IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 7, JULY 2003

1815

Antenna and Receiver System With Digital
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Abstract—To demonstrate and investigate the possibilities of ac-
tive antennas with digital beamforming, a compact breadboard
model operatingin C-band with planar patchesasradiatorsisfab-
ricated and measured. It was originally designed as a technology
demonstrator for navigation purposes, but will be extended for fu-
tureusein combined navigation and communication systems. Sev-
eral parametersfor beam position, sidelobe reduction, and nulling
are set and controlled by a suitable user interface. A special cal-
ibration and error-correction procedure is developed to compen-
sate for drift of active elements, mutual coupling of the patches,
and finite-ground plane effects. The excellent results demonstrate
the versatile features of digital beamforming for satellite naviga-
tion and communication systems.

Index Terms—Adaptive antenna, communication system,
digital beamforming, navigation system, planar antenna, receiver
technology, smart antenna.

I. INTRODUCTION

HE efficiency of future satellite communications and

navigation systems can be improved significantly by
using adaptive antennas with intelligent beamforming and
beam-steering. Interference by multipath propagation or
jammers can decisively be reduced by limited beamwidth,
sidelobe reduction, and generation of nulls in the direction of
the jammer. This leads to a better quality of service (QoS) in
communication systems and helps to enhance the accuracy of
positioning in navigation systems, which, for instance, isavery
important aspect in safety-of-life services.

If communication and navigation systems operate with
nongeostationary satellites [low earth orbit (LEO), medium
earth orbit (MEO), high elliptical earth orbit (HEO)], only
a temporally limited visual contact to a chosen satellite is
possible, where the time of contact for LEO satellites can
even be below 15 min. The beam of the terminal antenna must
follow the course of the satellite and also compensate any
movements of a mobile terminal. The latter must take place in
any case, i.e., also with geostationary satellites. To determine
the terminal position by means of triangulation, the user must
have contact to at least four satellites. However, the accuracy
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Fig. 1. Arrangement of the terminal antenna modules.

of positioning can beimproved and the reliability of navigation
data increases if more satellites are included. For this purpose,
asingle steered beam is not sufficient. At least four, better are
up to 12 beams, must at the same time automatically track
the satellites. Additional beams should comprise a search
function for the allocation of rising satellites and a replacement
for faulty channels. One beam should serve as replacement.
Moreover, interferences must be detected and suppressed by
suitable measures in the beamforming process.

A future-directed technology for the realization of a smart
multibeam antenna is digital beamforming [1]. In contrast to
conventional phased-array configurations, which require com-
plicated multibeam architectures, no adjustable electronic com-
ponents are necessary in the RF part. By shifting the beam-
forming procedureinto the digital signa processing (DSP) unit,
an enormous increase of flexibility is obtained. The accuracy
can till be improved significantly by calibration and suitable
error-correction algorithms, to keep the system independent of
external physical influences to the largest possible extent.

In combination with planar patches, active elements can be
integrated to build complete transmitting and receiving mod-
ules. By their flat or also conformal design, they can be inte-
grated particularly well into the surface of vehiclesor airplanes.

With increasing progress in digital-processing technology,
one of the first experimental setupsincluding a2 x 4 array of
patch elements operating in S-band was presented in [2]. A
linear array of 32 dipoles used as a C-band testbed for algo-
rithm development and demonstration of digital beamforming
technology was described in [3]. Rose et al. presented an 8 x 8
two-dimensional array also used asafeed for alarger microwave
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TABLE |
ANTENNA REQUIREMENTS

Hardware

Software

Active antenna array with integrated planar patches
Frequency range 5.01 — 5.03 GHz
Polarization RHCP

Steering capability
Azimuth
Elevation

360°
+60°

Gain more than 10 dBi for elevation angles > 15° with
the beam pointing at 60° from boresight

System bandwidth 18 MHz

Beamforming capability for up to 12 bearms
Side-lobe level adjustment

Nulling for jammer suppression

Adaptive selection and tracking of up to 12 satellites

Autonomous multipath interference source identifica-
tion and rejection

Graphical user interface

lensfor pattern experiments[4]. Several other setupsfor experi-
ments on beamforming and jammer suppression exist [5], [6].

The design, construction, and basic characteristics of an elec-
tronically steered antenna for land mobile satellite communi-
cations in the L-band are described in [7]. It uses six stacked
patches arranged in a circle and includes a global positioning
system (GPS) receiver. A phased-array antennafor mobile satel-
lite communications in the L-band for possible use with the
Australian Mobilesat system [15] includes broad-band stacked
patches in amultilayer design. The conventional beam steering
using phase shifters permits transmission and receiving, how-
ever, thisarchitectureis not suitable for independent multibeam
generation and steering. A pure digital beam-steering antenna
for aGPSis presented in [8]. The modular array of up to 16 el-
ements enables up to eight GPS satellites to be tracked. Miura
et al. report on an experimental digital-beamforming antenna
system for mobile communications [9]. Smart antennas with
digital beamforming may also play an important rolein channel
sounding [10].

Thedigital-beamforming system that we present in this paper
isused for experiments, aswell asatechnology demonstrator for
advanced satellite-navigation receivers. It consists of a planar
array with 5 x 5 patches including local-oscillator and calibra-
tion-signal distribution. The C-band (5.15 GHz) was used be-
cause it is still an option for the future European Galileo satel-
lite system. It needs higher gain antennas in any case and, thus,
may take advantage of smart beamforming and interference sup-
pression procedures. The arrays are smaller than in the L-band,
which significantly extends the range of application to alarger
class of vehicles.

The work performed is the further development of the linear
array presented in [11] to a complete planar configuration with
integrated RF and signal-processing stages. It was our goal to
arrange all components on boards of the same sizethan the area
of the patch layer. The compact breadboard model is measured
in atest range. A suitable interface is devel oped to set different
parameters and visualize the actual beamforming features.

Il. SYSTEM DESCRIPTION

A. Planar Array

In view of future mass production, a compact multilayer
structure is designed for the RF structure (Fig. 1). Theradiating
elements are sguare patches on the bottom of a thin radome
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Fig. 2. Layout of RF circuits in multilayer technology. (a) Architecture.
(b) Assembled RF multilayer (bottom view).

substrate. Each is fed via perpendicular coupling apertures
in a ground plane to separate the radiation and feed region.
Hybrid couplers are integrated to achieve right-hand circular
polarization (RHCP) with sufficient axia-ratio bandwidth
and reliable performance. Couplers and feed lines are built



DREHER et al.: ANTENNA AND RECEIVER SYSTEM WITH DIGITAL BEAMFORMING

Beamforming Electronic

1817

Control & Data Processor

WControlier
BOC555

4 display
EEE488 p 4
Pugin | G G s //)-' &

M o
RT3 SAW Filter HSP 50016
> @J BW = 18 MHz —— 0 namzio
ChmT b o= o1 bl G
. se‘“v‘;‘l‘l’: :rggli!ier f,= 40 MHz .‘_,E,. gl
{1 | £=70 MHz 108it L FIRFilter Sample rate dec. |||

Fig. 3. Block diagram of receiver structure.

in symmetric stripline technology to shield the following
electronic components by an additiona metallization at the
back plane of the antenna. An optimum configuration to meet
the requirements listed in Table | isan array of 5 x 5 radiators
with a distance of A\y/2, which is mainly a tradeoff between
gain, grating lobes, and element coupling. A gain of at least
10 dBi is achieved for elevation angles of 15° if the main beam
is scanned to £60° from boresight.

A special problem in stripline structures arising above al in
connection with coupling apertures is the generation of par-
alel-plate modes guided between the metal plateson either side.
Thismay lead to areduction in efficiency and gain for the single
element. The unwanted coupling between the radiators causes a
certain degradation of the radiation performance. A specia sup-
pression technique to reduce parallel-plate modes without any
use of shorting pins [12] was applied and extended to circular
polarization [13]. It is based upon shifting the parallel resonant
frequency caused by the coupling between the patch and slot to
aregion, where the loss rate into the parallel-plate mode hasits
minimum and the patch itself hasits resonant frequency. Thisis
achieved by using an additional open-ended stub connected in
shunt with the feed line.

Fig. 2(a) shows the bottom view of different layers of the RF
part before assembling. The connection of hybrid outputs to the
amplifiers [low-noise amplifier (LNA)] is carried out by short
vias through the ground plane. To keep losses low, all vias are
shielded with shorting pins and the LNAs are mounted directly
undernesth the hybrids. Additional layerswith networksin sym-
metric stripline technology are used to distribute the signal of
the local oscillator to the mixers and to feed a specia calibra-
tion signal to the input of each LNA. This enables a correction
of drift and temperature effects coming from the active el ements
during the operation of the antenna. The fabricated multilayer
structure is depicted in Fig. 2(b).

B. Sgnal Processing

Thereceiver structureisshownin Fig. 3. It is based on a het-
erodyne concept with high digital IF. An input-stage low-noise
amplifier monolithic microwave integrated circuit (MMIC) fol-
lowed by a mixer MMIC forms the analog part used to convert
the signal from 5.15 GHz to the first IF of 70 MHz. The com-
plete module has a gain of 18 dB and a single-sideband noise
figure of 4.5 dB. To prevent unwanted aliasing effects, the IF
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Fig. 4. Complete antenna setup during measurement.

module contains a surface acoustic wave (SAW) filter, which
limits the bandwidth to 18 MHz and has a stopband attenuation
of at least 50 dB. Thelevel of the IF signal at the AD-converter
input is adjusted by means of an amplifier with automatic gain
control (AGC). The complete gain of the IF stageis 80 dB. The
digital part of the receiver startswith AD conversion that is per-
formed with 10-bit resolution and a sampling rate of 40 MS/s.

Basicaly, satellite-navigation signals are processed using
1-3-hit quantization only dueto the signal being buried in noise
and the low dynamics in the amplitudes of the signal. When
applying beamforming, the dynamics in signal amplitude, i.e.,
the signal level of the main lobe compared to the sidelobes or
the deep nulls being generated, will be increased significantly.
Thisresultsin ademand for a higher resolution in quantization.
The actual 10-bit resolution has been selected based on an
analysis of the influence on the settings of the amplitude
and phase weights, as well as the resulting influence on the
calculated radiation patterns. Resolutions of ten bits and more
result in dynamic ranges of over 60 dB, phase errors less than
0.5°, and signal quantization to noise power ratio degradation
due to sampling better than 60 dB, which is well within the
specification requirements. In addition, the availability of
commercial low-power and cost-efficient integrated circuits
(ICs) has been taken into account.

The presented concept generates a second IF at 10 MHz by
utilizing undersampling. After that, the digitized signal istrans-
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(a)

formed to baseband and decomposed to in-phase and quadra-
ture components. Thisisdonein aspecia IC (HSP50016). The
highest output rate of the digital converter is adjusted to 1 kHz,
but with the tuning ability of the converter, a frequency sweep
over the whole bandwidth of 16 MHz is possible. The chan-
nels of the beamforming electronic show acrosstalk of lessthan
—25dB.

An intelligent interface consisting of a microprocessor and
an |EEE 488 controller chip isused to organize the data transfer
via the IEEE 488 standard bus. The final beamforming is ac-
complished via a personal computer (PC).

IIl. BEAMFORMING ALGORITHMS

Specia beamforming methods are used to generate beams to
givendirections. Thelevel of sidelobes can be adjusted and deep
nulls can be generated in the direction of jammers and inter-
ferers. Different algorithms for sidelobe-level adjustment and
nulling based on binomial, Taylor and Chebyshev approxima-
tions derived from linear arrays were implemented. In addition,
it ispossibleto directly apply independently calculated weights
and observe the resulting effects. At the moment, no adaptive
algorithms are implemented.

To achieve good results, the single-element radiation pat-
terns, strongly depending on the position of the radiator within
the array and determined by mutual coupling and finite ground
plane, was taken into account and used for the error-correction
procedure. The radiation pattern of the embedded element m of
aplanar array of arbitrary shape with the infinite ground plane
is given as

N
B (6, 8) = ER(0,6) 3 cppe Mm@ tun0.0) (1)

n=1
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(b)

Fig.5. Measured radiation characteristics of digital antennafor different scan anglesat center frequency (5.15 GHz). (a) p = 0°,8 = 0°.(b) ¢ = 45°,0 = 45°.

with u(8,¢) = sin(f)cos(¢) and v(6,¢) = sin(6)sin(¢).
E™(6, ) denotes the ideal isolated pattern of the array ele-
ments, ¢, are the coupling coefficients, and V is the total
number of elements.

Introducing the decoupling matrix DC' . vy asthe inverse
of the coupling matrix C' v x v), theisolated pattern of the array
elements can be evaluated from

Eb Lgm
| =DCyxny | |- @)
EY, B
It isalso used to determine the corrected weighting vector fw‘(: N)
by multiplying the transposed decoupling matrix with the orig-
inal weighting vector wx [14]

wf

wi
=D0<TNxN>[ s ] ©

why wN
However, this method still assumes infinite ground planes.

In order to take finite ground-plane effects into account, the
ideal isolated patternsin (1) have to be replaced by the real iso-

lated patternsin afinite ground-plane environment

N
Efrlgl(e? (z)) = Z c’rnnfn
n=1
fn = EP7(6, ¢)e I (znu(8,8)+ynv(6,4)) (4)

where E**" isthe real measured pattern of asingle elementin a
finite ground-plane arrangement.

Equation (4) is solved in a least-squares process using real
measured data asinput values. In order to achieve adequate pre-
cise results for planar arrays, at least 18 evaluation planesin ¢,
#-cuts, and evaluation steps smaller than 4° per evaluation plane
have to be incorporated in the least-squares fit process.
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(b)

Fig. 6. Scanwithe = 90° and ¢ = 20° using additional sidelobe control (< —25 dB). (a) Without compensation of mutual coupling and finite ground plane.

(b) With compensation.
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Fig. 7. Multiple pattern-null generation at (¢, 6) = (0°,30°), (90°, 39°), (—135°, 60°), (—90°, 21°). The cut for = 0° shows the radiation characteristic

with (—) and without (- - -) pattern null at (0°, 30°).

To mitigate a detected interfering signal, the weights have to
be calculated in such a way that a null value is placed into the
direction of incidence of the interfering signal. The procedure
used here is based on Schelkunoff’s method [16]. The concept
is developed on the fact that rectangular arrays can be treated
as a superposition of two orthogonal linear arrays. This allows
utilizing algorithms developed for linear arrays. A linear array
consisting of NV elementsallowsthe placing of N —1 zeros. The
radiation pattern of the planar array can be calculated through
the product form of a polynomial representation of two orthog-
onal linear arrays
N M
AF(8,¢) = Z Z wip el Fod((i=Dut(k—1)v)
=1 k=1

i=1

N
_ <Z wys - cIkods <z‘—1>u>
i=1
M
. <Z Wik - Cjkgdy(k—l)'n>
k=1

N-1

_ (ejkod; sin(8) cos(¢) _ (]7‘,)

&
=
<L

1

(Cjkgdy cos(8) sin($) qk) (5)

ES
Il

1

where ¢; and g;, are the zeros of the radiation characteristic of
the two linear arrays, and d, and d, are the geometrical dis-
tances between elementsin the z- and y-directions, respectively.
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The zeros can be placed at any wanted direction. The related
weighting coefficients wy-; and wg;, are derived by comparing
the coefficients of the two polynomials.

IV. RESULTS

The complete antenna was characterized in a test range
(Fig. 4). Several parameters were adjusted using a PC and
a suitable interface, which was also used for data recording
and graphical representation. All measurements were car-
ried out at center frequency (5.15 GHz). The capability of
exact beam positioning was demonstrated for a scan angle of
—180° < ¢ < 180° and 0° < 8 < 60°. Fig. 5 shows a surface
plot with a zenith-directed beam and two-dimensional scanning
with ¢ = 45° and 6 = 45°.

An example for sidelobe suppression with simultaneous
scanning is shown in Fig. 6. For all scan angles in the given
region, the sidelobe level can be kept lower than —25 dB. The
generation of multiple very deep nulls was also demonstrated
(Fig. 7). The attenuation of the signal from these directions
is more than —45 dB and there is only little influence on the
shape of the main beam. Exact positioning and the considerable
deepness of the nulls show the efficiency of the error-correction
algorithm.

V. CONCLUSIONS

A compact breadboard model of a C-band antennawith dig-
ital beamforming was designed, manufactured, and tested. It
consisted of aplanar array with 5 x 5 patchesfed with a90°-hy-
brid and slot coupling to achievecircular polarization. Thearray
was build up in a multilayer structure together with a radome
and networks to distribute local-oscillator and calibration sig-
nals. All components including DSP were arranged underneath
the radiators on printed circuit boards of the same size. With
this, a first and important successful step was taken to a com-
pleteintegration of the antenna. The extensive and excellent test
results have shown the numerous advantages and flexibility of
this kind of antenna.
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