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Dual-Polarized Broadband Array Antenna With
BOR-Elements, Mechanical Design
and Measurements

Henrik Holter, Member, IEEE

Abstract—A dual polarized broadband phased array antenna
designed for the frequency range 6-18 GHz, a 45° conical grating
lobe free scan volume and equipped with BOR-elements developed
by Saab is presented. The aim with this array element is to bring
about a dual polarized broadband array antenna that is easy to as-
semble, disassemble and connect to active microwave modules. Dis-
assembling may be important for maintenance and upgrade rea-
sons. Mechanical design and electromagnetic performance in the
form of active reflection coefficient, calculated from measured mu-
tual coupling coefficients, and measured active gain element pat-
tern for a central and an edge element is presented. Edge effects
in the array, which may be severe in small broadband arrays, are
considered in this paper.

Index Terms—Broadband antennas, edge effects, phased array
antennas.

1. INTRODUCTION

HE current progress in advanced radar, electronic warfare
T and communication systems has lead to a large interest in
broadband phased array antennas. The number of published an-
tenna elements usable for broadband arrays is continuously in-
creasing. Some of the up to now most common elements are the
tapered slot element (also named Vivaldi-element and notch el-
ement) [1], the bunny-ear element [2], [3] and the TEM-horn
(single polarized element) [4]. All these elements have a three-
dimensional structure. In the last few years, broadband array el-
ements with a two-dimensional structure have also been pub-
lished. Examples of such elements are given in [5], [6], and
[7]. Two-dimensional elements have advantages with respect to
manufacturing and conformal mounting. Information regarding
electromagnetic properties and design guide lines of arrays with
these elements are so far rather limited. Some recently pub-
lished interesting low-profile broadband elements can be found
in [8]-[10].

Broadband arrays are many times difficult to assemble. This
is especially true for dual polarized tapered slot arrays, which is
probably the most popular broadband array type today. A con-
siderable manufacturing difficulty with dual polarized tapered
slot arrays is to obtain the necessary good electrical contact be-
tween adjacent elements. Soldering, for example, is many times

Manuscript received April 18, 2006; revised July 7, 2006. This work was
supported by the Swedish Defense Material Administration (FMV).

The author is with Saab Microwave Systems, Stockholm SE-17588 Jarfilla,
Sweden.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TAP.2006.886557

unpractical. The problem is aggravated in arrays designed to op-
erate at high frequencies because of the small element spacing.
If one manages to attach adjacent elements then there is a con-
siderable risk that the array will become one solid piece, which
also hinders maintenance. It is possible to design dual polarized
bunny-ear arrays without electric contact between adjacent el-
ements. At the presentation of the paper in [3], it was however
pointed out that it was necessary to use resistive film from the
dipole wings to the ground in order to suppress electromagnetic
resonances caused by the gap.

In this paper, a new dual-polarized array element is presented
that facilitates the assembling and disassembling process of the
array aperture and connecting of the array aperture to microwave
modules. A small prototype array with 3 X 4 elements was ear-
lier built with the purpose to examine some of the building prin-
ciples and to compare with numerical calculations [11]. That
array was single polarized. The array presented here is dual po-
larized and has 332 feed points. The array is rather small com-
pared to the wavelength, which makes edge effects important
[12]. Edge effects are therefore commented on in this paper.

The paper has been divided as follows. In Section II, elec-
trical and mechanical requirements on the array aperture are
presented. In Section III, the electromagnetic design procedure
is presented. In Section IV, the mechanical design is presented.
Electromagnetic performance of the manufactured array in
form active reflection coefficient and embedded element pat-
tern is presented in Section V. Concluding remarks are given
in Section VI.

II. ARRAY APERTURE REQUIREMENTS

The array has been designed for a certain application. This
application has set the electrical and physical size requirements
on the array aperture. The most important requirements are as
follows.

* Frequency range: 6—18 GHz.

* 45° conical scan volume.

* Dual polarization.

* No grating lobes.

* SWR (standing voltage ratio) < 2 for the major part of the
array elements. This SWR is for a feed line with 50-Ohm
characteristic impedance.

* The size of the aperture must be about 16 x 9 cm. This size
is mainly determined from the requirement on the array
beamwidth.
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The requirements on the SWR and grating lobes are for the
whole frequency range—scan volume space specified previ-
ously. The array elements are connected directly to transmission
lines with 50 Ohm characteristic impedance. No additional
matching circuits behind the array are allowed. Impedance
matching must be achieved directly within the aperture.

From the aforementioned requirements, an element spacing
little more than half a wavelength at 18 GHz has been found to
be appropriate.

The number of necessary antenna elements is determined by
the element spacing, lattice type and the aperture size. A square
lattice is used for this array. 17 x 10 elements are used for one
polarization and 18 X 9 elements are used for the other polar-
ization. These numbers are explained shortly. The total number
of feed points is therefore 332.

III. ELECTRICAL DESIGN

The electrical design of the array has been performed with the
FDTD unit cell numerical code PBFDTD [13]. This software is
based on the time domain unit cell technique presented in [14]
and is capable of oblique scan angles. Since it is a time domain
technique, array data is obtained for all frequencies, for a certain
scan angle, in a single computation. This is very convenient for
broadband array analysis and design.

As has been pointed out earlier, edge effects may be severe
in broadband arrays. Since the array here is rather small, all
elements will be affected more or less by edge effects at the
lower frequencies. The array design has therefore not only been
performed with unit cell analysis where periodic boundaries
have been used in both array transversal directions (infinite x
infinite array analysis). Arrays that are finite in one direction
and infinite in the other direction have also been analyzed with
the PBFDTD code. The required frequency band of operation of
the array is 618 GHz. In an attempt to reduce the edge effects
in the manufactured finite array at the low frequency end of the
operational band, the array has instead been designed to operate
from 4 GHz.

The final element design has been verified with the commer-
cial Ansoft HFSS finite element based code. Comparisons be-
tween the PBFDTD and Ansoft HFSS codes are later presented
together with measurements on the manufactured array.

IV. MECHANICAL DESIGN

The main goal with the array was to find a mechanical design
which makes assembling and disassembling of the array easy.
Another important objective was to find a convenient way to
connect active modules to the aperture backplane. A description
of the mechanical design of the array is presented in this section.

The manufactured array is shown in Fig. 1. It consists of
18 x 10 = 180 circular symmetric bullet-like protrusions.
Feeds are applied in the gap between each protrusion in both
cardinal directions (z- and y-directions) forming the z- and
y-polarized elements. The number of feed points is, therefore,
17 x 10 for one polarization and 18 x 9 for the other polariza-
tion.

A single protrusion, which thus constitutes a part of two xz-po-
larized and two y-polarized elements, is shown in Fig. 2. It has
an exponential profile and is made of aluminum. For the sake of

Fig. 1. Manufactured array. The overall size is about 16 X 9 cm.

Fig. 2. Antenna element with screw thread.

simplicity, we refer to one protrusion as an element. The length
of the element has a major influence on the lower frequency
limit. As mentioned earlier, in an attempt to reduce the edge ef-
fects at low frequencies, the array was designed to operate from
4 GHz. This has maybe led to an unnecessary long element. The
element length is about 1.9 wavelengths at 18 GHz. The element
has recently been patented by Saab and has been given the name
body of revolution (BOR)-element.

The ground plane, shown in Fig. 3, is made of aluminum and
has grooves in the surface. The purpose of the grooves is to form
an electromagnetic open circuit behind each element in a sim-
ilar manner as the slotline cavity in tapered slot elements [1].
The depth of the grooves has a considerable effect on the array
low frequency limit. The antenna elements are screwed into the
ground plan. A brick, shown in Fig. 3, is positioned between
each element and the ground plane. Two feeding pins, one for
each polarization, are attached to each brick. The two feed pins
go through holes in the ground plane (forming 50-Ohm coaxial
cables) under two of the adjacent antenna elements. The ele-
ments are thus fed in the gap between adjacent elements. This
feed constitutes an unbalanced to balanced feed for each an-
tenna element. A balanced feed is important for low cross-po-
larization. A total of only two coaxial feeds are thus needed for
one dual polarized element. This is especially important in ar-
rays operating at high frequencies where the element spacing is
small, and therefore the available space for connectors, is lim-
ited.

The array back plane is shown in Fig. 4. GPO/SMP female
blindmate connectors are snapped into specially designed holes
in the ground plane. The feeding pins through the ground plane
are pressed into the side of the GPO/SMP-connectors attached
to the ground plane. This is done after the GPO/SMP connectors
have been attached to the ground plane. Standard connectors are
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Fig. 4. Backplane with GPO/SMP-connectors.

consequently used. This is an advantage from cost and mainte-
nance points of view.

Microwave modules that fit the connectors on the array back-
plane have been designed and manufactured, see Fig. 5. The
modules are double sided, hermetically sealed, equipped with
cooling pipes and are snapped to the connectors on the array
back plane. When the modules are detached, it is important that
the connectors do not come loose from the array back plane. The
connectors are therefore stronger connected to the array back
plane than to the modules. This has been accomplished by a
suitable shaping of the holes on the array back plane.

A property of this array which does not always apply to other
broadband arrays is that after the array has been assembled it can
easily be disassembled. That may be important for maintenance
and upgrade reasons.

V. ELECTRICAL PERFORMANCE

Electrical performance in the form of active reflection coef-
ficient and active element pattern for a center and an edge ele-
ment in the manufactured array is presented in this section. The
center element is located close to the center of the array in Fig. 1
and is horizontally (z-direction) polarized. The edge element is
located close to the middle of edge 4 in Fig. 1 and is also hor-
izontally polarized. For these two elements, the E-plane is the

Fig.5. Microwave module. Nine modules are connected to the array backplane.

xz-plane and the H-plane is the yz-plane in Fig. 1. The D-plane
is the plane between the E- and the H-planes.

A. Active Reflection Coefficient

The mutual coupling coefficients between the array elements
have been measured. The active reflection coefficient has then
been calculated from these coefficients (the sum was taken over
all the coupling coefficients) for scanning in different planes.
A uniform tapering has been used. The magnitude of the active
reflection coefficient in linear scale is presented in form of con-
tour plots with frequency (4-18 GHz) on the y-axis and scan
angle (—70° to +70°) on the z-axis. Contour lines are given
for the values 0.3, 0.5, and 0.7 (to make the plots as readable
as possible). The value 0.3 correspond to a SWR of about 1.9,
which is close to the requirement of a SWR < 2. This SWR is
required for the frequency range 6—18 GHz and for scan angles
up to 45° in all planes. A dashed rectangle has been inserted in
each contour plot to indicate this region.

The active reflection coefficient for scan in the E-plane,
H-plane, and the D-plane (diagonal plane) for the center el-
ement is shown in Figs. 6-8. Edge element active reflection
coefficient for scan in the E-plane and the H-plane is shown
in Figs. 9 and 10. SWR (calculated from measured coupling
coefficients via the active reflection coefficient) for broadside
and 445° scan in the E- and H-planes for the center element
is shown in Figs. 11-13. Also shown in these figures are the
PBFDTD and Ansoft HFSS calculated SWR (with infinite X
infinite array unit cell analysis). These plots correspond to a
single scan angle in Figs. 6-8.

A number of observations based on the plots are given here.

The reflection coefficient within the dashed rectangle in the
contour plots is lower than 0.3 for most of the points. There are
also “islands” with higher values.

The edge element, Figs. 9 and 10, is performing rather well
despite that it is located close to the array edge and, therefore,
especially exposed to edge effects. The polarization of this el-
ement is parallel to the adjacent array edge. An element, not
shown here, positioned close to array edge 3 in Fig. 1 and po-
larized in a direction orthogonal to the array edge performs a
little bit worse. This is probably caused by the fact that the mea-
sured mutual coupling coefficients are stronger in the E-plane
than the H-plane for closely located elements. Since a transmit-
ting element, with a strong mutual coupling coefficient, outside
the array edge is “missing” in the finite array (as compared with
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Fig. 6. Active reflection from measured coupling coefficients. E-plane scan.
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Fig. 7. Active reflection from measured coupling coefficients. H-plane scan.
Center element.

the infinite array) when the active reflection coefficient is cal-
culated for the edge element, the effect on the active reflection
coefficient will be substantial.

There seems to be several broad peaks in Figs. 11-13. It is rea-
sonable to assume that the peaks are caused by edge reflections.
For broadside scan (Fig. 11), reflections from all four edges are
plausible, which complicates the appearance of the peaks. How-
ever, when scanning to fairly large angles in one of the principal
planes (E- or H-plane), it may be that the peaks are dominated
by reflections from the two array edges that are orthogonal to
the scan plane. If this is the case, the peaks should occur when
the width of the array in the direction that coincides with the
scan plane is about a multiple of half a wavelength. This means
that the peaks should then be spaced about 0.96 GHz for E-plane
scan and 1.7 GHz for H-plane scan. The number of peaks in the
frequency interval 6-18 GHz should therefore be about 12 for
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Fig. 8. Active reflection from measured coupling coefficients. D-plane scan.
Center element.

Frequency (GHz)

Fig. 9. Active reflection from measured coupling coefficients. E-plane scan.
Edge element.

E-plan scan and 7 for H-plane scan. A glance at Figs. 12 and
13 indicate that this may be the case. Since some of the peaks in
the plots are rather wide, they may be composed of two adjacent
peaks. Edge effects in arrays, especially broadband arrays with
strong mutual coupling at the lower end of the frequency band
because of the small element spacing, is a complicated phenom-
enon that has been investigated by several authors; see, for ex-
ample, [12] and [15]-[18].

There are 17 x 10 array elements with the same polarization
as the center element. Since there are 10 elements in one of
the direction, the center element is not positioned exactly at the
center of the array. But since it is positioned close to the array
center, there is a left-right symmetry in Figs. 6-8. For the edge
element, Figs. 9 and 10, there is, as expected, symmetry for
E-plane scan but not for H-plane scan.

The element spacing has been chosen to avoid grating lobes
for scan angles up to 45° in all scan planes. It can be observed
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Fig. 10. Active reflection from measured coupling coefficients. H-plane scan.
Edge element.
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Fig. 11. SWR for a center element from measured coupling coefficients and
calculated (oo X oo array). Broadside scan.

in the contour plots that for scan angles larger than 45° the re-
flection coefficient has a tendency to increase as the frequency
increases. This is most likely caused by the first grating lobe,
which, because of the finiteness of the array, becomes more and
more visible as the frequency increases.

B. Embedded Element Pattern

In this section, measured embedded element pattern for the
same center and edge element as dealt with before is presented.
The embedded pattern is the pattern of a single element in the
array when all other elements are terminated in matched loads.
The patterns are normalized with the theoretical infinite ideal
array element gain pattern [15]

_ 4AmA
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Fig. 12. SWR for a center element from measured coupling coefficients and
calculated (oo X oo array). E-plane +45° scan.
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Fig. 13. SWR for a center element from measured coupling coefficients and
calculated (00 X oo array). H-plane 4+45° scan.

where A is the wavelength, A is the unit cell area, (6, ¢) is
the scan angle in a spherical coordinate system where the
z-axis is parallel to the array normal direction and I'y is the
active reflection coefficient. When (1) is used for normalization
in this paper, I'y has been set equal to zero, which results
in the “ideal element pattern.” Another name for embedded
element pattern is “scan element pattern” [20]. The confusing
but widespread name “active element pattern” is not used
here, also see [20]-[22].

Figs. 14—-17 show with (1) normalized contour plots of mea-
sured embedded element pattern in the E- and H-plane. A pos-
itive (negative) value in the plots means that the measured ele-
ment gain is higher (lower) than the gain pattern calculated from
(1). A dashed rectangle inserted into the plots indicates as ear-
lier the design area.

A number of observations based on the plots in Figs. 14-17
are given later.



310 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 55, NO. 2, FEBRUARY 2007

Frequency (GHz)

© (deg)

Fig. 14. Measured normalized embedded element pattern (dB). E-plane.
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Fig. 15. Measured normalized embedded element pattern (dB). H-plane.
Center element.

The fluctuations in the plots are larger for E-plane scan than
for H-plane scan. That may be explained by the fact that the
measured mutual coupling coefficients between the center el-
ement and elements close to this element are stronger in the
E-plane than in the H-plane.

If (1) is a very good approximation, then the plotted quan-
tity in Figs. 14 and 15 for the center element should be near
zero dB. That is almost the case as can be seen. On average, the
values are just above zero, which shows that the measured ele-
ment gain pattern, on average, is somewhat higher than the ideal
element gain pattern calculated from (1). Equation (1) should
be a better approximation at higher frequencies since the array
then becomes electrically larger and the edge effects are less
pronounced. That also seems to be the case in the figures.

Measured element pattern for the edge element in the E- and
H-plane is shown in Figs. 16 and 17. The edge element is po-
sitioned close to the middle of edge 4 in Fig. 1. H-plane scan

Frequency (GHz)

]
%

Fig. 16. Measured normalized embedded element pattern (dB). E-plane. Edge
element.

Frequency (GHz)

-20

© (deg)

Fig. 17. Measured normalized embedded element pattern (dB). H-plane. Edge
element.

is performed in the yz-plane, which is orthogonal to this edge.
That explains the nonsymmetry around the § = 0° point. Nega-
tive §-values in Fig. 17 correspond to scanning in the yz-plane
with y negative (see Fig. 1). The plotted quantity in Fig. 17
is on average higher for negative than for positive #-values.
This is expected since the measured active element pattern does
not follow the approximate cos #-behavior as in (1) for nega-
tive @-values [(1) is valid only for infinite arrays or approxi-
mately valid for center elements in large arrays]. For E-plane
scan (Fig. 16) there is as expected more symmetry around the
6 = 0° point.

Measured cross-polarization in the E- and H-plane is shown
in Figs. 18 and 19. The cross-polarization level is similar to the
cross-polarization level in a 16 x 16 element dual polarized ta-
pered slot array earlier built at Saab and similar to the measured
cross-polarization level presented in [2] and [23].
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Fig. 18. Measured cross-polarization (dBi) of mbedded element pattern.
E-plane. Center element.
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Fig. 19. Measured cross-polarization (dBi) of embedded element pattern.
H-plane. Center element.

VI. CONCLUSION

A dual polarized broadband array that is easy to manufacture
and to connect to microwave modules has been presented.

The edge effects observed in the manufactured array are less
severe than expected. This may partially be explained by the fact
that not only infinite X infinite array analysis was performed
in the design process. Also, infinite X finite array analysis was
performed.

There are no dielectric materials in the array. It is completely
made of metal. There will therefore be no dielectric losses. Con-
ducting losses are negligible.

Tapered slot arrays can, as shown in [24], suffer from electro-
magnetic resonances in the dielectric material the elements are
made off. A technique to eliminate the resonances is presented
in [24]. A huge number of numerical calculations based on unit
cell analysis, has never shown any hint that there may be reso-
nances in arrays with BOR-elements.

The elements are made of solid aluminum. This is appropriate
for the array here, since the elements are small. If BOR-elements
are going to be used for arrays operating at lower frequencies
they can be made of metalized plastic or be made hollow in order
to reduce the weight.
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