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Introduction

Smart Antennas systems have received an increasing
amount of research interest over the last years due to the
great potential for applications in telecommunications and
defense industry [1-3]. In the area of localization and
scanning applications, the non-inertial beamforming and
beam scanning of the smart antenna allows very fast beam
switching and target identification, as well as simultaneous
monitoring of multiple targets which is not possible using
traditional inertial systems. Smart antennas also reduce the
influence of multipath effects on the estimation of target
location in indoor localization systems [4].

A special interest in the area of telecommunications is
devoted to optimizing the use of wireless communication
channels [5]. The higher antenna gain of the antenna arrays
increases the signal to noise ratio, and consequently,
decreases the bit error rate over the communication
channel. Other optimizations brought by smart antennas in
the field of communication systems include the increasing
of the spectral efficiency, the reducing of the transmitted
power, of the co-channel interference, and of the multipath
interferences. Smart antennas can also monitor and track
mobile users, allowing and improvement of both signal
range and the quality of service [6, 7].

Novel developments [8] in the area of wireless smart
sensor network (WSN) could also benefit from using
Smart Antennas in applications like monitoring an
environment in dangerous regions, monitoring industrial or
location applications. Beamforming in smart antennas is
usually done by wusing high-performance computing
algorithms which use both phase shift and amplitude
variation of signals fed to antenna elements. Since WSN
are mainly low power, battery operated devices, with low
processing power capabilities there is a clear need to
develop specific beamforming methods and algorithms
featuring low computational cost. The solution developed
in [9] by using the amplitude variance of the antenna array
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elements is relatively easy to implement but it does not
provide a large scanning angle.

This article is focused on phase shift variation of
signal feeding antenna elements, providing numerical
simulations for the analysis and design of antenna
characteristics and presenting the development of an
advanced phase shifter implementation based on vector
modulators used to implement the optimal solution.

Analytical Array Characteristics

In this section an analytical overview of various
phased only antenna array with different geometries and
number of elements The main beam of the antenna array
must be narrow enough to allow the use of smart antenna
in systems for position estimation and scanning based on a
triangulation technique for determining the angle of
arrival. These analytical considerations do not take into
account the mutual coupling between antenna elements,
which will be addressed by numerical means in section 3.

Let us consider an antenna array with N linear
elements oriented along z-axis (see Fig. 1) with a linear
phase difference between antenna elements of y;. The total
signal received by the antenna array in the horizontal plane
at angle ¢ with y-axis can be written as follows [10]

Sa ((P) = Se ((/))%/:e][ko (N*l')d-sin((p)JrV,i] ’

i=1

@)

where S.(¢) represents the complex radiation pattern of one
individual radiator, k&, represents the free space
wavenumber and d is the spacing between antenna
elements. In order to form a beam in the desired direction
@0, let us choose a linear phase taper of the following form

2

The maximum of the corresponding array factor is
attained for: sin(p) — sin(gy) = 0, or, provided that

w; =—ko(N —i)dsin(p,), fori =1,2,...N.



—90° < ¢, po < 90°, for ¢ = py. Thus, by choosing a desired
beam-pointing direction ¢, and subsequently phasing the
linear antenna array elements according to (2), the array
factor will reach its maximum at the desired angle ¢ = ¢,.
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Fig. 1. Schematic representation of a linear antenna array

| Array aperture

It is known [10] that the dependence of the main lobe
beamwidth @ on the number of linear array elements can

be approximated by the following relation

@ =0.88581/ Nd cos(gy) - ?3)

Next, let us consider a planar antenna array with K x
L elements arranged in a rectangular lattice, grouped in a
configuration of K rows, having an inter-element distance
d, between the rows and L columns with an inter-elements
distance d, between columns as shown in Fig. 2. This setup
can be regarded for example as a linear antenna array
directed along the x-axis, having linear arrays as elements,
directed along the y-axis. The natural occurring phase
difference yy of element (k,1) relative to the element (1,1)
used as reference, is given by

Wi =ko(k—1)d, sin(8)cos(p) + ky(I - l)dy sin(@)sin(p), (4)

where d, and d, represent the spacing between elements
across X and Y axis, respectively.

The resulting planar array radiation pattern S(6,p) is
given by the following formula

KL | ,
5(6,p) = Se(ﬁ,go) Z Ze.l(Wkl+W ) ,
k=1=1

(&)

where S.(6,p) represents the element radiation pattern.
In order to steer the beam in the desired a phase taper
that satisfies the following relation must be chosen

y'ya = —ko(k =1d,; sin(6)) cos(¢g) — ko (I = Dd,, sin(6) sin(gy) > (6)

where (6,,p,) indicates the direction for the desired beam.

I=L

in d, y
| q | Array normal

Array aperture
Fig. 2. Schematic representation of a planar antenna array
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Fig. 3. Schematic representation of a circular antenna array

Since the array is made of dipole radiators which in
the xy plane have isotropic radiation pattern, the array
factor becomes the antenna radiation pattern. It is apparent
from this expression of the array factor that the maximum
of the array radiation will occur for (8, ¢) = (6o, @)-

Let us now consider a circular antenna array with N
elements arranged in a circular configuration of radius a as
shown in Fig. 3 [11]. The resulting circular array radiation
pattern S(6,¢) is given by the following formula

N .
5(0,p) = Se(ga ?) Ze.](‘//n+“n) ,

n=1

(7

where S.(6,9) represents one element radiation pattern and
w, the natural occurring phase difference of element n
relative to the first element used as reference and is given
by

v, = koasin(@)cos(p —2x(n/ N)). ()

In order to steer the beam in the desired direction
(60,p0), we must apply a progressive phase shifts between
array elements that satisfies the following relation

a, =—kyasin(6y)cos(py —27(n/ N)). 9)

Next, the influence of mutual coupling between
antenna elements on the array radiation patterns will be
addressed by numerical means.

Antenna array simulations

In the case of applications involving the estimation of
direction of arrival, the optimum antenna array
configuration is the one with the inter element spacing
equal to the half wavelength. Antenna array simulations
were performed by using 4NEC2 software which computes
the numerical solution of integral equations for induced
currents and simulates the electromagnetic response of
antennas and metallic structures by using Method of
Moments. By solving the impedance matrix the 4NEC2
software takes into account the mutual coupling between
antenna elements. The software computes successively the
currents on the antenna components for each excitation
source of the array elements. Those currents are used to
compute the array impedance matrix, and all embedded
element patterns. Antenna array elements used in the
simulations are half wavelength dipoles which provide an
omnidirectional radiation pattern in the plane
perpendicular to the dipoles. A large number of numerical
simulations have been performed for various geometrical
configurations of antenna arrays and different phase shift



applied between antenna elements according to Egs. (2),
(6) and (9) and the results were compared to the
corresponding analytical calculations based on Egs. (1), (5)
and (7). 3D radiation pattern of 12 elements linear and
circular antenna and of 16 elements planar array are
presented in Fig. 4(a), Fig 5(a) and in Fig. 6(a).

The analysis performed over the linear antenna array
shows, as expected, that increasing the number of array
elements the half power beamwidth (HPB) of the major
lobes in the horizontal plane is decreasing for each
scanning angle.

@

©) d)

Fig. 4. 3D radiation pattern of 12-elements linear antenna array
with ¢, = 0°(a) and cross-sections of various linear antenna arrays
with @, = 0°(b), py = 45°(c) and ¢, = 90°(d)
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Fig. 5. 3D radiation pattern of 16-elements planar antenna array
with ¢, = 0°a) and cross-sections of various planar antenna
arrays with ¢, = 0°(b), py=45°(c) and ¢, = 90°(d)

In Fig. 4(b),(c) and (d) the variation of HPB of arrays

with 2, 4, 8 and 12 elements, at a scanning angle of 0°, 45°
and 90° it is visible. A slightly less decrease of the HPB
with the increase in the number of array elements is
observed on planar antenna arrays with configurations of
2x2, 3x3, 4x4 and 6x6 elements, at scanning angles of 0°,
45° and 90°, as seen in Fig. 5(b),(c) and (d). In circular
antenna array configurations the effect of the decreasing of
the HPB is the smallest among the antenna arrays analyzed
as seen on Fig. 6(b),(c) and (d) for configurations of 8, 12,
16 and 18 elements at scanning angles of 0°, 45° and 90°.

It has been observed for all geometrical configurations that
the half power beamwidth (HPB) of the major lobes in the
horizontal plane is decreasing with the increase in the

8 elem.

Fig. 6. 3D radiation pattern of 12-elements circular antenna array
with ¢y, = 0°(a) and cross-sections of various circular antenna
arrays with ¢, = 0°(b), ¢, =45°(c) and ¢, = 90°(d)
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Fig. 7. HPB vs. the number of elements for various array
configurations (a); HPB vs. scanning angle for different linear
array (b), planar array (c) and circular array (d)



number of elements as shown in Fig. 7(a).

Although linear phased antenna arrays have a better
performance in the horizontal plane, circular phased
antenna arrays provide a better characteristic when 3D
analysis is considered. In addition, the horizontal HPB of
main lobes is widening with the increase of scanning angle
for linear arrays as seen in Fig. 7(b), while they remains
almost constant for planar and circular configurations, as
seen in Figs. 7(c) and (d).

It can be also proven that mutual coupling have an
important influence on other antenna arrays characteristics.

Hardware implementation

The theoretical analysis summarized in the previous
section suggested that a 12 elements linear antenna array
provide the best solution for implementing a low cost and
low power smart antenna for Radio Frequency
Identification or Wireless Sensor Networks in the case of
horizontal scanning, while a 16 elements circular antenna
array would be best suited for the case of 3d scanning. In
order to implement these solutions, the main step is to
develop an advanced phase shifters. Various solutions are
used for implementing phase shifters, such as delay lines
[12-13]. A phase shifter system based on the vector
modulator integrated circuit AD8340 provided by Analog
Devices was designed. A picture of the developed phase
shifter is provided in Fig. 8.

The vector modulator via an integrated polyphase
network splits up the input signal in an in-phase (I) and a
quadrature (Q) component. These signals are then feed to
separate balanced linear variable attenuators for I and Q
channel which independently scale I and Q components of
the RF input. The attenuators outputs are summed to the
output of the circuit. These internal balanced attenuators
allow changings of the corresponding channel polarity,
thus a true 0° to 360° phase shift can be obtained. The
maximum attenuation range of the input signal is 30 dB.
The phase shifter is controlled by an 8 bit RISC
microcontroller via 16 bit digital to analog converters. The
microcontroller receives phase and attenuation values from
a PC via USB interface, computes the digital values for the
Digital to Analog Converters and then sends these data
over a SPI interface to the corresponding DAC. The entire
hardware setup was made on low cost dual layer RF-4
laminate with a dielectric height of 1.5mm, a relative
permittivity of 4.5 and a loss tangent of 15107 at a
frequency of 1GHz.

Fig. 8. Phase shifter based on vector modulator
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The characteristics of the phaseshifter circuit were
measured with a Vector Network Analyzer. The S11
reflection coefficient and S21 transmission parameter were
measured both in magnitude and phase between 700MHz
and 1GHz, covering the entire frequency band of the
AD8340 vector modulator. The measurements were
conducted for phase setpoints between 0 and 360 degrees
and for attenuation values between 0% corresponding to no
additional induced attenuation and 75%. The maximum
value of 100% corresponds to a 30dB attenuation of the
signal passing through the phaseshifter.

In Fig. 9 the magnitude values of S11 parameters
were plotted for 4 different attenuations of 0%, 25%, 50%
and 75%. As it can be observed from Fig. 9 the reflection
coefficient maintains a value below -17dB for entire
frequency range with a minimum of approximately -37dB
around 760MHz. In Fig. 10 the S11 magnitude error of
attenuation values of 25%, 50% and 75% relative to 0%
attenuation were plotted. It is visible that changes of the
attenuation values have a very low impact on the values of
reflection coefficient, with errors below 2.5%.

The magnitude and phase of S21 transmission
coefficients for our phaseshifter were recorded for phase
setpoints between 0 and 360 degree with a phase step of 1
degree at the attenuations values of 0%, 25%, 50% and
75% for 866.5MHz driving frequency.
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Fig. 9. Variations with the frequency of the S11 Magnitude for
the phaseshifter at various attenuation values
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Fig. 10. S11 Magnitude relative error between different
attenuation values
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Fig. 11. S21 magnitude values of phaseshifter at various phase

setpoint with different attenuation values

360 |
— Att. 0%
1— Att. 25%
300 +—— Att. 50%
] — Att. 75%

7

N
e
o

N
®
o

Phase measured (°)

e
N
o

d

60

60

120 180 240 300 360
Phase Setpoint (°)
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The 866.5MHz represent the middle point of the 865-
868MHZ allocated frequency band for RFID applications
in European Union [14]. Fig. 11 presents the magnitude of
the S21 parameter at various phase setpoint and
attenuation. It is visible that for low values of attenuation
the S21 magnitude is relative constant with variations
below 1dB for the entire range of 360 degree. As the
attenuation increases the S21 magnitude has an increased
variation of up to 3dB for 75% attenuation.

The Fig. 12 presents the phase of the S22 parameter
for various attenuation level and phase setpoints between 0
and 360 degree with 1 degree step. The phase shift induced
by the advanced phaseshifter is linear with the phase
setpoint, having for 0% attenuation an absolute phase error
between -5 and +3 degree as seen from Fig. 13. With the
increase of attenuation, the absolute phase error values
increases to -9 to +13 degree for 75% attenuation value.
Fig. 14 presents the relative error of expected S21 phase
coefficient for various attenuation values and a phase
setpoint sweep between 0 and 360 degree. As already
noted the relative error has the smaller values of 10% or
less for 0% attenuation. As the attenuation raises to 75%
the relative error increases to 20%-25% for phase setpoint
bellow 10° and to 5% for phase setpoint above 120°.
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Fig. 13. S22 absolute phase error of phaseshifter at various phase
setpoint and attenuations
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Fig. 14. S22 phase error of phaseshifter at various phase setpoint
and attenuations relative to phase setpoint

The implementation of linear and circular antenna
arrays using this phase shifter is currently under
development in our laboratory. Preliminary measurements
of radiations pat-terns for 2 and 4-elements phased antenna
array based on the developed phase shifter have been
performed in the TDK semi-anechoic chamber of our
laboratory and have been proven to be in good agreement
with the numerical simulations presented above.

Conclusions

The use of smart antenna applications in consumer
electronics is rather limited due to the relatively high cost,
complexity and power consumption of the existent
implementations. This article has presented an analysis of
various antenna array configurations for beamforming by
using phase taper only as well as a hardware
implementation of an advanced phase shifter based on a
vector modulator integrated circuit. The HPB of the major
lobes decreases with the increase of array elements in each
array geometry. However, a special attention should be
paid to the side lobes whose number increases as antenna
become larger. In linear antenna array special attention
must be paid to endfire scenario where the HPB of the
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