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Dual-Frequency and Dual-Polarization
Microstrip Antennas for SAR Applications

Ralph Pokuls, Jaroslaw Uher,Member, IEEE, and D. M. Pozar,Fellow, IEEE

Abstract—This paper discusses various methods of imple-
menting a shared-aperture dual-frequency dual-polarized array
antenna for spaced-based synthetic aperture radar (SAR) ap-
plications. After evaluating the use of several potential array
architecture concepts and radiating elements, a design using
interlaced C-band microstrip patches andX-band printed slot
elements was chosen as the best choice for the present sys-
tem requirements. Layout considerations for the two arrays
and their associated feed networks are addressed in terms of
a practical design. A dual-frequency (C- and X-band), dual-
linear polarized SAR array antenna prototype was designed,
fabricated, and tested. The principal goal of this effort was to
demonstrate the viability of the dual-band dual-polarized array
concept, and this has been accomplished. Test results are shown
with good correlation between measured and predicted results,
validating the design approach used. This work demonstrates that
a dual-frequency dual-polarization SAR antenna within a single
aperture is a feasible approach to meeting user requirements in
future SAR spacecraft.

Index Terms—Microstrip antennas, synthetic aperture radar.

I. INTRODUCTION

FUTURE requirements for advanced SAR antennas include
the need for dual-frequency operation using a single

aperture. It is also desirable that the dual-frequency antenna
will be simultaneously capable of dual-polarization operation.
Two frequencies (-band and -band) and dual polarization
were used for the shuttle imaging radar (SIR-C) mission [1],
[2], but the -band and -band antenna did not share a
common aperture. As a consequence, the SIR-C antenna mass
was large (795-kg -band and 370-kg -band) and would
not be compatible with currently operated space platforms. In
practice, only a single aperture antenna has the capability of
integration with a spacecraft of minimum size and cost.

The work described in this paper focuses on the design of
a -band and -band dual-linear polarized synthetic aperture
radar (SAR) antenna sharing the same physical aperture. SAR
systems requirements place strong demands on the perfor-
mance of the antenna and it is these requirements that must
be considered when choosing a design approach. This study
examines alternative design approaches for a dual-frequency
dual-polarized (DFDP) antenna and develops radiating element
designs to enable a proof-of-concept antenna to built and
tested. The performance of this array was evaluated and
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compared with theoretical model predictions created with
commercial software, demonstrating close correlation between
predictions and measured results and showing that the DFDP
concept is viable for development and can meet the full
requirements of spaceborne SAR applications.

The paper is organized into eight sections. In Section II,
the basic performance requirements for the DFDP antenna are
reviewed. Section III deals with a tradeoff study of candidate
dual-frequency radiating elements that are suitable for SAR ap-
plication. Section IV provides details on the radiating element
design and Section V describes the overall design approach
for the proof-of-concept antenna. Section VI includes the
proof-of-concept antenna description, Section VII provides a
measured antenna performance, and conclusions are given in
Section VIII.

II. DUAL-FREQUENCY DUAL-POLARIZATION

ANTENNA REQUIREMENTS

For space-based SAR systems the most significant element
in determining overall system performance is the antenna.
Its capability has major impact on system sensitivity, spatial
resolution in both range and azimuth, image ambiguities, and
swath coverage. The majority of these aspects are primarily
influenced by the beam forming and beam scanning capability
of the antenna, which must be optimized within the volume
and mass constraints inherent in the space environment. With
the exception of the -, -, and -band SIR-C short-duration
Shuttle mission, space-based SAR’s have (to date) been single-
frequency single-polarization instruments, providing what is in
effect a monochrome image. SIR-C and airborne instruments
have demonstrated that the utility and, therefore, value of the
data is considerably enhanced by adding dual polarization
and a second frequency. Generally, high frequencies result
in energy being reflected from the surface, providing an
almost optical quality to the image with low frequencies
achieving some penetration to give information relating to bulk
properties. Polarization has a strong influence on reflectibility
where the scene being imaged has a clear correlation to the
structure, such as occurs with the trunks of trees or ocean
waves.

For the development reported in this paper, frequencies
of 5.3 GHz ( -band) and 9.6 GHz ( -band) were selected
with a requirement that the concepts developed should be
transformable to other pairs of frequency bands. Using high
frequencies was expected to be more demanding in terms of
design and enabled a physically smaller test unit to be built.

0018–926X/98$10.00 1998 IEEE



1290 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 46, NO. 9, SEPTEMBER 1998

Fig. 1. Dual-frequency dual-polarized antenna using interlaced slot arrays.
Subscriptsc andx on feed line labels refer to frequency band of that feed line.

The antenna bandwidth is determined by the required
system-range resolution and look angle. For the next
generation of instruments, bandwidths of between 50 to 100
MHz will be required. Fortuitously, application characteristics
demand the wider bandwidths at higher frequencies and this
results in a fractional bandwidth of approximately 5% being
generally acceptable, for any frequency. It should be pointed
out that the bandwidth is typically defined at the 1.5 : 1 voltage
standing wave ratio (VSWR) level (with the most significant
contributions to the impedance mismatch being radiating
element impedance bandwidth and external feed network
mismatch). However, printed antennas, which are in many
ways the most attractive candidates for DFDP applications,
have inherently narrow-band characteristics. Therefore, it is
very challenging to define an SAR system with bandwidth
performance larger than 3–4% to be compatible with a printed
DFDP antenna.

Polarization purity in a dual-polarized system is another
important performance parameter. The main-lobe region has
demanding polarization purity requirements, typically requir-
ing the cross-polar level to be 25 dB below the copolar peak
in the main-beam region and 20 dB below the copolar peak
outside the main-beam region.

Elevation and azimuth beamwidths are determined by the
antenna aperture size and the amplitude and phase excitations
of the individual elements. Usually, a number of shaped beams
are required in SAR antenna systems (often referred to as
modes of operation). In azimuth the beam is usually fixed
and broadened only very slightly, whereas in elevation, a
highly shaped beam with a beam broadening factor up to

four is typically required. Typically, the beam is scanned
in elevation, not exceeding 20from the boresight position.
Elevation sidelobes of the SAR antenna must be reduced
to minimize range ambiguities. Normally, due to ambiguity
suppression constraints, the most demanding requirement for
beam shaping is at the highest steered angle.

Antenna gain is determined by the aperture size and dictated
in turn by image resolution requirements. For a given aperture
size and interelement separation, the antenna gain is optimized
by selecting radiating elements with higher directivity and
by reducing the loss. Antenna gain variation over frequency
and temperature range is expected due to frequency-dependent
element phase errors, VSWR degradation, element gain vari-
ations, mutual coupling, and other factors. From the SAR
system point of view, it is important to maintain the antenna
gain within each band at a certain minimum level. In general,
this level is determined as a part of the system specification.

III. DFDP ANTENNA CONCEPT ANALYSIS

A dual-frequency array can be conceived in one of two fun-
damental ways: using dual-frequency elements to cover both
bands simultaneously or using interleaved single-frequency
radiating elements for each band. Feed networks must also be
integrated within the same aperture. For each of these meth-
ods, a number of concepts for specific implementation were
evaluated. Since low cost, weight, and ease of manufacturing
were primary considerations, only printed antenna elements
were considered. Thus, using either microstrip patches, printed
dipoles, or printed slots, a number of DFDP antenna con-
cepts using either dual-frequency elements or single-frequency
elements were considered.

For the present design, an array using dual-frequency ele-
ments requires elements that operate simultaneously at- and

-band frequencies. Such elements include dual-frequency
stacked patches [3], patches with “windows,” patches with
grounding pins [5], notched patches [6], and dichroic patches
[7]. Because of the approximately 2 : 1 frequency ratio, el-
ement spacing in the array is dictated by the requirement
to avoid grating lobes at -band, so that element spacing
will be on the order of /2 at -band. This leads to an
unnecessary increase in the number of elements at-band, and
a larger associated feed network. In addition, if the elements
are resonant at -band and the substrate dielectric constant is
relatively low (preferable for good bandwidth), the size of the
element may be large enough to preclude such close spacing (at
least without strong mutual coupling effects) and/or crowding
of the feed network. Alternatively, dual-frequency elements
could be spaced for /2 spacing at -band, with single-
frequency -band elements interspersed between. Either of
these methods is awkward for single-polarized arrays and
probably unworkable for dual-polarized arrays.

For these reasons, it was determined that the use of
dual-frequency elements was not the best choice for DFDP
array applications. Other potential problems with specific
dual-frequency elements include poor cross-pol performance
(stacked patches, dichroic patches), too small of a ratio
between the two frequencies (patches with grounding pins,
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(a)

(b)

Fig. 2. (a) Cross-section of substrate geometry for slot array. (b) Plan view
of slot antenna and feed-line geometry.

notched patches), and complicated feeding requirements
(patches with windows). Coupling within a dual-frequency
structures often results in distorted element patterns and poor
isolation between bands.

We next discuss several possible array architectures using
two interlaced - and -band arrays of dual-polarized single-
frequency elements.

A. X-Band Printed Dipoles (Slots)/C-Band
Printed Dipoles (Slots)

In Fig. 1 the concept for an interlaced array that employs
either slots or printed dipoles is shown. Each element may be
considered to be single frequency with a single polarization.
As can be seen, elements of both types are fed with microstrip
lines that run under the element. In the case of the slot, a
single dielectric layer is required. For the printed dipole, two
dielectric layers are required since the microstrip line is run
on the lower layer with the dipoles printed on the upper layer.
Since slots and dipoles take up less space than patches, it is
expected that some benefit in terms of layout space for the
signal distribution network (SDN) will be realized.

Note that it is possible to put the SDN for the two polar-
izations on different levels but orthogonal to each other so
that they cross. In this layout, three dielectric layers are used,
i.e., for the horizontal polarization (HP) SDN, the vertical
polarization (VP) SDN, and the dipole elements. Coupling
between the feed lines should be low (e.g.,40 dB) and,
therefore, SDN design will be simplified.

An advantage of the slot array is that its SDN is hidden
behind the ground plane where the slots are located and will,
therefore, not contribute to spurious radiation. A disadvantage
is that since a slot is bidirectional, a reflector ground plane

Fig. 3. Equivalent series impedance of a microstrip-fed slot element versus
frequency normalized to 50
. slot length= 0.926 cm, width= 0.1
cm; slot length= 0.935 cm, width= 0.20 cm; other parameters as
given in Section IV.

Fig. 4. Equivalent series impedance of a microstrip-fed slot antenna versus
feed line offsety0 normalized to 50
. Antenna parameters as given in
Section IV.

must be placed at a distance of about behind the slot
in order to direct the radiation in one direction only. This
may result in potential problems due to waveguide modes,
especially when scanning. The printed dipole array does not
have the difficulty with bidirectionality of the slot array, since
the dipole is already over a ground plane. However, the
SDN will not be shielded and will contribute to cross-pol.
In addition, two dielectric layers are required.

B. X-Band Patches/C-Band Patches

This architecture uses microstrip patches for both the-
band and -band arrays. In order to make more room for the
SDN and the patches themselves, one of the design alternatives
is to increase the dielectric constant of the substrate. This
will have the effect of making the size and the bandwidth
of the printed elements smaller. If a substrate with a dielectric
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constant of six is used rather than 2.3, then patch size may
be reduced by about a factor of 1.5. Major disadvantages of
this approach are that radiation efficiency decreases as the
dielectric constant increases, impedance bandwidth is small,
and mutual coupling effects are stronger due to increased
surface wave energy.

C. X-Band Slots/C-Band Patches

Slots and patches may be combined in an DFDP array.
Such a configuration is shown in Fig. 5, where the-band
and -band arrays are shown separately. The-band patch
array uses a microstrip SDN printed on the upper dielectric
layer coplanar with the patches. Slots are printed in the ground
plane of the -band array and are fed with a microstrip SDN
printed on a dielectric layer behind the ground plane. Since
slots are bidirectional, a ground plane must be placed at about

behind the SDN. The exact spacing is determined by the
dielectric constant and thickness of the feed network substrate.
A major advantage of this configuration is that the-band
and -band SDN’s can be separated, thus easing congestion
for the dual-feed networks. In addition, the-band SDN is
isolated by the ground plane below the-band array and will
not radiate in the forward direction.

All of the above concepts were studied and evaluated against
each other. As a result of this study it was concluded that the

-band patch/ -band slot concept had the greatest merit and
this array design is now discussed in detail.

IV. A NALYSIS AND DESIGN OF RADIATING ELEMENTS

In this section, we discuss the design details for the two
types of radiating elements selected for the DFDP array. The
section emphasizes printed slot design, since microstrip patch
design data is more readily available [3]–[6].

A. Slot Element

The substrate configuration for the array antenna has been
chosen with regard to the construction of printed slot and patch
elements and their associated feed networks, and is shown in
cross section Fig. 2(a). The -band patches and associated
feed networks will be mounted on the top side of the top
dielectric substrate while the slots are cut in the ground plane
that separates the top and bottom dielectric layers. The feed
networks for the slot elements are printed on the bottom side
of the bottom substrate, as shown in planar view in Fig. 2(b).
The table below lists the parameters of the substrate geometry:

top substrate dielectric constant

top substrate thickness

bottom substrate dielectric constant

bottom substrate thickness

ground plane spacing

feed line impedance

feed line width

mm

mm

mm

mm

The reflector ground plane at the bottom of the array is
positioned so that the total electrical spacing between the two

Fig. 5. Dual-frequency dual-polarized antenna usingC-band patches and
X-band slots. TheC-band patch array layer overlays theX-band slot layer.

ground planes is at 9.6 GHz. The bottom substrate has an
electrical thickness of 15, while the 6.51-mm air space has a
thickness of 75. In practice this air space may be filled with
foam. Because the main beam of the array is broadside (not
scanned in azimuth) and the array elements are driven in phase,
the possibility of deleterious parallel plate waveguide modes
being excited between the ground planes is eliminated [8].

The slot element described above was analyzed using a
general purpose full-wave moment-method solution that com-
pletely accounts for the dielectric layers and ground planes
[9]. The theory of this solution has been previously described
in the literature and has been tested for a variety of multilayer
slot and dipole antennas with good results [9]. Calculated
equivalent slot impedance as seen by the feed line is plotted
versus frequency in Fig. 4, for two sets of slot dimensions.
Note that this data is normalized to the feed-line impedance
of 50- . The first slot element has a length of mm
and a width of mm and the second slot element has a
length of mm and a width of mm. Both slots
resonate at 9.6 GHz; the narrow slot has a resonant resistance
of about 675 , while the wider slot has a resonant resistance
of about 645 . These impedances are fairly high, but this is
desirable for a series or resonant type of feed network where
a number of elements effectively add in parallel. Wider slots
typically lead to lower impedances, but as results show, the
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(a) (b)

(c) (d)

Fig. 6. (a) Measured return loss of the VPC-band subarray. (b) Measured return loss of the HPC-band subarray. (c) Measured return loss of the VP
X-band subarray. (d) Measured return loss of the HPX-band subarray.

decrease is not substantial. In addition, wider slots will lead to
higher cross-pol levels and decrease the space available for the
cross-polarized elements and feed. The half-power bandwidth
of both slot elements is in excess of 8%, which is much better
than the performance requirements.

The data in Fig. 3 is for a feed line centered with the slot,
while Fig. 4 shows the effect of a feed line offset from the
center of the slot. It is seen that the (normalized) resonant
resistance drops monotonically as the feed line is moved
toward the edge of the slot. The resonant frequency does not
change significantly as the feed line is moved.

B. Patch Element

The patch element was designed to resonate at 5.3 GHz over
a 2% (VSWR 1.5) bandwidth. The substrate material was
selected as a result of a tradeoff between bandwidth and cross-
polar isolation performance. Substrates with higher dielectric
constant are favored for lower cross-polar radiation [10], but
at the same time they reduce the element-radiation efficiency
and impedance bandwidth. For a compromise between these
parameters, a substrate material with (Rogers
Duroid 6002) was chosen. The substrate thickness was selected
as a result of a tradeoff between bandwidth, surface wave
energy, and feed network spurious radiation. Because the band-

width requirement was not very demanding, a relatively thin
substrate ( ) was selected in order to obtain good
cross-pol and sidelobe performance in an array environment.
The patch element was fed from a coplanar microstrip line
with a 150- characteristic impedance. The patch dimensions
were determined in two steps. The approximate dimensions
were initially obtained from a simple cavity model and then the
exact dimensions were obtained from a thru-reflect-line (TRL)-
calibrated reflection coefficient measurement. The final patches
were square with 15.39-mm sides. The measured complex
parameter was subsequently used in the optimization of the

-band subarray feed network.

V. ARRAY DESIGN

A. Layout Optimization

In order to minimize or eliminate grating lobes for a given
scanning range, element spacing must be betweenand .
As the current requirement has no azimuth scan, the element
spacing in the orthogonal direction may be close to. There
is a 1.81 : 1 ratio between the center frequencies in this design.
However, to avoid physical interference between the elements
of the high- and low-frequency arrays and to maximize the
spacing between elements of parallel polarization, the-band
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(a)

(b)

Fig. 7. (a) Measured azimuth copolar pattern of the VPC-band array. (b)
Measured azimuth crosspolar pattern of the VPC-band array.

and -band element spacings are chosen as a 2 : 1 ratio. Fig. 5
shows the final layout of the DFDP antenna with the above
requirements in mind. Note that some-band input feedlines
are curved in order to avoid blocking the-band feed points
below. Final layout parameters were as follows:

Vertical -band slot spacing:

Horizontal -band slot spacing:

Vertical -band patch spacing:

Horizontal -band patch spacing:

B. Feed Network Design

The radiating elements of both bands are organized into
linear subarrays. This condition is essential because of the
scanning requirements and facilitates RF power distribution.
For the development model described here each VP and HP-
band subarray contained six elements. The number of elements
in each -band subarray is 12. For simplicity of design and for
testing flexibility, the subarrays are interfaced with an external
RF power distribution network via a 50-coaxial connector.

(a)

(b)

Fig. 8. (a) Measured azimuth copolar pattern of the HPC-band array. (b)
Measured azimuth crosspolar pattern of the HPC-band array.

Parasitic coupling between feed lines was minimized using
full-wave simulations of the layout.

A series/parallel standing wave feed network was selected
as a best compromise for bandwidth and minimum phase-
error performance for the available feed substrate area. In
addition, the feed network was designed to uniformly excite
the elements in both amplitude and phase. The feed design
approach was identical for -band and -band subarrays.
It was based on the use of the measured-parameters of a
single element as an electrical model of a one-port device
in the circuit optimization performed with the linear circuit
simulator “touchstone.” Circuit discontinuities such as T-
junctions and bends were modeled using full-wave analysis
and represented in the model in terms of their-parameters.
Some matching features like step discontinuities and open-
ended stubs were optimized using “touchstone” models. The
optimization strategy was aiming at a minimum of 20-dB
return loss over the bandwidth.

The 100- input lines of each subarray were connected
in parallel to a 50 SMA coaxial connector. During the
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Fig. 9. Measured azimuth copolar pattern of the VPX-band array.

design phase the VSWR of -band and -band transitions
were optimized using the finite-element software HFSS from
Hewlett Packard.

VI. DFDP SAR ANTENNA PROOF OFCONCEPTDESCRIPTION

The proof of concept (POC) antenna consists of four tiles
(i.e., panels). Two of them (stacked vertically) are electrically
active, while the other two are passive. Each tile consists of
four rows of six-element -band subarrays and eight rows
of 12-element -band subarrays. Each tile was laminated to
form a sandwich of Teflon (PTFE) layers, Nomex honeycomb
spacer, and thin aluminum ground plane. SMA connectors
for each subarray were assembled to the ground plane. The
antenna was fed from an RF source using 1 : 8 (-band) and
1 : 16 ( -band) microstrip power splitters.

VII. M EASURED RESULTS

Initial testing evaluated the return-loss performance of each
-band and -band subarray. Typical frequency responses of

the antenna subarrays are shown in Fig. 6(a)–(d). Four to 5%
1.5 : 1 VSWR bandwidth was typically measured for the-
band subarrays, whereas 2–3% bandwidth was achieved for the

-band subarrays. The reduced bandwidth of the-band slot
arrays was due to the relatively narrow bandwidth of its series
feed network, which was somewhat longer electrically than
the -band feed network. The antenna patterns were measured
in a planar near-field test range at three frequencies for each
array. Both copolar and cross-polar patterns were obtained by
Fourier transformation of the near field data. Representative
antenna patterns are presented in Figs. 7–10.

The measured patterns indicate that radiation from single
aperture using dual-polarized arrays operating at two distant
and not harmonically related frequencies is feasible. The inter-
ference between arrays as reflected in the main-lobe distortions
is minimal. Sidelobe levels in azimuth were typically measured
at 12 dB. Such increased sidelobe level is not unexpected,
mainly due to spurious radiation from the microstrip feed
network. In a full-size SAR antenna, the sidelobe level can be
controlled by an external azimuth and elevation feed network.

Fig. 10. Measured azimuth copolar pattern of the HPX-band array.

The sidelobe pattern indicates that some excitation errors
exist within subarrays. It was found that the lamination process
slightly alters the effective dielectric constant of the substrates,
hence, the electric path between subarray elements differs
from a multiple of a wavelength. The cross-polar level for
the -band antenna was quite low (less than21 dB) over
the full-view angle. For the -band array, the cross-polar
radiation was slightly higher (about18 dB), probably due to
difficulties in optimizing the layout of the microstrip-to-coax
interfaces.

VIII. C ONCLUSIONS

Various methods of implementing a shared-aperture DFDP
array antenna were considered with a-band patch and -
band slot array being chosen as optimum for the present
requirements. Layout considerations for the two interlaced
arrays and their associated feed networks were addressed
to realize a practical design. A dual-frequency (- and -
band), dual-linear polarized SAR array antenna prototype was
developed and demonstrated. The principal goal of the devel-
opment—to demonstrate the viability of the concept with an
acceptable level of interference between four separate arrays
within a single radiating aperture—has been accomplished.
Test results were shown to be good with good correlation
between measured and predicted results, validating the design
approach used.

Although further development is necessary before the con-
cept discussed can be used in a fielded system, the work
described here has demonstrated that the application of a
dual-frequency dual-polarization SAR antenna within a single
aperture is a feasible approach to meeting user requirements
in future SAR spacecraft.
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