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Figure 8 Measured results (a) Measured receiver voltage gain and (b)
Measured power gain and output P 4g. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com]

TABLE 1 Performance Summary

Performance Parameters Unit Results
Radio frequency MHz 402-405
Channels - 10
Modulation - 2-FSK
Data rate Kbps 500
SNR dB 17.0
Tx output dBm —2.8
Rx sensitivity dBm —85.0
Supply voltage \Y% 1.8
Power consumption mW 22.0

5. CONCLUSION

A CMOS transceiver for ICTS is designed and fabricated. For
low power consumption of the transceiver, the complex filter is
adopted for image rejection and the PLL synthesizer is designed
by digital logic circuits. Given these performance capabilities
the 400 MHz transceiver can be applied to the medical equip-
ments that need the wireless remote control.
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ABSTRACT: An X-Band eight-subarray smart antenna system has been
developed in this article to demonstrate its capability of direction of
arrival estimation for correlated arriving signals. The antenna array is
composed of an eight-subarray antenna and eight-track of transceiver for
quadrature baseband to RF up/down conversion. Multiple classification of
signal (MUSIC) and modified MUSIC algorithm with spatial smoothing
are used for high resolution angle of arrival (AoA) estimation. Measured
results showed that the modified MUSIC algorithm with spatial smoothing
is capable of estimating target AoA with average angle error of 1.14°
when target arriving angles are varying from —30° to 30°. Accurate
results of AoA estimation by simulation and measurement for stationary
or dynamic targets has also been demonstrated to validate the feasibility
of the proposed X-Band smart antenna system. © 2014 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 56:2582-2587, 2014; View this article
online at wileyonlinelibrary.com. DOI 10.1002/mop.28654

Key words: smart antenna system; angle of arrival estimation; multiple
classification of signal

1. INTRODUCTION

Phased array antennas and array signal processing technique for
estimating the wave number and angle of arrival (AoA) of
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multiple incident plane waves has wide applications in the areas
of radar, sonar, electronic surveillance, medical diagnosis, and
wireless communications. Direction of arrival (DoA) estimation
is important for the applications of smart antennas, because
AoA of a mobile unit is usually required before steering the
antenna main beam to the desired targets.

Various DoA estimation algorithms are available for smart
antenna application, for example, Bartlet, Capon, Min-norm,
MUSIC, and ESPRIT [1-5]. Among these algorithms, MUSIC
is probably the most popular one for high resolution and accu-
rate applications. However, in case that the arriving signals are
statistically correlated which results in reduction of the rank of
the covariance matrix, the angle resolution of MUSIC algorithm
can be seriously degraded. Another consideration is that DoA
estimation usually require the knowledge of the number of arriv-
ing signals to discriminate the eigenvalues corresponding to sig-
nals or noise [6, 7]. To meet the above requirements by dividing
the antenna array into smaller subarrays, spatial smoothing tech-
nique could determine the target’s AoA by removing the corre-
lation between the incoming sources, if the number of incoming
sources is less than the number of synthesized subarrays [8, 9].
Forward-Backward spatial smoothing DoA estimation is imple-
mented in this article for implementation of an X-Band eight-
subarray smart antenna system [10-13].

This article is organized as follows. Section 2 is to introduce
the basic principle of eigen-space decomposition of the MUSIC
DoA estimators. Formulation of the MUSIC DoA algorithm and
its modified version using forward—backward spatial smoothing
technique follows afterward. The simulation and measured
results that compare the performance of AoA resolutions
between these two algorithms are shown in Section 3. Section 4
is the conclusion, followed by acknowledgment.

2. DOA ESTIMATION

2.1. Music Algorithm

In the application of mobile communications, multiple incident
signals to a base station are usually coded to be mutually uncor-
related over a specific time interval. In this case, the conven-
tional MUSIC algorithm is suitable for determining the incident
angles of the incoming plane waves [14]. As shown in Figure 1,
a uniform linear array (ULA) system is used to determine the
Ao0A of each plane wave incidents on the array with various
incident angles. Assuming there are N narrowband signals inci-
dent from N different angles, and the received ULA is with M-
element. The received signal vector x(¢) is represented as

| | |
041 e, 03
)
I I L] . .
S1 S2

SN
Y Y
1 2 « o o M1 M

+—>
d

Figure 1 A uniform linear antenna array with M elements for deter-
mining AoA of the plane waves incident from various angles
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x(t) =[x1(t) x() xM(t)}T=As(t)+n €))
A=[a(0,) a(0,) a(Oy) ] (1a)
s(=[s1(6) s(1) - sv(®)]" (1b)

where a(()i):[ glkodsin0; jko2dsin 0; ekaMdsin(),:IT’ and 0; is
the angle between direction of arriving signal i and the normal
vector of ULA. The vector a(6;) is the MX1 steering vector of
array, s(¢) is the incident signal vector, n is the MX1 white
Gaussian noise vector each with zero-mean and variance o2, kg
is the frequency of incident signal, and d is distance between
antenna elements. We define the correlation matrix of noisy sig-
nal vector x(¢) as:

R =E[x(t)x" ()| =AE[s(t)s" (¢)]A" + E[nn"] )

Assume that s1(7), s5(¢), ..., sy(f) are uncorrelated signals,
then the correlation matrix of received signal vector is Ry =FE]s(r)
s ()] with nonzero diagonal entries which are the received power
of arriving signals. Therefore Ry, is a nonsingular matrix.

R, =AE[s(r)s" (1)]A" +E[nn""]
=AR A" +6%1
IR, —2:|=0, (R, —AI)v;=0 (3b)

(3a)

If 1;’s are eigenvalues of Ry, 11 > Ay > ... > Ay; and v; is
the corresponding eigenvector i = 1, 2,...,M. For M > N, and
i=N + 1, N+2,..., M, these eigenvalues are the received
noise power, that is, 2; 2 ¢2, so the corresponding eigenvectors
vi i=N + 1,N+2,...,M construct a noise vector space. So,
(R.—2I)v; ~ AR ,A"v;=0. As Ry is a nonsingular matrix,
then the array steering matrix A is orthogonal to v;, when i =N

+ 1, N+2, ..., M, that is, the array steering matrix is orthogo-
nal to the noise subspace. Let matrix
V=[v+1 VvN+2 vy ], and P(6) be the spatial spectrum
defined as:
H
a’(0)a(0

a’(0)VvHta(0)

Thus the MUSIC algorithm for DoA estimation can be real-
ized by searching the 0-values which peak the spatial spectrum

P(0).

2.2. Modified Music Algorithm with Spatial Smoothing
The above MUSIC algorithm is applicable if the incoming sig-
nals are mutually uncorrelated such that the correlation matrix
R satisfies full rank conditions for eigen-space decomposition.
However, in a highly correlated channel environment, for exam-
ple, active radars encounter multipath reflections when radio
wave propagates, the correlation of incoming signals may
severely degrade the DoA performance if only conventional
MUSIC is used [15]. The idea of spatial smoothing proposed is
a technique to recombine subset of the uniform arrays with for-
ward and backward subarrays to resolve the singularity of the
correlation matrix [12, 16-20]. The price paid is the reduced
number of detectable users in the system.

Using the same definition of vectors as in the previous sec-
tion, received vector of noisy signals can be written as:

x(1) =[xi1(1) x(r) xu(0) ] =As(t)+n 5)
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A=[a(6) a(6) ... a(by)] (5a)
s(=[51(1) (1) --- sn(n)]" (5b)

When the arriving signals are correlated, we can define the sig-
nals as si(f)=oys0(1), $2(t)=0280(t), ..., and sy(1)=onso(?),
assuming the signal power of so(7) is normalized to one.

Ry =E|s(t)s" (1)) =0l E[|50 () |*] = o (©6)

s(=[og o an ) so(t)= so(t)a (6a)

So rank(Rg)=1, Ry is no more an nonsingular matrix.

And the conventional MUSIC algorithm shall fail to distin-
guish the noise subspace and signal subspace. To solve the
above problem, the spatial smoothing technique is to modify the
conventional MUSIC algorithm as shown in Figure 2.

First, M element ULA is divided into L overlapping subar-
rays. Each subarray has My=M—L+1 elements. The received
signal by lth subarray is denoted by xz¢(¢).

xie() =[x, X041, Xea,—1]=AB T s(0) +my (N
A=[a(60)) a(62) ... a(y)] (7a)
a(0;)= [ plkodsin 0 jk,2dsin 0 lkoModsin0; }T (7b)
B=diag[ay, ,ag, " - ag,|, ag, =e ot (7¢)

Where A represents the steering matrix of the array and B
describes the phase relationship between subarrays. However,
we should notice that the rank of A and B are dependent on the

number of elements in subarray, not in the original ULA. The
correlation matrix of Ith subarray is given by:

Riy=E[x(n)x" (1))
=AB"'E[s(1)s" (1) (B A" + E[nn") (8)
=AB'" 'R, (B )" A" +o2I

Here we define L-times spatial smooth covariance matrix as:

o1& .
R'= 3 > Ri=ARJA" +o°I )
=1
R/ = li B 'R,(B)! (9a)
L

=1

The matrix R/ has the same form with R in the conven-
tional MUSIC algorithm, so it is necessary to inspect the rank
of R/. Here,

Subarray #L

St:lbarray #2

Subarrajr #1 |

YY Y Yy y

L - ML ML2 - M

Figure 2 A uniform linear antenna array with M elements for deter-
mining AoA of the plane waves incident from various angles
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Signal 1

Signal 2

Figure 3 System architecture of an eight-subarray smart antenna.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

1

| L
1 -1 I=I\H _ L b
Ry L;B R, (B")'=7CC (9b)
Where C is a KXL matrix given as follows,
C= [a Ba B’a B’floc]
- 1 a()] o alél,l 7
1 ap, aﬁ;l
=diag[oy, 00, -+ oy] 9¢)
| 1 ap, --- aﬁ;l

=DV

The rank of C is determined by matrix V, as D is a nonsin-
gular matrix. The matrix V is a vandermonde matrix with rank
min (V,L). The above result is that the rank of R/ is the same
as that of C which is min (N,L). If L > N, that is the number of
elements in subarray L is larger than the number N of the
incoming signals, then rank(C) =N, and R{s becomes a nonsin-
gular matrix with rank N. The MUSIC algorithm modified with
the above spatial smoothing technique becomes capable for pre-
dicting the incident angles among multiple correlated signals.

3. SIMULATION AND EXPERIMENTAL RESULTS

3.1. System Architecture of an Eight-Subarray Smart Antenna
In the experimental setup for DoA measurement is shown in
Figure 3. The RF front-ends and local oscillator of the eight-
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Figure 4 Simulation spatial spectrum using MUSIC only, with equal
power coherent signals incident from —15° to 10°

element X-Band array elements are designed to operate at 9410
MHz. Subarrays are equally spaced by half-wavelength of the
operating frequency. Low noise amplifier, band-pass filter, and
down-conversion circuits are integrated into a module of the
array system. The down-converted and low-passed IQ signals
are digitally sampled by a data acquisition device controlled by
a host PC computer. The sampled IQ data are collected and
averaged to form an 8-by-8 correlation matrix for DoA
estimation.

3.2. Simulation Results

For two coherent and equal power signals incident from
—15°nd 10° to the antenna array, the simulation results in Fig-
ures 4 and 5 are the estimated spatial spectra using MUSIC and
modified MUSIC with spatial smoothing, respectively. The AoA
angle, viz. direction of arrival, is defined positive if it is clock-
wise with respect to the broadside of the antenna array. The
unpredictable result in Figure 4 shows that conventional MUSIC
DoA algorithm fails to deal with correlated arriving signals.
However, using the spatial smoothing MUSIC with length five
of the subarray, a high resolution spatial spectrum results as
depicted in Figure 5.

Spatial Spectrum (dB)

T T T T T T
-60 -40 -20 0 20 40 60

Angle of Arrival (degree)

Figure 5 Simulation spatial spectrum using MUSIC with spatial
smoothing with equal power coherent signals incident from —15° to 10°
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Figure 6 Simulated spatial spectrum using modified MUSIC with spa-
tial smoothing technique, with three equal power coherent signals
incoming from [—20°, 3°, and 21°] arriving angles

Now, if we increase the number of correlated targets in the
system to three which are located at angles of ~20°, +3°, and
+21°. As given in Figure 6, the simulated spatial spectrum
peaks exactly the same arriving angles as the incident waves.

3.3. Measured Results

Same as above, if two coherent and equal power signals incident
from —15° and 10° to the antenna array, and use measured data
for spatial smoothing MUSIC. The resultant spectrum is shown
in Figure 7 which peaks at —14.5° and 10°, for two coherent
and equal power signals incident from —15° and 10° to the
system.

The measurement of a single stationary target in the anechoic
chamber is shown in Figure 8. After each measurement, the tar-
get AoA incident angle was changed with a step size of 10°
from —30° to 30°. The incident angles of waves with respect to
the corresponding measured AoA are with angle errors between
0.2° and 2°. Figure 8 shows the measured spatial spectrum
peaked at estimated DoA with respect to the incident AoA
angles using MUSIC. The results show that for this case of

60 ; ! !

Spatial Spectrum (dB)

y — .
-60 40 20 0 20 40 60

Angle of Arrival (degree)

Figure 7 Measured spatial spectrum using spatial smoothing MUSIC
with two coherent and equal power signals incident from —15° to 10°,
respectively
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Figure 8 Measured spatial spectrum of a stationary target with the
incident AoA angle changing from —30° to 30° (10° each step) in an
anechoic chamber. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

single target only, conventional MUSIC works quiet well. The
maximum measured angular error is 2° over all the seven meas-
urements and the averaged angular error is 1.14°.

As mentioned above, the subarray length for the spatial
smoothing MUSIC is chosen to be five, which means that the
eight-element antenna array is capable constructing four subar-
ray of length five. And the maximum number of correlated tar-
get in the system detectable using spatial smoothing MUSIC is
also four. Now we increase the number of correlated targets in
the system to three which are located at —20°, +3°, and +21°.
As given in Figure 9, the measured spatial spectrum peaks at
—20.5°, 0.5°, and 21.5° which result in 0.5°, 2.5°, and 0.5°
angular errors, respectively.

3.4. Measuring DOA of a Single Moving Target

A measurement of AoA is setup with a target moving around the
array antenna located as a central point. The distance between tar-
get and the array antenna is kept one meter in length. Measured
results were given in Figure 10. The solid line in the figure was

80 T T T '

050, [ ——-20°,43° 21°]

-]
o
1

Spatial Spectrum (dB)
8
1

n
o
1

. —_

-60 -40 -20 0 20 40 60
Angle of Arrival (degree)

Figure 9 Measured spatial spectrum using spatial smoothing MUSIC

for DoA with three equal power coherent signals incident from [—20°,
3°,21°] AoA angles
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Figure 10 Estimated AoA and incident angle of a moving target with
angular rate of two degrees per second. Measured data for modified
MUSIC estimation algorithm were acquired from the eight-subarray X-
Band array antenna. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

the target angle position and the DoA read-out angle in solid
squares. The line of sight (a line connecting the moving target
and the broadside of the array antenna) rate was set at two
degrees per second and the range of angle scan is 40°. Appa-
rently, with a dynamic DoA input to the system, the X-Band
smart antenna is capable of tracking the moving target closely.

4. CONCLUSION

An eight-subarray X-Band smart antenna system has been suc-
cessfully developed and demonstrated the capabilities of high
resolution and accurate AoA estimation. MUSIC is suitable
enough for uncorrelated targets estimation, however for corre-
lated targets we used for better angle resolution. Measured
results showed that the modified MUSIC algorithm could esti-
mate stationary target with average angle error of 1.14° if target
arriving angles range from —30° to 30°. Accurate tracking of a
dynamically moving target around the array antenna system has
also been demonstrated using modified MUSIC algorithm.
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ABSTRACT: This article proposes a novel circular patch antenna with
polarization reconfigurability features. The antenna has a simple struc-
ture, which comprises of a radiating circular patch, embedded with two
switches (PIN diode) and a pair of equal length slit on the top metal
layer. By controlling the biased voltage of the PIN diodes, the polariza-
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tion of the antenna can be reconfigured between three states; either linear
polarization, right-hand or left-hand circular polarization. The details of
the simulated and experimental results are presented and discussed. The
proposed design has the potential application to improve channel reliabil-
ity in a wireless communication system, especially in dealing with
multipath-rich and limited space environment. © 2014 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 56:2587-2590, 2014; View this article
online at wileyonlinelibrary.com. DOI 10.1002/mop.28653

Key words: circular patch antenna, slits perturbation; polarization
reconfigurability, left/right hand circular polarization, linear polarization

1. INTRODUCTION

In the multipath environment, the radio signal path regularly
experiences the reflection duly from obstacles such as trees,
cars, and buildings. This phenomenon becomes more challeng-
ing, especially in an indoor environment where a lot of reflec-
tions occur due to wall and furniture. Due to this phenomenon,
the transmitted signal will be affected, and the signal reaching
at the receiver will vary with different polarization and time.
Consequently, at some proportion, receive signal may decreases,
thus causing loss of effective communication.

Hence, one of the strategies to cater this problem is to have
a single antenna with multifunctional feature; which is capable
of offering various types of polarization modes. The antenna is
able to transmit or receive with different polarizations which is
linear polarization (LP) or circular polarization (CP) or between
LP and CP. This polarization diversity type of antenna has
received great attention recently due to its ability to expand the
overall system capability such as the ability to reduce the multi-
path fading loss [1-3] and the realization of frequency reuse [4—
6]. In addition, the polarization diversity antenna is also capable
to improve performance of the system [7], such as for multiple-
input-multiple-output (MIMO) systems [8].

Several antenna configurations with polarization diversity have
been reported. The polarization diversity is successfully achieved
by introducing the perturbation segments into the ground plane [4,
5] or radiating element [9—11]. In [12], the perturbation segment
is created at both radiating elements as well as ground plane.
Through this method, polarization diversity antenna with fre-
quency agility is achieved. Besides the perturbation segment tech-
nique, the polarization reconfigurability design is proposed in [2,
13] through the development of tunable feeding network.

In this article, a circular patch antenna with the switched
polarization capability is presented. Only two switches are
required to obtain the polarization reconfigurability functions.
Triple polarizations type can be obtained; LP, left-hand CP
(LHCP) of right-hand CP (RHCP), by activating and deactivat-
ing the diodes. RF PIN diode Infineon BAR 50-02L is used as
switches, located at a specific distance across the slit, thus con-
trolling the length of the slit. This will enable the change of the
current flow in the structure, which accordingly varies the polar-
ization of the antenna. To activate the PIN diode, the biasing
circuits are integrated with the structure. Details of the proposed
design are described. The simulated and measured results are
presented and the performances of the antenna are investigated.
Full-wave simulations were performed using Computer Simula-
tion Technology Microwave Studio.

2. DESIGN CONFIGURATION AND APPROACH

The geometry of the proposed polarization reconfigurable circu-
lar patch antenna is shown in Figure 1. The antenna is printed
on a Taconic RF35 substrate with a height, 7 of 1.52 mm, per-
mittivity of 3.54 and tangential loss of 0.0018. The size of the
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