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Abstract—A novel dual-polarized antenna array designed for processing in two different ways. One is that the number
a spatial division multiple access (SDMA) system working in of signals available is increased which may further improve
the 1850-1990-MHz band is designed and built. The antenna is ¢ after signal processing [3]. Another simpler alternative
designed to have similar element patterns, and measurements of . . ; . .
S-parameters and radiation patterns are presented. The array 'S to use a post-detection maX|mu_m-rat|o Cor_nblr_lat_lon of the
signal processing performance of the array using all elements Signals from the two sensors. This method is similar to the
and with no compensation for mutual coupling or differences in one frequently used in today’s polarization diversity systems
te_|emt_ent pa_tterr:stisl |StUdited through i@recii_on-olf-a{”ivaﬂ (DOA) ets- for mobile communication base stations [4]. Because of the
imation using total least squares estimation of signal parameters ; . ; ; ;
via rotationalginvariance tgchniques (TLS-ESPRIgT). Tr;le results _nonoptlmal combining USEd. in these commercial systems, it
show that the accuracy of the DOA estimates is quite acceptable is often preferable_to receive _equal mean power from t.he
for wireless communication applications. two sensors [5]. Since the incident signals from a mobile
station exhibit a vertical polarization bias (e.g., [6]-[8]), this
is one reason why polarizations of slab#5° to vertical most
I. INTRODUCTION often are used. Another reason is that slanied® elements
will provide identical azimuth patterns. Vertical and horizontal
URING_the_Iast_feW years there_ ha_s been an enormog&arizations would give different beamwidths. In the antenna
expansion in wireless communication systems and t

) : . ] . ?ray to be presented the choice b15° polarizations also
number of people using their services. This expansion h&?nplifies the feed-network layout

resulted in a demand for increased system capacity, but sinceA problem associated with antenna arrays is mutual cou-

there is _onlty a Ilrtr;:ted ban_dW|_dth a\_/allabtle fo_rl corr:mzrm ling, which changes the element patterns and, thus, degrades
communications, the capacity issue is not easily solved. Af., array signal processing [9], [10]. The coupling can be

other problem is the radio channel. In mobile communicationé

fadi d interf limits both th lit dth compensated for by an analog low-loss network [11] or by
oaf t'ﬂg z;stg]n?sr erence limits bo € quality and the Capac'F‘Xatrix multiplication in the digital processing of the signals

| der to fulill th . ing d d it r&2]. An alternative approach is to minimize the mutual
n order to fulfill these increasing demands on capacity al upling when designing the antenna.

coverage it has recently been suggested to employ smart O this paper, we present a novel dual-polarized antenna

intelligent antennas at the base station [1]. Such an anterar;lpay designed for a SDMA system working in the personal

consists of an array of horizontally distributed sensors that ¢ D munication system (PCS) band (1850-1990 MHz). The
transmit or receive energy independently from one another. Ytenna is designed to have similar element patterns and

using signal processing algorithms to continuously distingui easurements of-parameters and radiation patterns are pre-

between desired signals, multipath and interfering signals itégnted. We study the signal processing performance of an
possible to smoothly track users with main lobes and interfea[

; ianals with null 4 thereb antl mizing th ctual array with no compensation for mutual coupling and
INg signais with nufis an ereby constantly maximizing Migeances in element patterns. More specifically, we study the
carrier-to-interference (C/l) ratio. One may describe this

itiplexi h Is in th tal di " milar t h%‘?ror in direction-of-arrival (DOA) estimation using total least
mu'tipiexing channels in the spatial dimension Simiiar 10 Whal, ares estimation of signal parameters via rotational invari-
IS (_10_ne n th_e frequency and time dlm_enS|0ns in frequen ce techniques (TLS-ESPRIT). Previous work has analyzed
d'V',[Slon m_IEJrLtlple ?ﬁcgs_s (FﬁDMA) fanddt|Te DMA t(_Tng/_lA)_the effect of using dummy elements at the edge of the array
syslt_erlns. N meSDOM/-\IS N den re e_rreh_ E as ;'IO? 1a t'V'S'SH the signal processing performance [9]. Here we choose to
multiple access ( ) and may, N Nigh-mobility SyStemM$,se a1 the array sensors, which is the most effective if the
significantly increase system capacity [2]. tofal array width is limited

If dual-polarized sensors are used so that two orthogona} '

polarizations are received, this may enhance the array signal

Index Terms—Antenna arrays, signal processing antennas.

Il. ANTENNA DESIGN
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Fig. 2. Feed layout for a single dual-polarized element.
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Fig. 3. Cross section of three antenna columns mounted on a common
backplane.

order to cover the typical 120wide cells used in cellular
systems. To achieve similar horizontal patterns for interior
and edge sensors in the array, the mutual coupling between
the columns must be reduced or dummy sensors placed at
the edges. Since dummy sensors increase cost and size, it is

Fig. 1. The 12x 12 dual-polarized array. preferable to try to reduce the coupling.
TABLE | Elevation Pattern: The array has 12 elements with a spac-
NOMINAL EXCITATIONS OF THE COLUMN ing of 125 mm or 0.8 at 1920 MHz. The elevation pattern
ELEMENTS LISTED FROM TOP TO BoTTOM is designed for beam peak at2° elevation. We also want
Bement | 1 [ 2 [ 3 [ 4[5 [s][7[s]9o]w]u] | toachieve some null-fill and suppression of the first upper
Amplitude | 100 | 086 | 119 | 125 | 111 | 123 | 094 | 125 |05 |0es | 0es | 105 Sidelobe while maintaining a high directivity. The choosen
Phasc® | 0 |-25.4 |-469 |-74.4|-85.3 | -82.1|-90.3 | -88.2 | -125 | -03 -13ﬂ+ﬁ17 element excitations are given in Table I. Since high gain is

important, there is a tradeoff between how much amplitude
to as columns and they are designed to provide high-elemé&er we can allow and the pattern characteristics. In the
gain and a suitable vertical pattern. The column spacing fgttern synthesis we allowed the beamwidth to increase from
80 mm (0.512 at the center frequency 1920 MHz). Thighe minimum 4.7-5.
spacing needs to be small to reduce nonambiguity in the signal
processing; a 05 spacing at 1990 MHz would, of course,B. Sensor Geometry

have been ideal, but this would not have accomquated therne sensors are dual-polarized aperture-coupled patch sen-
feed network. The array of the 12 columns provides thgys similar to the designs in [13] and [14]. A multilayer
opportunity of beamforming in the horizontal plane. circuit board is used where the feed network for channel 1
The antenna is designed for dual-linear polarization apd|ocated above the ground plane and consequently the feed
each column has two channels, one #45° and one for network for the orthogonal polarization of channel 2 below
—45° slant to vertical. We have a total of 24 channels, whicfpe ground plane. Fig. 2 shows part of the two feed networks,
sample orthogonal components of the incident field at }ge cross-shaped aperture and the patch. The ground plane
different locations. To reduce the mutual coupling, there ajth the aperture is located between the substrates. The main

corrugations between the columns. advantage of this configuration is that we use the limited
width of the columns in an effective manner; the possibility
A. Design Considerations of coupling between the feed networks of the two channels is

In the design of the antenna columns we have the followir?dso eliminated.
goals. )

Horizontal Pattern: The major concern with the horizontalC: Corrugations
patterns of the sensors is to keep them as similar as possibl€ig. 3 shows a cross section of three antenna columns.
and preferably to have a fairly large half-power beamwidth ihe multilayer board is mounted in a aluminum reflector.
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Fig. 4. The feed network of one channel in one column. Also shown are the cross-shaped apertures in the common ground plane of the two channels.
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Fig. 5. S-parameters for column 6 in the array environment. Fig. 6. Mutual coupling between column 6 and columns 7 and 8.

A radome with patches on the inside is attached to ealdngth for the lines and the circuit crowding. This results in an
reflector, thus forming an antenna column. Each column is thixtreased frequency dependence of the elevation pattern, but
mounted on a larger back plane where the spacing betwdba limited PCS bandwidth of only 7.3% makes this a minor
the columns provide an approximately4 deep corrugation. concern. The microstrip feed network connects to an output
The corrugation preventbM,, waves from propagating acrosstype-V connector via a RG-400 coaxial cable.

the array and, therefore, reduces the coupling. In theory, the

TE, waves are not affected by such corrugations, but the such . ANTENNA PERFORMANCE

waves do not propagate along the solid ground plane and are,

therefore, of less concern. The corrugation suppresmg A. VSWR and Isolation

surface wave propagating normal to the corrugation, but not a )

wave at oblique angles. In general, the corrugation should beNe aperture coupled patch elements used in the array
A/(4cos ) deep, but we expect the coupling to be stronge@f€ Possible to match to a 23-25 dB return loss. In the
between adjacent elements and, therefore, we chose to makgy environment, however, mutual coupling between the
the corrugation approximately/4. The exact shape of theS€nsors within a column changes the input impedance. The
corrugation is determined using a full-wave moment methdnited width of each antenna combined with the multilayer
[15] calculating the coupling between two longitudinal slot§tructure makes experiments and tuning cumbersome and
on an conducting surface of constant cross section along (A& Patch elements are matched only to a 18-20 dB return
» axis. The calculations predict a 5-dB reduction due to tf@ss. The transition between the input coaxial cable and the

corrugation of thel-plane coupling between the patches. microstrip network also gives a 28-30 dB reflection at 1.9
GHz in addition to the mismatch caused by possible error in

the impedance of the RG-400 cable, rated B0L.52. The

D. Feed Network resulting typical return loss for a column in the complete

The feed network is illustrated in Fig. 4. It is identical forarray environment is 20 dB for channel 1 (upper layer) and
both polarizations and consists of microstrip lines etched on &5 dB for channel 2 (lower layer). Fig. 5 shows the measured
Arlon DiClad 527 substrate with reactive power dividers. Th&-parameters for columns 6 and 7.
entire feed network is designed and optimized in HP-EEsof. The measured isolation within a single column not mounted
The feed point is at the center of the column and at the filist the array is more than 25 dB, but in the array environment
level the power is divided into three branches. At the negte isolation decreases to 20 dB as seen in Fig. 6. A possible
level there are three two-way power dividers and at the finsburce of the increased coupling between the polarization
stage we use six two-way power dividers to yield the desir@thannels is the corrugation aligned vertically, i.e.? 45 the
element excitation. Due to the limited space on the board, fipelarization directions.
of the 12 slots are fed from the opposite compared to theFig. 6 shows the measured mutual coupling between column
other. This causes a 18phase shift that is used to reduce thé and two of its closest neighbors, columns 7 and 8. Notice
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Fig. 7. Element patterns of the two channels of column 6. Fig. 8. Copolar element patterns of channel 1 of all 12 columns.

that the copolar coupling (meaning coupling from oné5°
channel to another-45° channel) is the weaker between
column 6 and 7, whereas it is the stronger coupling between_st
columns 6 and 8. The coupling is less tha@3 dB, but we
still expect disturbed element patterns.

— ideal pattemn
— — column 6 ch.1
----- column 6 ch.2

@

B. Radiation Patterns g
Fig. 7 shows the measured copolar and cross-polar hoﬁi?”"

zontal patterns of column 6 in the array environmefhe £

cross-polar levels are quite high and this is probably causcbor
primarily by the corrugations, but also by the feed network
of channel 1, which is located above the ground plane. Off
boresight, we have an additional geometrical error since the®®
copolarization is+45° to vertical. J
In Fig. 8, we see the horizontal plane element patterns ots_%o”'

channel 1 of the 12 columns. The element gain varies some elevation
2dB from element to element over the50° sector? There Fig. 9. Calculated vertical pattern from the ideal excitation and measured
are no blind spots. patterns of channel 1 and channel 2 of column 6.

As discussed above, we did not design the vertical array for
maximum directivity. Additional errors in the feed network
resulted in a vertical half-power beamwidth of %.6-ig. 9
shows the ideal pattern and the measured vertical Co_p0|aﬂ'he antenna is intended to be used as a base-station antenna
patterns of the two channels of column 6. Just as for tie @ wireless communication system—namely PCS. We see
input voltage standing wave ratio (VSWR), we see higher witR Fig. 9 that the element patterns differ significantly from
sidelobes for channel 2. The null fill still extends to the firsghannel to channel and this will degrade the performance
two nulls for both channels. The gain varies between differeft the signal processing algorithms and, consequently, the
columns and frequencies due to the mutual coupling and tR¥erall system performance. As a figure of merit, we choose
average gain for column 6 is 16 dB. The performances of tf characterize the antenna performance in terms of error in
other columns are similar. the estimate of the DOA. The DOA estimator used in the

simulations is TLS-ESPRIT [17]. We generate signal data for

1The copolar and cross-polar patterns are measured according to the tHigl copolar channels using the measured far-field response in
definition of Ludwig [16], i.e., a fixed transmit antenna is used and th&mplitude and phase
antenna under test is rotated. The radiated field of the transmit antenna ) .
matches the antenna under test at boresight (or beam peak) and the response ree equally strong uncorrelated signals cenfeaed 850

different angles of rotation yields the copolar pattern. The cross-polar pattéytHz are impinging on the array. The true DOA’s ar80°,

is measured with the transmit antenna shifted so that a field orthogonal to t_hg_oo and 20, respectively. A batch ofV = 128 snapshots
previous is radiated toward the antenna under test. ! ! ’ -

2Fig. 8 shows a peculiar behavior betweer? Zhd 180 azimuth for two 3We assume narrow-band signals in the sense that their wavelength is equal
columns; these are the edge columns 11 and 12. A corresponding behavi@nid practically constant over time, although the actual signal values at a given
not observed for columns 1 and 2 at the other edge and, therefore, we attriltine are uncorrelated. This relates the time between the snapshots and the
it to mechanical defects or measurement errors. bandwidth of the channel.

IV. A SIGNAL-PROCESSINGAPPLICATION
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Fig. 10. DOA estimates at 1850 MHz for three signals showing biased enF' ) .

(dgshed line) and the rms error at different SNng' 128 snapghots and fégsheddlme) é.mld the rms error at a different SNR; 128 snapshots and 256
’ independent trials.

independent trials.

managed to fit the whole feed network of 12 dual-polarized
is generated for these three signals. Each snapshot contaissors onto a board only 0 1500 mm in size.
the signal output of each of the 12 sensors based on thén spite of the variation seen in the element patterns, quite
measured far-field pattern and additive white Gaussian noteceptable accuracy is found for direction of arrival estimates
(AWGN). Once the data is generated, we use TLS-ESPRIT#iging TLS-ESPRIT. In a three-signal scenario, the sum of
estimate the DOA's. Fig. 10 shows the results of a Montgiased and RMS error is less thahf@r a sensor SNR= 0 dB.
Carlo simulation involving 256 independent trials for eacMore importantly, the DOA estimates differ by less than°1.2
signal-to-noise ratio (SNR). The SNR is normalized to th&hen we shift the frequency 70 MHz. This indicates that the
gain at boresight of channel 1. The dashed line is the meamtenna is suitable for use in a mobile communication system.
of the estimated DOA and the root mean square (rms) error is
indicated by the gray area. We conclude that the imperfections ACKNOWLEDGMENT
in the array induce a biased error in the estimates which
dominates the rms error at all SNR> 0 dB. The biased
error is less than 1%7for all three signals.

In a mobile communication system, we generally only have
information of the location of the mobile station available at
the up-link frequency. Since the antenna array has frequengyl S. Andersson, M. Millnert, M. Viberg, and B. Wahlberg, “An adaptive
dependent patterns, an error is induced if we use the up-link \"’/‘glaﬁéorp’;Oggg_czoggmgg:)ca;'gglsyStemSEEE Trans. Veh. Technol.
data for the down-link beamforming. We can expect this erropz] B. ottersten, “Array signal processing for wireless communications,” in
to depend on the specific algorithm used. Therefore, here we 8th IEEE Signal Processing Workshop Statistical Signal Array Process-
seek to characterize the antenna array deficiency in terms E .IJr.]gI%aCr:Igrsfgﬁ,(%‘,rb?deacpet’ivieugr?telr?r?:s’ EpGASfelsv?_s?/?ems with nonsynchronized
the difference in the DOA estimates at the two frequencies. In" base stations licentiate thesis,” Tech. Rep. TRITA-S3-SB-9801, Lic.
Fig. 11 we see the result of the same simulation as discussed thesis, Dept. Signals, Sensors, Systems, Royal Inst. Technol., Stockholm,
above but now the frequency is 1920 MHz. The difference ir]4] \?VW?:de\r(] Llegsg{nd Y. S. Yeh, “Polarization diversity system for mobile

the DOA estimates at the two frequencies is less thah 1.2 radio,” IEEE Trans. Communyol. COM-26, pp. 912-923, Oct. 1972.
[5] M. Schwartz, W. R. Bennett, and S. Ste@ommunications Systems and
Techniques. New York: McGraw-Hill, 1965.

The authors would like to thank Dr. R. Roy at ArrayComm,
San Jose, CA, for his input to the design of the antenna.
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