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Abstract—This paper describes the design methodology and low-
cost solutions implemented in a low-cost 1K—element phased array
system for mobile direct broadcasting satellite (DBS) reception.
The techniques and configurations used to reduce the cost and com-
plexity of the system are described in this paper. Moreover, the de-
sign of a novel compact sub-array antenna to reduce the overall size
of the system , the signal processing unit to suppress the noise on
feedback channel and the mechanical structure to make the system
agile, light and low cost are presented. Three efficient, model-free
beamforming techniques are discussed and their performances in
terms of convergence speed and steady state behavior are com-
pared using several road tests. Results show that the developed in-
telligent antenna can meet the stringent requirements of the highly
dynamic mobile applications.

Index Terms—Adaptive antenna, digital satellite broadcasting,
mobile satellite communication, phased array antenna.

1. INTRODUCTION

EMANDS for mobile reception of high quality video and

data broadcasting services are rapidly increasing. Satellite
broadcasting has a unique advantage of wide area coverage as
compared to terrestrial broadcasting. However, reliable, robust,
low profile and low cost antenna system that can receive and
maintain weak satellite signal for all road conditions and vehicle
maneuvers are not commercially available.

Intelligent antennas can offer significant advantage in this
field. Intelligent antennas refer to antenna system that adapts
itself to users ever-changing requirements and the dynamic
conditions of the environment by taking advantage of signal
processing methods to adjust its radiation direction, frequency
channel and polarization. They can reduce the size of the an-
tenna which is an essential factor in market acceptability. Also
by using electronic beamforming, the tracking speed substan-
tially increases compared to the mechanical counterpart. The
latter is important for compensating various road conditions
and vehicle maneuvers. However, despite their impressive
potentials and properties, intelligent antenna systems have
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not become widespread commercial products in this field.
Cost and complexity of intelligent antennas are beyond the
scales of consumer electronics devices [1]. Calibration is an
essential requirement of such complex systems, which is a
fairly time-consuming process and requires skilled manpower.
Moreover, the narrow bandwidth of microwave components
degrades the broadband performance of a phased array system.
Finally, a majority of the beamforming algorithms developed so
far either have preconditions, or require considerable hardware
resources, which make them unsuitable for a low-cost phased
array system [2]-[19].

To design a low-cost intelligent antenna system, several pa-
rameters, both at the component level and system level, must be
noticed. At the component level, high gain antenna elements,
low loss feed networks, low noise blocks, phase and amplitude
linearity of active components and most importantly fabrication
tolerances are among the factors that directly affect the cost.
System integration and the issues arising from that have sig-
nificant effects on the adaptability of the system to very cost
sensitive applications such as vehicular communications. Some
of those concerns are: mutual coupling, cross-talk between dif-
ferent channels, system linearity, signal isolation, resonance, el-
ement position error, element failure, weight, size, wind-loading
and other mechanical constraints.

In [20] the authors have presented an intelligent antenna
system for on-road DBS reception, operating at 12.2—12.7 GHz,
with a novel electronic beamforming algorithm [21], which in
conjunction with a mechanical stabilization loop provides a
robust tracking algorithm to compensate for vehicle maneuvers
[22]. This paper discusses novel features and new mechanism
which are added to the system in four areas that significantly
reduce the cost and complexity and advance the performance
of the unit in highly hostile environments in terms of noise,
interference, extreme temperatures, various weather conditions
and sharp maneuvers. These areas are:

1) A novel sub-array antenna and power combiner/phase
shifter box, which have direct effects on the radiation gain,
total loss and size of the system.

2) The signal processing and detection modules, which re-
duce the noise and interference on the feed-back loop of
the beamforming algorithm.

3) A light, agile and easily assembled mechanical platform
with minimum vibration and noise transmission to the in-
terior of the vehicles.

4) Three beamforming techniques, which are model-free
(does not required the knowledge of phase-voltage, loca-
tion of the target, and training sequence), converge fast,
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Fig. 1. Intelligent antenna system configuration for mobile DBS.

and enable tracking the desired satellite on any driving
condition and can compensate for the fabrication errors.
In the next section, we present the configuration of the intel-
ligent antenna system. In Section III, the designed microwave
components, including the new sub-array antenna and power
combiner/ phase shifter will be described. Section IV is dealing
with the agile low-profile mechanical structure of the antenna
system. Section V elaborates on beamforming algorithms. The
effectiveness of the proposed beamforming techniques is con-
firmed through various tests in Section VI. Finally, Section VII
concludes the paper.

II. SYSTEM DESCRIPTION

A. RF Section

Figs. 1 and 2 shows the system configuration and the photo-
graph of the new version of the low-profile intelligent antenna
system designed for vehicular satellite communication. Two
operational modes have been designed for this system: Homing
(acquisition of the desired satellite), and Tracking (maintaining
the array beam locked on the satellite direction) [20]. The
system consists of 17 high-gain sub-arrays for Right Hand
Circular Polarization (RHCP) and 17 sub-arrays for Left Hand
Circular Polarization (LHCP). Compared to the previous ver-
sion [20], by introducing a novel design for the sub-array (see
Section III-A) the overall gain has increased to 31.8 dBi from
31.5 dBi [20] and the axial ratio has decreased to 1.5 dB from
1.8 dB [20], while its size has decreased. As a result, the overall
diameter and the height of system have reduced to 83 cm and
5 cm compared to 86 cm and 6 cm of [20], which make the new
version more attractive for the consumer electronic market and
easier to install on vehicles.

The sub-array antennas for each polarization are placed in five
consecutive panels fitted in a half-circle. Three panels hold three
sub-array antennas and the rest hold four sub-arrays. Each sub-
array consists of 16 or 32 microstrip patch elements and a feed
network. Totally, 992 patch elements are used in this system.

Fig. 2. Phased array antenna for land mobile satellite link (CB: control board;
PS/PC: phase shifter power combiner; EL: elevation; AZ: azimuth).

Each sub-array is connected to a voltage controlled analog
phase shifter [23] via an LNA and low-loss cable. For each po-
larization the outputs of all 17 phase shifters are combined by a
power combiner and then down converted to IF by a Low Noise
Block (LNB) module. The control voltage of the phase shifters
are adjusted by the beamforming algorithm.

Since phase shifting devices are used instead of true-time
delay network, there is a possibility of beam squint at the edge
of the frequency band when the antenna is scanning. Due to the
small scan angle in azimuth (£2.8°) the beam-squint in azimuth
is less than 0.05° from the beam direction related to the center
frequency. However, for elevation scanning, due to the larger
scan angle (20°-70°) the beam-squint can be up to 4° from the
main beam at center frequency. To alleviate this problem, dif-
ferent RF cable lengths between panels (as shown in Fig. 2) are
employed in the new version. The required coaxial cable length
between each sub-array and the corresponding phase shifter is
given by

where n = 5 is the number of panels for each polarization, L,y
is the minimum cable length used in the system (i = n), &, is
the relative permittivity of the coaxial cable (2.1 in this case)
and AL is the average distance between panels when the panels
rotate in the elevation plane.

B. Signal Processing Unit

The block diagram of the signal processing unit is shown in
Fig. 3(a). The down-converted signal from the LNB (IF signal)
transfers to the Digital Video Broadcasting (DVB) board de-
veloped in house and shown in Fig. 3(b). The IF frequency
ranges from 950 to 1450 MHz, and its power level varies be-
tween —20 to —35 dBm. The IF signal is divided into two parts
using a compact Wilkinson power divider. One branch goes to
the Digital Satellite Tuner (ZL10037) and the Satellite Demod-
ulator (ZLL10313). The satellite ID, extracted from the MPEG2
stream, is used to identify the desired satellite and expedite the
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Fig. 3. (a) Block diagram of signal processing unit. (b) DVB and RF detector
board.

initial homing of the phased array system. Also the amplified
IF signal from the digital satellite tuner is transferred to the
satellite receiver inside the car through a rotary joint. The other
branch of the Wilkinson power divider is connected to the RF
power detector via a band-pass hair pin filter. The power de-
tector (LT5534) has a frequency range of 50 MHz to 3 GHz,
and a dynamic range of 60 dB. The measured power is the only
available input for the beamforming algorithms which will be
discussed in Section V. The amplitude fluctuations of the mea-
sured power caused by noise or interference from other active
sources can reduce the accuracy of the beamforming algorithm.
Thus, three types of filters have been implemented in the signal
processing unit to limit noise and interference.

A band-pass filter with 100 MHz bandwidth
(1200-1300 MHz) is employed before the power de-
tector. Additionally, a low-pass RC filter is implemented after
the power detector to smooth the detected power level, which
ideally must be a DC signal. The output is then digitized by a
12-bits analog to digital converter (AD7887) with a maximum
symbol rate of 125 kS/s. Finally, a N-point low-pass digital
filter with Hamming window and a cutoff frequency equal
to 0.01 of the sampling rate is used after the ADC. Digital
filtering attenuates the high-frequency components of the
sampled measured power and limits the energy of noise. The
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size of Hamming window, /V, can vary from 8 to 30. Increasing
N diminishes the instantaneous power fluctuations, while
decreasing N speeds up the beamforming.

The control algorithms, have been implemented in a Digital
Signal Processor (ADSP-BF537) on the main Control Board
(CB). Using the measured RF power level and the gyro informa-
tion, the beamforming algorithm adjusts the phase shifters and
the tracking algorithm sends the required commands to the az-
imuth and elevation motors, via motor control and motor driver
boards.

III. RF AND MICROWAVE COMPONENTS

In this section the design procedures for the new sub-array
antenna and phase shifters—power combiner box are discussed
and some measured data will be presented.

A. Sub-Array Antenna

The design criteria for the sub-array antenna are to achieve
high radiation gain (>20 dBi), low feed-network loss, a good
return loss (< —15 dB) and a small axial ratio (<2 dB) over a
4% relative bandwidth. Additionally, the width and the length of
the sub-array must be reduced, which directly affect the overall
height and diameter of the system.

In [20], 2% 8 and 2 x 16 sub-arrays antenna were developed by
arraying truncated-corner square patch antennas. Although sat-
isfactory results in terms of gain, return loss and axial ratio were
obtained, the mutual coupling between the elements prevented
further size reduction without sacrificing gain and axial ratio. It
is found that in the sequential rotation configuration the mutual
coupling for circular polarized elements, increases rapidly by
decreasing the distance between them. However, for the linear
polarized element, this effect is less pronounced. Therefore, to
maintain the gain and reduce the distance between the elements,
the circular polarization of the patch needs to be perturbed up
to some extend. In the new system, the optimization was per-
formed on the patch shape, matching network and the applied
phase between each two elements in a sequentially rotated 2 x2
patch array. The optimization on the shapes of the patch an-
tennas in a 2x2 configuration resulted in two notable irregular
hexagonal microstrip (A &B) antennas as shown in Fig. 4. Due
to the irregular shape of the patches, the new electrical phase
shifts between the elements in sequential rotation are calcu-
lated to be 0°, 80°, 190°, and 270°. The simulated gain and
axial ratio of each patch over three frequencies in the operating
band are summarized in Table I. Simulation shows that the com-
pact 2x2 sub-array using truncated corner patch has maximum
gain of 11.86 dBi axial ratio varies between 0.3 to 1.3dB across
the band. In comparison, the compact irregular 2x?2 sub-array
demonstrates 12.3 dBi gain and the axial ratio that varies be-
tween 0.2 and 0.7 dB.

The antenna substrate consists of a top and bottom layer of
Rogers RT Duroid 5880 with dielectric constant of €, = 2.2
and the loss tangent of 0.0009 at 10 GHz. To achieve a larger
bandwidth and a higher gain, the top substrate thickness is set
to 1.57 mm (0.0625)). The feed-network is constructed on the
lower substrate with a thickness of 0.25 mm (0.01\) to reduce
radiation losses. Fig. 5 shows the new 2x 16 sub-array and the
previous one described in [20]. The overall width and length
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Fig. 4. Optimized patches, in a 2x2 sequentially rotated building block.

TABLE 1
OPTIMIZED PATCH ANTENNA PARAMETERS
Antenna Configuration 1 Configuration 2
(Fig. 4, Patch A) (Fig. 4 Patch B)

S22 |c || % S

preciid (L0 R TG BB B o
z

Return 457 | 159 | -143 | 226 | -27.5 242
Loss (dB) ’ : ’ ’ ’ ’
Gain (dBi) | 6.59 | 6.63 6.68 | 6.36 | 6.44 6.51
Axial Ratio
(dB) 2 1.39 3.14 1.53 1.85 2.78

(b)

Fig. 5. Fabricated 2 16 sub-array antennas: (a) New sub-array; (b) Old sub-
array [20].

of the new sub-array are 5 mm and 10 mm less than the pre-
vious sub-array shown in Fig. 5(b). Fig. 6 illustrates the mea-
sured radiation pattern in the principal azimuth and elevation
planes of the sub-array at 12.5 GHz. The measured circular po-
larized gain is about 20.1 dBi. Considering a 0.5 dB loss added
by the surface mount connector, the actual gain is estimated
to be 20.6 dBi, which shows a 0.4 dB gain improvement over
the gain of the sub-array antenna of Fig. 5(b). This can be at-
tributed to the lower feed network loss and reduced mutual cou-
pling. The measured axial ratio of the 2x 16 sub-array is less
than 1.35 dB across the band. The overall gain of the antenna
system is 31.8 dBi and the axial ratio is less than 1.5 dB.

B. Power Combiner-Phase Shifter

Fig. 7 shows the 17 channel phase shifter—power combiner
(PS/PC) box. In this system, the reflective-type phase shifters

2x16 Sub-array Radiation Pattern

T T T I i
= Azimuth
===Elevation

20 - - -

Gain (dBi)

o _I I | |

i 1 i i
-80  -60 -40 -20 0 20 40 60 80
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Fig. 6. Measured azimuths and elevation radiation patterns of the new 2x 16
sub-array antenna shown in Fig. 5(a).

Fig. 7. Phase shifter power combiner box and DAC board.

(RTPS) are used [23], which consist of a 3 dB branch line cou-
pler and low loss reflective loads connected to the through and
coupled ports. The other ports of the coupler are symmetrically
matched to 50 €2. The 17 to 1 power combiner using a combina-
tion of two-way Wilkinson power combiners has been employed
in this system.

The inside of the metallic enclosure is partitioned to minimize
the undesirable coupling between ports. Also these partitions re-
duce the resonance inside the box significantly. Despite all these
preclusions, in practice the PS/PC box resonates when certain
combinations of voltages are applied to the phase shifters. To
suppress the resonance, an absorber material was added to the
lid of the PS/PC box.

The phase shifters are controlled by the voltages applied
through the Digital to Analog Converter (DAC) board. The
DAC board is assembled at the back of the PS/PC box to reduce
the effect of DC and RF noise on control lines. The feeding
lines for delivering power to the LNA are also supplied through
the DAC board.

Fig. 8 shows the measured insertion loss (or gain) and phase
shift versus the phase shifter control voltage of one channel for
several frequencies ranging from 12-13GHz (8% relative band-
width). Each channel includes a LNA (with 23-25 dB gain), a
cable, a phase shifter and the power combiner. Fig. 8 indicates
that the average amplitude gain varies from 1 to 3 dB and the
phase shift is always more than 360° for a voltage range of 2



344

Insertion Loss, dB

6
o
& 4000 () n
5 - o -
. -~
© 200F -
8 - ,.-—'_s___-aO' —e— 12 GHz
£ of wom 2 0 -=0-- 12.5GHz
bemmg—= " = 13GHz
-200 L ! L "
20 0 2 4 6 8

Control Voltage, V

Fig. 8. Amplitude and phase variation over control voltages of one RF channel
(including phase shifter, power combiner, cable and LNA).

Composite Azimuth

10 array elevation

Azimuth radome drive motor

carrier drive motor

Fixed wheels Spring loaded

Azimuth wheel

Azimuth drive ring
polymer housing

Polymer drive ring

hase-plate

Fig. 9. An exploded isometric view showing the principal mechanical compo-
nents of the low profile intelligent antenna system.

to 10 Volts. Therefore about 12 dB of ideal loss of the 17 to 1
power combiner is included in the measurements.

IV. MECHANICAL STRUCTURE

The general purpose of the mechanical design is to provide
a light platform (less than 10 kg) for a low profile phased array
satellite tracker system (5 cm height and 83 cm diameter), which
can be fitted to small vehicles.

Fig. 9 shows a mechanical platform including a polymer
base and a stainless steel azimuth rotation drive ring affixed
to the inner diameter of the polymer base. An azimuth rotor
assembly engages the rotation ring with two fixed wheels and
one spring-biased urethane coated drive wheel of a stepper drive
motor. One of the novel features of the mechanical structure is
the spring loaded wheel which provides both optimized torque
transmittal to the stainless steel drive ring, and, compensation
for the thermal expansion of the different materials contained
within the structure at various temperatures and environmental
conditions. The other advantages of this structure are as follows:

IEEE TRANSACTIONS ON BROADCASTING, VOL. 56, NO. 3, SEPTEMBER 2010

Integrated LNA
and sub-array
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Fig. 10. A detailed view of elevation mechanism showing the elevation control
arm and assembly of sub-array/LNA to array carrier.

1 By spring loading the drive assembly one can accurately
provide torque which is sufficient to drive the rotor as-
sembly without slippage, but not so high as cause unnec-
essarily high current demands on the entire drive system.

2 2) Spring loading compensates for the wide manufacturing
tolerances required to produce the drive ring at an econom-
ical cost. The drive ring can actually be as much as +1/4”
out of round or flatness and the system will still turn freely.

The urethane coating on all spring loaded and fixed wheels
reduces noise and vibration. The unit is mechanically capable
of rotating at speeds of up to 120° /s, with acceleration values
exceeding 100° /s?, within the drive ring/chassis structure. The
elevation system enables the synchronous movement of ten an-
tenna array panel assemblies by using the elevation control arms
, shown in Fig. 10, from a position roughly 20° from the hori-
zontal through to 90° i.e. a nominally 70° rotation.

By using the vertical transition between the LNA and the
sub-array described in [20] it is possible to simply snap the in-
tegrated LNA and sub-array into the array carrier by hand, com-
pletely without any tools. This ability to position and attach 34
sub-array/LNA assemblies to array carriers drastically reduces
the production cost. This new mechanical structure reduces the
weight of the system by more than 30% compared to [22] (8 kg
vs. 12 kg).

V. EFFICIENT BEAMFORMING ALGORITHM

In this section three beamforming algorithms designed for
this phased array application are described. These algorithms
do not depend on any specific initial conditions and the RF
channel model. Their objective is to maximize the received
power from the desired satellite whose ID has been detected by
the DVB board and minimize the possibility and duration of
loosing signal in various road and driving conditions.

A. Beamforming for Satellite Communication

There is a substantial body of research addressing the beam-
forming for phased array systems [24], [27]; however, efficient
and low-complex algorithms are still needed to facilitate the uti-
lization of phased arrays for commercial applications. An effi-
cient beamforming algorithm is the one which compensates for
the hardware inaccuracies, converges fast, reduces the steady
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state error, and does not add to the complexity of the system
significantly.

Beamforming for geostationary satellite communication
is not an interference-limited problem because, as shown in
Fig. 11, the angular separation of the adjacent co-channel
satellites (in azimuth plane) is much wider than the beamwidth
of the high-gain antennas (2° for this system). Therefore, once
the antenna is locked on the desired direction, the interference
from the adjacent satellites is negligible.

B. Voltage Update Equation

For all proposed algorithms in this section, an iterative
approach is used to update the control voltages of the analog
Ku-band phase shifters. Let v(n) = [v1 va...vN] denote the
control voltage sequence of the N phase shifters at time n,
which is the only variable of the beamforming problem. To
update the control voltages and calculate v(n + 1), first the
approximate gradient of the received power with respect to
the control voltages, denoted by G(n), is calculated. Next the
voltages are updated according to [20]

v(n+1) = v(n) + 2uG(n) 2)

where p is a positive scalar called step size. There are different
methods to approximate the gradient of the power. One criterion
to determine the proper method is the time-budget of the phased
array system which gives the maximum convergence time of the
beamforming process.

C. Convergence Time of the Beamforming Function

The developed phased array rotates in azimuth during its
search mode and simultaneously performs the beamforming to
find the satellite. Let T's denote the time budget allocated to
search the whole space. Then the minimum angular speed of
the array is waz = 27 /Ts. If Af 4z denotes the beamwidth of
the antenna in azimuth plane, then the maximum allocated time
to search each azimuth step is given by

_ Afaz

WAz

At (€)

If Ngp, directions in the elevation plane must be searched during
At to find the desired satellite, then the convergence time of the
beamforming algorithm (tcopny) is limited by

At
teonv < NEL

“

There are two major sources of delay in any iterative
beam-forming algorithm which uses the gradient estimation
[25]. First, the time delay for updating the control voltages
of the phase shifters and the internal delay in microwave cir-
cuits (typ). Second, the time delay to measure the RF power
(reading ADC) and low pass filtering (tgrr). Both typ and
trr are related to the analog to digital interface speed of the
system. Let Nyp and N4, respectively represent the number
of independent power measurement required to calculate G (n)
in (2), and the required number of beamforming iterations for
convergence. The convergence time of the algorithm can be
found from

teonv = [Niter Nup(tup + trr)) (5)

Combining (3)—(5) we have

A9‘4Z
wazNer(tup +trr)

Niter Nup < (6)

All parameters on the right side of (6) are determined by the
hardware constraints, while parameters on the left depend on the
algorithm’s performance. This inequality highlights the impor-
tance of designing an efficient beamforming algorithm to meet
the time budget and other system design constrains.

D. Gradient Approximation Methods

Three methods have been applied in the new phased array
system to estimate the gradient of the power. These methods
are based on perturbing the control voltages of the phase shifters
and measuring the received power after each perturbation.

1 Sequential One-Sided Approximation: The total re-
ceived power is a function of the control volt-
ages, v(n), so it can be denoted by P[v(n)] =
Plvi(n),...,vk(n),...,v~(n)]. In this method only
one perturbation per phase shifter is applied to estimate
each component of G (n) = [§1(n) ... gx(n)...gn(n)],

i) = Pluy,...vp(n) £ 67;]5_ Plvy,...ve(n),.. ]

(N

where §, called perturbation is an internal algorithm pa-
rameter. The beamforming algorithm which uses (7) is re-
ferred to as the one-sided beamforming algorithm. For this
method Nyp = N + 1.

2 Sequential Two-Sided Approximation: In this method
two sequential perturbations are applied to determine the
centered finite-difference approximation of each gradient
component,

_ Plvy,...vp(n)+6,...] = Plvy,...ve(n) —6,...]

0
®)

gr(n)
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Fig. 12. Measured angular rates and calculated swept angles for the first test.

The beamforming algorithm which uses (8) is referred to
as the two-sided beamforming algorithm. For this method
Nyp = 2N + 1. The criteria to select proper values for ¢
and p have been discussed in [21], [26].

3 Simultaneous Perturbation Approximation: Despite to the
previous methods, here all voltages are perturbed at the
same time using a random perturbation vector [Ay]. Two
power measurements are used to estimate all components
of G(n)

P ([vr] + [Ax]) = P ([vr] = [Ax])
2

G(n) = AT @)

This method is referred to as the stochastic beamforming. For
this method Ny p is independent of the number of phase shifters
and equals to 3 (2 updates to calculate (9) and 1 for (2)). So if
the number of phase shifters increases, the speed of this method
is not affected. A method for generating the random sequence
[Ag] has been proposed in [25].

VI. BEAMFORMING RESULTS

Two road-tests were designed to evaluate the performance of
the three beamforming methods presented in Section V. Rate
sensors were installed on a van vehicle. The sampling rate of
the gyro sensors was 100 Hz. For these tests, the processor was
adjusted such that one iteration of the two-sided method was
performed in 10 ms (half of the maximum speed). During this
time almost two iterations of the one-sided technique and five
cycles of the stochastic beamforming can be executed. The de-
tails of the servo-loop of this system have been described in [22].

A. First Road Test: Deceleration and Acceleration

The first road test consisted of 25s of deceleration and accel-
eration along a straight path. The bumps on the road and ve-
hicle vibration cause small rotations around the pitch, yaw and
roll axes. Fig. 12 shows the measured yaw (azimuth) and pitch
rates and the calculated yaw and pitch angles. The yaw rate vari-
ation is limited to +1° implying that the vehicle has moved
on a straight path. There are two sharp peaks in the measured
pitch-rate curve: one at 15.3 s and the other one at 18.2 s.
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Fig. 13. Normalized power at the output of the phased array for the first road
test.

TABLE II
STATISTICAL ANALYSIS OF BEAMFORMING TECHNIQUES FOR THE FIRST ROAD
TEST
Beamforming Method | One-sided | Two-sided Stochastic
Mean Received Power 93.4 % 99.0 % 98.9%
Standard deviation 2.65 % 1.05 % 1.55%

Fig. 13 compares the performance of the beamforming
algorithms for this test. Table II summarizes the re-
sults, which shows the mean value of the normalized re-
ceived power 4 = E[Pr/Punax] and standard deviation
§ = \/E[(Pr/Pumax — 1t)?] for three beamforming techniques.
For the 17-element phased array, the overall performances of
the two-sided and stochastic methods are similar and better
than the one-sided technique. However as Fig 13(b) illustrates
the convergence of the one-sided technique is faster than the
other two methods. Fig 13(c) shows a portion of the received
power around 18.2s when the highest peak in Fig. 12(b) occurs.
All curves descend at this point; however the performance of
the two-sided method is slightly better than the other methods.

B. Second Road Test 360 Degree Turn

The second road-test includes a 360° turn. Fig. 14(a) shows
the angular speed, which increases from 0° /s att = 3 s to 30°/s
att = 5 and hovers close to this value until ¢ = 15 s. The fluctu-
ations of pitch-rate are negligible compared to the yaw-rate vari-
ations. Fig. 15 and Table III compare the received power level
for all three beamforming techniques. The two-sided technique
is superior and outperforms the other methods. The received
power by stochastic beamforming, as shown in Fig. 15(c), has
several dips, because this technique needs more time to adapt
itself to the fast variations. Fig. 15(b) shows that the one-sided
method has the fastest convergence.

C. Fast Beamforming Technique

The maximum angular velocity of the vehicle during the 360°
turn in Fig. 14 was limited to 30° /s. Nevertheless as Fig. 15 in-
dicates power fluctuation is a serious issue, for example, around
t = 3.8 s the power level drops to below 50 % even for the
two-sided beamforming technique. This situation is worsened if
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Fig. 14. Measured angular rates and calculated swept angles for the second
road test.
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Fig. 15. Normalized power at the output of the phased array for the second test.

TABLE III
STATISTICAL ANALYSIS OF BEAMFORMING TECHNIQUES FOR THE SECOND
ROAD TEST
Beamforming Method | One-sided Two-sided Stochastic
Mean Received Power 93.7 % 98.2 % 92.6%
Standard deviation 2.81% 1.80% 7.98%

the angular speed of the vehicle increases. A solution to restrict
power outage, in other words increase the convergence speed, is
to use an adaptive step-size () in the voltage update equation
(2) instead of a constant value. In [21] the authors have shown
that the following equation for step size satisfies the fast conver-
gence condition for a linear array

= |0 snOM)/2) ~y(n)zy/d
4sin 6 sin (Nvy(n)/2) | sin [(% _ k) ’y(n)]

(10)
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Fig. 16. Measured angular rates for the sharp S-turn manuever.

where d, xj and N respectively denote the array spacing, po-
sition of the k-th antenna element (sub-array), and the total
number of sub-arrays or phase shifters. Provided that the exe-
cution time of one iteration of the beamforming algorithm, AT,
is adequately short, v(n) depends on the angular velocity and
AT through the following relation [21]

v(n) = kodAT6(n) cos B(n — 1) (11)
Equation (10) combined with the two-sided gradient estimation

in (8) is referred to as the fast beamforming technique in this
work.

D. Beamforming for S-Shaped Turn Road Test

To verify the advantage of the fast beamforming method
another road test was designed. This test consists of a sharp
S-shaped maneuver of the vehicle shown in Fig. 16. In this test
the angular velocity (yaw rate) varied from —60° /s to 60°/s.
Each beamforming cycle (A7) was adjusted to 10 ms (half of
the maximum beamforming speed). The adaptive step size for
each antenna element/sub-array (1 < k < 17) was calculated
from

pr(n) = (0.7 4 1.13]zy)) [0.4 +1.13|¢(n — 1)|] (12)

where x;, and d) represent the x-coordinate of the element k rel-
ative to the array center in meter and the yaw rate of the vehicle
in rad/s.

Fig. 17 compares the received power for the regular two-sided
and fast beamforming techniques. It is seen that the depth and
width of the fading dips have reduced significantly. For ex-
ample, as Fig. 17(b) shows that the width of the fading region
has decreased from 60 ms to 30 ms by fast beamforming.

To provide a fair comparison, two figures of merit are de-
fined: Cry 9 and C'rg g5, which represent the percentage of the
received power samples which are below the 90% and 95% of
the maximum power, respectively. Table IV compares C'rg g and
C'rg.95 for the graphs shown in Fig. 17. It shows that the fast
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TABLE 1V
POWER FLUCTUATIONS OF FAST BEAMFORMING METHOD COMPARED TO THE
TWO-SIDED BEAMFORMING TECHNIQUE

Beamforming Technique Croo Cro.95
Regular Two-sided 4.4% 17.5%
Fast Beamforming 0.75% | 4.8%

beamforming technique is able to maintain the received power
above the 90% level during the whole test.

E. Summary of the Beamforming Test Results

In summary, when the vehicle maneuver includes sharp
turns the two-sided beamforming has a superior performance
among all three methods. Using the fast convergence method
and increasing the execution time of the algorithm reduce
the probability of signal outage during fast maneuvers. For
moderate maneuvers the stochastic method can be as efficient
as the two-sided method for an array with 17 phase shifters.
When the number of phase shifters/sub-arrays increases the
stochastic method is promising to have a better performance.
Moreover, the one-sided beamforming method has the fastest
convergence, but the steady state error is not as low as that of
the two-sided method.

F. Full Speed Operation of the System

In the previous tests the beamforming process was intention-
ally slowed to evaluate the performance of the different beam-
forming techniques. Fig. 18 shows the measured signal strength
for a rapid S-turn test when the two-sided beamforming algo-
rithm and the servo loop are operating at their full speed. Al-
though the vehicle’s angular acceleration exceeds 80° /s, the
azimuth angle error (pointing error) is limited to +1° during the
experiment. These results indicate that the developed intelligent
antenna can meet the stringent requirements of highly dynamic
on-road applications.
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Fig. 18. Vehicle angular velocity (w), pointing error and the satellite signal
strength (35 mV is equal to 1 dBm).

VII. CONCLUSION

The novel aspects of the new version of an intelligent antenna
system used for mobile satellite reception were discussed. These
aspects include a novel compact sub-array, a signal processing
unit, a phase shifter—power combiner box and a mechanical plat-
form. The design methodology addressed techniques that re-
duce the cost, size and power consumption of mobile intelligent
antennas. Three different beamforming algorithms were elabo-
rated and compared with each other for various vehicle maneu-
vers. It was shown that the two-sided beamforming along with
variable step size incorporated in fast beamforming technique is
able to maintain the received power level above the 90% in any
road test circumstances. The beamforming algorithms used in
this paper were model-free, and can compensate for the inaccu-
racy associated with parts of the hardware. This paper demon-
strated by meticulously designing components, system architec-
ture and algorithm, one can adapt intelligent antennas to very
cost sensitive applications such as vehicular communications.
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