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The Banyan Tree Antenna Array
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Abstract—A new wideband, wide-scan array is introduced,
called the Banyan Tree Antenna (BTA) array, that employs mod-
ular, low-profile, low-cost elements fed directly from standard
unbalanced RF interfaces. The elements consist of vertically-in-
tegrated, flared metallic fins over a ground plane that are excited
by a vertical two conductor unbalanced transmission line. The
antenna resembles the bunny-ear or balanced antipodal Vivaldi
antenna (BAVA) designs, but most importantly uses metallic
shorting posts between the fins and the ground plane that suppress
a mid-band catastrophic common-mode resonance that occurs
in 2D arrays of balanced radiators fed with unbalanced feeds.
This work introduces simple circuit models that describe key
performance attributes of the BTA array, leading to unique phys-
ical insights and design guidelines. Simulations of infinite single-
and dual-polarized BTA arrays have achieved approximately
two octaves of bandwidth for VSWR < 2.2 at broadside and
VSWR < 2.8 at scans out to § = 45°, while maintaining better
than 14 dB polarization purity at & = 45° in the D-plane.

Index Terms—Antenna array feeds, antenna array mutual cou-
pling, phased arrays, ultrawideband antennas, Vivaldi antennas.

I. INTRODUCTION

IDEBAND phased antenna arrays will be critical
W components of future multi-functional communica-
tion/sensing/countermeasure systems [ 1], which will utilize one
or two wideband phased arrays to replace multiple antennas.
Additional wideband array applications include wideband radar
[2], radio telescopes [3], wideband communication systems [4],
power combiners [5], and wideband reflector feeds [6]. These
phased arrays have stringent electrical and manufacturing spec-
ifications that include wideband and wide-scan performance,
multi-beam ability, and polarization agility.

Currently, arrays of tapered-slot end-fire radiators have been
one of the most popular choices of wideband arrays in multi-
functional systems [7]. The Vivaldi array [8], [9], has demon-
strated bandwidths greater than 10:1 [10], [11], and wide-scan
performance, while providing a direct connection to standard
RF interfaces. When designed carefully, these arrays do not sup-
port common-modes, avoiding catastrophic resonances. Despite
their desirable impedance performance, the Vivaldi array ele-
ments are long—namely, a length of 2.5Ay;,n (Where Apign is
the wavelength at the highest frequency) is needed for a 10:1
bandwidth and Apign /2 yields only a 2:1 bandwidth. This high
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profile leads to high cross-polarization levels when scanned in
the D-plane. In addition, their elements are vertically-integrated
and require electrical connection between them, making mod-
ular designs difficult. Nevertheless, some variations can be man-
ufactured modularly, such as the body-of-revolution (BOR) [12]
and Mecha-Notch [13] Vivaldi arrays, albeit with complicated
fabrication.

The outstanding impedance performance of Vivaldi ar-
rays has inspired the development of alternative low-profile
tapered-slot configurations such as the Antipodal Vivaldi An-
tenna (AVA) [14], and the Balanced Antipodal Vivaldi Antenna
(BAVA) [15], [16]. These elements are modular, thus easier
to manufacture, and are only Ayish /2 deep, leading to better
D-plane cross-pol levels. However, two-dimensional (2D) ar-
rays of these elemants can support a broadside common-mode
that splits the operating band into two disconnected bands with
approximately an octave of bandwidth. Balanced excitation
through external baluns was identified as the key to eliminating
the broadside common-mode resonance in 2D arrays. Differ-
ential feeding forces the push-pull mode currents to exist on
the radiating fins, removing any common-mode components
of the current altogether. One example of such an array is the
bunny ear element [17], which is modular, low-profile, and
has achieved bandwidths up to 5:1 [18]. The Doubly-Mir-
rored BAVA (DmBAVA) [19] incorporates mirroring that
rotates elements 180° in the E- and H-planes of the array and
uses a wideband hybrid to properly phase adjacent elements,
achieving up to 5:1 bandwidths.

Although balanced excitation eliminates the broadside
common-mode, these elements support common-modes when
scanned in the E-plane [20] and [21]. Several methods of
suppressing these scan-induced common-modes have been pro-
posed in the literature. One method places metallic walls along
the H-plane, effectively shielding adjacent elements, [22], [23],
at the cost of increased fabrication complexity. Another ap-
proach is to place chip resistors between the fins and the ground
plane near the end of the fins [17], or at the base of the element
feed, as in [21], to dissipate the common-mode currents. This
resistive loading lowers efficiency and power handling, and
increases the noise temperature and fabrication/maintenance
difficulty.

From the above discussion it is apparent that none of the
current ultrawideband tapered-slot antenna array technologies
are simultaneously modular and low-profile with low cross-pol
while maintaining a direct connecttion to standard unbalanced
RF interfaces. In an attempt to develop such a design, this
paper introduces the Banyan Tree Antenna (BTA) array, which
modularly achieves wideband/wide-scan performance without
the need of external baluns, resistive loading, or metal H-plane
walls. This is achieved with the addition of a novel shorting
post arrangement at the tapered fins that is used to control
the broadside common-mode resonance frequency. One can

0018-926X/$26.00 © 2011 IEEE



HOLLAND AND VOUVAKIS: THE BANYAN TREE ANTENNA ARRAY

view this modification as an integrated balun, thus alleviating
the need for external baluns/hyrbids, allowing a direct con-
nection to standard RF interfaces. Additionally, co-design of
the integrated balun and antenna leads to better combined
performance than that of an independently designed external
balun and antenna. Thanks to the simple and insightful theory
developed herein, BTA arrays can be designed to operate
free of both the broadside common-mode and the scan-in-
duced common-modes over 4:1 bandwidths in both single-
and dual-polarized configurations with good matching out to
§ = 45° in all planes. Due to the low profile (Anign/2) of
the elements, the cross-pol levels are below —20 dB in the
principle planes and better than — 14 dB in the diagonal plane
for dual-polarized designs.

The remainder of this paper is organized as follows. Section II
discusses the broadside common-mode of 2D arrays of bal-
anced elements fed with unbalanced feeds, and presents a simple
model to predict its resonant frequency. Section III presents the
topology of the Banyan Tree Antenna. Section IV develops the
theory of operation of the Banyan Tree Antenna, using simple
circuit models to provide physical insights and design guide-
lines. Section V presents results for a single- and a dual-polar-
ized BTA. The paper concludes in Section VI.

II. COMMON-MODE RESONANCE

This section addresses the common-mode problem encoun-
tered in balanced arrays fed directly by unbalanced feeds.

1) Single-Polarized Arrays: Consider a single-polarized,
doubly-periodic infinite array of balanced fins over a ground
plane fed by unbalanced feed lines, as shown in Fig. 1, that
is excited at broadside. This unbalanced feeding will induce
differential, but unequal, currents on the two vertical fins,
as shown by the arrows in Fig. 1. As a result, the currents
on the vertical feed lines no longer cancel and a net flow of
upward (in this case) current results on one conductor. This
unequal current distribution between neighboring elements can
excite a z-directed electric field much like the probe feeding
arrangement of a cavity or a waveguide, shown in Fig. 9(a).
When the distance between two vertical grounded conductors
of neighboring elements in the array is equal to one half-wave-
length, a field mode with dominant z-directed electric fields can
be excited. This mode’s fields do not radiate (reactive fields)
and in turn induce z-directed (common-mode) electric currents
on the metallic fins. Because the array is doubly periodic, a
half-wavelength length between neighboring elements can be
along the E-, H- or D-planes, as shown in Fig. 2. Any other res-
onant length between grounded conductors of non-neighboring
elements is precluded due to the periodic nature of the array.
Along the H-plane (Lp), no resonant mode can be excited
because in this direction there is no probe-like feed conductor
between grounded conductors. Along the E-plane (Lg), a
resonant mode could be excited, but the un-equal currents at
this frequency contribute to dominant radiated fields similar
to those encountered in most dipole arrays. Both resonant
lengths above correspond to frequencies close to the grating
lobe frequency, and for scanning arrays they occur out-of-band.
The resonant mode along the D-plane (Lp), is responsible
for the dominant, problematic common mode, because the
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Fig. 1. Uneven differential-mode (push-pull) current densities due to the un-
balanced excitation of balanced tapered-slot elements.
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Fig. 2. Top view sketch of the array of Fig. 1. This model will be the basis for
theoretically predicting the frequency of the common mode.

probe current has a component along this direction, as shown
in Fig. 3, and the components of the horizontal radiated fields
\/ D2+ D2 as
the resonant length, where D, and D, are the E- and H-plane
spacings, respectively, the following common-mode resonance
frequency is obtained:

along this direction are small. Using Lp =

Co

Jfem =
2\/61‘,6&"\/ D_% + D;

where ¢, is the speed of light in a vacuum, and ¢, ¢ is the ef-
fective relative permittivity given by
2T

Eroff = 1 + D—(Er - 1)
Y

)

2

where 27" is the thickness of the dielectric used to support the
metallic fins (Fig. 2). The resulting common-mode currents on
the fin conductors and the £, field distribution near the ground
plane are plotted at fcm in Fig. 4.

To validate (1), the common mode frequency of a single-
polarized array of elements shown in Fig. 8 (without shorting
posts) with the parameters of Table I is considered. The array is
analyzed using Ansoft/Ansys HFSS [24] and is compared to the
theoretically calculated fcm from (1), shown in Table II. The re-
sults show very good agreement, having less than 2% error for
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Fig. 3. Sketch of the resonant electric fields developed in the array of Fig. 1
at the common mode frequency (only the fields along the resonant length are
shown).
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Fig. 4. Fields and currents in the unit cell of single-polarized, unbalanced fed
fins scanned to broadside. (a) Electric currents on the element fins. (b) Overhead
view of the z-polarized electric field magnitude, |E .| along the plane cut in
Fig. 4(a).

various element spacings D), and D, dielectric constants ¢,,

and dielectric thicknesses 27", validating the proposed theory.
These insights can provide design guidelines for moving this

resonance frequency out of band. One solution is to decrease
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TABLE I
PARAMETERS USED FOR THE COMMON-MODE STUDIES

H [mm] S [mm] Wy [mm] Wy [mm]
21.25 8.00 1.60 1.60
G[mm] | R [mm~'] | R [mm~'] | 7 [mm]
0.45 0.10 -0.33 0.00
TABLE 11

THEORETICAL VERSUS NUMERICAL fcm IN SINGLE-POL ARRAYS

Dy Dy 2T €r €r,¢f || Theoretrical Numerical || Error
[mm] [mm] | [mm] fem [GHz]  fem [GHZ]
20 20 — 1 1 5.30 5.28 0.44%
20 15 2.0 22| 1.16 5.57 5.53 0.73%
20 25 2.0 2.2 1.10 4.48 4.50 0.55%
20 20 2.0 2.2 1.12 5.01 4.95 1.22%
25 20 2.0 2.2 1.12 4.43 4.44 0.29%
20 15 6.0 5 2.60 3.72 3.67 1.37%
20 25 6.0 5 1.96 3.35 3.34 0.20%
20 15 4.0 10 3.40 3.25 3.20 1.66%
20 25 4.0 10 2.44 3.00 2.98 0.65%

fem and move it out of band by increasing either the E- or
H-plane spacing of the elements (or both), but since the ele-
ment spacings are constrained by grating lobe onset at D, and
D, = X\/2, this option is deemed impractical. Another option
is to move the common mode resonance up in frequency, by
decreasing the element spacing. However, minimum spacing is
limited by element size, and small element spacing results in
a large T/R module count. Unlike the element spacing, which
has an inverse relationship to fem, the dielectric constant €, o5
has an inverse square root relationship to fcm, resulting in only
a modest shift in resonant frequency for a Ae, o¢. It is clear
that these parameters alone cannot successfully move the reso-
nance out of the operating band. The BTA modifies the element
topology to introduce additional design degrees of freedom that
are used to shift the common mode out of band, as will be elab-
orated in Sections III and I'V.

This common-mode resonance is excited strongly at broad-
side where the fields of the array are in phase at each element.
Scanning off broadside in any plane introduces a phase progres-
sion in the fields that, since that the fields are no longer in phase
at neighboring elements, reduces the strength of the resonance
excitation. Fig. 5 shows the impedance for scanning along the
E-plane near fcm of a single-polarized array with parameters
in Table I. At broadside, the impedance swings through a series
resonance with 12 = 0 €. As @ increases, the resonance is ex-
cited weakly and the loci quickly contract toward the center of
the Smith chart. When the elements are embedded in a dielec-
tric, the strength of the common mode excitation falls off slower
with 4, and fcm increases with € as a function of cosd (sub-
stituting D, with the effective length, DD, cos 8, in (1), where
the E-plane is assumed to be the 2z-plane). The common-mode
resonance disappears along D- or H-plane scanning, for both
dielectric and dielectric-free arrays. As a result, moving fcm
above the operating band at broadside implies common-mode
free scanning operation.

It is important to note that the common-mode described in this
section is unique to unbalanced fed arrays only. Balanced fed
elements do not support this particular mode, but instead suffer
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Fig. 5. Impedance variation of the arrays in Figs. 1 and 3 near fcm for various
scanning angles in the E-plane.

from other common-modes that, while not excited at broadside,
appear with E-plane scan [20], [21], [23], [25].

2) Dual-Polarized Arrays: In dual-polarized arrays the
topology is altered by the presence of the orthogonal set of fins.
A top view of a dual-polarized unit cell and some important
dimensions are shown in Fig. 6. Because the orthogonal fins
provide vertical grounded conductors that lie exactly in the
middle of Lp, the common mode described in the previous
subsection is shifted to twice the frequency, well above the
operating band. In this case, the resonant length responsible for
the problematic common mode is that of Lg, for the reasons
described in the previous subsection. Thus, in dual-pol arrays
fem can be predicted by

Co
2, /6,-7effD
where D = min{D,, D, }. Again, the effective relative permit-

tivity, €, o, is found using the same weighted average method,
and results in

2T\ D, y] — 4T?
Erett = 1+ [ J+Dy] AT
’ DD,

(€))

fem =

) (= 1. (4

The common mode now occurs at the grating lobe frequency f,
for dielectric-free arrays, and inside the operating band of arrays
with dielectric. Most practical dual-polarized arrays of balanced
radiators with unbalanced feeding use dielectrics to support the
conductors and do have a common-mode inside the operating
band. Table IIT shows good agreement between numerical and
theoretical calculations of fcm, with less than 2% error.

III. BANYAN TREE ANTENNA (BTA) ARRAY

The common-mode was shown to limit the performance of
balanced elements fed with an unbalanced feed, and in response
the Banyan Tree Antenna (BTA) array has been developed to
alleviate this problem.
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Fig. 6. Top view sketch of the the dual-polarized array of Fig. 1.
TABLE III
THEORETICAL VERSUS NUMERICAL fcm IN DUAL-POL ARRAYS
Dy =Dy 2T €r | €rep || Theoretrical Numerical || Error
[mm] [mm] fem [GHz]  fem [GHz]

20 2.0 2.21.23 6.77 6.91 2.05%
26 20 2.2|1.18 5.32 5.22 1.85%
32 20 2.2]|1.15 4.38 4.36 0.46%

N
)

Fig. 7. BTA array arrangements: (a) single-polarized, and (b) dual-polarized
(egg-crate grid).

Single- and dual-polarized arrangements of the BTA elements
on a rectangular, egg-crate lattice are shown in Fig. 7(a) and (b),
respectively. Elements do not require electrical continuity and
are arranged with gaps between neighbors, allowing for modular
construction.

The topology, along with the main geometric design parame-
ters of the BTA element, is shown in Fig. 8. Vertical shorting
posts connect the radiating fins to the ground plane, and are
the key to controlling the common-mode resonance frequency,
which will be discussed in detail in Section I1I-A. These shorting
posts resemble the vertical root system of the distinctive Banyan
tree, hence the origin of the array’s name. This paper focuses on
printed BTAs, namely a single metal layer embedded between
two equal thickness dielectric slabs, as shown in the side view in
Fig. 8. Other variations on the fabrication method are possible
and can be found in [26], [27]. An individual element consists
of two exponentially tapered fins with inner and outer flare rates
of I?; and R, respectively, oriented vertically over a ground
plane. Together, the fins effectively form a tapered slot struc-
ture in the void between the fins. However, due to the extremely
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Fig. 8. Element topology and main geometrical design parameters of the

Banyan Tree Antenna (BTA) element.
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Fig. 9. Mode excitation and mode suppression principles. (a) Fundamental
mode excitation with current source (see Fig. 3 for BTA analogy). (b) Control
of fundamental mode through shorting via.

short length of this tapered slot (total element height typically
< Ahigh /2), the fins operate more like fat, capacitive dipoles
with an exponentially flared matching section over a ground
plane.

At the aperture of the array, the impedance is typically
22150200 2. Matching this large impedance to 50 € poses a
formidable challenge, especially over a wide bandwidth. The
exponentially tapered fins and the short vertical feeds act as
an integrated impedance matching circuit that allows the input
impedance at the ground plane to be well matched to 50 €.

The vertical feed consists of a pair of printed strips that form
an unbalanced feed line of length S, where one line is connected
to the ground plane, and the other is fed directly from an unbal-
anced T-line, i.e., a standard RF interface. Thus, the BTA con-
nects directly to unbalanced feed network T-lines or T/R mod-
ules below the ground plane, without the need of an external
balun or hybrid.

The use of unbalanced feed lines is possible because of the
additional printed lines, referred to as shorting posts, which di-
rectly short the fins to the ground plane. Prudent placement
of the shorting posts forces electric field nulls that modify the
common-mode resonant length L p, providing a means of con-
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Fig. 10. Model used to theoretically predict the common mode frequency in a
BTA array.

trolling the common mode resonance frequency. This will be
thoroughly explained in Section IV-A.

IV. THEORY OF OPERATION

The BTA has a complex geometry that requires rigorous full-
wave numerical analysis for evaluation and optimization of the
array. Nevertheless, a simple approximate theory will be devel-
oped to predict the occurrence of important performance-lim-
iting resonances as well as to provide physical insight into con-
trolling the BTA operation.

A. Common-Mode Control With Shorting Posts

1) Single-Polarized Arrays: As shown in Section II, modifi-
cations of the geometry or materials in the traditional structure
of Fig. 1 are unable to shift the common-mode frequency out
of band. A solution emerges when one considers modifying the
topology in order to introduce additional degrees-of-freedom
into the length Lp expression. This is done in the BTA by in-
serting shorting posts between the fins and the ground plane,
strategically forcing the electric field to zero. Much like the PCB
mode suppression vias used to shift troublesome cavity reso-
nances [Fig. 9(b)] out of the desired range, the shorting posts
of the BTA constrain the resonant fields to smaller resonant
lengths, shifting the resonant frequency upwards.

A top view of the BTA unit cell is shown in Fig. 10, showing
the location of the BTA shorting posts. It is clear that the diag-
onal length Lp is now shorter, and the common-mode resonant
frequency is approximately

Co
2\/6r,oﬂ\/(Dm - df - dg)2 + Dg

where d; and d; are the distances between the center of the
element and the shorting post on the fed and grounded fins, re-
spectively, as shown in Fig. 8. For comparison, an exemplary
BTA design with design parameters shown in Table I and with
the addition of shorting posts of width 6, = é; = 0.3 mm is
considered for various shorting post locations d = d, = dy,
and with D,, = D, = 20 mm. The fins are printed on Rogers
5880 (e, = 2.2) of thickness 7 = 1.0 mm. The broadside
VSWR for these cases is shown in Fig. 11. As the shorting
post spacing is increased, the frequency of the large spike in
the VSWR due to the common-mode resonance increases; in
this case, the common-mode is shifted from 4.9 GHz to nearly
7 GHz. The numerical results are compared to the theoretical
predictions from (5) in Table IV. The analytic results are within
4% of the numerical results, showing excellent agreement.

)

fem =
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Frequency [GHz]

Fig. 11. Variation of the common-mode resonance as a function of the shorting
post position for a single-pol BTA array.

TABLE 1V
THEORETICAL VERSUS NUMERICAL PREDICTION OF fcm
IN SINGLE-POL BTA

dy =dg || Theoretical | Numerical | Error
[mm] fem [GHz] | fem [GHz]

(no shorts) 5.01 4.95 1.22 %
2.8 5.75 5.54 3.67 %
4.0 6.08 5.99 1.50 %
5.0 6.34 6.28 0.96 %
6.0 6.58 6.62 0.60 %
7.0 6.78 6.76 0.30 %

TABLE V

THEORETICAL VERSUS NUMERICAL PREDICTION OF fcm
IN DUAL-POL BTA ARRAYS

Dy = Dy df =dg| 2T €r |€pep || Theoretrical Numerical|| Error
[mm] [mm] |[mm] fem [GHz]  fem [GHz]
30 2.8 2.0 2.2[1.15 5.13 4.95 3.66%
30 4.0 2.0 2.2|1.15 5.36 5.41 0.77%
30 6.0 2.0 2.2|1.15 5.81 6.02 3.40%

2) Dual-Polarized Arrays: In dual-polarized arrays, (3) is
modified to account for the shorting posts, and results in

Co

2 e (D — dy — dy)

where D = max{D,., D,}. Table V shows good agreement be-
tween numerical and theoretical calculations from (6) of fem
in a dual-pol BTA array, using the element of Section IV-Al. In
dual-polarized BTA arrays, the common-mode is readily moved
out of the operating band, above f,, since the common-mode
is already near the high end of the operating band. In fact, the
shorting posts move fcm well above f,, which can further in-
crease the bandwidth for applications requiring only a limited
scan volume.

While the shorting posts are effective in controlling the
common-mode resonance, their presence affects the operation
over the rest of the band, as shown in Fig. 11. The remaining
sections discuss the theory of operation over these bands and
highlight design implications and compromises.

Q)

fem =
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TABLE VI
COMPARISON OF LOOP-MODE RESONANCE THEORY
WITH NUMERICAL SIMULATION

Dy S Theoretical | Numerical || Error
[mm] | [mm] floop [GHz] floop [GHz]

15.0 | 8.00 1.71 1.65 3.64 %
20.0 | 8.00 1.60 1.53 4.58 %
25.0 | 8.00 1.51 1.42 6.33 %
20.0 | 4.00 2.01 2.12 5.18 %
20.0 | 6.00 1.73 1.84 5.98 %
20.0 [12.00 1.18 1.23 4.07 %
20.0 [16.00 1.03 0.99 4.04 %

B. Transmission Line Model of Shorting Posts

Having explored the effect of the shorting posts on the
common-mode resonance frequency, their impact on the array
impedance over the remainder of the band is now considered
using elementary transmission line models.

Modeling the impedance seen at the beginning of the fins (and
absent of shorts) as Z,,,;, four distinct transmission lines can be
identified due to the two feed lines and the two shorting posts.
The first transmission line is formed by the vertical feeds, as
in Fig. 12(a). The remainder of the transmission lines can be
identified as shown in Fig. 12(b)—(d). A full transmission line
model is shown in Fig. 12(e), where the lines Z», Z3, Z4 are
shown in parallel with Z,,,;, which is fed via transmission line
Z1. The shorting post transmission lines are approximately a
quarter-wavelength at mid-band, appearing as an open circuit at
the location of Z,;, leaving the impedance unaffected. There-
fore, despite providing a direct DC path between the fins and the
ground plane, the shorting posts do not short out the radiating
currents at mid-band and high frequencies. At low frequencies,
the shorting post transmission lines are electrically short, and
they look like short circuits in parallel with Z,,,;; this results in
the excitation of a loop mode that is explored in the next section.

C. Low Frequency Loop-Mode Resonance

While the upper limit of the operating band is primarily dic-
tated by the grating lobe frequency, the BTA has a low frequency
limit defined by a sharp loop-mode resonance that has a large
spike (ideally infinite in height) in the resistance and a large res-
onant swing of the reactance typical of a parallel resonance. This
resonance is a consequence of the shorting posts, which at low
frequencies provide a low impedance path for currents, thus al-
lowing a current path to form a resonant loop between elements
along the E-plane. The effects of this resonance can be seen in
Fig. 11 as a shift of the low end band-edge. The resonant loop
can be seen by examining the currents on the fins of the BTA
at the loop-mode resonance frequency, as shown in Fig. 13(a).
The generator excites currents on the vertical feed stem, which
flow onto the fin section of the element. The current, instead of
continuing to flow along the inner and outer edges of the fin,
is shunted to the ground plane through the shorting post, and
additional current flows from the top of the fin down into the
shorting post. On the grounded fin, the currents are similar to
those in regular operation, with currents on the shorting posts
and feed lines flowing in the same direction. Considering image
theory in Fig. 13(b), two distinct loop paths can be identified as
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Fig. 12. Transmission line models of the BTA. (a) The feed lines are modeled
with T-line impedance Z, and the shorting posts are modeled as three T-lines
(b) Z2, (c) Z3, (d) Z4 connected in parallel with the feed lines, as shown in (e).

in Fig. 13(c), where two loops are shown to share close prox-
imity along one arm of each loop, producing high coupling.
From a loop antenna perspective, these coupled loops can be
modeled as shown in Fig. 14, where a small driver loop cou-
ples strongly to a large resonant loop. The capacitive coupling
between neighboring elements is represented by a lumped ca-
pacitance inside the resonant loop. The length of the resonant
loop was estimated using known lengths in the element ge-
ometry. By expressing the approximate length of the loop as
loop = 2(H + S+ D, — (dy + dy)) = Aoop/2, the approxi-
mate loop-mode resonant frequency is given by

Co

46 (H+ S+ D, — (dg + dy))

S O]

floop ~

where | f(C)] is a non-negative function of the capacitance used
to account for the effects of capacitive coupling between neigh-
boring fins. Table VI shows theoretical and numerical results
(Ansoft/Ansys HFSS [24]) predicting fioop for the design of
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Fig. 13. The loop-mode resonance in the BTA. (a) Current distribution around
the loop-mode resonance (low frequency of operating band). (b) Current distri-
bution using image theory. (c) Effective resonant current loop paths on the fins.

Dy~ (ds+ do)

Fig. 14. Loop-mode circuit model consisting of a non-resonant driving loop
(left) coupling energy into a large half-wave resonant loop.

Table I, with the addition of shorting posts of width 6, = 64 =
0.3 mm at locations d, = dy = 6.2 mm, printed on Rogers 5880
(e, = 2.2) of thickness T = 0.787 mm, and with |f(C)| = 0;
the results demonstrate good agreement with less than 7% error,
even without using | f(C)].

Since (dy+dy) « H+5+D,, the loop-mode resonance fre-
quency is not a strong function of the shorting post separation.
However, the loop-mode resonant width (inversely proportional
to the quality factor (J1,,p) increases directly with dy and d,,,
such that a larger frequency range around fj,, is affected by the
resonance. This is evident in Fig. 11, where the low frequency
limit of the operating band increases as the common-mode is
shifted upward in frequency. This indicates an inherent com-
promise between moving the common-mode out of band and
maintaining operation at low frequencies. To help alleviate the
low-frequency degradation, strategies for decreasing fi,op O in-
creasing Q1q,p, are required.
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Frequency [GHz]

Fig. 15. Effect of shorting post asymmetry on the VSWR of the single-pol
BTA.

Equation (7) indicates that there are three distinct ways of
lowering the loop resonance frequency fioop. The first is to in-
crease the E-plane spacing D, to add length to the loop, but
this is a poor option since it lowers the grating lobe onset fre-
quency. The second method is to increase the vertical feed line
height S, which can significantly increase the length of the reso-
nant loop. Finally, the third method is to increase the capacitive
coupling between E-plane neighbors, which is primarily con-
trolled through the separation of neighboring fins, and the area
of the fins (e.g., large values of R,,). However, the minimum fin
separation is limited by fabrication constraints. Also, high ca-
pacitive coupling results in large resonant impedance swings at
the second order resonance of the loop mode, which constitutes
itselfas a VSWR hump around 3.2 GHz in Fig. 11. Among these
methods, it was found that the width of the feed lines W, and
W and the height S of the fins over the ground plane, along
with asymmetric shorting post placement, provide a good de-
sign compromise.

To demonstrate the effect of this asymmetric shorting post
placement on the BTA, Fig. 15 shows three example cases,
where the shorting posts are placed symmetrically with dy =
dy = 3.5 mm, asymmetrically with dy = 3.5 mm and d, =
6 mm, and asymmetrically with dy = 6 mm and d, = 3.5 mm.
In the latter two cases, fcm occurs at the same frequency, since
the overall separation between the two shorting posts is equal.
However, when d; is equal to 6 mm, the low frequency limit in-
creases, and the match worsens over the low frequencies. When
d, is increased to 6 mm, the match improves at the low fre-
quencies. For asymmetric placement of the shorting posts, (5)
remains valid. More importantly, the cross-polarization studies
in the next section indicate that the asymmetric short locations
do not lead to increased cross-pol levels.

V. DESIGN EXAMPLES

The theory developed in the previous section leads to unique
physical insights that can be used (along with the tuning via
full-wave analysis) to design a single- and dual-polarized BTA
array operating over the band of 2-7.5 GHz. It is noted that
no extensive bandwidth optimization was attempted and it is
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TABLE VII
SINGLE-POL BTA ARRAY DIMENSIONS
Dy [mm]| Dy [mm] F [mm] T [mm]
20.00 15.00 19.25 0.79 (31mil)
dg [mm] | df [mm] 0y [mm] O [mm]
6.40 3.50 0.25 0.25
H [mm] S [mm] W; [mm] W, [mm]
25.25 12.00 2.70 2.70
G [mm] [R; [mm~1]1|R, [mm~—1]] 7 [mm]
0.10 0.10 -0.70 2.00

believed that the bandwidth enhancement techniques described
in [19] can be readily applied in the BTA. All numerical results
were obtained using infinite array analysis with Ansys/Ansoft
HFSS 11 [24]. All results are referenced to a 50 £2 waveport
impedance, and use real dielectric materials, but infinitely thin
perfect electric conductors. A 1.6Ay;,.n long air box terminated
with a Apigh /4 thick PML is used for the simulations.

A. Single-Polarized BTA

A simple rectangular grid, similar to that depicted in Fig. 7(a),
is utilized for the single-polarized BTA array. The array element
is depicted in Fig. 8, where the E-plane element spacing is D,. =
2 cm, and the H-plane spacing D, = 1.5 cm. This grid leadsto a
grating lobe onset frequency of f, = 7.5 GHz (assuming scan at
8, = 90°) in the E-plane, and f, = 10 GHz in the H-plane. The
elements are printed on Rogers 5880 dielectric (e, = 2.2), and
a detailed description of the element dimensions can be found
in Table VII.

The loop mode resonance described in Section IV-C has a
Qioop that decreases as d, and dy are increased, and thus dy
and d, should be minimized when possible. In addition, the
shorting posts are not symmetrically arranged on each fin of the
element. Instead, the shorting post on the fed fin is located at
dy = 3.5 mm from the center, while the shorting post on the
grounded fin is located at d, = 6.5 mm.

1) Scan Impedance: The infinite array VSWR performance
of the single-pol BTA array is shown in Fig. 16, at scans out to
6 = 45° in the E- and H-planes (note that the vertical lines at
2 and 7.5 GHz indicate the edges of the operating band). The
impedance is well behaved with scan, exhibiting the highest
VSWR when scanned to § = 45°, VSWR <2.2, in the E-plane,
while the maximum VSWR = 2.9 in the H-plane. The higher
VSWR in the H-plane is typical for this type of element. Al-
though not shown here, the D-plane VSWR results are an ap-
proximate average of the principal plane VSWRs.

2) Cross-Polarization: Infinite arrays radiate a discrete spec-
trum of plane waves (Floquet modes). The main lobe of radia-
tion can be decomposed into two orthogonally polarized plane
waves propagating in the scan direction. In order to obtain the
radiated power carried by these polarizations, a surface S par-
allel to the ground plane is defined some distance from the array.
Power flowing through this surface can be calculated by inte-
grating the Poynting vector over the surface, using field compo-
nents defined by Ludwig’s third definition of co- and cross-po-
larization [28], providing the radiated power per unit cell area.
The co- and cross-polarized radiated powers per unit cell are
shown in Fig. 17 versus frequency for scanning in the E- and



4068

T

w
!

(]
X

w
.

(]
X

2 3 4 5 6 7 8
Frequency [GHz]

(b

Fig. 16. VSWR versus frequency and scan angle of the infinite single-polarized
BTA array. (a) E-plane; (b) H-plane. The D-plane impedance (not shown here)
is approximately the average of the two.

D-planes, plotted in dB and normalized to the incident power at
the input port; therefore, these levels include mismatch losses.

For all scan angles, the co-polarized power is nearly 0.1 dB
down from the input power over the full frequency band, in-
dicating high efficiency. The co-polarization level is shown to
slightly decrease near 3 GHz, where the VSWR approaches 2
(an impedance match of VSWR = 2 has an insertion loss of
0.5 dB due to mismatch). When scanning along the E-plane,
the cross-polarization is well below —50 dB, since this plane
preserves symmetry and the currents on the vertical feed lines
radiate the same polarization as the currents along the fins.

Scanning along the D-plane shows higher cross-polarization
levels since the vertical components of the current on the feed
lines and fins radiate power that is orthogonally polarized to
the main beam, substantially adding to the cross-polarization
level. The H-plane, although not shown for the sake of brevity,
is below —20 dB for all angles.

B. Dual-Polarized BTA

Next, an egg-crate, rectangular grid dual-polarized BTA array
is analyzed, as shown in Fig. 7(b). The design is based upon the
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Fig. 17. Co- and cross-polarization radiated power versus frequency and scan
angle of the infinite single-polarized BTA array. (a) E-plane; and (b) D-plane.
The H-plane polarization levels (not shown here) are approximately the same
as the E-plane.

single-polarized element in Section V-A with some modifica-
tions due to both mechanical and electrical considerations intro-
duced by the dual-polarized arrangement. The element spacing
is equal in both planes, chosen as D, = D, = 2 cm for a
grating lobe frequency f, = 7.5 GHz. The elements are printed
on Rogers 5880 dielectric (¢, = 2.2), and a detailed description
of all design parameters is shown in Table VIII. The shorting
posts are now symmetrically placed on each of the element fins,
with dy = d, = 3.5 mm. This is possible since the dual-polar-
ized arrays have an fcm that occurs at a higher frequency than
in the single-polarized arrays.

1) Scan Impedance: Fig. 18 shows the infinite array VSWR
performance, with the X-polarized elements excited and the
y-polarized elements terminated in 50 2 loads. The coupling
between the two polarizations was found to be very low, better
than —25 dB in the principle planes and — 15 dB in the D-plane,
but is not included due to space limitations. The D-plane VSWR
is approximately an average of the principle plane VSWRs, thus
are omitted for brevity. The E-plane VSWRs have a VSWR «
2.0 over all scan angles, for the full band of 2—7.5 GHz (3.75:1
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TABLE VIII
DUAL-POL BTA ARRAY DIMENSIONS
Dy [mm]| Dy [mm] F [mm] T [mm]
20.00 20.00 18.40 0.79 (31mil)
dg [mm] | d; [mm] 04 [mm] 0y [mm]
3.20 3.20 0.25 0.25
H [mm] S [mm] Wy [mm] Wy [mm]
22.50 9.00 2.00 2.50
G [mm] [R; [mm~— Y[R, [mm~1]] 7 [mm]
0.10 0.10 -0.65 0.00
4
35¢
3 L]
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Fig. 18. VSWR versus frequency and scan angle of the infinite dual-polarized
BTA array. (a) E-plane; (b) H-plane. The D-plane impedance (not shown here)
is approximately the average of the two.

bandwidth). Along the H-plane, the VSWR again shows the
characteristic increase with , reaching a maximum VSWR =
2.8 at 3 GHz.

2) Cross-Polarization: The co- and cross-polarization levels
for the dual-polarized BTA array are plotted in Fig. 19 for scan-
ning along the E- and D-planes. The X-polarized elements are
excited and the y-polarized elements are terminated in 50 €2
loads. As in the single-polarized BTA, the efficiency of the dual-
polarized array is very high, decreasing slightly near 3 GHz due
to the mismatch loss of 0.5 dB at VSWR = 2. This high effi-
ciency also indicates very low coupling of power between the
%- and y-polarized elements.
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Fig. 19. Co- and cross-polarization radiated power versus frequency and scan
angle of the infinite dual-polarized BTA array. (a) E-plane; (b) D-plane. The
H-plane polarization levels (not shown here) are approximately the the same as
the E-plane.

The E-plane scan has the best cross-polarization perfor-
mance, with levels between —27 dB and —40 dB. The H-plane
(not shown here) had similar cross-polarization behavior with
levels below —25 dB. The D-plane exhibits higher cross-po-
larization levels than the principle planes, as observed in
the single-pol BTA of Section V-A2, but this dual-pol array
has a notably better performance, reaching a maximum level
of —14 dB for # = 45°. These results are consistent with
observations reported in [29], which found single-polarized
arrays to have a much higher change in their polarization state
when they are scanned away from broadside, as compared to
dual-polarized arrays.

VI. CONCLUSION

The BTA array achieves wideband operation over a wide
scan volume, while maintaining good polarization purity. The
array uses modular, low-profile, vertically integrated PCB el-
ements that are fed directly by standard unbalanced RF inter-
faces. The conception of the array was based on insights gained
from a simple resonant model, which was developed to predict
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the common-mode resonance encountered in balanced fin ar-
rays fed by unbalanced feeds. The BTA uses shorting posts that
connect each element fin to the ground, effectively tuning the
common mode out-of-band. The addition of the shorting posts
has other performance implications, which were also described
using simple models that provide insight into the low frequency
operation and offer design guidelines. Asymmetric placement of
the shorting posts was found to result in the best performance
and led to single- and dual-polarized infinite BTA arrays with
3.75:1 bandwidths out to # = 45°. The maximum cross-polar-
ization level at @ = 45° in the D-plane was — 10 dB and — 14 dB
for the single- and dual-polarized designs, respectively.
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