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Experimental Results of 144-Element Dual-Polarized
Endfire Tapered-Slot Phased Arrays
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Abstract—Two 9 x 8 x 2 (144 element) dual-polarized end-
fire tapered-slot phased arrays have been built. Measured data for
mutual coupling coefficients and scan-element patterns are pre-
sented. Also, element resonances, predicted by numerical infinite-
array analysis are examined. The dimensions of the two arrays are
identical. They differ in that plated-through vias have been reposi-
tioned to eliminate element resonances. One array was expected to
operate from 1.0 to 4.6 GHz and the other from 1.0 to 5.9 GHz. It
was found that, at low frequencies, the central elements are heavily
affected by the finiteness of the arrays due to strong mutual cou-
pling between array elements. Extrapolation of the observations
indicates that a tapered-slot phased array, designed for wide-angle
scanning, should be comprised of at least 30—-40 rows and columns
of elements to obtain low-frequency performance that is compa-
rable to infinite-array predictions. In spite of the smallness of the
array, predicted-element resonances could be identified by exam-
ination of the phase of the mutual coupling coefficients. Based on
these observations, the plated-through vias are adequate to remove
element resonances.

Index Terms—Broad-band phased array, measurement, mutual Fig. 1. Prototype array comprised of nine printed circuit cards for each
coupling, tapered slot phased array polarization, eight tapered slot elements per card. The element spacing is

27.02 mm (0.0 at 1.0 GHz) in thex- andy-direction in both arrays.

|. INTRODUCTION MoM and FDTD by considering a unit cell in an infinite array.

HE TAPERED-SLOT element is a promising candidat®arameter studies that led to the array design are presented in

for both single- and dual-polarized wide-band and widg5]. The arrays are identical except that one array contains “con-
angle scanning phased arrays. Numerical calculations of infinftred” vias rather than straight vias. The contoured vias are in-
arrays have shown that a bandwidth of 5.9 : 1 over a scan voluteaded to eliminate band-limiting resonances. Measured data of
of £50° is achievable. Scan blindness and resonances limit timeitual coupling coefficients and scan-element patterns are pre-
upper frequency band. The element spacing at the lowest feented. The measured scan-element patterns are compared with
quencies can be as small as 0.1 wavelengths, which means sican-element patterns calculated from the mutual coupling co-
the effect of mutual coupling between array elements is egfficients. Also, predicted element resonances are identified by
tremely important. Finite-array behavior is therefore of great imxamination of the phase of the mutual coupling coefficients.
terest. The complex geometry of the tapered-slot element makeklitional coupling data and co- and cross-polarized scan-ele-
finite-array analysis exceptionally time consuming. Both singleaent patterns and design information can be found in [6].
and dual-polarized finite tapered-slot arrays with different types
and numbers of elements have been built earlier [1]-[4]. The
array in [2] contains more than 4000 discrete radiating elements.
The purpose of this paper is to present measured results fofPne of the dual-polarized arrays is shown in Fig. 1. The two
two finite dual-polarized tapered-slot phased arrays, desigr@i#ays are comprised of the elements shown as insets in Figs. 2

by full-wave analysis. The full-wave analysis was performed i@nd 3. The dimensions of the two arrays are identical. They
differ in that plated-through vias have been repositioned to elim-
) _ _ _ inate element resonances. The element spacing is 27.02 mm
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Fig. 2. Numerically calculated SWR for an infinite array comprised of “straight” via elements scannetlitotbe H -plane. The first grating lobe appears at
6.29 GHz.
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Fig. 3. Numerically calculated SWR for an infinite array comprised of “contour” via elements scannetlitotbe H -plane. The first grating lobe appears at
6.29 GHz.

must be positioned in the dielectric substrate where the orthacal simulations of infinite arrays have shown that several strong
onal elements intersect, as shown in Fig. 2. Otherwise, numegsonances will appear in the intended frequency band of oper-
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tering parameters) between different elements as a function of
frequency. The numbered arrows in Figs. 5 and 6 correspond to
the locations of the resonances in Figs. 2 and 3. The behavior of
the phase is quite smooth for frequencies below the first arrow,
corresponding to the first resonance. However, aberrations
appear in the vicinity of the predicted resonances. Since the
only difference between the two arrays is the via configuration,
the difference in the phase behavior between the arrays is most
likely caused by the resonances. This verifies to some extent
the examination of impedance anomalies in [9].
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IV. COUPLING COEFFICIENTS

The magnitude of the mutual coupling coefficients.| is
presented only for the straight via array. Similar results were
obtained for the array with contoured vias. The information is
presented in the form of contour plots. The mutual coupling co-
efficients are always measured between element 542 (Fig. 4) and

Z——61) another element. Since element 542 is not the central element,
4 5 6 7 8 9 all plots show an asymmetry.
—X Figs. 7-10 show the magnitude of the mutual coupling coef-
ficients in a logarithmic scale for the central column and row in
Fig. 4. Array back view. Numbering of connectors. the array as a function of frequency. Figs. 7 and 9 show coupling

along a vertical column of the array (nominally theplane of
ation. An alternative way of positioning the vias is shown iglement 542). Figs. 8 and 10 show coupling along a horizontal
Fig. 3. No ground plane is needed behind the array since tiosv. The similarities of Figs. 7 and 8 and of 9 and 10 indicate that
waveguides formed in the air spaces between the elementshié coupling mechanism is similar in the principal planes. The
Fig. 1 are far below cutoff. Numerical simulations of elongatecoupling in Figs. 7 and 8 shows some tendency to decay more
elements have verified this. The elements in the array are nur@pidly with distance at higher frequencies. A similar trend may
bered as shown in Fig. 4 with three indexes representing colurbe,present in Figs. 9 and 10, though the coupling is altered near
row, and polarization. For example, connector 542 is for a vek-5 GHz and above 4.5 GHz, where resonances and anomalies
tical or y-directed element near the center of the array. are predicted foH -plane scanning. Figs. 11-13 show the mag-
The array comprised of elements shown in Fig. 2 will be callgitude of the coupling coefficients in alogarithmic scale between
the straight via array and the array comprised of elements shoglament 542 and all vertical elements at 1.5, 3.5, and 5.5 GHz.
in Fig. 3 will be called the contour via array. Numerical simulaFigs. 14—16 show the coupling between element 542 and all hor-
tions show that the contoured vias eliminate several resonanizesital elements at these frequencies. These plots show how the
orimpedance anomalies at the upper end of the operating bangoupling coefficients decay at specific frequencies. Consider, for
example, the coupling coefficients between element 542 and all
I1l. | DENTIFICATION OF ELEMENT RESONANCES vertical elementsat 3.5 GHz in Fig. 12. The magnitude ofthe cou-
ling coefficients is about-30 dB for the outermost elements.
t there are 30 vertical elements in the outer perimeter of the
aﬁ%fy. The contribution to the scan-reflection coefficient for ele-
ment 542 from all these elements could be significant if all mu-

calculated SWR for an infinite array comprised of straight Viﬁjéﬂ coupling coefficients added in phase. Usually, they will not

element_s W_hen the array IS scann_eq t E_BﬁheH-pI_ane. The .addinphase, but this shows that the effect of mutual coupling be-
calculation is performed with the finite-difference time-domai

method by considering a unit cell in an infinite array [

Scan blindness and resonances limit the upper freque
band of tapered slot phased arrays. The resonances are
pecially serious for scanning in th&-plane. Fig. 2 shows

Elemlepta ?Ed Caﬁ b_e e!lrrllgateld or rt;:ducedhln aII_ Scl::a_ln %Ia Sited finite-array results. Figs. 11-13 also show that the coupling
Ity' pia e” k rougth vtla_\ts in be edifmeﬂf asbs own '2 ig. 3 [ ecays more rapidly in the principal planes than in the diagonal
IS well known that it can be ditlicult to observe p enOmenEﬂ%ﬂes.Thisistrueforcopolrclrized aswellas cross-polarized ele-

such as scan b[anr!ess and resonances, .pred|cted by nume, ts and may be related to the observed polarization character-
calculations of infinite arrays, in small finite arrays. This Wakiics of tapered-slot antennas [10], [11]

true for both tapered-slot arrays. Neither the input impedance
nor the scan-element pattern reveals obvious resonances at
the predicted frequencies. However, the phase of the mutual
coupling coefficients is sensitive to these anomalies. Figs. SNumerical calculations oftapered-slotarrays based oninfinite-
and 6 show the phase of the mutual coupling coefficients (scatray analysis show that the scan-element pattern is very broad.

V. SCAN-ELEMENT PATTERNS
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Fig.5. Phase of mutual coupling coefficients between different elements in straight via array. The numbered arrows show the locations ofdée ireBanah
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Fig.6. Phase of mutual coupling coefficients between different elements in contoured via array. The numbered arrows show the locations nétseindsigna.

The tapered-slot element is therefore supposed to be a good radliere A. is the unit cell area of one element in the arrays

ator for wide-angle scanning arrays. For infinite arrays, the sctre wavelength and

elementpatter'(4, ¢) canbe calculated as[12], [13] 0 0 ' _ ' o
FS(97 (P) _ Z Z C«nlnegkrndI sin 6 cos gcejkndy sin @ sin

F(97 90) = i_’;r Ae(]- — |FS(9, ¢)|2) cos B (1) m=—oco n=—oo (2)
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Fig. 7. Magnitude of copolarized mutual coupling coefficient between element 542 and elements 512, 522, 532, BA2sed), 552, 562, 572, and 582 for
straight via array. Contour lines at 5 dB each.
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Fig. 8. Magnitude of copolarized mutual coupling coefficient between element 542 and elements 142, 242, 342, #42,i54&¢d), 642, 742, 842, and 942
for straight via array. Contour lines at 5 dB each.

is the scan-reflection coefficient§,,,,, is the mutual coupling unit cell in the array. Equation (1) is valid if there are no grating
coefficient, and/, andd, are the dimensions of one rectangulalobes and the generator impedance is purely real. Equation (1)
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Element number
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Fig. 9. Magnitude of cross-polarized mutual coupling coefficient between element 542 and elements 511, 521, 531, 541, 551, 561, 571, 581, &aiyh91 for s
via array. Contour lines at 5 dB each.
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Fig. 10. Magnitude of cross-polarized mutual coupling coefficient between element 542 and elements 141, 241, 341, 441, 541, 641, 741, aniB4 Lifor stra
array. Contour lines at 5 dB each.

can be used to approximately calculate the scan-element patterthe array edge. The arrays considered in this paper are not
for finite but large arrays, at least for elements not too closarge, but (1) is still used for comparison with the measured
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Fig. 11. Magnitude of copolarized mutual coupling coefficient between vertical element 542 and all other vertical elements at 1.5 GHz forastaight vi
Contour lines at 5 dB each.

Element number, y-direction

Element number, x-direction

Fig. 12. Magnitude of copolarized mutual coupling coefficient between vertical element 542 and all other vertical elements at 3.5 GHz fors@aigit vi
Contour lines at 5 dB each.
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Fig. 13. Magnitude of copolarized mutual coupling coefficient between vertical element 542 and all other vertical elements at 5.5 GHz forastaigit vi
Contour lines at 5 dB each.
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Fig. 14. Magnitude of cross-polarized mutual coupling coefficient between vertical element 542 and all horizontal elements at 1.5 GHz forastnaight v
Contour lines at 5 dB each.



HOLTER et al. TAPERED-SLOT PHASED ARRAYS 1715

2]

e

Element number, y-direction
(6]

Element number, x-direction

Fig. 15. Magnitude of cross-polarized mutual coupling coefficient between vertical element 542 and all horizontal elements at 3.5 GHz forastnaigght v
Contour lines at 5 dB each.
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Fig. 16. Magnitude of cross-polarized mutual coupling coefficient between vertical element 542 and all horizontal elements at 5.5 GHz forastnaigght v
Contour lines at 5 dB each.



1716 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 11, NOVEMBER 2000

180°

Fig. 17. E-plane scan element pattern (absolute gain) at 3.2 GHz for straight via array. Solid line: measured. Dotted line: calculated from measured mutual
coupling coefficients.

180°

Fig. 18. H-plane scan element pattern (absolute gain) at 3.2 GHz for straight via array. Solid line: measured. Dotted line: calculated from measured mutual
coupling coefficients.

scan-element pattern. The difference between the measured BAgdane and thef{-plane at 3.2 and 5.2 GHz are shown in
calculated pattern indicates how much the central elements kigs. 17—20. The measured and calculated patterns agree better
affected by truncation of the array. at 5.2 GHz than at 3.2 GHz. Patterns at other frequencies show
The scan-element pattern was measured for element 542, Wiite trend of better agreement at higher frequencies. This be-
all other elements terminated with 5Dloads. Patterns in the havior is expected, since the array becomes electrical larger at
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180°

Fig. 19. E-plane scan element pattern (absolute gain) at 5.2 GHz for straight via array. Solid line: measured. Dotted line: calculated from measured mutual
coupling coefficients.

180°

Fig. 20. H-plane scan element pattern (absolute gain) at 5.2 GHz for straight via array. Solid line: measured. Dotted line: calculated from measured mutual
coupling coefficients.

higher frequencies. The small oscillations of the measured pat- VI. CONCLUSION AND SUMMARY

tern are typical for finite arrays. Some asymmetry was expectedvieasured data for two small tapered-slot phased arrays were
in the E-plane since the element 542 is not in the center of tigesented. It was found that because of the strong mutual cou-
column. However, it is in the center of its row, so the observaidling between distant elements, a dual-polarized array of ta-
H-plane asymmetry must be caused by manufacturing errorgpered slot elements designed for wide-angle scanning without
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any grating lobes must be electrically large to perform well. Pre-[9] H. Holter, T.-H. Chio, and D. H. Schaubert, “Elimination of impedance
liminary estimates indicate that it is necessary to use at least anomalies in single- and dual-polarlzecli endfire tapered slot phased ar-
. rays,”|EEE Trans. Antennas Propagatol. 48, pp. 122-124, Jan. 2000.

30_40 rows and COIur_nn_s _tO obtain IOWTfr_equenCy performanc?m D. H. Schaubert and T.-H. Chio, “Wideband Vivaldi arrays for large
that is comparable to infinite array predictions. The resonances, ~ aperture antennas,” iRroc. NFRA Conf. Perspectives on Radio As-
which were predicted by numerical analysis of infinite arrays,  tronomy, Technologies for Large Antenna Arrasvingeloo, Nether-
were identified by examination of the phase of the mutual cous, ,, 1219, Sept. 1999. , ,

. L. . [11] G.J.Wunsch, “Radiation characteristics of dual-polarized notch antenna
pling coefficients and the use of plated-through vias seems t0  arrays,” Ph.D. dissertation, Univ. Mass., Amherst, Feb. 1997.

be adequate to remove most of these resonances from the upjpi2i N.Amitay, V. Galindo, and C. Wulheory and Analysis of Phased Array

; ; Antennas New York: Wiley-Intersci., 1972.
portion of the operating band. [13] R. C. HansenPhased Array Antennas New York: Wiley, 1998, pp.
219-222.
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