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Multibeam Antennas With Polarization
and Angle Diversity
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Abstract—A 10-GHz discrete cylindrical lens array with Lens array
multiple beams is designed and characterized as a receiving

angle-diversity array for wireless communications in a multipath ~___»  ===a__ .
environment. The array also has dual-orthogonal polarization P >/< ~

and therefore built-in polarization diversity. The array is designed ,fcfizfe,,,
for wide-angle scanning between—45° and 45°and measured Yo

a )
2 \
scanning patterns are presented. The polarization isolation >~/‘\[\< \

between the two channels is about 30 dB at boresite and about ncident Optical )
10 dB for a 3¢° scan angle. The addition of the lens array at the "wave 1 ""W""""'Eﬁé """"""""" } Receiver 1
very front end of a link shows significant reduction of multipath /l
fading peak-to-null ratio. 4
ap . . ),'ReceiverZ
Index Terms—Antenna arrays, diversity methods, multibeam  Non-feed-side Feed-side .
antennas, polarization. antennas antennas o
Delay -
lines

. INTRODUCTION

HE BENEFITS of different types of diversity in WireleSSFig' 1. Alensantennaarray consists of two interconnected antenna arrays. The
nit element of the lens array is a pair of antennas, connected with a delay line.

communications have been known since the first mobii@e length of the delay varies across the face of the array such that an incident
radio systems [1]. Spatial [2]-[4], polarization [2], [4], [5], angleplane wave is focused onto a focal point in the near field on the feed side of
[2], [3], or frequency diversity have been used or proposed to irfhe array. Plane waves incident on the nonfeed side of the array from different
. : . . . directions are focused onto different points on the focal surface, where receiving
prove signal-to-noise ratio, bit-error rate, channel capacity, aQlennas and circuitry are placed to sample the image.

power savings in a mobile link. In this paper, we examine the use

of morelthan one type Of diyersity in the same frgnt-end antenpa s spatial separation of the input waves, which enables sim-
array—in specific, polarlgatlon and ang!e dlvers_|ty. The anten_ ffied subsequent processing. The front-end processing bene-
is a discrete lens array, inherently having multiple beams w when using a discrete lens in an adaptive array, as applied

f&interference and multipath propagation, were investigated in
tion. The lens array is planar and lightweight, fabricated usizg path propag ’ g
r

standard printed circuit technology. In this approach, a stand

i schematic of a lens array is shown in Fig. 1 and is here
N-element antenna array followed by a feed network is replac

by 2 di : in Which | ; Gfcussed in receive mode, although the lens is reciprocal and
fy a Ecre;e ens ?rray N whi arrahy element pairs pfer- can also be used in a transmitter. The unit element of the lens
orm a Fourier transform operation on the incoming wave ronz!\’rray consists of two antennas, interconnected with a delay line

aqu < N recelvers are placgd on a focal surface samph ,90]. The length of the delay varies across the array such that
this image. The Iens_ array can include integrated amplifiers i, i igent plane wave is focused onto a focal point in the near
each element and different lenses have been demonstrate {95 on the feed side of the array in Fig. 1. Plane waves inci-

spatially-fed transmit-receive arraysx6] andKa bands [7]. dent from different directions are focused onto different points

In_ active discrete _Ienses_wnh distributed am_pll_flers, In rang, the focal surface, where receiving antennas and circuitry are
mission th? effect|ve rgdlatgd power (ERP), IS mcregseq W'H?aced to sample the image, which is a discrete Fourier trans-
accompanied increase in reliability and efficiency, while in 1&g, o the incoming wavefront. The discrete lens has improved
?eptlon the dynamlcé(;a.ngekl]s |mp|rove(r:i1.?s trr:e Iqw-n|0|sc(jadam )cusing properties over some dielectric lenses and reflector an-
r:er (LITIA)AnImses add inco Trent Y, W Ifltl € signa ad S_’ﬁ%nnas, as it can be designed for low-sidelobe levels at large-
erently. A lens array was also successiully mt_egrate Wit @fbering angles [10]. Multiple receivers correspond to multiple
analog holographic optical processor in an optically-smart alAtenna radiation pattern beams, enabling beam steering and
tenna array [B]. The lens array as the front end of a system PHEam forming with no microwave phase shifters. In a multipath

environment, each of the reflected waves is focused onto a dif-
Manuscript received June 21, 2001; revised October 25, 2001. This work v¢§§ent r.ecelverv giving angle d!VerS”y' o
supported by the National Science Foundation Wireless Initiative under Grantsln this paper, a lens array is used due to its inherent angle
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Fig. 2. Photograph of one side of a 45-element 10-GHz cylindrical lens antenna array shows the patch antenna elements with dual-polariza@nfettelin
microstrip delay lines connected with via holes to orthogonally polarized patches on the other side of the two-layer lens array.

10-GHz dual-polarized cylindrical lens are described. The le Upper patch
is placed in a controlled multipath environment and the redu

tion of multipath fading effects is shown experimentally.

Il. MULTIDEAM LENS ANTENNA ARRAY—DESIGN
AND PERFORMANCE

The lens array designed for this study is a cylindrical 45-el

ment array with three 15-element rows, which serve to provi(Ground
a fan-shaped beam in the vertical direction. The photograph Plane
one side of the lens, Fig. 2, shows the patch antenna eleme
with dual-polarization feed lines and the microstrip delay line
connected with via holes to orthogonally polarized patches
the other side of the two-layer lens array. Orthogonal polariz
tion between the nonfeed and feed sides of the lens improves
isolation between the two sides. A single element of the lens
schematically shown in Fig. 3. It consists of a pair of dual-pola
ized patch antennas printed on two microstrip substrates witl
common ground plane. The substrates used in this design ha
relative permittivity of 2.5 and are 0.508 mm thick. The patche
are designed to be resonant at 10 GHz are 9.1-mm squares,
the feed points are matched to 50-ohm feed lines with quar;r _ . . .

. . . . ig, 3. A single element of the lens consists of a pair of dual-polarized patch
wave 1;'-2'0hm matching sections. Each feed I'n? IS CONNECHkEnnas printed on two microstrip substrates with a common ground plane.
with a via to the corresponding orthogonally polarized feed lirhe substrates have a relative permittivity of 2.5 and are 0.508 mm thick.

fth hon th her si f the aroun lane. The vi 10-GHz patches are 9.1-mm squares, and the feed points are matched to
of the patch on the other side of the ground plane. evias %—(E)% feed lines with quarter wave 112-matching sections. Each feed line is

metal posts 0.8 mm in diameter. . connected with a via to the corresponding orthogonally polarized feed line of
The 2-portS-parameters of the single element of the arraite patch on the other side of the ground plane.

were measured using an HP8510 Network Analyzer with a

3.5-mm coaxial calibration and are compared to simulatiod8C°. The axial ratio at the two ports is about 30 dB as shown
obtained using Zeland’'s IE3D method of moments (MoMh Fig. 6 and the two feeds are seen to be in perfect quadrature,
software, as shown in Fig. 4. From these measurementsi.at, the peak of one polarization coincides with the null of the
can be seen that the isolation between the two ports of thiher.

patch is about 35 dB at resonance, which implies that theThe element spacing in the array from Fig. 2 is half of a free
two polarization channels are practically independent and csppace wavelength in one plane and 0.85 the other plane.
provide polarization diversity. The measured E- and H-plariéhe delay lines and the positions of the antenna elements at
radiation patterns of the single element in both polarizatiotise feed side with respect to the ones at the nonfeed side are
are shown in Fig. 5. The asymmetry in the radiation patternsused as the design variables. They are calculated to give two
clearly seen to be due to the feed lines, as the patterns from peefect focal points located at the anghgs= +45°. The design
feed are almost the same as those for the other, but flippeddrguations are given in [10]. Since perfect focusing exists only
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Fig. 4. Measured (solid line) and simulated (dashed line) two-port unit cell
s-parameters, where the ports correspond to orthogonally polarized feeds.

for the plane waves incident gt45° and —45°, for any other
angle of incidence the path-length errors are present, which in

turn degrades the radiation pattern. As described in [10], these ™% 90 180 270 360

errors can be significantly reduced by “refocusing.” Therefore, Angle [Deg]

the feeds are not po_smoned atthe focalarc with a_constant radll—JT’bS. 6. Measured axial ratio of array element for the two orthogonally
equal to the focal distance, but rather at the optimum focal gfélarized feeds. The solid and dashed lines are the measured relative powers
which minimizes the path-length errors. The difference in lengtceived at the two ports of the element as the transmitting horn polarization
between the longest and shortest delay line is 0,85 focal 'S ™@ed:

distance-to-diameter ratio /D = 1.5, with F' = 324 mm.

The lens was characterized in an anechoic chamber using\tfigens and the first sidelobe increases. The maximum received
setup shown in Fig. 7. A standard gain horn antenna is copgeewer for each of the patterns in Fig. 8 varies by about 1.5 dB
larized with the nonfeed side of the lens array and used a#dhe range of scan angles and is plotted in Fig. 9 along with
transmitter in the measurements. For measuring radiation pée half-power beamwidth of the main lobes. The asymmetry in
terns corresponding to different beams of the multibeam lerlBg maximum received power behavior is due to the asymmetry
the lens is rotated and power detected at one receiver at a tifnéhe radiation pattern of the patch element as seen from Fig. 5.
Linearly polarized horn antennas are used as the receiver binthis range of scan angles, the first sidelobe level varies from
tennas, but the same patches as the array elements can be aitép-dB at 0 to —9 dB at 45.
natively used. The resulting normalized radiation patterns for Two parameters that affect the shape of the lens far-field pat-
receivers positioned betweem5’ and+45° along the focal tern are the path-length error for feed positions that are not at
arc are shown in Fig. 8. As the scan angle increases, the bealam perfect focal points and the amplitude distribution across
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Fig. 7. Sketch of measurement setup used to characterize the lens arra
standard-gain linearly polarized far-field horn antenna is used as a transmi
and another horn antenna is used at the receive port.
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the feed-side elements due to the spatial feed (this is eas)
understand in transmission mode). Calculated lens array rac
tion patterns with the corresponding path-length errors and a
plitude distributions, for beams at boresite and steeredds’

are presented in Fig. 10(a) and (b), respectively. Dashed li

S
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(b)

. R . ) ] rll-? 10. Calculated lens array radiation patterns with the corresponding
present the case when the amplitude distribution is uniform asnapmude distributions and path-length errors, for a beam at boresite (a), and
the receiving antennas are positioned at a distdné@m the steered to-45° (b). Dashed lines represent the case for uniform amplitude
center of the lens arrav. Solid li tth ith th distribution and the receiving antenna at a distafideom the lens array. Solid
y. Solid ines present the case wi € fHes represent the case with the actual amplitude distribution and the receiving
tual nonuniform amplitude distribution and with the receivingntenna at the optimal focal arc.
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Fig.11. Calculated (dashed) and measured (solid) lens array radiation patterns
for a beam steered te45°. Fig. 12. Measured polarization properties for the two polarization states of

the lens for four scan angles {05°, 15°, and 30) as the transmitting horn

.. . .. polarization is rotated.
antennas positioned along the optimal focal arc. The amplitude

distributions and the path-length errors are calculated for the

15 antenna elements in the middle row of the antenna arr@gwer level for a given transmitted power. The lens array is

The z-axis in these graphs is the position of the antenna effen inserted in front of the receiving horn antenna. It was men-

ments along the row with the origin located at the center of tfj@@ned before that the lens array has built-in polarization isola-

lens array. An improvement of more then 5 dB in the first siddlon and therefore the receiving horn antenna has to be rotated

lobe level is achieved by refocusing for the beam at boresite, ¥ 90 - Two sets of thru measurements are discussed. In the
shown in Fig. 10(a). For the beam steered-#5°, nonoptimal first one, the receiving antenna is positioned at the focal dis-

amplitude distribution contributes to an increase in the first sigl2Nce.£” = 324 mm, and in the second, the feed is moved to

lobe level. The agreement between calculated and measured[_'?s-poi't'or; which Ln_mr:rplzesbthe patthk;lengt_:l error (‘;;the op-
diation patterns is shown in Fig. 11 for a beam steered46°. imum focal arc), which for a beam at boresite Is equatte:

For other scan angles, the agreement between calculated %5 mm. The distance between the transmitter and the lens array

- e iS 3.6 m. The lens array is mounted in an absorber aperture of

measured radiation patterns is either better or comparable to %e . T

case presented in Fia. 11. The axial ratios of the two—orthot '€ same size as the lens and the total absorber size is a square
presente 9. = 60 cm on the side. The measurements were made for the system

onal polarizations of the lens were measured at 10 GHz a

; - At is calibrated in two ways: without the absorber and through
function of scan angle, and the results are shown in Fig. 12

X . i o aperture in the absorber. Table | summarizes these measure-
four different scan angles. In this measurement dual—polanz%ms for both polarization states of the lens

patch antennas as the ones in Fig. 3 are used at the receive pofhis measurement tells us how efficient our system is in col-
and both polarizations are measured simultaneously. The axiaking the RF power relative to a system without the lens array.
ratio degrades with increased scan angle and the two polariggsce the effective area is increased with the presence of the lens
tions become more coupled, which can be noticed not only #aray we would expect to be able to collect more power. How-
the level of the cross-polarized signal, but also in the relative pgyer, the results in Table | show us that the total received power is
sition of the nulls and peaks for the two polarization states. Ngigmost cases below the level that we would receive using the re-
that as the scan angle is increased, the beamwidth broadensc#iger antenna alone. That is due to the loss in the system where
sidelobe level increases, and the polarization isolation degrad@g main contributor is the spill over loss. This loss can be sig-
Because of these trends for higher angles, we chose to optimitficantly reduced if we design the lens array and the receiving
the lens design for the two beams at 4hid—45°, not the beam antenna as a system. In the case of the cylindrical lens, which
on boresite (0). we are considering, that would lead us to a receiver in the form
Since the lens is intended to be the receiving antenna, itokan antenna array with several antenna elements positioned in
important to minimize the loss in the antennas, feed lines, atige vertical plane where most of the power gets focused. Cal-
spatial feed, as any loss before the LNAs has a detrimental eflations show that the thru measurement would result in 8-dB
fect on the noise figure. In order to obtain an indication of lerimprovement in case of a 15-by-15-element lens array with the
efficiency, “thru” measurements are performed in a 4-m-lorgpme antenna elements and the lens parameters as the 45-ele-
anechoic chamber. The transmitting and the receiving horn ament lens array presented here. It is important to note here one
tennas are connected to a synthesized sweeper and power matiantage of the discrete-lens arrays over multibeam or phased
respectively. The reference (0-dB) level is determined by coparrays. Multibeam array feeds for large number of beams and
larizing the antennas and measuring the line-of-sight receivel@ments become very complex and contribute to an increase in
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TABLE |
THRU MEASUREMENTS OF THELENS ARRAY FOR FEED LOCATED AT FOCAL DISTANCE AND AT THE OPTIMUM FOCAL ARC FOR THE TWOPOLARIZATIONS.
THE MEASUREMENTSWERE DONE USING TWO DIFFERENT CALIBRATIONS (ONE WITHOUT AND ONE WITH AN ABSORBERAPERTURE

Polarization of Tx/Rx | Feed distance [mm] Relative received Relative received
power (w/o aperture) | power (with aperture)
Tx-V,Rx-H F=324 -2.2(dB) -0.7 (dB)
Tx-V,Rx-H G=458 -4 (dB) -3.9 (dB)
Tx-H,Rx-V F=324 -1.5 (dB) 0.9 (dB)
Tx-H Rx-V G=458 -3.5(dB) -2.9 (dB)
- /Absorber -17
~7TN
AN ,/I \\
N
Tx -19 \\\ // AN
200 cm - \ / AN
£ Y ’/ A
-x % — ————— e ———— — —
\
+x¥  Metallic Focal Arc H \ //
Mirror L | Lens Array e \ k
.23 A 7
\
Fig. 13. Multipath measurement setup with a singlex18 wavelength L N\ /
reflector which is translated by three wavelengths inttirection. Ther = 0 S
reference level corresponds to the second null in the lens radiation pattern, ¢  _p5 P R S S SN SN SR T T S S S

shown in Fig. 10(a).

x [em]
costand losses. In lenses, however, the feed network complexit @
and losses scale favorably. 415
lIl. M ULTIPATH FADING REDUCTION [ TS S
25 =

Based on the characterization of the array shown in the pre_ ’
vious section, we expect to see improvements in a link in a mul § —
tipath fading environment when the lens is used at the front enc= .35
In order to test this, the lens is placed in a simple controllable“g’
multipath environment consisting of a single metal reflector in&
an anechoic chamber, as shown schematically in Fig. 13. Th -45
reflector is 15x 15 free-space wavelengths large and is trans-
lated in ther direction over three free-space wavelengths. The
reflector is positioned so that at= 0, the reflected wave from
the transmitting horn falls into the second null of the lens an-
tenna pattern for a receiver on the optical axis (receiver A in
Fig. 13), consistent with the radiation pattern from Fig. 8. In ®)
the first set of measurements, Fig. 13, the received powergg 14. Measured received copolarized power in the presence of a reflector
a line-of-sight link between the transmitting horn antenna amdhout lens in link (dashed line) and with the lens added at the front end of
the receiving patch, with no lens array present, was measufI=GEr (ol e, Tie eceber & postones s oo b e,
without the presence of the mirror, and then as the mirror Waiector (no multipath) in the link, for 500-mW input power to the transmitting
translated in the direction. The power at the input of the transhorn antenna in Fig. 12.
mitting horn is 500 mW. The straight horizontal lines on the
plots in Fig. 14(a) and (b) are the measured power for the dirdetel measured with the feed on optical axis (straight solid lines
link only, without the reflector present. When the reflector ig Fig. 14(a) and (b). This agrees well with the second null &t 15
added, there is a standing wave behavior typical of a multipaththe radiation pattern in Fig. 8, which is about 30 dB below
environment. When the lens array is placed in front of the rédie main beam. When the metallic mirror is placed in the ex-
ceiving antenna, the multipath peak-to-null ratio is significantlgeriment, the level of the signal is on average raised by 20-dB
reduced, partly due to the gain of the array, and partly due to thempared to the reference power level measured without the
built-in angle diversity. mirror [solid lines in Fig. 14(b)]. Therefore, the reflected multi-

When the receiver is positioned at point B on the focal apath signal is spatially separated from the direct signal and the
corresponding to a beam atl5’, the reference level of the re-two are received separately and can subsequently be combined
ceived signal without the mirror is 30 dB below the referend® obtain an increased signal level.
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