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Applications
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Abstract—A new, low-cost, switched-beam and fully adaptive an-
tenna array suitable for 2.4 GHz ISM applications is proposed in
this paper. The array comprises of four elements, equal in number
receiving RF and IF components, as well as a microcontroller based
unit which is responsible for the control of the array. The array
is designed with the aid of a custom genetic algorithm, while mea-
surements results are presented indicating consistency between de-
sign and implementation. In addition, multipath fading mitigation
capability of the array is demonstrated via channel measurements
results.

Index Terms—Adaptive array, analog beamforming, multipath
fading, switched-beam array, 2.4 GHz ISM applications.

I. INTRODUCTION

DAPTIVE antenna arrays, or smart antennas, have been

suggested in order to satisfy the increasing demand for
higher data rates and enhance system capacity and spectral ef-
ficiency, thus overcoming the lack of unlimited channel band-
width. Smart antennas are used for space and radiation pattern
diversity, space division multiple access, as well as for the de-
velopment of new services such as direction of arrival estima-
tion, position location and other [1]. Furthermore, recent infor-
mation theory results have demonstrated the possibility of ex-
panding Shannon theorem in the case where multiple input mul-
tiple output (MIMO) systems are used [2].

In the literature, practical smart antenna systems are pre-
sented. Alonso et al. proposed a phased array for mobile
satellite communications [3]. Jeon et al. fabricated a hybrid
smart antenna system operating at 5.8 GHz [4]. Denidni et
al. proposed a dual-antenna array incorporating one degree of
freedom [5], which implements a custom algorithm [6]. Song e?
al. implemented a planar phased array for WLAN applications
[7].

A new, adaptive, receiving antenna array is presented in
this paper, designed to operate at the 2.4 GHz ISM band. The
array is uniform circular and consists of four elements, equal
in number receiving RF and IF circuits, and a microcontroller
(uC) based control-unit. Current coefficients are optimized with
the aid of a custom genetic algorithm (GA), while receiving
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Fig. 1. Layout of the proposed array.

circuits are designed using ADS by Agilent. Measurements
results are presented and consistency between design and
implementation is demonstrated. Due to the control-unit, the
proposed array is fully programmable and able to drive arbi-
trary, user-defined switched-beam or fully adaptive algorithms.
In addition, channel measurements results in a heavy clutter
indoor environment are conducted, in order to demonstrate the
multipath fading mitigation capability of the proposed array, in
either switched-beam or adaptive mode.

The rest of the paper is organized as follows: in Section II,
the implemented array’s architecture and functionality is illus-
trated. In Section III, the electromagnetic design of the array is
analyzed. The design of the array RF-IF front-end is performed
using ADS, and the respective components are presented in
Section IV. Measurements results, demonstrating the suitability
of the design and agreement to implemented array are illus-
trated in Section V, while channel measurements results are
presented in Section VI. The paper concludes with Section VII.

II. ARCHITECTURE AND FUNCTIONALITY OF THE PROPOSED
ARRAY

The proposed array consists of four elements, placed parallel
to the z-axis and uniformly arranged in a circle of radius R,
as shown in Fig. 1. The elements are of type IN2458-5RD, by
ConnexWireless, with a uniform gain of 2.2 dBi at the 2.4-2.5
GHz band [8].

The architecture of the receiving circuits is illustrated in
Fig. 2. In the RF stage, the received signal is first filtered,
then amplified by a low noise amplifier (LNA) and finally
down-converted and fed to the IF stage via a mixer.

0018-926X/$25.00 © 2007 IEEE
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Fig. 2. Architecture of the receiving circuits.

The IF stage consists of a lowpass filter, a variable gain ampli-
fier (VGA) and a voltage controlled phase shifter (VCPS). The
VGA appropriately amplifies the received signal, according to
the voltage applied to its control pin. Similarly, the VCPS shifts
the signal’s phase according to its control voltage input. Thus,
the voltage output of each IF stage is fully controlled in ampli-
tude and phase.

All IF outputs are vector summed by a 4-combiner-2-splitter
component. The 4-combiner-2-splitter’s output signals are iden-
tical to one another and are fed to a spectrum analyzer and
a power detector, for measuring and control purposes, respec-
tively. The power detector provides a baseband signal whose
amplitude is proportional to the power of its input.

Power detector’s output is regulated, digitally converted
via an analog-to-digital converter (ADC), and then fed to the
uC. Considering that maximization of the power detector’s
output signal amplitude is required, the uC appropriately feeds
an 8-port digital-to-analog converter (DAC), whose outputs
are regulated and fed to the control pins of the VGAs and
VCPSs, thus establishing a closed-loop control architecture.
By appropriately selecting the voltages imposed to the control
pins of the VGAs and the VCPSs, any desired switched-beam
or adaptive beamforming algorithm can be implemented.

The uC is also connected to a personal computer (PC) via an
RS232 port, which allows for sophisticated monitoring capabil-
ities or for complicated and memory demanding control algo-
rithms to be performed.

III. DESIGN OF THE ARRAY

For modeling purposes, the array is assumed to consist of
identical linear elements, placed vertically to the z — y plane,
while the center of the array corresponds to the origin of the
coordinates system, as illustrated in Fig. 1. The first element is
always placed at (R, 0) without loss of generality. The frequency
of operation is specified at 2.4 GHz, in which the wavelength is
A = 0.125 m.

TABLE 1
EXCITATION COEFFICIENTS OF THE ARRAY
e Clrerasts Voltage Coefficients
R (Measured Impedance

# Coefficients 5

Matrix)
- 1 1.00 1.00

elative

Magnitude 2 1,13 11,113}
(Volt) 3 1.08 1.18
4 0.98 11,32
1 0.00 0.00
Relative Phase 2 0.12 0.33
(radians) 3 -1.93 -2.03
4 -1.77 -1.52

Circle Radius (m) 0.0625 0.0625

For switched beam operation, the array shall cover the hor-
izontal plane with four, switching and symmetrical radiation
patterns, pointing towards 45°, 135°, 225°, and 315°. The
beamwidth of the main beam lobes at the horizontal plane is
45°, while maximum relative side lobe level (R.S.L.L.), defined
as ratio of main to maximum side lobe amplitude, is intended.

Since only the x — y plane is of interest, the radiation pattern
of the array, U(¢), is given by

U(¢) = Uy |AF()? (1)

where Uy represents the pattern of each element, AF(¢) rep-
resents the array factor and ¢ is the angle of observation in the
x — y plane.
Since the array is uniform circular, the array factor is given
by [9]
4

Z Cm €XP (JkR COS(()ZS - d)’m))

m=1

AF(¢) 2)

where ¢,, = I,,/I; are the relative current excitation coeffi-
cients, I; being the excitation of reference the first element (note
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3 4
-1.0000 + 0.7500i 2.9000 - 0.6200i
-1.8000 - 0.7400i
2.0000 + 0.1300i

2.8500 + 0.0100i
54.5000 - 8.7000i

TABLE II
IMPEDANCE MATRIX OF THE IMPLEMENTED ARRAY
Element # 1 2
1 47.5000 + 0.5000i 2.7000 - 0.0800i
2 2.7000 - 0.0800i 48.7000 +10.5000i
3 -1.0000 + 0.7500i 2.8500 + 0.0100i
4 2.9000 - 0.6200i -1.8000 - 0.7400i

that ¢,, may be a complex number). Furthermore, k = 27/A,
while R is the circle radius, and ¢,,, is the angular position of
the mth element.

In addition, the excitation currents vector, I, is related to the
excitation voltages vector, V', by the impedance matrix Z using

V=271 3)

The impedance matrix is used in order to model mutual cou-
pling among elements. As already pointed out, the array design
is for switched-beam as well as adaptive operation. However, in
the case of adaptive operation, the excitation coefficients evolve
in time based to a given algorithm. At the same time, pattern
calculation is easier if there exists weaker rather than stronger
coupling (as R decreases, coupling increases, and vice versa).
Furthermore, spatial correlation decreases as element spacing
increases [2], [10], [11]. On the other hand, large values of R re-
sult to large distances among array elements, therefore the main
lobe beamwidth decreases and grating lobes appear (similarly to
uniform linear array theory [9] and relative results on switched
parasitic arrays [12]). As a result, a circle radius of R = A\/2
is selected as a compromise between increased beamforming
capability, for switched-beam operation, and poor coupling or
spatial correlation among elements, for adaptive or MIMO op-
eration, respectively.

As long as excitation optimization is concerned, a tool for an-
tenna array design has been developed in MATLAB [13] based
on the GA toolbox by Houck e al. [14]. GAs are a stochastic
class of optimization algorithms, whose robustness has made
them extremely popular among researchers. They have been in-
troduced in the early 1960s, but only recently have they been
proposed for electromagnetic optimization, and they are used all
the more lately in a variety of applications, including antenna
design and optimization [15]-[18]. Our tool is used herein in
order to derive an optimum solution in terms of applicability.

The optimized current excitation coefficients for a four-el-
ement switched-beam array are tabulated in Table I. In order
to evaluate coupling among the array elements actually used
(IN2458-5RD-S by ConnexWireless), the impedance matrix of
the array is measured and tabulated in Table II. Evidently, mu-
tual coupling is found to be significantly low (6.25%, defined as
ratio of mutual-impedance magnitude to self-impedance magni-
tude, worst case). Then, the array voltage coefficients are calcu-
lated using (3), and included in Table I. Note that the IF stages’
voltage outputs are properly calibrated, in order that the relative
excitations of the array elements correspond to the optimized
values of Table I.

2.0000 + 0.1300i 62.1000 +16.8000i

IV. ELECTRONIC COMPONENTS OF THE RECEIVER

All electronic components are custom designed using low
cost off-the-shelf ICs and lumped elements, as well as easily
repeatable PCB circuits. The ADS suite by Agilent was used
during design and simulation. The well-known FR4 substrate,
with e, = 4.6, tan D = 0.013 and thickness H = 1.5 mm was
utilized for the fabrication of microstrip circuits. The RF and IF
circuits are designed as dual-layer PCBs with plated vias and
SMT components, while the uC based control unit is designed
as single-layer PCB in which pin-elements are used. All com-
ponents are manufactured within the Antenna Laboratory in the
School of the Electrical and Computer Engineering at the Na-
tional Technical University of Athens (NTUA).

A block diagram of the RF stage is included in Fig. 2. The RF
stage consists of an RF bandpass filter, an LNA and a down-con-
version mixer. The measured attenuation of the filter is 0.4 dB;
the 3-dB bandwidth is 670 MHz and the 10-dB cutoff frequen-
cies are 1810 and 2980 MHz. The reflection coefficients are well
below —18 dB within the 2.4-2.5 GH ISM band. On the other
hand, MGA86576 by Agilent was used for the LNA implemen-
tation [19]. LNA’s gain and noise figure are 25 and 2.4 dB, re-
spectively, whereas input and output reflection coefficients are
below —16 dB at the 2.4-2.5 GHz band. The IAM91563 by Ag-
ilent was used for the mixer implementation [20]. The mixer
down-converts the signal from 2.4 GHz to 100 MHz, with a con-
version gain of 6 dB. The input and output reflection coefficients
of the mixer are below —16 dB and —12 dB, respectively. Also,
the reflection coefficient at the local oscillator (LO) input pin is
below —17 db.

The RF stage is followed by the IF stage. There is a low-pass
IF filter, implemented using seven L-C lumped elements. Its
3-dB upper frequency is 145 MHz and the 10-dB cutoff fre-
quency is 160 MHz. The reflection coefficients are below —10
dB while transmission attenuation is 0.4 dB. The VGA is fab-
ricated using AD8367 by Analog Devices [21]. The gain range
of the VGA is [-2.2 dB, 28.5 dB] for a control voltage range
of [0 Volt, 1 Volt], respectively. The reflection coefficients of
the VGA are always below —15 dB at 100-200 MHz, for all
control voltages. The VCPS is manufactured using two cas-
caded JSPHS-150 passive phase shifters by MiniCircuits [22]
with short-circuited control pins. The 3 dB operation band of
the VCPS is 85-205 MHz, and the input and output coefficients
are below —18 dB. The phase shift range is greater than 400° for
a control voltage range within [0 Volt, 8 Volt], at the 100-150
MHz band.

The 4-Combiner-2-Splitter is a lumped-elements circuit,
based on the well-known Wilkinson combiner component. Its
reflection coefficients are below —12 dB and the attenuation
from an input to an output port is 9.8 dB.
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Fig. 3. Simulated and measured radiation pattern, main lobe at 45°.

The power detector is a two-input component based on
AD8302 by Analog Devices [23]. Its input coefficients are
kept below —16 dB. A local generated reference signal, with
frequency and power equal to 100 MHz and —30 dBm, respec-
tively, is fed to the one input of the detector. A baseband output
signal indicates the relative power between the two inputs.

A uC based unit is responsible for the control of the array. It
includes an ADC (type MAX118 by Maxim [24]) for reading
the output of the power detector, the uC (type ATmega8535,
RISC architecture microcontroller by Atmel [25]), and a DAC
(type MX7228 by Maxim [26]) which feeds the control pins
of the IF circuits of the array. There are also interconnections
from the uC to an LCD display, a custom keypad and a PC (via
RS232, using MAX232 by Maxim [27]). The ADC and DAC are
preceded and followed respectively by properly adjusted oper-
ational amplifiers (OpAmps), for isolation and regulation pur-
poses. The OpAmps are of type MXL.1014 by Maxim [28].

V. NUMERICAL AND MEASUREMENTS RESULTS

The simulated radiation pattern pointing towards 45°, which
is calculated using the current coefficients of Table I, is dis-
played in Fig. 3. The remaining three simulated radiation pat-
terns are not displayed, since they arise after proper permutation
of the excitation coefficients due to symmetry.

The array’s radiation patterns are measured in the anechoic
chamber of NTUA. A Hewlett-Packard 8714C network ana-
lyzer was used for the generation of a 2.4 GHz scarrier with
10 dBm output power. The EM-6961 1-18 GHz horn antenna
by ElectroMetrics, with 8.7 dBi gain at the specified frequency,
was used as a transmitting antenna. An Avionics IFR2031 signal
generator and a custom-implemented 4-splitter provided the 2.3
GHz local oscillator input to the mixers. An Agilent E4403B
spectrum analyzer was used for measuring the received power
by the array. The turntable of the DAMS-5000 antenna mea-
surement system by Diamond was used in order to accurately
rotate the array. The calibration of the IF gains and phase shifts
was implemented with the aid of a Hewlett-Packard 54645D
mixed-signal oscilloscope.

The array’s normalized radiation patterns are illustrated in
Fig. 4. A comparison between measured and simulated radia-
tion patterns is provided by Fig. 3, in the case of the 45° main
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beam radiation pattern. From Fig. 3, it is deducted that the mea-
sured pattern fits very well to the simulated one, while similar
conclusions are valid for the rest radiation patterns.

VI. PERFORMANCE OF THE ARRAY

A set of received signal strength (RSS) measurements has
been collected within the main room of the Antenna Labo-
ratory at NTUA, in order to demonstrate the usefulness of
the proposed array. The specific radio channel is displayed in
Fig. 5, and is characterized by heavy clutter due to furniture
and measurements equipment (closets, workbenches, desks, as
well as antennas, measurements instruments, large reflectors,
etc.). The transmitter is an omnidirectional antenna of the
type IN2458-5RD by ConnexWireless, and is moving with a
constant low speed of 1 m/sec along the predetermined path
denoted by AB-BC-CD in Fig. 5. The receiver is either an
identical omnidirectional antenna or the proposed array, and is
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kept fixed at the center of the room. Non-line-of-sight (NLOS)
propagation conditions are preserved by adjusting a large
metallic surface between transmitter and receiver positions.

The proposed array is operating in either switched-beam or
adaptive mode. The flow chart of the switched-beam algorithm
used in the former case is illustrated in Fig. 6. Essentially, the
switched-beam algorithm consists in selecting the radiation pat-
tern which corresponds to the maximum RSS. This is accom-
plished by sampling each pattern’s RSS with a desired number
of samples, Ng, then calculating the average signal strength, and
finally selecting the optimum pattern. The array state is locked
for a predetermined time interval, tprggpzE, and then the proce-
dure is repeated infinitely.

The dashed line in Fig. 6 indicates the “select optimum SBA
pattern” procedure, and is used by the adaptive algorithm pro-
posed herein. Thus, the adaptive algorithm initially estimates
and locks at the maximum RSS radiation pattern, as illustrated
in Fig. 7. Then, the algorithm enters a double loop, where the
array VGAs’ and VCPSs’ control voltages are sequentially
perturbed, searching for larger RSS values. The VGAs’ and
VCPSs’ control voltage values are bounded within [0 Volt,
1 Volt] and [0 Volt, 8 Volt], respectively. After a predeter-
mined number of loop executions, Ny, the adaptive algorithm
compares the achieved signal strength to that delivered by the
predetermined SBA radiation patterns, in order to mitigate

Measure RSS,
Store P

Select maximum among B, P, ,P.
Set appropriate Var,

Normalized RSS (dBm)

---- :Omnidirectional antenna ||
— :Proposed array, SBA mode

605 0.5 1 15 2 25 3 35 4 45 5

Covered distance (m)

Fig. 8. RSS measurements snapshot, omnidirectional antenna and proposed
array in SBA mode.

possible deadlocks in local optima. In any case, the array state
which corresponds to the maximum received signal strength
is selected (adaptively-reached state or SBA-predetermined
state), and the procedure is repeated infinitely.

A large set of RSS measurements is collected, using either
the omnidirectional receiver or the proposed array. Fig. 8 dis-
plays a snapshot of the recorded RSS in the case where either
the omnidirectional receiver or the switched-beam algorithm is
used, while a respective snapshot is displayed in Fig. 9 in the
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TABLE III
PERFORMANCE OF THE PROPOSED ARRAY
Ommdlr.ectlonal SBA Adaptive Receiver
Receiver
Mean RSS -44.34dBm -21.56dBm -20.11dBm
Maximum Fade Depth 56.18dB 40.12dB 39.45dB
10dB 39 20 16
20dB 22 10 5
Fade Level
- 30dB 16 7 2
Crossings
40dB 15 0 0
50dB 0 0 0
10dB 15.2% 11.2% 11.1%
Average 20dB 6.3% 4.5% 2.1%
pals 30dB 4.6% 3.3% 0.8%
Duration
40dB 4.3% 0.0% 0.0%
50dB 0.0% 0.0% 0.0%

N}/‘WVI‘\V : _.‘"7

Normalized RSS (dBm)
I

-35 [ Proposed array, SBA mode d
| —— : Proposed array, adaptive mode

-40 i i i
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Fig. 9. RSS measurements snapshot, proposed array in SBA and adaptive
mode.

case where the switched-beam or the adaptive algorithm is used.
Both snapshots correspond to the path AB of Fig. 5. The evalua-
tion of the array for the snapshots of Fig. 8 and Fig. 9 is based on
the maximum fade depth, fade level crossings and average du-
ration of fades [10], and is summarized in Table III. Evidently,
all channel statistics are significantly improved as we move on
from the omnidirectional receiver to the SBA and from the SBA
to the adaptive array. Similar results have been observed for the
entire RSS measurements set.

VII. CONCLUSION

A fully adaptive and switched beam array has been designed
and implemented using inexpensive commercial components.
Measurements results show consistency between array design

and implementation. The array is fully programmable and
may be used with user-defined switched-beam or adaptive
algorithms. Using the measured impedance matrix, and based
on the fact that mutual coupling is low, it is expected that the
radiation pattern of the array will be calculated with sufficient
accuracy for any IF gain or phase shift may arise due to an
arbitrary adaptive algorithm. The usefulness of the array is
demonstrated via RSS measurements in a strong multipath
indoor environment, where multipath fading is mitigated to a
large extent.
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