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Non-iterative Algorithm of MIMO Adaptive Array Based on
Correlation Matrix Including Parasitic Antennas

Naoki HONMA ', Member, Kentaro NISHIMORI', Senior Member, Takefumi HIRAGURI'"",

SUMMARY  Parasitic antenna elements with tunable terminations can
be used for interference suppression in multi-antenna systems without us-
ing the degrees of freedom. The authors have proposed a fast non-iterative
algorithm for optimizing the termination conditions. However, this method
cannot be used for suppressing the interference from unknown systems
since it requires the channel state information. In this paper, a fast non-
iterative algorithm based on the correlation matrix, which can be obtained
even from unknown interference sources, is proposed for the multi-antenna
system with parasitic antenna elements. The correlation matrix including
both receiving and parasitic antennas can be estimated from a few observa-
tions of the signals even without receiving signals at the parasitic antenna.
By using this correlation matrix, the power of the interference with the
arbitrary termination conditions can be easily estimated. Therefore, the ter-
mination condition, which minimizes the interference power, can be calcu-
lated without knowledge of the channel state information or additional esti-
mations. The results of a numerical analysis indicate that proposed method
works well in suppressing the interference without the perfect channel state
information.

key words: adaptive array, tunable reactance device, MIMO, correlation
matrix

1. Introduction

It is well known that antenna-systems exploiting tunable
parasitic antennas can enhance a wireless communication
quality, such as the reception power improvement, interfer-
ence cancellation, and so on [1]-[4]. These antennas can
be recognized as a kind of analog adaptive antenna, but the
arbitrary excitation weight at the antenna element cannot be
given since the current at the antenna element strongly de-
pends on the mutual coupling. This deteriorates the perfor-
mance in interference suppression compared to that of the
digital adaptive array antenna. Nevertheless, they have rel-
atively simple hardware compared with the digital adaptive
array antennas. This feature allows to use many more par-
asitic antennas, and the effective degree of freedom can be
greatly increased [5], [6].

However, it is difficult to predict the channel behav-
ior against the termination conditions at the parasitic anten-
nas, since the relationship between the channel response and
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the termination impedance are known to be non-linear. The
steepest gradient algorithm is commonly used for optimiz-
ing the termination condition of the parasitic antennas [1],
[2]. In this algorithm, the gradient of the evaluation func-
tion, e.g. signal-to-interference ratio (SIR), is estimated by
varying the termination conditions. This scheme requires
significant numbers of iterative measurements to obtain op-
timum radiation patterns or desired channels. The work
[7] presented a fast control method of the parasitic anten-
nas by measuring the impedance matrix of the array an-
tenna including the termination ports at the parasitic ele-
ments. Though the fast control of the radiation pattern can
be achieved, this method cannot be applied to the interfer-
ence suppression since the response of unknown interfer-
ence cannot be estimated.

Authors have proposed a deterministic solution for
controlling analog adaptive antenna, which requires only a
few channel observations [8],[9]. In this method, the idea
of a ‘parasitic channel’, which is observed at the parasitic
antenna, is newly introduced. The parasitic channel is an
invisible channel but can be estimated by using this method.
However, this method requires the channel state informa-
tion (CSI) between the receiving antenna and interference
source for suppressing the interference. Since the CSI es-
timation requires the known training signal whose informa-
tion is shared between the transmitter and receiver in ad-
vance, it is difficult to obtain the CSI from unknown signals
that can arrive from other wireless systems.

In this paper, a fast non-iterative algorithm based
on correlation matrix for multiple-input multiple-output
(MIMO) adaptive array is proposed. This method does not
require the CSI but the correlation matrix, which is obtained
from the received signals. The correlation matrix including
both receiving antennas and parasitic antennas can be esti-
mated from a few observations of the signals even without
receiving signals at the parasitic antenna. It is shown how
this method works in suppressing the interference, and the
simulations are conducted to validate this method.

Section 2 describes the system model of the multi-
antenna, which is considered in this paper. Also, the pro-
posed algorithm is described in detail. In Sect. 3, the simu-
lation results are indicated, and show this method is effective
in enhancing the channel data rate even without any iterative
channel measurements.

Copyright © 2013 The Institute of Electronics, Information and Communication Engineers



1946

2. System Model and Proposed Algorithm

The method shown in [9] is the easiest and most secure way
to predict the channel response with arbitrary termination
conditions in the parasitically steerable arrays. However,
this method cannot be applicable to the interference from
other wireless systems since the CSI between the interfer-
ence source and the receiving antennas is not available. Al-
though the CSI is not available, the stochastic characteristics
of the interference can be observed.

In the proposed method, the correlation matrix calcu-
lated from the received signals at the receiving antennas is
observed and exploited instead of using the CSI. The corre-
lation matrix including both receiving antennas and parasitic
antennas can be estimated from several training rounds. If
this adaptive antenna is used for suppressing the interfer-
ence, the correlation matrix must be observed during the
absence of the desired signal. Also, the same interference
signals must arrive repeatedly. This precondition can be ob-
tained in the various wireless systems. For example, a guard
time is set in the actual systems in order to avoid the col-
lision between the desired users. The interference cancel-
lation method with adaptive array by using such guard is
proposed [10]. In the proposed method, guard time can be
exploited to obtain the correlation matrix of the interference
signals.

2.1 System Model

Figure 1 shows the configuration of the multi-antenna sys-
tem considered in this paper. The number of the receiving
and parasitic antennas are M, and M, respectively. The an-
tennas shown in this figure are dipoles, but the following dis-
cussion can be applied to arbitrary configurations. Each par-
asitic antenna is terminated by a tunable reactance, z;. Here,
i is the index number of the parasitic antenna. These arrays
are placed close together since the mutual coupling between
the receiving and parasitic elements is needed to form the
radiation pattern by controlling the termination condition at
each parasitic element. In this model, the intereference sig-
nals arriving at the receiving antenna system are considered.
Figure 2 shows the circuit model used in this discussion.
This model considers the receiving and parasitic elements.
Term Sg is the S-parameter matrix, including the receiving
and parasitic elements. Sk can be defined as,

Srr  Skrp
Spr Ser)’

R = (1)
where R and P represents the receiving element and para-
sitic element ports, respectively. Sk is assumed to be known
and stable. In an actual operation, this can be measured in
advance of the following process. b, denotes the complex
vector that represents the interference signalsat the antenna
elements including the parasitic elements, and it can be ob-
served only when all ports are terminated by the reference
impedance, zp. bg can be divided into vectors bgy and bp
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Fig.1  Antenna system configuration.
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Fig.2  Equivalent circuit model of the multi-antenna system.

at the receiving and parasitic elements, respectively. bg rep-
resents the complex output vector observed at the antenna
ports when the antennas are terminated and connected to the
receivers. by can also be divided into vectors bgr and bpp
observed at the receiver ports and parasitic element ports,
respectively. ag denotes signals that are reflected from the
receivers and terminations to the antenna elements, and can
be divided into arr and app. These matrices and vectors
must satisfy

brr Srr  Skrr\[arr bro
= 2
(bPP) (SPR SPP) (aPP) * (bPO) @
app = I'bpp. 3

T is the termination condition and defined as,

T 0
= , 4)
0 Tup
where T; is the reflection coefficient of the i-th reactive ter-
mination; it is defined as I'; = (z;—z0)/(zi+20), ( zo: reference
impedance ). When the internal impedance of the receivers
is ideal, i.e. equal to the reference impedance, zy, agg can be

assumed to be 0. From (2) and (3), the observed vector at
the receiving ports can be expressed as,

bro + SreT(Iyp — Sppl) " by
Aby, (5

b RR

where,
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brr1 [(A1bo A
E|l @ |Ggr-- b | =E|| ¢ |@gAT, .. b AR = E[bob{1(AY, ..., AY) (8)
brrx \Axbo Ag
AN [(brra
Ry=Elbobg1=| : | E|| 1 |[Bhg1 - brri)|AY, ..., AD" )
Ag brrx
A= [I mr Srel'(Lyp —SPPF)_I]. (6) non-identical termination conditions are required. If the

Here, Iy, and Iy, are M, x M, and M, X M, identity ma-
trices, respectively. A transfers the signal arriving at the
antennas to the observed signal at the receivers, and de-
pends on the termination condition, I'.  The size of A is
M, x (M, + M),). The correlation matrix observed at the
receiver is,

E[bgrbhy] = AE[bobl1A"
= ARyA", (7

where, (¥ and E[-] are Hermitian transposition and ensem-
ble averaging, respectively. Ry is the correlation matrix in-
cluding the components of both receiving and parasitic an-
tennas. It can be seen that the correlation matrices with ar-
bitrary termination conditions can be obtained from (7) if
R is known. Since the sum of the diagonal component of
E [bRRbgR] corresponds to the received power, the termina-
tion condition that minimizes the received power, is needed
to suppress the interference when the received signal con-
tains only the interference components.

2.2 Estimation Method of Correlation Matrix

In this subsection, technique for estimating the correlation
matrix, Ry, is described. Let us assume that Sg is known.
First step is giving the various termination conditions and
observing the signals at the receiver. K sets of non-identical
termination conditions, defined as A, ..., Ak, are given by
(6) and they are assumed to be known. The received sig-
nal vectors corresponding to the termination conditions are
defined as bgg 1, ..., bgrr k. Second step is estimation of the
correlation matrix. The correlation matrix can be written as
(8). From this equation, the correlation matrix, R, can be es-
timated from the received signal vectors by using (9), where
()" represents a pseudo inverse operation.

In (9), the size of the matrices, i.e. (A{i, e, A?) and
its Hermitian transpose, needs to be considered to obtain
the desired R in terms of the validity of the pseudo inverse
operations. Since the size of (A% .., Ag) is (M, + M) X
KM,, KM, needs to be equal to or larger than (M, + M,) to
obtain the correct solution. Therefore, the condition,

MP
K > V +1, (10)

r

must be fulfilled. This means K sets of measurements with

transmitted signal is interference, the termination condition
that minimizes the interference power can be calculated by
using the typical optimization methods, like [1], [2].

As described above, the interference power can be sup-
pressed without any knowledge of the CSI. However, the
same interference signal must arrive repeatedly since (9) as-
sumes E [boboH ] is always constant thruough K times obser-
vations. It is natural that the same signals are transmitted
many times since many wireless systems employ frame for-
mats that use identical preambles, and this feature can be
used for obtaining (9).

2.3 Effect of Noise on Estimation Accuracy of Correlation
Matrix

Here, it is also assumed that the noise caused by the receiver
is much greater than the external noise arriving at the an-
tenna elements [11]. When this noise is taken into account,
the received signal observed at the receiver can be described
as,

bRR = Ab0+n, (11

where, n represents the noise vector observed at the re-
ceivers. When the noise is modeled as zero-mean Gaussian
white, the correlation matrix derived in (9) can be modified
as,

Ry. = Ry + R, (12)

where, R, is the estimated correlation matrix with errors.
R, is the component caused by the noise, and is described
as (13), where ny, ..., ng corresponds to the observed noise
vector when K sets of termination conditions are applied.
When the number of received symbols for each training
round is large enough, (13) can be rewritten as,

Ay

+

R, =0 : | (A7,...,AD)", (14)
Ak

where o2 is the expected noise power. Since the interference
signals and noise are uncorrelated, the first two terms in E[-]
of (13) become zero. In the following consideration, the
estimation error is defined as,

J = IRy|F, 15)

where || - || represents a Frobenius norm.
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3. Simulation
3.1 Simulation Model

To verify the fundamental performance of the proposed es-
timation method, a simple antenna model was studied. Ta-
ble 1 shows the antenna configurations considered in this
numerical analysis. Here, ‘Rx;’, ‘Rx;’ and ‘z;’ (i = 1 ~ 4)
mean receiving antennas, #1, #2, and parasitic antennas, re-
spectively. In the model (A) named as MIMO adaptive, all
antennas are half-wavelength dipole, and, and this linear ar-
ray antenna comprises two receiving and four parasitic an-
tennas (M, = 2,M, = 4). The antenna distance is 0.14y,
where Ay is the wavelength in a vacuum. The receiving an-
tennas are placed at both sides of the array, and the parasitic
antennas are placed between the receiving antennas. The
model (B) is array without the parasitic antenna, and other

Table1  Antenna configuration for numerical analysis.
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n)
(R =51 [V G Lo (13)

ng

dimensions are set to identical to model (A). The distance
between receiving antennas is set to 0.54 to offer the same
aperture size.

For antenna (B), two schemes are adopted to compare
the performances to antenna (A). One is no interference
suppression, and the other is interference suppression us-
ing MMSE (Minimum Mean Squared Error) algorithms. In
the MMSE algorithm, the weight matrix, W s, is deter-
mined to minimize the error in the desired signals. The num-
ber of the training symbols for MMSE is set to 12, and is
identical to that for observing bgg in antenna (A).

Figure 3 shows the channel model and sketch of the
transmitting and interference antennas. As a transmitter,
two dipoles with spacing of one wavelength were used, and
the interference signal was transmitted from a single dipole.
The geometry-based statistical model was used for this cal-
culation [12]-[14]. Around all of the antennas, the scatter-
ers are arranged in the horizontal direction; this assumption
comes from measurements in an actual environment [15].
To consider the statistical characteristics of the channel, 500
Monte Carlo simulations were performed in each condition.
The § -parameters and radiation patterns of the receiving ar-
ray are calculated by moment method, and they were taken
into account in the following simulation. The operation fre-
quency was set to 2.4 GHz.

3.2 Sheme of Proposed Algorithm

Figure 4 explains the flowchart of the actual procedures
in this scheme. This scheme is applied only for antenna
(A). Before observing the interference signals, we need to
know S -parameter of the antenna. After evaluation of the
S -parameter, Aj,..., Ax must be determined. They cor-
respond to the termination conditions for K observations

Transmitting array

Receiving array

Interference source

Fig.3  Channel model and antenna arrangement.
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Fig.4  Flowchart of proposed algorithm.

and must be non-identical to each other. They are chosen
so as to minimize (15). In this simulation, we chose the
best one out of randomly generated 100 sets of the termina-
tion conditions under the constraint of the reactance range,
—100j < z; < 100y, where the insertion resistance was ne-
glected. It should be noted that these first two procedures
are required only for the first operation since §-parameter

and Ay, ..., Ak are independent of the propagation charac-
teristics.

The antenna observes the interference signals,
by,..., bk, corresponding to the predetermined termination

conditions, Aj,...,Ag. Then, the correlation matrix, Ry,
is estimated by using (9). After this observation process,
the reactance values of the terminations were optimized to
minimize the interference power, and finally the desired ter-
mination condition, A,,,, is obtained. In the simulation for
antenna (A), the steepest gradient algorithm [2] is used as
an optimization algorithm.

This scheme can work independently to the number
of the interference sources since Ry can be obtained in the
same manner as in (9). The analog adaptive antenna is ef-
fective in suppressing the multiple interferences [6], and this
advantage is also obtained even when proposed scheme is
used for such environment. However, the single interference
case is studied in this paper for simplicity.

3.3 Result

Figure 5 indicates the estimation error of the correlation ma-
trix shown in (15) versus INR. Here, it is assumed that only
the interference signal is observed for this calculation, and
the estimation error is normalized by Frobenius norm of the
ideal correlation matrix, Ry. The number of the trials is 500,
and Rician factor is set to —codB. It can be seen that the
estimation error decreases when the INR and the training
rounds, K, are increased. From this result, the minimal num-
ber of training rounds in (10) is not sufficient for estimating
the correlation matrix accurately. Therefore, the number of
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Fig.6  Radiation patterns of MIMO adaptive antenna, (A), in xy-plane
under interference condition: (a) single interference wave (U: ¢ = 90°), (b)

single interference wave (U: ¢ = 45°), (c) multiple interference waves (U:
¢ =30°,40°,50°, 160°,220°,225°,230°,240°, 250°, and 300°).

the training rounds is set to K = 12 in the following discus-
sion.

Figure 6 shows the radiation patterns of antenna, (A),
in xy-plane under the various interference conditions. Here,
the letter, ‘U’ represents interference wave, and the INR
is 30dB, K is set to 12. Figures 6(a) and (b) indicate
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the patterns when a single interference wave arrives at
the antenna from angles, 90°, and 45°, respectively. It
can be clearly seen that nulls are formed at the angle of
the interference wave for both Rx; and Rx,. The re-
ception power of the interference signal is lowered by at
least 10dB in these cases. Figure 6(c) shows the pattern
when 10 interference waves arrive at the antenna from var-
ious angles, i.e. 30°,40°,50°,160°,220°,225°,230°,240°,
250°, and 300°. Note that these 10 waves are same signals
with different directions of arrivals. It can be seen that the
radiation patterns for Rx; and Rx; do not have deep nulls.
Nevertheless the observed interference power suppression
by the proposed algorithm was about 10 dB in this case. This
means the radiation pattern can be formed so as to suppress
the synthesized interference signals.

Figure 7 shows the cumulative distribution function
(CDF) of signal-to-interference-plus-noise ratio (SINR).
The median signal-to-noise ratio (SNR) of the desired signal
is determined to be 30 dB. The median value of the interfer-
ence power is equal to that of the desired signal power. The
path distribution is uniform in the horizontal plane. Other
parameters are given identically to that in Fig. 5. Two types
of the algorithms, i.e. the proposed and previous [9] ones,
are tested and compared for the antenna (A). The number of
the training rounds, K, is set to 12 for both two algorithms.
For each training round, the termination set is given to be
different to that for other training rounds. It can be seen
two algorithms for (A) yield almost identical results. This
means that the proposed method can offer the deterministic
antenna control without any knowledge of the channel of the
interference signal. Also, it is found that 50% values of the
SINR in (B) with and without MMSE are lower by 13 dB
and 6 dB, respectively, than that in (A).

Figure 8 shows the cumulative distribution function
(CDF) of achievable rate. The achievable rate is approxi-
mately calculated by,

0_2

. (16)

R=1log,|I + HHf ——%
E2 (02 + oM,

where, o2, 07, and 072 represent the received powers of the
desired and interference signals, and noise, respectively. M,
represents the number of the transmitting antennas. Though
the capacity under the interference can be analyzed more in
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detail [16], the asymptotic capacity can be easily approxi-
mated if the interference can be recognized as Gaussian and
the propagation environment is random [9]. For MMSE al-
gorithm in antenna (B), the rate is also calculated by,

Ryumse =

0_2

log, |I+W% . HH"W — |,
J25) MMSE MMSE(O"%M’?)M;

7)

where, o"ﬁ and 0"1.2 are the received noise and interference
powers after the MMSE filtering.

By comparing the results of (A) with proposed algo-
rithm and [9], it is found that the two algorithms yield iden-
tical performances. Also, the MIMO adaptive antenna, (A),
achieves three times higher rate than (B) without MMSE.
Though (B) with MMSE can suppress the interference, sig-
nificant improvement in the achievable rate is not observed.
Since (B) has only two degrees of freedom, the rate is seri-
ously degraded even when the interference is suppressed by
the digital adaptive array.

Figure 9 shows 50% bitrate versus raw SIR. Where,
Figs.9(a) and (b) represent the results with Rayleigh envi-
ronment (Rician factor = —co dB) and Rician environment
(Rician factor = 10dB), respectively. The raw SIR repre-
sents the SIR for (B) without MMSE. The SNR is always
set to 30dB, and only the interference power is varied. It
can be seen that the proposed algorithm can provide same
performance to the previous work [9] over wide range of
the SIR. In the Rayleigh environment, antenna (A) with the
proposed algorithm yields higher bitrate than (B) does even
when MMSE algorithm is applied to (B). On the other hand,
the antenna, (B), with MMSE yields higher rate than an-
tenna (A) especially when SIR is low in Rician environment.
From these results, it can be seen that existence of the direct
path affects the performance of the MIMO adaptive array.
Also, it can be seen that the overall rate in Fig. 9(b) is lower
than that in Fig. 9(a). This is because this channel is highly
correlated and the rate enhancement effect of MIMO is not
sufficiently obtained. That is, saving the degree of freedom
is not effective in enhancing the rate for Rician environment.
Nevertheless, the antenna, (A), outperforms antenna, (B),
when SIR is higher than 0 dB. From these results, it can be
seen that the proposed algorithm can offer satisfactory per-
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formance even without knowledge of the CSI.
4. Conclusion

In this paper, a fast non-iterative algorithm based on correla-
tion matrix has been proposed and studied. The proposed al-
gorithm does not need any knowledge of the CSI and avoids
iterative training. The correlation matrix of the received in-
terference signal at the antenna elements including the par-
asitic elements can be estimated by several training rounds
with non-identical termination conditions. The performance
of the proposed algorithm has been studied based on the
simulation. It is shown the MIMO adaptive antenna with
the proposed method can suppress the interference power
by at least 10 dB in this simulation model, and enhances the
bitrate greatly with the deterministic control scheme. Also,
the MIMO adaptive antenna with the proposed algorithm
offers satisfactory performance identical to that of the pre-
vious work [9]. From these results, it is found that the pro-
posed algorithm is effective in reducing the time to control
the MIMO adaptive antennas.
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