GURE 1: Self-interference in the single-channel full-duplex wireless
communications using one transmitting antenna and one receiving
antenna.

of node 1 is unable to decode any signals that node 2 is
trying to send to node 1. This example shows that the biggest
challenge in designing single-channel full-duplex wireless
communications is to eliminate the self-interference signal
from the receiver of the wireless node. In theory, this problem
should be easy to solve. For a system with antennas each for
transmitting and receiving, since the system knows the signal
of transmitting antenna, it can subtract this from the signal of
receiving antenna and decode the remainder.

2.3. Self-Interference Cancellation. The work in [17] proposed
the design of full-duplex system that requires only one
antenna using circulator to share the same antenna for trans-
mitting and receiving paths as shown in Figure 2. The self-
interference cancellation (SIC) uses the knowledge of trans-
mission to cancel self-interference in the RF signal before
it is digitized. In an ideal analog cancellation scenario, the
amplitudes from the two paths would be perfectly matched
at the receiver and phase of the two signals would differ
by exact 7. To cancel self-interference, the best performing
prior design is obtained. The authors gain the inverse of the
transmitted signal using a phase shifter with attenuator. The
attenuator and phase shifter allow a modulator to control the
angle and amplitude of a feed signal.

3. System Model

3.1. MIMO Model. In this section, the capacity formula of
MIMO systems is briefly given. We assume an indepen-
dent and identically distributed (i.i.d.) Rayleigh flat-fading
channel in rich scattering environments, and the channel
is unknown at the transmitter and perfectly known at the
receiver. The basic MIMO structure is depicted in Figure 3.
Let the number of transmitting and receiving antennas be N
and My, respectively. We denote this MIMO communication
link as (N, Mp). The My, x 1 received signal vector y can be
written as

y=Hx+n, (1)

Tx data t
E Antenna

Leakage

Rx data

FiGure 2: Self-interference in the single-channel full-duplex single-
antenna wireless communications.

FIGURE 3: Basic structure of MIMO system.

with this notation channel output sequence that can be
written in matrix form as

N by hy iy, ES ny

Y2 21 2 e thr *3 )
= % 2 + i

Y, bag, Pag o B 1 Lxw, Mg,

(2)

where H is My x Np channel matrix with the entry h;;
describing the channel gain between the jth transmitting
antenna and the ith receiving antenna, x is Ny x 1 transmitted
signal vector with independent symbols, and n is My x 1
additive white Gaussian noise (AWGN) vector.

The AWGN vector n satisfies E{nn’’} = I, in which n'!
denotes the conjugate transpose of n and I, denotes My x
My, identity matrix.

As the channel is unknown at the transmitter, equal power
is allocated to each of the transmitting antennas. Then the
MIMO capacity in bits per second per Hertz (bps/Hz) is
derived as

P H
C =log, det(IMR + FTHH ), (3)
where p is the average received signal to noise ratio (SNR). H
is normalized channel matrix [18].

3.2. Mutual-Coupling Effects on MIMO. In this section, in
order to support parallel signal transmission in a MIMO
system, the antennas at transmitter and receiver have to be
properly coupled to the modes offered by the wireless com-
munication channel. Hence, in Figure 4, the array elements
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FiGURE 4: An M, x N, MIMO system based on mutual-coupling
model.

location (including spacing and orientation) with respect to
the scatterers is of paramount importance in the operation
of the MIMO system. The interactions between the entire
set of antennas and scatterers are initially described by
the impedance matrix Z. For dipoles, however, the mutual
impedance can easily be calculated using classical induced
electromagnetic force (EMF) method [19]. The value of the
mutual impedance between the mth and nth dipoles Z,,, is
given by [20]

30 [0-5772 +In (.Bdlam) - Ci (ﬁdlam)]

_ | +il308;(Bdy,, )] m=n,
e 30 [2Ci(”u)’ci(“1)’ci(“2)]
=if [30(2‘Si (”0) =8;i(m)- Si(“z))] m#n,
(4)

where 8 = 2m/d,,,, is the wave number, d,,,,/2 is the dipole
length, and the constants are given by [20]

uy = fBd,
iy = B (V& + (2 + (duf2) )

s = B (Ve + (a2 ~ (dnf2))

(5)

where d, is the horizontal distance between the two dipole
antennas and C; (1) and S;(u1) are the cosine and sine integrals,
respectively:

G = | 22

o0

% Si(u) = J“ SinT(x)dx.

o

(6)

It has to be noted that, while calculating Z,,, we assume that
the nth dipole is excited with current, while all the remaining
dipoles are open circuited.

In general, mutual coupling can be characterized by
numerical modelling techniques [19]. However, for dipoles,
we can use analytical mutual coupling into the MIMO system
model. The coupling matrix of transmitting antenna array C
can be written using fundamental electromagnetic and circuit
theory [19]. C; has the meaning of transfer function matrix
for the transmitting array and is given as

Cr=(24+2p)(Z+ 71y ), )
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Ficure 5: Model of full-duplex single-channel 4 x 4 MIMO system.

where Z , is the element’s impedance in isolation. The element
Z,n of matrix Z is defined by using the EMF method
as described in (4). Also the coupling matrix of receiving
antenna array Cp, can be determined in a similar manner. Cp,
has the meaning of transfer function matrix for the receiving
array and is given as

G =(Za b 2 (B2 ) ®)

4. Proposed Self-Interference Cancellation

In this section, we consider a generic MIMO radio unit
equipped with My RF receivers antennas and Ny RF signal
generators/transmitters. Among all generators, thereare N, =
Np—My primary generators and My auxiliary generators.
The primary generators are used to transmit up to Nj
independent streams of data. The auxiliary generators are
used to generate RF waveforms for SIC at the RF frontend
of the receivers on the same frequency. See Figure 5.

Furthermore, we index the receiver by k = 1,...,M,
and the transmitter by k = My + 1,..., Np. Then, for each
transmitted data packet subject to linear modulation, a RF
signal stream transmitted from the kth generator ideally can
be expressed by X (t) = Re{x,(t) exp(j2mf.t)}, where f_isthe
carrier frequency and

N-1
(t) * Zsfl')p(f—nT),
n=-L

I
s Yo ©)
i=1

where x;.(t) is the complex baseband form (also called I/Q
waveform) of x(t). Here, g;:)(t) is the complex impulse
response of the kth transmission for data stream i (of total I
streams), sf‘” is the complex symbol sequence for data stream
i, N + L is the number of complex symbols per stream
(including the L prefixed symbols as used in OFDM system),
and p(t) is the fundamental pulse waveform used for linear
pulse modulation, which has the double-sided bandwidth W
and the effective duration T For high spectral efficiency, it is
typical that T is equal to or only slightly larger than 1/W. The
operator * denotes convolution.
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FIGURE 6: 4 x 4 MIMO system with mutual-coupling model.

The RF self-interference received by the by the [th receiver
is 7(t) = Re{y(t) exp(j2rf.t)}, where | = 1,..., My, and
A = T A (O 28) = T (T B, ()% g1 (0]
Z::,l ss)t(t —nT)) is the I/Q waveform of ¥(t). In Figure 6,
when the mutual coupling is presented, /1, (f) is the complex
baseband channel impulse response from the kth generator to
the Ith receiver on the same radio. Hence, the channel matrix
hy . (t) obtained from the case that this effect is absent has to be
pre- and postmultiplied by coupling matrices Cy and Cy. As
a result, the new channel matrix is given by H,,. = C;HC;.
To cancel the RF self-interference ¥(¢) for all [ and ¢, it is
necessary to find g](:)(t) for all k and i such that y(¢) = 0 for
all  or equivalently Ziﬂ i, (1) * gf:)(t) = 0 forall/ andi.
The matrix form of this condition is

l”“m‘:,.1 (t) lhmcl._.\,T (t) gii) (f)
# - =0 (10)
hmcMRJ (t) - hmc_,,ﬂ‘_\,r () ﬂxvlT (t)
or equivalently in more compact form:
H,. (0 *g" @) =0 (1)

Although given in baseband, (11) ensures SIC even at the RF
frontend. Also note that when all elements in a row of H, _(t)
are corrupted by a common scalar due to receiver phase noise,
the solution gm(t) to (11) is not affected.

To find the solution to (10), we need to apply a known
notion of vector space in the field of functions of time.
The rank ry,y of the matrix H,(f) that are convolutely
independent. It follows that rypy < min{Mp, Ny} = Mp.
The dimension of the solution space of (10), which is also
called the dimension of the (right) null space of H, (1), is the
number of convolutely independent solutions to (10), which
isdyy = Np —rggy = N Ifdy = N, we call it a typical
case (very likely in practice), or otherwise, if d,,; > N, we
call it atypical case (not very likely in practice). The number
I of the data streams in (9) must be no larger than d ;.
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In general, for M > 1 and N; > 1, the ith in a set of N
convolutely independent solutions to (12) can be written as

E(Fl (t)
01

g () = (12)

|

O

where 0,,,, is the m x 1 zero vector and gm(t) and gg)(t) are
a solution to A(t) * E‘”(t) +b(t) = gg)(t) = 0, where A(t) is
a square matrix equal to H,, (f) without its last N, columns
and b;(f) is the (Mp + i)th column of H_(t). Furthermore,
we can choose the solution

(13)

and g(t) = det{A(f)}. Both the adjoint adj{A()}and the
determinant det{A(t)} can be obtained analytically in the
same way as those of a matrix of numbers as shown in
[21] except that all multiplications should be substituted by
convolutions. It is important to note that expression (13) does
not involve any division but only convolutions and sums.

The solutions shown in (12) are valid for arbitrary H_(t)
aslongas det{A(t)} # 0. This condition can be met if hy . (¢) for
k = 1,..., My, have the largest norms among h; (t) for all [
and k. To ensure that, we can either place the My auxiliary
transmitting antennas close enough to the My receiving
antennas or directly couple the My, auxiliary generators to the
Mp, receivers at the RF frontend.

In this section, the proposed system is designed to
formulate the self-interference based on mutual-coupling
model. These self-interference signals are caused by multiple
antennas. The proposed system for full-duplex single-channel
MIMO system isillustrated in Figure 7. As shown in Figure 7,
the self-interference based on mutual-coupling H,,,., can be
written as

£ (1) = —adj {A (1)} = b, (1),

H

e, 8 = Hygs + Hy Cps, (14)
where s € C™! is the transmitted signal, H; ¢ C™ is a
diagonal matrix that represents the self-interference signals,
and Hy, € C™ is a symmetric matrix that represents the
mutual-interference signals caused by the other antennas.
Next, the proposed method to suppress the interference
signals is performed as shown in Figure 7. The transmitted
signals are coupled to matrix W in order to perform the
negative self-interference and mutual-interference signals as
closely as possible. Inside matrix W, the attenuation and
phase shifter are employed to adjust the preknown signals
for compensating the self-interference signals and mutual-
interference signals. The compensation matrix, W, is given
by
Ws =T, Crs + Gs, (15)

where T, € C is a symmetric matrix that represents the
mutual-interference signals caused by the other antennas,
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FiGUurE 7: Proposed self-interference cancellation for full-duplex
single-channel 4 x 4 MIMO system based on mutual-coupling
model.

G ¢ C%* is a diagonal matrix that represents the self-interfer-
ence signals.

Then, the received signal at the destination with the pro-
posed compensation matrix for the interference suppression
can be rewritten as

y=Hpx+H, s-Ws+N, (16)
where N ~ CN(U,GEIS) is the AWGN contribution at the
destination.

5. Results and Discussion

5.1. Channel Capacity. In order to investigate the effect of
mutual coupling on MIMO capacity, in this section the
channel capacity for our 4 x 4 MIMO system can be given by
(17) [2]. This capacity denotes the average of channel capacity
in bps/Hz. Also, we assume the uniform transmitting power
for each antenna (E{xxH} = (Py/N,)L,). Consider

P
C = log, det [[S + FOH,“(HI:K
k)

(17)
x(oTHy Hitl +o3L,)

We assume that P, is the maximum available power at the
source and N, is the power of the self-interference signals.
The performance of channel capacity is presented by
considering four cases. The first case is that there is neither
self-interference nor mutual-coupling effect (called without
interference and MC) in the system. In the second case,
there is no interference but including mutual-coupling effect
(called without interference and with MC). The third case is
the case that the system uses the self-interference cancellation
and there is a mutual-coupling effect in the systems (called
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Figure 8: Channel capacity versus SNR for 80% interference reduc-
tion.

proposed). For the last case, the system experiences both
interference and mutual-coupling effect but no any cancella-
tion technique is applied (called with interference and MC).
The simulation produced by MATLAB programming can
be described as follows. The source and the destination are
equipped with four transmitting and four receiving antennas;
that is, s = x = 4. We assume that the source-destination
channels experience Rayleigh fading. Hence, the new channel
matrix H, _is an independent matrix containing independent
identically distributed (i.i.d.) entries in which the random
distribution is explained by CN(0, 1). For the self-interference
channels, they also experience Rayleigh fading. Hence, the
self-interference channel matrices Hy; and Hy; are indepen-
dent matrices containing independent identically distributed
(iid.) entries distributed as CN(0,1). For simplicity, we
assume that the noise variances are equal in each antenna,
o,
Figure 8 shows the channel capacity versus SNR for 80%
interference reduction when the MIMO system is affected
by mutual coupling. It can be noticed that the proposed
technique lies between with and without the interference
suppression. The channel capacity of the proposed system is
about 0.70bps/Hz (at SNR = 20 dB) higher than the system
with self-interference and the system with mutual coupling.
In Figure 9, the relation between capacity and the percentage
of interference reduction is presented. It can be noticed that
the channel capacity of the proposed system requires only
90% interference reduction to achieve the capacity close to
the system without any interference.

5.2. Self-Interference Reduction. The work in [6, 8,17, 22-25]
shows that a single-channel full-duplex system can be worked
by using the method of self-interference cancellation. Two
key techniques are RF interference cancellation (RFIC) and
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Figure 9: Relation between channel capacity and interference re-
duction for SNR = 20 dB.

digital interference cancellation (DIC) which utilize the sig-
nals from both the transmitting and receiving paths. Figure 10
presents the signal diagram of self-interference cancellation
consisting of both RFIC and DIC. RFIC uses the knowledge
of transmitting signals to cancel the self-interference in the
RF signal before it is digitized. For analog cancellation, the
amplitudes from two paths have to be perfectly matched at
the receiver. Then, the phase of the two signals would be
ideally differed by the exact m. To cancel self-interference,
the best performing prior design is obtained. The authors
gain the inverse of the transmitted signal using phase shifter
and attenuator, dynamically adjusting the attenuation and
phase of the inverse signal to match the self-interference
leaking from circulator. After combining both inverse and
leak signals, the received signal can be passed through the
processing unit with the minimum effect of self-interference.

In measurement, the operating frequency band is on
2.45 GHz in order to match with a practical wireless channel
as [EEE 80211 The measurement has been performed to
investigate the concept of a single-channel full-duplex wire-
less system. The results show that the system can reduce
the self-interference about —75dB. This reduction is good
enough to investigate the concept of a single-channel full-
duplex wireless system. The results show that the system can
reduce the self-interference about —75dB. This reduction is
good enough to transmit and receive on the same frequency
at the same time. However, we have proposed the self-
interference suppression for MIMO system in which the
self-interference signals are caused by mutual coupling. The
proposed suppression technique can also be applied to the
MIMO system by separating the multiple antennas into
individual measurement. In this paper, the RFIC is performed
according to the diagram shown in Figure 10. Then the
DIC is performed inside USRP (Universal Software Radio
Peripheral) processors.
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FiGure 10: Block diagram of the proposed system in practice.
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F1GURE 11: Photograph of experimental scenario.

The Universal Software Radio Peripheral (USRP) is a
platform developed by Ettus Research LLC. Inside the USRP,
there are two main components. The first component is a
mother board containing an Altera Cyclone EPICI2 Field
Programmable Gate Array (FPGA). Ithas 4 ADCs with 12 bits
per sample and 4 DACs with 14 bits per sample. The second
component is a daughter board that all working processes are
in a field of RF-Front End. This paper employs XCVR2450
daughter board which responses to radio frequency in dual
band, both 2.4 GHz and 5.9 GHz. All components are assem-
bled in one USRP box using 3 A-6V power supply. USRP is
connected to the host PC via USB 2.0 (Universal Serial Bus
2.0).

The digital interference cancellation technique in our
design employs a finite impulse response (FIR) filter to
cancel the remainder of the self-interference signals after RF
interference cancellation. The transmitted digital samples are
passed through the FIR filter to create digital interference
cancellation samples which are subtracted from the received
samples to further clean interference from the received signal.

Figure1l shows the photograph of the experimental
scenario for measuring the self-interference signal. The block
diagram of each antenna with both RFIC and DIC is shown
in Figure 10.

Figure 12 shows the measured spectrum of self-inter-
ference signal. In Figure 12(a), the spectrum of the self-
interference leakage without any cancellation is notice-
ably high. In Figure 12(b), the measured spectrum of self-
interference signal with RF interference cancellation is
reduced by 58 dB. In Figure 12(c), the measured spectrum of
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FIGURE 12: Measured spectrum of the self-interference signal (a)
without any cancellations, (b) with RF interference cancellation but
without digital interference cancellation, and (c) with both RF and
digital interference cancellations.

self-interference signals with both RF and digital cancella-
tions is very low and close to the noise floor level with the
reduction of 75 dB. At this stage, the self-interference signal
is low enough to provide a little impact on the desirably
received signals. It means that the full-duplex system can be
operated on the same channel at the same time because the
self-interference is treated to be a noise for both forward and
reserve links. Consequently, the throughput can be doubled
by using our proposed method.
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5.3. Mutual-Interference Reduction. In the previous section,
the reduction of self-interference power is observed. How-
ever, in MIMO system, there are other interference signals
called mutual-interference signals. The proposed work also
considers the reduction of mutual interference as well. By
using the same measurement as previous section but increas-
ing allsets for 4x 4 MIMO operation, the mutual-interference
power can be observed. The operating frequency band is on
2.45GHze for all transmitting antennas. The attenuations and
phase shifters are employed to perform the suitable matrix
W which is illustrated in Figure 7. The power inputs of Txl,
Tx2, Tx3, and Tx4 are equal. Figure 13 shows the measured
powers from Rxl output. There are three curves presented in
Figure 13. The first curve is named as self-interference signals
because the signal is sent by only Tx1 while there is no input
power for Tx2, Tx3, and Tx4. This is the same situation as
in the previous section except that it might be the effect of
mutual coupling from the neighbour antenna. For the second
curve named as self- and mutual-interference signals, there
are equal powers for Txl, Tx2, Tx3, and Tx4, but there is no
matrix W in the system. It can be observed that the total
power of this curve is higher than the first curve. In the
third curve named as proposed, the matrix W is performed
to suppress both self-interference and mutual-interference
signals. In this measurement, there is no signal coming from
the other side. Hence, RxI should not receive any power if
matrix W works very well. In our measurement, it can be
noticed that the received power of the proposed method is the
least. The self-interference and mutual-interference signals
can be reduced by adjusting the suitable voltage control for
phase shifter. Actually, there are four phase shifters related to
this curve and all are needed to be properly adjusted at the
same time. To explain the mechanism of phase adjustment,
only one voltage control has been presented in Figure 13. It
can be clearly seen that the right voltage offers the maximum
reduction of interference signals. At control voltage 4-5V,
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the received power of self-interference and mutual-interfer-
ence signals is reduced by 31dB.

5.4. Performance of Proposed MIMO System. After getting the
suitable matrix W, the other side of communication sends
the data signal through the wireless 4 x 4 channel. It is a
fact that the channel capacity is a theoretical quantity which
cannot be directly measured. In practice, throughput and bit
error rate (BER) are two indicators to judge the merit of
system. In this paper, BER can be obtained by using the zero
forcing technique to decode the data. All signals are sent with
QPSK modulation. Figure 14 shows BER performance for 4 x
4 MIMO system. Itis clearly seen that the proposed technique
can provide a similar BER to the system without interference
when Eb/No is less than 15 dB. Even though Eb/No is more
than 15 dB, the proposed system still significantly improves
the BER performance in comparison with the system with
interference.

Note that even the BER of proposed system is nearly
the same as that of the system without interference but the
throughput of proposed system is a double of that of normal
full-duplex system. This is because the proposed MIMO
system can transmit and receive at the same time and on the
same frequency.

6. Conclusions

In this paper, we proposed the method of self-interference
cancellation for full-duplex single-channel MIMO system
based on mutual-coupling model. The performance of pro-
posed technique can suppress the self-interference signals
by using the preknown interferences which are affected by
mutual coupling between antennas. Simulation results illus-
trate that the proposed system outperforms the system with
interference. This implies the success of using the proposed
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concept for full-duplex single-channel MIMO system. In
addition, the measurement results indicate that the self-
interference and mutual-interference reductions are good
enough to successfully transmit and receive on the same
frequency at the same time in practice. As a result, the
proposed throughput can be actually twice the conventional
system.
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