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Abstract—In this paper, a stair-planar phased array antenna
system for mobile broadcast satellite reception in Ku-band will be
introduced. The height of the antenna is only 6 cm and the system
has two-dimensional electronic scanning capability. The design
procedures of low profile high gain microstrip sub-array antennas,
low noise amplifiers, hybrid analog phase shifters, along with a
novel fast electronic beamforming algorithm will be discussed
in this paper. The mobile phased array antenna receives LHCP
and RHCP signals simultaneously. For each polarization 496
microstrip elements have been used to provide a radiation gain of
31.5 dBi. This phased array system scans £+2.8° in azimuth and
+20° in elevation with less than 3 dB scanning loss. The main
objective of this design is to develop a Ku-band phased array
system with very low cost components and a minimum number
of tracking sensors. A novel beamforming algorithm compensates
for the fabrication inaccuracies of the microwave components
and variations in their characteristics due to ambient changes.
Neither a priori knowledge of the satellite’s direction, nor the
phase-voltage characteristic of the phase shifters are required in
this algorithm which results in eliminating an expensive laborious
calibration procedure. The real time field tests verify that the
developed mobile antenna system can nullify the base vehicle yaw
disturbances up to 60 deg/s and 85 deg/s>.

Index Terms—Beamforming, mobile reception, phased array an-
tenna, satellite antenna, satellite communications system, tracking
system.

1. INTRODUCTION

URING THE past two decades, there has been an in-
D creasing demand for mobile satellite broadcasting and
communications especially in vehicular stations [1]-[7]. Ve-
hicle mounted antennas are one of the most critical parts in
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providing the satellite services for moving vehicles. Beside of
satisfying the basic requirements such as high radiation gain,
the vehicle mounted antenna should be capable of satellite
tracking for fast moving conditions. Cars on the roads are not
only moving forward, but changing lanes, going over bumps,
and turning corners and all such motions must be compensated
for by the antenna tracking system so that antenna can maintain
the received satellite signal above the desired level.

Reflector antennas with rather high gain are necessary for rea-
sonable signal reception quality for Ku-band satellite commu-
nications. However, they cannot be used on small to midsize
vehicles such as SUVs and minivans because of restriction on
dimensions and aerodynamics. Instead, relatively flat antennas
are desirable for this type of applications.

Several issues need to be addressed in designing a low profile
antenna for commercial applications. The system must be ex-
tremely low profile even below 10 cm in order to satisfy the aero-
dynamic requirements of the vehicles. One of the challenges in
reducing the height especially if the system requires to work in
a wide geographic region such as the continental United States
and Canada with the EIRP of 53 dBW is to maintain a suffi-
cient gain over a relative wide range of elevation angles, i.e.,
from 20° to 70°. Experiments have shown that the medium-size
cars may turn as fast as 60 deg/s with an angular acceleration
of up to 100 deg/s?. Having considered the narrow beam width
in azimuth, this is a serious challenge for any mobile antenna
system. Another important issue is the cost of the mobile an-
tenna system for commercial application. The cost includes ex-
pensive antenna and microwave components to sustain the high
gain; high precision sensors such as gyro, tilt sensor and GPS
and also costly mechanical platform. Currently two low profile
antennas are available in the market [3], [4]; and also several
designs can be found in the literatures [S]-[7].

In [3] the antenna array consists of a whole planar array struc-
ture with the stacked microstrip antenna fed by a waveguide feed
network. This complicated waveguide feed network increases
the production cost. The size of array is limited in order to keep
the feed loss minimum, therefore the achieved gain is not suffi-
cient to maintain the required signal level in various weather
conditions. Whole planar array structure limits the elevation
coverage of the antenna since it requires to be tilted mechan-
ically to the direction of the satellite and at the same time the
array needs to be confined in the restricted profile of the system
(13.5 cm in height).

The mechanical tracking unit needs to compensate for all the
car movements including all the tiny bumps on the road which
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generate weak disturbance in elevation. Considering the me-
chanical nature of its tracking system, constant movement of
the servo translates into susceptibility to noise, and unreliability.
The lack of agility stemming from the antenna inertia and its ex-
cessive weight, therefore, limits how fast a car could maneuver
not to lose the signal. This bounds the angular velocity such that
vehicle can turn with a maximum rate of 30 deg/s.

The stair-planar array is utilized in [4] to increase the ele-
vation coverage range of the mobile antenna system. The array
scans mechanically in both azimuth and elevation plane. The an-
tenna arrangements form a spatial phased array is able to track
a satellite in an elevation plane by mechanically rotating the an-
tenna panels about transverse axes. This gives rise to genera-
tion of respective elevation angles and changing the respective
distances between the axes. However, the antenna requires an
extra servo motor to change the distance between each panel.
Also the antenna generates a relatively narrow azimuth beam
width which makes it difficult to compensate the car movement
in azimuth. Therefore, the tracking speed in azimuth is less than
30 deg/s.

In [5] a flat waveguide slot array with wide beam in eleva-
tion was used. Therefore, the mechanical tracking is only in az-
imuth plane. The gain of this configuration is low (26.5 dBi)
and it has limited elevation coverage. In [6] a stair-planar con-
figuration was used. This system uses a one-dimensional elec-
tronic beam scanning in elevation and mechanical scanning in
azimuth. During satellite tracking, the system is operated by the
squinted beam tracking with respect to the main beam. Two-
level phase-shifters are used to make the main beam as well as
the squint beam. The squint beam technique requires complex
and expensive extra phase shifters and also a time consuming
calibration procedure.

In [7] a compact offset reflector for broadband and direct
broadcast services in Ka/K-band and Ku-band was developed.
Similar squint beam scanning scheme implemented in Ku-band
using 2 x 2 array in the feed of the reflector antenna. This system
requires several tracking sensors including magnetic compass,
tilt sensor, gyro, and GPS. The data presented demonstrates that
system can compensate for a weak disturbance in roll, pitch and
yaw.

In this paper we consider the use of stair-planar phased array
antenna with electronic beamforming in both azimuth and el-
evation planes. Contrary to whole planar array structure and
compact offset reflector, the stair-planar structure has the ad-
vantage of being low profile. In our design the height of the
system is less than 6 cm including the radome, which according
to the authors’ best knowledge is the lowest profile commer-
cially available antenna for mobile direct broadcasting satellite
(DBS) application. This structure is optimized to have a min-
imum number of phase shifters and active channels (17 for each
polarization) while maintaining the scanning capability and the
required gain.

However, utilizing phased array antenna in commercial ap-
plications has many serious tracking challenges to deal with. By
reducing the height; in order to maintain enough antenna gain
one needs to increase the diameter of the system. Therefore, a
fan beam is formed which is very narrow in azimuth and rela-
tively wide in elevation, which makes it extremely difficult to
sustain the beam aimed to the satellite.
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Another challenge is the electronic beamforming as an essen-
tial part of the control loop in both homing and tracking modes.
To implement this technique a prior knowledge of the phase-
voltage characteristics of the phase shifters is required. As these
characteristics are device dependent and they may change with
the environmental conditions, like temperature and humidity,
as well as aging, a non-model based algorithm for the beam-
forming is required [8].

To achieve this crucial requirement, an innovative beam-
forming technique is devised which does not require the
knowledge of system model parameters in general. This tech-
nique is referred to as the zero-knowledge beamforming.
Utilizing this new beamforming techniques not only reduces
the cost of the microwave devices such as phase shifter, but also
reduces the number of tracking sensors such as Gyro and GPS
and provides the opportunity to use less expensive sensors.

The rest of the paper is organized as follows. In Section IT we
describe the array system configuration and briefly discuss the
G/T requirements. In Section III, we explain the components of
the phased array system such as microstrip sub-array antenna,
LNA and phase shifter. Section IV is devoted to describing
a novel tracking algorithm based on zero-knowledge beam-
forming. The experimental results are presented in Section V.
Finally Section VI concludes the paper.

II. SYSTEM CONFIGURATION

In this section the general system configuration is discussed.
This includes the total array gain and the method of optimizing
the number of active channels to achieve the required G/T.

A. General System Configurations

Fig. 1 shows the configuration and block-diagram of the pro-
posed system. The antenna system is a phased array antenna
with stair-planar configuration. The system composed of ten
rows with each row including three to four radiating modules
in the form of 2 x 8 and 2 X 16 microstrip sub-arrays, which
form a non-uniform array. The first front five rows support left
hand circular polarization (LHCP) and the back five rows sup-
port the right hand circular polarization (RHCP). There are 17
sub-arrays for each polarization. Three of them are 2 x 8 and
the rest are 2 X 16 which in total 496 microstrip elements are
used for each polarization. The sub-arrays are mounted on array
carriers which can mechanically rotate from 20° to 70° in el-
evation plane. The sub-arrays are connected to the low noise
amplifier (LNA) and through the corresponding cable to the
phase shifter/power combiner (PS/PC) box. The phase of the
received signal by each sub-array is controlled by an analog
phase shifter and combined with the signals of the other sub-ar-
rays of the same polarization. The combined signal is ampli-
fied and then down-converted by a low noise block (LNB). The
down-converted signal is further processed by the DVB board
for extraction of the satellite ID and is sent to the receiver inside
the car through a Rotary Joint. The RF detector implemented
in the DVB board further measures the strength of the signal.
The hardware boards include main Control Board and several
auxiliary boards such as digital to analog converter to control
the voltage of the phase shifters, gyro board, motor control and
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Fig. 1. Block diagram of the stair phased array antenna system. (a) Phased
array antenna. (b) System configuration.

TABLE I
Low PROFILE SYSTEM PARAMETERS

Parameters Value
Frequency 12.2-12.7 GHz
Polarization Dual Circular
Gain 31.5 fiB (per
polarization)
Axial ratio <1.8dB
Tracking speed o
(Azimuth) 607/sec

0°-360° Azimuth

Spatial coverage 20°-70° Elevation

System height 6 cm
System diameter 86 cm
System weight 12 Kg

driver boards. A compact and light mechanical platform is de-
signed for the phased array system. The mechanical system is
comprised of rotating and stationary parts. The stationary part
is attached to the roof of the vehicle with roof bars. All above
mentioned electronic parts are integrated in the rotating part.
The details of the mechanical system are beyond the scope of
this publication and deserve a separate treatment. The overall
system design parameters are summarized in Table I.
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TABLE II
COMPONENTS PARAMETERS

Par t Value C t
LNA gain 23 dB Minimum gain
LNA noise figure 0.8 dB Maximum NF
Cable loss 1.5 dB Cable and connector losses
PSPC loss 5~7dB 2 dB loss variation
2x16 sub-arrays directivity 21.8dB
Feed network loss 1.3 dB
Sky temperature T, 40°~85 K
Ground temperature T, 290°K Typical
Wavelength 4 24 mm Ku band frequency

B. Total Array Gain and Radiation Pattern

Total array gain combines the radiation gain of all antenna
elements. For uniform arrays, where all elements are identical,
the total array gain is equal to the product of the element gain
and the array factor. Since the array shown in Fig. 1(a) is a non-
uniform array, the expression for the total array gain, G(6, ¢), is
more complex than a uniform array. With some simplifications,
we can show that the total radiation gain of this array for each
polarization is given by

17
G(0,p) = Z wy, [a(m)gaxi6(0', ¢")
m=1
+ B(m)gaxs(0', ¢" )] exp(jkor - Rmm) (1)

where wZ, is the weight of phase shifter m,a(m) is 1 for
2 x 16 elements and O for 2 x 8 elements,3(m) is 1 for 2 x 8
elements and O for 2 x 16 elements. Also ga2xs(f’,¢’) and
gax16(0',¢") are the spherical radiation patterns of 2 x 8 and

x 16 sub-arrays in their own coordinates system which will be
discussed shortly. Moreover, kg is the wave constant (kg = 83
at 12.45 GHz), r = [8in sat COS Psat SIN Bsat SIN Qsat COS Bsat]
shows the satellite direction, and Ry, = [ ym 2m] denotes
the coordinates of element m in the array reference system.

Considering ideal phase shifters and assuming the maximum
radiation gains of 2 x 8 and 2 x 16 elements are respectively
17.9 dBi and 20.2 dBi (Section III.A), one can show that the
minimum ideal array gain is 32.17 dBi. Considering the inser-
tion loss of the feed network it can be shown that the actual
gain of the phase array is reduced to 31.5 dBi [9]. The 2D ra-
diation pattern of the whole array will be demonstrated later (in
Section V). Since sub-arrays can rotate in elevation and azimuth,
we have to define two coordinates systems to find the 3D radia-
tion pattern of the whole array antenna, as shown in Fig. 1(a).

1- Array coordinates system, which is used to find the inter-
element phase-lags and adjust the phase shifter weights is
denoted by (z,y, 2).

2- Sub-array coordinates system which is a rotating coordi-
nates system used to find the radiation gain of sub-arrays
(elements), denoted by (z',y’, 2’).

In Fig. 1(a) 6.+ denotes the rotation of the sub-array’s normal
vector in elevation direction. The sub-array’s rotation in azimuth
is not important because the array and elements rotate together
and we can always assume that both coordinates systems share
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TABLE III
POSITION OF SUB-ARRAYS IN PHASED ARRAY ANTENNA CONFIGURATION
1* Row 2" Row 3" Row 4™ Row 5™ Row
= = = = =
2l ezt zElcyd 2% 8 5
Polarization |5 £| = S |5 E| |5 E| e |5 § =8|35 E| £ €
25|l ss|le5|lss|leslss|l25 s5|=2 5| =
ET| LA ET L el Laele T L o
s2|SE|52|2€|58 2|59 25|52 2
z a 2 g Z 2| @ § Z a| - g Z @z @ E Z a| @ S
< < < < <
1 | 2x8 1| 2x8 | 1 | 2x8
LHCP 2 |axie | 3 [ B0 3 | X6 | 5 o6 | 3 | 2x16
1 | 2x8 | 1 | 2x8 1 | 2x8
RHCP
C 3 | 2x6 | 3 26| 3| P6| 3| X6, o6

the same z-axis. For a target located at (6, ¢) in the array co-
ordinates system, the transferred coordinates in the sub-array
coordinates system (', ¢’), can be found from the following:

x = sin(f) cos(¢p)

y = sin(#) sin(p) (2-a)
z = cos(f)

o=z

y' = ycos(brot) + 2 sin(frot) (2-b)

2" = —ysin(brot) + 2 co8(Brot)

,,J — /$12 + y/2

7
x

o' = cos™! [—] (2-¢)
¢’ = tan! [Z—:] .

Hence, the maximum received signal is obtained when the
satellite is along the z’-axis and phased shifters are adjusted to
compensate the inter-element phase-lags completely.

C. G/T Calculation

The required average G/T for mobile antenna system in North
America is approximately 9.5-10 dB/°K with EIRP of 53 dBW.
The number is basically the compromise between the perfor-
mances of the antenna in various environmental conditions such
as rain and snow and the acceptable profile for vehicular appli-
cation. To evaluate the performance and the development cost of
the phased array, one has to estimate how many active channels
are needed to meet the above stated G/T requirement. Assuming
the losses of all RF channels are identical except for the loss of
the phase shifter the overall G/T of the system can be calculated
as [10]

G NG.n
T

T T [ F Ly N Ly I
‘ ° < ! ! g ij»v:1 1/ Ly * g * d)

where g and F’ are the gain and noise figure of the LNA, L and
L, are the sub-array feed-network loss and cable loss which are
assumed to be identical for all channels, L, is the kth PS/PC
individual channel loss. G, is the effective directivity of each
antenna sub-array and 7 is the aperture efficiency. Also T, and
T; are the room, and the sky temperatures, respectively. The
typical components parameters are summarized in Table II.

To meet the 9.5-10 dB/°K dB requirement for the above
value, the number of 2 X 16 sub-arrays should be more than
15 sub-arrays. As mentioned above for each polarization 17
sub-arrays of different sizes were used, which are equivalent to
15.5 2 x 16 sub-arrays. The combination of sub-arrays for each
row of Fig. 1 is summarized in Table III.

III. Ku-BAND COMPONENTS

In this section the design procedures of the major Ku-band
microwave components used for this system, are described.
These components are the microstrip sub-array antenna and
the corresponding feed network, LNA, and the analog phase
shifter.

A. Sub-Array Antenna and Feed-Network

The challenges arising from the development of the Ku-band
sub-array antenna include the minimization of the sub-array’s
feed-network loss, the attainment of the required 4% bandwidth
and at the same time reducing the width of the sub-arrays which
directly affect the overall height of the system. In this appli-
cation microstrip antenna sub-array is used due to its ease of
manufacturing, low cost, low profile, and light weight. The cir-
cular polarization is achieved by employing the sequential ro-
tation technique [11] in which each patch is excited at a single
feed point. The elements of the sub-array are fed by a corpo-
rate microstrip feed network to keep the overall constructional
complexity at the minimum and maintain a compact size. Three
major steps are required to develop a high gain sub-array an-
tenna [12]:

* The single patch element development (in this work a

square patch with two truncated corners is used [12]);

* The building block sub-array development to maintain the

acceptable axial ratio (AR) over the band of operation;

e The full sub-array development.

Fig. 2(a) depicts the top and the side-view of a single array
element. The substrate of the array elements is constituted of a
top layer of Rogers RT 5880 with dielectric constant of €,.= 2.2
and the loss tangent of 0.0009 at 10 GHz and a bottom layer
of RO3003 with dielectric constant of €, = 3.0 and the loss
tangent of 0.0013 at 10 GHz. To achieve a wider bandwidth
and higher gain, the top substrate thickness is set to 1.57 mm
(0.0625)). The feed-network is constructed on the lower sub-
strate with thickness of 0.5 mm (0.02)) to reduce the radia-
tion loss. The solid ground plane separates the antenna and the
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Fig. 2. (a) Top-view and side-view of an array element, showing its two-layer
substrate. (b) 2 X 16 fabricated sub- array antennas and its feed-network.

feed-network, reducing the adverse effect that the antenna and
the feed-network may have on each other. The feed-network is
connected to the patch by a via-pin that passes through a hole in
the ground plane. The via-pin allows access to the point inside
the patch which has a lower input impedance compared to the
points at the edge of the patch. This leads to a better impedance
matching and a lower insertion loss within the feed-network.

To design the element, we have taken advantage of Agilent
Momentum which applies the method of moments to the mixed-
potential integral equation (MPIE) of multilayer media. To guar-
antee the desired performance over the bandwidth of interest,
gain, axial ratio, and VSWR are calculated over the entire band-
width. According to these results, the optimum element has a
radiation gain of 6.7 dBi and an axial ratio of less than 3.5 dB
[Fig. 3(a)] over the relative bandwidth of 4%. The patch has
VSWR of 1.4:1 on the 50 2 line over the operating frequency.

Although the achieved element gain is satisfactory, the axial
ratio of 3.5 dB is not acceptable for this application. To improve
the axial ratio further, we have used four elements with sequen-
tial rotation of 0°, 90°, 180°, and 270° in space. This spatial
rotation must be compensated for by a corresponding electrical
phase shift to retain circular polarization and to achieve an axial
ratio better than that of a single element. This technique of im-
proving axial ratio has been previously described in [13] and re-
cently has been used for similar array applications in [14], [15].
The axial ratio for sequentially-rotated four elements (2 x 2) is
given in Fig. 3(a) (it includes the feed network effect). It has
been observed that the designed four-element array has an axial
ratio of less than 1 dB over a relative bandwidth of 4%. This
four-element array has then been used as a building block for
formation of 2 x 8 and 2 x 16 sub-arrays.

Fig. 2(b) shows the fabricated 2 x 16 sub-array and its
feed-network (2 x 8 sub-array has similar configuration
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Fig. 3. (a) Simulated axial ratio of a single element, 2 X 2, 2 X 8, and 2 X 16
sub-array antenna and measured axial ratio for 2 X 8,and 2 X 16 sub-array
antennas. (b) Measured input matching for 2 X 16 sub-array antenna and the
measured radiation gain and directivity of 2 X 16 sub-array antenna versus
frequency.

with half number of elements). The 2 x 16 sub-array size is
22 cm X 3 cm. The input scattering parameters of the 2 x 16
sub-arrays are measured and demonstrated in Fig. 3(b). It is
apparent that a good matching is achieved over a wide range of
frequencies. The present results are obtained by using surface
mount SMA connector.

The radiation characteristics of these sub-arrays are measured
using near-fields techniques. Fig. 4(a) and (b) illustrate the re-
sults of these measurements in the principal azimuth and ele-
vation planes of the sub-array at 12.7 GHz. These planes are
defined in Fig. 2. The measured circular polarization gain of the
2 x 16 sub-array is about 19.7 dBi and that of 2 x 8 is 17.4 dBi.
The loss added by the surface mount connector is estimated to
be 0.5 dB at this frequency range. Therefore, the actual gains
are 20.2 dBi and 17.9 dBi for the 2 X 16 and 2 x 8 sub-arrays,
respectively at 12.7 GHz. The gain and the directivity of the
2 x 16 array are measured from 12 to 13 GHz and are shown in
Fig. 3(b). The difference between them is 1.8 dB which is the
loss of feed-network and the SMA connector. Subtracting the
SMA connector loss, the feed-network loss is 1.3 dB. There-
fore, the gain of 2 X 16 sub-array is varying between 20.5 dBi
and 20.2 dBi when the effect of SMA connector is excluded.
The half power beam width (HPBW) in elevation according to
Fig. 4(a) and (b) is approximately +20 degrees for both 2 x 8
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Fig. 4. Measured radiation patterns of 2Xx 8 and 2 X 16 sub-arrays
f = 12.7 GHz. (a) Azimuth plane. (b) Elevation plane.

and 2 X 16 sub-arrays. The azimuth HPBWs are +£4.6 degrees
and £2.8 degrees for 2 x 8 and 2 x 16 sub-arrays, respectively.

The sub-arrays axial ratios are also measured from the
spinning linear pattern and are compared with the simulation
[Fig. 3(a)]. For both 2 x 8 and 2 X 16 sub-arrays the axial ratios
are less than 1.4 dB and for most of the operating band is less
than 1 dB.

B. Low Noise Amplifier Transition to Sub-Array

Due to the loss associated with the cable and phase shifter/
power combiner, it is necessary to add a low noise amplifier
(LNA) to each sub-array. This requires assembly of a large
number of LNAs and sub-arrays which renders the use of
vast number of connectors and significant amount of labor to
connect them. Also each LNA should be located very close
to the corresponding sub-array in order to reduce the loss and
fix the noise figure of that channel through the rest of the path
down to the mixer. Therefore, developing a method to connect
the LNA and sub-arrays is an important step to reduce the
assembly cost, increase the reliability and improve the overall
G/T of the phased array antenna.

In this paper, we don’t intend to go through the details of the
LNA design as it is a rather standard design. However, a tran-
sition between sub-array antenna and LNA will be explained.
Here a new transition structure in the form of two stage coaxial
lines is designed in the housing of the LNA. This method is
based on the direct connection of the LNA to the corresponding
antenna sub-array which allows the vertical transmission of
signal energy to the input of the LNA.

The output of the sub-array feed-network needs to be trans-
ferred to the co-planar waveguide (CPW) transmission line
which is more appropriate for vertical transition to the two stage
coaxial line. To do this the microstrip line width would change
and through a matching stub it converts to the CPW transmis-
sion line as shown in Fig. 5(a). The ground planes of CPW are
connected to the ground plane of the microstrip feed-network
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Fig. 5. Low noise amplifier transition to sub-array: (a) Large view of the sub-
array port with matching circuit, (b) fabricated model, (c) measured parameters
for the fabricated LNA.

and the antenna patches (Fig. 2) through via-pins. The middle
ground pad is perforated (circular shape) to accommodate
for coaxial line medium in the LNA housing [Fig. 5(a)]. The
amount of perforation is optimized to provide the minimum
VSWR. The signal line terminated to the circular pad which is
large enough to allow installation of the central (signal) pin of
the input of the LNA in Fig. 5(b).

The LNA has two compartments: one for allocating the DC
bias circuitry, and the other one for microwave circuits shown in
Fig. 5(b). The two stage coaxial line embedded in the housing
of the LNA is terminated to a microstrip line in the microwave
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compartment which immediately is connected to the gate of the
first stage transistor. The other side of the pin is connected to
the circular pad of CPW on the feed-network substrate. The first
stage of the coaxial line is filled with low loss dielectric. The di-
electric is also used to maintain the signal pin. On the second
stage the diameter of the outer conductor of the coaxial line in-
creased and the dielectric is removed. This allows smooth transi-
tion to the CPW line on the feed-network side. The length of the
second stage coaxial is selected in the way that metallic ceiling
on the step which is parallel to the feed-network ground plane
to be significantly taller compared to the feed-network substrate
thickness. This would result in reducing capacitive parasitic ef-
fect which changes the feed-line characteristic. The housing pad
of the LNA would be soldered or attached by conductive glue to
the CPW ground plane. The second stage is also designed and
optimized to allow the insertion of standard female type SMA
connector for the test and qualification purposes.

The fabricated LNA was tested using network analyzer (Agi-
lent 8722ES) and noise figure analyzer (Agilent N§975A). The
measured parameters are shown in Fig. 5(c). The gain of the
LNA is about 25 dB with input and output return loss of better
than —10 dB over the band of operation. The noise figure is less
than 0.8 dB over the band.

C. Analog Phase Shifter

The challenges in the phase shifter design for low cost mobile
satellite phased array antennas are as follows [16].

1) Achieving phase linearity: This is a complicated task for
MIC implementation at Ku-band as the required minimum
varactor capacitance becomes comparable to the parasitic
capacitance;

2) The circuit layout should avoid infinitesimal critical di-
mension to achieve high yield and reduce the manufac-
turing cost;

3) Low complex phase control: minimum control complexity
with very few number of control voltages is required to
reduce the number of digital/analog converters (DAC).

Fig. 6(a) shows the circuit topology of the reflective-type

phase shifter (RTPS) consisting of a 3-dB 90-degree hybrid cou-
pler and a low loss reflective load connected to its through and
coupled ports while the other ports are symmetrically matched
to the 50 €2 input and output. The phase of RTPS can be con-
trolled by changing the impedance of the reflecting load. This
can be done by varying the capacitance C, between C,,;, and
Cmax- The absolute value of this phase variation is given by

Ay = 2| arctan(Zmax/Zo) — arctan(Zmin/Zo)|  (4)

where Z i, and Z,.x, show the maximum and the minimum
of input impedances of the reflective load and Z,, is the charac-
teristic impedance of the line.

The phase shift introduced by a varactor alone is limited [17].
The phase control range can be increased by resonating the
varactor with a series inductor at their resonance frequency.
However, at Ku-band the required minimum amount of var-
actor capacitance to produce the phase shift in excess of 180°
is less than 50 fF, which is of the same order as the package
and connection parasitic capacitances for MIC implementation
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[Fig. 6(b)]. These parasitic capacitances have dramatic effects
on the phase shift linearity and may result in flattening of the
C-V and consequently on the termination reactance characteris-
tics, respectively.

To solve this problem, an impedance transformer network is
added to L-C series resonance networks as shown in Fig. 6(a).
This network transforms the load impedance (Z1¢) to a larger
value (Z,,) according to

Z, = Q*Z1c ®)

where () is the quality factor of the network. This network in-
creases the minimum required varactor capacitance to 135 fF,
well above those aforementioned parasitic capacitances. Also,
as shown in Fig. 6(b), it reduces the required varactor tuning
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range. Another effect of this network is to decrease the varia-
tion of the magnitude and as a result reduce the loss variation of
the phase shifter.

A single stage phase shifter was designed at the center fre-
quency of 12.5 GHz. In this design we used commercially avail-
able GaAs hyper-abrupt junction varactor diodes with constant
Gamma of 1.25 and series resistance of B, = 3.5 Q). The ca-
pacitance varies from 1.0 pF to 0.10 pF by varying the DC bias
voltage from O to 12 volts, respectively. The operating temper-
ature range is from —50°C to 150° C which is ideal for land
mobile satellite links.

Two stage reflective loads shown in Fig. 6(a), are used to
maximize the insertion phase and minimize the insertion loss
variation. The load inductors, Lg, are fabricated using vias to
ground with diameter of 0.8 mm. The values of the inductors
are 0.24 nH. The impedance transformer networks (reflective
loads) are designed using stepped microstrip line. The phase
shifter simulation was performed using ADS software.

Fig. 7(a) shows a fabricated single stage phase shifter. It was
tested using network analyzer (HP 8722ES). Fig. 7(b) shows the
measured phase shift for this device. The phase shift of 376 de-
gree was obtained over 12.0 to 13.0 GHz by changing the control
voltage from 2 to 10 volts which corresponds to the capacitance
variation between 0.47 to 0.13 pF, respectively. The phase shift
variation over the operating frequency is only 10 degrees. Com-
pared to the measurement results of [18] it has four times larger
bandwidth and less phase shift variation over the band of op-
eration with the voltage variation of only 8 volt. The latter is
important for the operation on a vehicle with 12 volts battery.

Fig. 7(c) illustrates the measured insertion loss. In the mea-
surement the effect of SMA connectors and DC block capacitors
are also included. By subtracting these losses (~1 dB) the total
insertion loss of the circuits becomes —3.2 + 0.8 dB (for 12.2
to 12.7 GHz). Fig. 7(c) also demonstrates the measured return
loss, which is better than —10 dB in the whole range of fre-
quency (12.2 to 12.7 GHz). In this configuration, the bandwidth
of the phase shifter in terms of return loss and insertion loss, are
mostly dominated by the 3-dB hybrid coupler. The bandwidth
can be improved by using Lange coupler.

IV. HYBRID TRACKING

Conventionally, the satellite tracking can be divided into two
modes, i.e., initial satellite search mode and tracking mode. A
re-initialization mode can also be foreseen for the cases when
the satellite signal is lost for a period of time due to blockage
or signal shadowing, and an initial search is required to retain
the lock. In the initial satellite search mode, which is hereinafter
called “Homing”, the antenna beam is pointed towards the de-
sired satellite by means of rotating the antenna or its beam. In
the tracking mode the antenna tracks the satellite by compen-
sating for the vehicle movement. In this mode, it is likely that
the satellite tracking system loses track of the satellite direction
during signal outage, e.g., when the satellite view is temporarily
blocked by a large object or when the vehicle passes through
tunnels. To alleviate this problem and retain the satellite lock,
the homing mode should be reperformed. To differentiate this
mode from initial homing it is called Re-Homing.
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In the tracking mode of the phased array antenna system, two
complementary mechanisms operate simultaneously: the stabi-
lization loop and an electronic beamforming. The stabilization
loop is mostly responsible for keeping the antenna toward a
pre-determined attitude during sharp maneuvers of the vehicle.
A low-cost MEMS rate gyro, mounted on the antenna platform,
provides most of the information required by the loop. How-
ever, the low-cost MEMS sensor suffers from high rate drift and
strong noise. Role of the electronic beamforming is to compen-
sate for the sensor irregularities. It plays as an external aid for
the stabilization loop and eliminates the residual azimuth angle
error. Moreover, integrating the two mechanisms enables the
tracking system to nullify slow angular disturbances even those
hidden within the noise of the gyro. In the following after a brief
description regarding the antenna initial homing, structure of the
stabilization loop is given. The electronic beamforming proce-
dure is consecutively presented in Section IV.C.
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A. Homing Mode

In the homing mode the search starts with a preset phase
shifters setting, obtained from the history of the system from
last operation. This setting includes the initial values for the
control voltages of the phase shifters. Using two step motors,
the mechanical search is performed in both azimuth and el-
evation. Upon exceeding an RF power threshold, the control
system extracts the satellite ID and compares it with the de-
sired satellite ID. As the power of the received signal depends on
the environmental conditions and the vehicle position, the men-
tioned RF power threshold should be set adaptively. The adap-
tive threshold setting and checking of the good RF power level
are done by performing moving averaging for the signal power
with two different averaging window sizes. The corresponding
moving averages are named short term averaging and long term
averaging based on the window size. The long term averaging is
used for setting the adaptive RF power threshold level. The short
term averaging value, on the other hand, is compared with the
long term one to check for the good signal level. After locking to
the desired satellite, the homing control system performs a fine
tuning to maximize the received RF power as much as possible.

In order to compensate for the vehicle movement in homing
mode, the azimuth gyro control loop is activated during this
mode. This helps the system find the desired satellite as fast as
possible at all times during which the vehicle is moving.

B. Stabilization Loop

Structure of the stabilization loop is given by Fig. 8. It is a
custom-designed real time embedded micro-processor control
system. As illustrated by the diagram, the digital controller K ()
is driven by the stabilizing loop error w. ; that is the perturbed an-
gular velocity of the antenna platform from the desired angular
velocity of w,, = 0 which is measured by the gyro. Manipu-
lating the stabilizing loop error, it produces suitable commands
to the motor driver circuit to nullify the angular velocity distur-
bancew,. The controllerK (z) is designed to provide a slightly
under-damped controlled response with a Maximum Percent
Over-Shoot (MPOS) not more than 15%. It is also required to
offer a closed-loop bandwidth of about 30-35 rad/sec.

C. Electronic Beamforming

After the Homing mode was performed successfully, the
system continuously tracks the satellite by monitoring the yaw
rate sensor readings. However, the gyro’s high rate drift gradu-
ally deflects the antenna platform from the desired attitude. On
the other hand, some slow-rate disturbances can not even be
felt by the low-cost gyro. The electronic beamforming is aimed
to maximize the array output power, and compensate for the
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angular rate sensor inaccuracies by tracking the relative satellite
displacements caused by small vehicle movements within a
predefined window. For large vehicle movements, however, a
mechanical control loop is needed to point the antenna towards
the desired satellite and keep the antenna position inside the
window for which the electronic beamforming is effective.

Electronic beamforming is the essential part of both homing
and tracking modes. To implement this technique prior knowl-
edge of the phase-voltage characteristics of each channel (LNA
+ cable + phase shifter) is required. As these characteristics are
device dependent (see Fig. 9), and may change with the environ-
mental conditions, such as temperature and humidity, as well
as aging, a non-model based algorithm for the beamforming is
required. To this end, an innovative beamforming technique is
devised which does not require the system model parameters
in general. This technique is referred to as the zero-knowledge
beamforming [8].

The goal of beamforming is to set the control voltages of
the phase shifters in such a way that the received signal from
the satellite is maximized. This problem can be solved using
gradient based optimization techniques which require an esti-
mation of the array correlation matrix. To estimate the correla-
tion matrix the signals from all antenna arrays may be required,
which are accessible only when the base-band processing is em-
ployed. However, in the case when a combined signal from all
antenna arrays is the only source, the problem becomes more
complicated. To solve this problem we resort to the perturba-
tion methods in order to estimate the gradient from the com-
bined RF received signal. In the following the zero-knowledge
beamforming algorithm is described.

Fig. 10(a) shows the simplified block diagram of the beam-
forming network. Let s(n) =
andw(n) =
signal from the target to the array elements and the phase shifts
applied to each antenna element at time instant n, then the total
signal after the power combiner is given by

f(n) = w*(n)sT (n) ©)
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where * and T denote the complex conjugate and transpose op-
erations, respectively. The measured RF power at the output of
the RF detector, which is a logarithmic amplifier measuring the
received power over the whole IF spectrum, is

P(n) = Kolog{E[f(n) - f*(n)]} ©)

where E[-] denotes the expectation operation, and K is
the amplification gain. Note that P(n) is a function of
the phase shifts applied to each antenna element, i.e.,
w(n) = [wi,ws,...,wy]. In general, these phase shifts

are controlled by a set of control voltages which can be shown
by al x N vector as v(n) = [v1,vs,...,vnN], and

’

wi(n) = floi(n)] - exp[jy(vi(n))] ®)

where f and 1) are two functions of the control voltage. To
maximize the array output power a Least Mean Square (LMS)
technique can be employed. In such methods, however, a di-
rect unbiased measurement of the gradient,g(v) = VP, is re-
quired. In single receiver phased arrays the only source of the
received information is the RF signal power, from which the
gradient cannot be measured directly. Hence, we explore the
stochastic approximation and the finite-difference (FD) method
in order to estimate the gradient vector,g, using noisy measure-
ments of the array output power. Based on this method the recur-
sive zero-knowledge beamforming algorithm can be formulated
as

v(n+1) =v(n)+2ug(n) ©

where 4 is a positive scalar indicating the step-size which con-
trols the convergence rate, g(n) =
is the estimated gradient vector, and n shows the discrete time
index. Using a two-sided finite difference technique, the ¢th el-
ement of the estimated gradient vector is calculated as
() 0 PL0300) ) = Ploi(m) = 0)
o 26 '

In (10), 6 denotes the perturbation added/subtracted to the
control voltages to find the finite difference approximation of
the partial derivatives. As it is seen from (9) and (10) the per-
formance of the beamforming algorithm is determined by the
step size and perturbation parameters, 4 and ¢. Considering the
convergence rate and the steady state error as performance mea-
sures, the proper values of step size and perturbation are ob-
tained through an extensive simulation study.

Fig. 10(b) demonstrates the functional block-diagram of the
beamforming process. The first step is to perturb the control
voltage v;, and update all phase shifters. Next the RF detector
output is filtered using digital and analog low pass filters to re-
duce the effect of noise, and next, the received power is mea-
sured. This process is repeated for each element if a sequential
perturbation is used to estimate the gradient vector g(n), there
are other perturbation methods with a lower number of pertur-
bations [20]. The beamforming process needs to be run for a few
iterations to guarantee the convergence of the received power.

During the fine tuning the electronic beamforming directs the
phased array antenna beam towards the satellite. Based on the
vehicle movement, the direction of the beam may not coincide

(10)
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Fig. 10. The phased array antenna beamforming network: (a) block diagram,
(b) flow chart of the beamforming algorithm.

with the antenna broadside pointing direction. Monitoring the
values of the phase shifters control voltages is a way to esti-
mate the direction which antenna should rotate in order to get the
maximum RF power in the broadside. Based on these voltages
the direction is estimated employing some pre-set rules [19].
These rules specify which direction the antenna system should
rotate in order to make the main lobe of the antenna perpendic-
ular to antenna elements surface.

V. EXPERIMENTAL RESULTS

Different measurements were made to test the phased array
antenna performance. The phased array antenna system was
mounted on a test vehicle (Fig. 11). The system parameters were
monitored and registered in a laptop. The output of the antenna
system was connected to a satellite receiver and TV and the
satellite signal strength was monitored by the receiver signal
quality indicator (bar). The tests were conducted in Waterloo,
Ontario Canada with the elevation angle of around 35° for the
Bell Expressvu 91 satellite.

First the homing mode was tested when the vehicle was at
rest. In this static homing mode, the motor rotates the antenna
with an angular speed of 45 deg/s. Neglecting the time required
to extract the undesired satellites ID’s, the homing process takes
at most 14 seconds, which includes the times required to scan
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Fig. 11. The phased array antenna system mounted on a test vehicle.

360 degrees in azimuth and extract the desired satellite ID from
the received signal. The real homing time depends on the initial
position of the antenna and the number of undesired satellites
between the initial position and the desired one. As extracting
each satellite ID takes around 6 seconds, the number of the un-
desired satellites affects the homing process duration. The test
results show that on average the homing can be completed in 35
seconds.

Upon being locked on the desired satellite (Bell Expressvu
91), the signal quality for different transponder was measured
and compared with that of an 18” commercial off-set reflector
antenna. Fig. 12 compares the signal qualities of the phased
array antennas and a reflector antenna. The figure shows
the signal quality! of the phased array antennas for different
transponders follow the same trend as the reflector one. As the
reflector is a wide band antenna, an immediate conclusion is
that the performance of the phased array antenna does not vary
with frequency as well.

The tracking system agility was measured by a road test. In
order to monitor the test vehicle maneuver an auxiliary gyro was
installed in the fixed part of the antenna platform. Manipulating
the auxiliary gyro’s signal the velocity and the acceleration of
the vehicle during the road test were calculated. Along with
these parameters the scaled output of the RF detector was reg-
istered. Fig. 13 shows a typical result when the vehicle veered
away to the left and right. As the results show the RF signal
level stays almost fixed even if the vehicle makes sharp turns
with high angular velocities around 60 deg/s.

During the road tests we observed that the antenna system
tracks the satellite even in the uphill/downhill roads and flat
roads with abrupt bumps without using mechanical tracking in
elevation. This is mainly due to the broader antenna beam-width
in the elevation plane and the strength of the beamforming. To
elaborate more, we can argue as follows. If the target moves rel-
ative to the phased array axes, the beamforming algorithm is ca-
pable of steering the beam toward the target such that the array

I'The signal quality is measured based on the bar indicator of the satellite
receiver which indicates the received signal-to-noise level at the base-band.
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Fig. 13. The performance of the phased array antenna in a road test.

factor remains at its maximum value. Therefore any drop in the
total received power or radiation gain is due to the radiation pat-
tern of the elements. Fig. 14(a) shows the radiation pattern of the
whole array when the target moves £10° in elevation relative to
the array normal axis. Since the radiation pattern of the elements
is fairly wide in elevation, the maximum gain drop is less than
1 dB. However since the radiation pattern in azimuth is narrow,
as Fig. 14(b) illustrates, the maximum angular shift of the target
in azimuth without a significant drop in gain is much smaller,
around=+2°.

VI. CONCLUSION

An ultra low-profile and low cost phased-array antenna struc-
ture with two dimensional electronically scanning capability
was introduced and the design procedures of its components
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Fig. 14. The radiation pattern of the phased array antenna: (a) in the elevation
plane for three different target locations (the mechanical angle of the antenna is
fixed at 30°) and (b) in the azimuth plane for three different target locations (the
mechanical angle of the antenna is fixed at 90°).

were discussed in detail. The total system weight and phys-
ical dimensions make the installation of this system on any reg-
ular vehicle possible. The mobile phased-array antenna receives
LHCP and RHCP signals simultaneously with a total radiation
gain of 31.5 dB. In order to compensate for the inaccurate and
low cost system components, such as the analog phase shifters
and rate gyro, a novel hybrid tracking algorithm was introduced
based on zero-knowledge beamforming. Thanks to this beam-
forming algorithm the main-beam can be steered to £2.8° in
azimuth and £20° in elevation during a few milliseconds. The
azimuth gyro compensated the coarse movement of the antenna
platform, while the fast electronic beamforming algorithm en-
abled the antenna to respond much faster and prevented the
mechanical system to be engaged all the time. The real time
road tests were performed in order to verify the agility of the
phased-array system. The tracking system was able to track the

satellite even when the vehicle made fast turns and can nullify
the base vehicle yaw disturbances up to 60 deg/s and 85 deg/s>.
The quality of the received signal in different weather condition
was proven to be satisfactory and comparable with 18-inch dish
antenna through hundreds of off-board and on-board tests.
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