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Ka-band antenna arrays with dual-frequency
and dual-polarized patch elements
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and arne f. jacob

In this contribution a dual-band, dual-polarized microstrip antenna element for array applications is presented. The patch
antenna is designed to operate simultaneously at around 30 and 20 GHz, the up- and downlink frequencies of modern
Ka-band satellite communication systems. The antenna is smaller than half the freespace wavelength at 30 GHz to enable
its utilization as array element of dual-band ground terminals. Integrating transmitter and receiver circuits allows, in
turn, for a very compact active terminal solution. To minimize production cost, the design is carried out in standard multi-
layer printed circuit board technology. The antenna features two distinct polarization ports suitable for either dual linear or
dual circular polarization if both ports are excited in quadrature. The single antenna design process is described in detail and
simulation and measurement results are presented. Finally, different arrays based on this patch antenna are evaluated by
simulation and measurements.
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I . I N T R O D U C T I O N

High speed internet access has become an increasingly im-
portant part in everyday life and a driving force for techno-
logical progress. Due to the lack of terrestrial coverage, high
data rate services are not commonly available in remote
areas or on board aircrafts. Wideband satellite services such
as KA-SAT [1] or Inmarsat 5 [2] at Ka-band offer well
suited solutions from geostationary orbit. On the downside,
relatively large high gain antennas are required for an ad-
equate link budget, thus making a constant tracking of the
narrow beam a necessity and challenge for mobile communi-
cations. Furthermore, satellite spotbeams employ orthogonal
circular polarization to make use of the four-color-scheme
[3]. For a mobile earth station, the used frequencies at Ka-
band are 30 GHz for the uplink (Tx) and 20 GHz for the
downlink (Rx). Mobile terminals for planes, ships, and
ground vehicles have to meet these requirements while they
also need to be flat and compact to meet customer
demands. A planar array with electronic beam scanning
could be a viable solution. Due to the very different frequen-
cies, the transmit and receive arrays are often realized as sep-
arate units [4, 5]. To minimize the total antenna size the
transmitter and receiver arrays have to be merged into a
single unit. Furthermore, a shared Tx and Rx aperture could

be used to feed a reflector antenna in a so called focal plane
configuration.

The construction of such a shared transmit and receive
aperture with dual-polarized radiators is challenging.
Indeed, to avoid grating lobes the array elements have to be
spaced by less than half the freespace wavelength at the
highest operating frequency. The resulting limited element
size prevents using generally larger, wideband antennas.
Furthermore, coupling between antenna feeds is a critical
issue since it deteriorates the polarization properties. A wide-
band dual-polarized antenna has been proposed in [6].
However, it is compatible with neither Ka-band services, nor
standard printed circuit board (PCB) processes. Dual-
polarized dual-band antennas have been reported for L- and
X-Band [7] and recently as a concept for Ka-band [8]. In
[9] dipole antennas are used, which are not ideally suited
when a large scanning range is required [10]. For this
reason, a dual-band and dual-polarized patch antenna at
Ka-band has been developed and reported in [11]. In this con-
tribution further insight is provided in the design process and
farfield measurement results are presented. Additionally,
several arrays that are designed and realized using the dual-
band patch antenna are reported.

This paper starts with a detailed description of the design
process and the obtained custom patch antenna featuring
dual-polarization and simultaneous 20 and 30 GHz operation
in Section II. The design approach is explained, and the final
layout of the realized antenna is presented. The achieved per-
formance is assessed in Section III. Section IV is devoted to the
arrays. Measurement results are presented and validate the
taken approach.
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I I . D U A L - B A N D A N D
D U A L - P O L A R I Z E D A N T E N N A
E L E M E N T

The main design goal is to obtain a dual-band patch antenna
that can be operated in 500 MHz bands at 20 GHz for down-
link and 30 GHz for uplink. The antenna size must be smaller
than half the freespace wavelength at 30 GHz to avoid grating
lobes when used as array element. To enable spotbeam hand-
over, the antenna must feature dual-polarization. Thus, a high
return loss, a low axial ratio (AR), and well-shaped antenna
patterns in the bands of interest are sought. Furthermore, a
fabrication using a standard PCB process is intended.

The antenna makes use of a stacked patch and a crossed-
feed structure. The final geometry is depicted in Fig. 1. It
requires five metal layers: The two uppermost contain the
antenna, the middle one a ground plane with an aperture,
and the bottom two the feed lines to excite two orthogonal
polarizations. The design procedure is explained in more
detail in the following sections.

A) Radiating element for dual-band operation
The design of a suitable radiating element is crucial for dual-
frequency operation. Conventional microstrip patches exhibit
a rather small fractional bandwidth of 5–20%. This is not
enough for a wideband design ranging from 20 to 30 GHz.
As a solution patch antennas can be employed, that use specif-
ically designed shapes in combination with cutouts to influ-
ence the higher order transverse magnetic (TM)-modes for
an adjustable dual-frequency behavior [12, 13]. To avoid a
null in boresight direction, the excitation of the TM30-mode
must be avoided. Often however, this is not possible, yields
very narrow bandwidth, or results in geometries not realizable
with the resolution available through standard PCB processes.

Thus, a stacked patch approach is taken [14]. The upper
antenna is a square patch, which mainly influences the
upper frequency band. A square-ring is placed in the layer

below, yielding a second resonant frequency which is lower
than of an equally sized conventional patch. The arrangement
is depicted in Fig. 2(a). Overall, the element is smaller than
0.3l0,30 GHz, enabling the integration into an array with ac-
ceptable low inter-element coupling. The relatively thick
antenna substrates ensure that the bandwidth requirements
can be met.

The stacked patches effectively function as a dual-band
antenna, that radiates in both frequency bands. The fields are
mainly concentrated between the ring and the ground plane
in the lower band and between the upper patch and the
lower ring/ground at the upper frequency. Changing the
cutout thus affects both bands. In conclusion, the main three
parameters to be adjusted are the lengths of the top patch, of
the bottom square-ring, and of the cutout. Figure 2(b) illustrates
how the resonant frequency and the 10-dB bandwidth are
affected by changes Dl of these parameters. Changing the size
of the top patch only influences the upper resonant frequency,
while the lower resonance remains unchanged. The opposite
applies for a change in size of the square-ring. Changing the
cutout is more complex and the bandwidth of the resonance
must be considered as well. A larger cutout reduces the lower
resonant frequency and thus allows to reduce the antenna
size. At the same time the bandwidth is decreased as the
square-ring behaves more and more like a ring resonator. On
the other hand the top patch can be excited more easily
through the opening in the middle and its bandwidth increases.
Thus, a compromise must be found for sufficient bandwidth
and good matching in both bands.

B) Feed and aperture for dual polarization
The designed radiating element is symmetric and can thus
support two linearly polarized modes. To excite both inde-
pendently, two perpendicular feeds below an appropriate
aperture are needed. Their placement is crucial to obtain a
low return loss and low cross-coupling. Ideally both feed
lines cross below the center of the aperture. Since this would
result in an overlap they are conventionally placed closer to
the patch edges, which results in higher cross-coupling [15]
and an asymmetrical radiation pattern.

As a solution, the multilayer feed structure used in [6] is
adapted for the proposed dual-band antenna in a standard
PCB process to meet the alignment challenges at higher fre-
quencies. The feed lines traverse in the middle of a cross-
shaped aperture and are only separated by a very thin layer.
The ends of the feed are fanned out like a tuning fork to min-
imize blockage. The arrangement is illustrated in Fig. 3(a).

The close proximity of the layer between the two feeds in
combination with their shape yield quasi equal coupling of
both feeds to the patch and adequate isolation. Length and
width are adjusted for optimal matching in both frequency
bands. This is illustrated in Fig. 3(b), where the feed length
of the upper and the lower feed is varied by Dl. In this
manner, it is possible to obtain equally good matching in
both bands. An hourglass shaped aperture with two crossed
slots (cf. Fig. 3(a)) is used to improve the return loss of the
whole structure. A longer aperture improves the lower band,
while it deteriorates the upper one and vice-versa.
Furthermore, an adjustment of the minimal width of the
hourglass shape in the center of the aperture can improve
the matching. In this design the value is set to 0.08 mm,
which is the limit imposed by the PCB process resolution.

Fig. 1. Geometry of the dual-band patch antenna at Ka-band with two
polarization ports.
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C) Complete design and realization
The two stacked patches, the hourglass-shaped aperture and
the crossed feed lines are combined in a five layer
PCB-design to form the dual-band, dual-polarized antenna.
The overall structure is optimized to obtain good matching
in the desired Ka-band operating regime. The overall multi-
layer stack is illustrated in Fig. 4(a). For the most part it
relies on the Rogers 4000 series [16] material system. To
obtain a close spacing between the two feed layers 50 mm
thin RO3850 Ultralam is used. Adjacent substrate cores are
bonded with Rogers 4450F prepreg. Vias are required
between the two lowest layers for the bottom feed and
between ground plane and backside for the connector and
the termination resistor at unused ports. Despite the five
metal layers, this PCB design requires only one press cycle.
This material stack-up is utilized for all built and simulated
antennas in this paper.

An antenna was manufactured according to the introduced
design. A photograph of the antenna top side is shown on the
right-hand side of Fig. 4(b). The top patch is clearly visible
while the ring beneath is barely recognizable through the
top substrate layer. The bottom side with the feed network
is depicted on the left-hand side of Fig. 4(b). Again, the

second feed line on the adjacent layers beneath the cross-
shaped aperture is only slightly visible through the substrate.
A 2.92 mm connector can be attached for measurements.

I I I A N T E N N A C H A R A C T E R I S T I C S

A) Reflection coefficient
The input reflection coefficient of the complete antenna is
shown in Fig. 5(a). Simulated and measured S-parameters
are plotted for both the lower and the upper feed. The mea-
sured data was recorded with a network analyzer using a co-
planar test fixture. Calibration was performed using a
standard SOLT-procedure. Both operational bands can be
clearly distinguished. The matching is better than 10 dB
throughout the operational bands.

Only minor deviations between the two feeds are observed.
At the upper band there is a slight frequency shift between the
ports and the bandwidth is larger. Measurements and simula-
tion are in good agreement and hence fully validate the
concept. All simulations are carried out using a transient full-
wave solver. The differences are mainly due to the test fixture

Fig. 2. (a) Geometry of the stacked patch antenna. (b) Dependence of the resonant frequency and 10-dB bandwidth on antenna dimensions at the lower (—) and
upper band (- -).

Fig. 3. (a) Illustration of the multilayer feed network with hourglass-shaped aperture. (b) Dependence of the magnitude of the input reflection coefficient at
resonance on changes of the feed length at the lower (—) and upper band (- -).
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transition that is not included in the calibration. Figure 5(b)
shows the coupling between the ports. The low coupling of
less than 215 dB minimizes the unwanted excitation of the
orthogonal mode and thus the cross-polar polarization.

B) Radiation characteristics
To assess the patch radiation characteristics the antenna is
simulated at 20 and 30 GHz on a finite 7 × 7 mm2 ground
plane. Figure 6(a) shows the directivity at the lower band in
three azimuthal cuts at w ¼ 08, w ¼ 458, and w ¼ 908. For the
simulation only port 1 is excited, while the other is terminated.
Due to the similarity the results for the second port are omitted.
The antenna features a very symmetric pattern in all three
planes with only minor variances towards higher elevation
angles. The maximal directivity reaches 6 dBi, while the 3-dB
beamwidth is roughly +458, as expected from a patch antenna.

At 30 GHz the results are similar, however, the directivity is
slightly higher and the beamwidth is decreased (cf. Fig. 6(b)).
Additionally, more asymmetries are observable at higher ele-
vation angles.

Circular polarization is of major importance for Ka-band
mobile satellite communications. To operate the proposed
antenna in this fashion, the two antenna polarizations have

to be excited with a 908 phase shift, which superimposes
the two orthogonal linearly polarized modes to create a cir-
cular one. For dual-band operation this has to be achieved
simultaneously in both bands, so that dual-band 3 dB quad-
rature couplers are required. These are not the scope of this
paper, but solutions such as Lange couplers or microstrip
couplers exist that could be integrated on the feed layers in
the available space. To assess the performance, both ports
are excited accordingly in simulation.

The frequency dependence of the AR is investigated in
simulation. The results in boresight direction are reported in
Fig. 7. The cross-coupling of roughly 20 dB between the two
polarization ports precludes a lower AR.

The angular characteristics of the AR are shown as contour
plots in Fig. 8. The results at 20 GHz are depicted in Fig. 8(a).
The AR remains below 6 dB in the whole upper hemisphere
and is below 3 dB within +608 in elevation.

In comparison with the lower band the circular polariza-
tion at 30 GHz is deteriorated, especially towards higher eleva-
tion angles u. In the angular ranges +458 and +608 the AR
remains below 3 and 6 dB, respectively. In an array applica-
tion the rotation of neighboring array elements and a corre-
sponding excitation (sequential rotation) can be employed
to further improve these results [17].

Fig. 4. (a) Multilayer stackup. (b) Photograph of front and backside of the fabricated antenna.

Fig. 5. (a) Simulated and measured reflection coefficients. (b) Simulated input reflection coefficient at port 1 and isolation between the two feed ports.
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I V . A N T E N N A A R R A Y

The intended application of the designed antenna is in satellite
communications with geostationary satellites. For that
purpose a single patch antenna has insufficient gain and an
array of patch antennas is required. Since the overall size of
the dual-band element is smaller than half the freespace wave-
length at 30 GHz a rectangular array can be constructed
without generating grating lobes in the visible range.
However, due to the close proximity of the elements coupling
effects between neighboring antennas may occur. This is
investigated next after a detailed description of the array
design procedure. Finally, measurement results are presented
for two fixed beam arrays. The full-wave simulations in this
section are carried out using accurate models of the manufac-
tured circuits including the multilayer stack. A transient solver
is used and all losses as well as surface roughness are included.

A) Array element performance
To evaluate the properties of a single antenna element embed-
ded in an array, two small test arrays are manufactured. One

of them is meant for a far field measurement of a single
antenna whereas the second one is utilized to determine the
coupling between neighboring elements. The latter consists
of 16 antenna elements with the feed ports of the center
four elements connected to microstrip lines. The surrounding
12 elements are terminated by microwave resistors (Vishay FC
50 V) to minimize parasitic reflections. The feed structure of
the array on the backside of the antenna is depicted in
Fig. 9(a). For the measurements, two microstrip lines are con-
nected to a network analyzer, while the other ports are termi-
nated. To get accurate results a TRL-calibration is performed
on the antenna substrate.

The measured isolation of the two polarization ports of one
antenna (ports 1 and 2 from Fig. 9(a)) are summarized in
Table 1. The table reports the value of minimal isolation in
the upper and lower band (29–30.5 and 19–20.5 GHz, respect-
ively) between the reference port and all other seven ports. A
full-wave simulation using the same setup but with ideal 50 V

resistors is carried out. The obtained results are also listed in
Table 1 and validate the measured results.

It can be observed that the isolation is generally higher
than 20 dB and better in the upper band. Because of the

Fig. 6. Simulated radiation pattern (directivity) in three different azimuthal cutting planes at 20 GHz (a) and at 30 GHz (b).

Fig. 7. Simulated frequency dependence of the AR in (a) the lower and (b) the upper band.

Fig. 8. Simulated AR in the upper hemisphere at 20 GHz (a) and at 30 GHz (b).
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symmetric arrangement the isolation of the other three an-
tennas is similar and thus omitted in the table. Generally,
all cross-polarized ports are well decoupled with the excep-
tion of the second antenna feed port. The highest coupling
of 211 dB is observed for neighboring elements of the
same polarization that use a lower feed and occurs in
the H-plane (e.g. between element 1–4 and 2–7). The
main coupling is caused by the feed network and not by
the patches. Simulation shows, that the isolation between
adjacent antennas can be significantly improved to
about 25 dB by introducing ground vias between neighbor-
ing feeds. The measured coupling of 215 dB between
ports 1 and 2 is in good agreement with the simulation
results from Fig. 5(b) and indicates that the single
antenna performance is not significantly affected in an
array setup.

To conduct the far field measurements a single antenna
element in an array setup with surrounding elements is used
(c.f. Fig. 9(b)). The outer elements are terminated with 50 V

resistors, while the two polarization ports of the center
element remain accessible for the measurements. The far
field measurement is conducted in an anechoic environment
with the antenna mounted on a rotatable positioner. The
setup can be seen in Fig. 10 with a different 4 × 4 array
mounted on the positioner. A horn antenna serves as refer-
ence during the co- and the crosspolar E- and H-plane mea-
surements. A low noise amplifier helps to improve the
dynamic range of the power meter at the receiver. The mea-
sured data is evaluated by means of a transmission model con-
taining the freespace loss, cable losses, amplifier gain, and a
model of the reference antenna obtained experimentally
(three-antenna-method).

Table 1. Minimal measured and (simulated) isolation (in dB) between one antenna port and all neighboring elements in the array in the low and high band.

Antenna 1 Antenna 2 Antenna 3 Antenna 4

Polarization Pol 1 Pol 2 Pol 2 Pol 1 Pol 2 Pol 1 Pol 2 Pol 1

Measured port 1 2 3 4 5 6 7 8
Low (Ref port 1) X 15 (16) 29 (27) 11 (10) 23 (24) 23 (22) 32 (30) 24 (24)
Low (Ref port 2) 15 (16) X 24 (26) 28 (30) 24 (28) 23 (31) 15 (19) 28 (36)
High (Ref port 1) X 20 (19) 38 (36) 21 (19) 23 (24) 29 (28) 34 (30) 21 (22)
High (Ref port 2) 20 (19) X 21 (23) 31 (32) 29 (32) 24 (27) 25 (22) 31 (37)

Fig. 9. Array feed network configuration on the backside of the antennas for (a) S-parameter and (b) farfield measurements.

Fig. 10. Measurement setup in an anechoic environment with reference horn antenna (left) and 4 × 4 antenna array with surrounding edge elements on
positioner (right).
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The realized gain measured using the setup from Fig. 9(b)
is plotted in Fig. 11 versus frequency. The simulation results
include dielectric and conductor losses occurring in the
antenna as well as losses due to reflections. The 50 V-resistors
were omitted though. Simulated and measured data are gener-
ally in good agreement. They confirm that the antenna oper-
ates in the two specified bands. A frequency shift is observed,
that can be attributed to an inaccurate model of the effective
permittivity in the simulation. The realized gain reaches
2 dBi at 20 GHz and 4 dBi at 30 GHz.

Figure 12 depicts two measured and simulated farfield cuts
of the realized gain in the xz-plane (H-plane) and the yz-plane
(E-plane). In the measurement the antenna is rotated on a
1D-rotational positioner. Due to the previously observed fre-
quency shift, slightly different frequencies are used in simula-
tion (20.3 GHz) and measurement (19.95 GHz), which allows
for a better comparison. Again, the 50 V-resistors are not
included in the simulation. The results show a relatively
good agreement between measurement and simulation. The
measured realized gain is lower than predicted, which can
be partially caused by losses in the connector that are not
modeled in the simulation. Bigger deviations are observable
towards higher elevation angles |u| . 508. These can be attrib-
uted to the absorbers mounted next to the antenna (c.f.
Fig. 10). The differences in the radiation pattern, when com-
pared with Fig. 6, are mainly due to the increased size of the
finite ground plane and the neighboring array elements. The
measurement results for the second polarization port are
not displayed since they are very similar.

B) Feed network
To construct an array with multiple excited elements a feed
network is required. One way to achieve this is to add more
layers to the design, which would lead to a difficult manufac-
turing process. Thus, a network is developed that can be inte-
grated on layer 5 together with the feed. It is based on
cascaded wideband microstrip power combiners. One of
these is depicted in Fig. 13(a). It consists of a T-junction
with a stepped matching network. The input reflection is
below 220 dB from 15 to 35 GHz at port 1 and both transmis-
sion coefficients are in the expected range (c.f. Fig. 13(b)). Due

to the symmetric design, there is no difference between port 2
and 3.

The above combiner is too large for the last stage of the cas-
caded network close to the antenna element. A modified
version fitting in the 5 mm array grid and preventing overlaps
with the tuning fork shaped feeding structure beneath is
depicted in Fig. 14(a).

The corner is chamfered to improve the matching. The
signal vias to the upper polarization port are included in the
network. The close proximity of the microstrip lines from
port 1 and 3 cause parasitic coupling, that yields an unsym-
metrical response as observed in Fig. 14(b). Input matching
at port 1 is deteriorated in comparison with the design in
Fig. 13. More importantly, there is a phase and amplitude im-
balance between ports 2 and 3 of roughly 1 dB and maximal
78, respectively. This can be tolerated for the array design,
since this divider is used directly at the antennas and is not
cascaded. However, this increases sidelobes in array
applications.

C) 4 3 4 Antenna array
To demonstrate the functionality of the proposed arrange-
ment two 4 × 4 arrays with fixed beams pointing at u ¼ 08
and u ¼ 2308, respectively, are realized. Only one polariza-
tion is considered as dual- polarization networks would
require additional PCB layers, thus increasing the circuit com-
plexity without adding much insight. To minimize edge effects
12 elements are placed around the central 4 × 4 array.

Fig. 11. Simulated (—) and measured (- -) frequency dependence of the
realized gain in u ¼ 08, f ¼ 08 direction.

Fig. 12. Simulated (—) and measured (- -) realized gain at 20 GHz (blue —) and 30 GHz (red ) with the signal source at port 1 in the xz-/H-plane (left) and
yz-/E-plane (right).
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Figure 15 shows the backside of the two arrays with dedicated
feed networks.

The networks consist of three wideband combiners and an
angled version directly at the antenna feed points. The array in
Fig. 15(a) has equal distances from the feed point at the
coaxial connector to all elements, so that its main beam is
pointed at u ¼ 08. The close proximity of the array elements
and the combiner stresses the necessity for the angled
version of Fig. 14(a). The second array in Fig. 15(b) differs
in that two of the three wideband combiners are asymmetric.

The resulting time delay t tilts the main beam to u ¼ 2308 at
both operating frequencies.

The arrays performance is measured using the previously
described method. In Fig. 10, 4 × 4 array with edge elements
is shown on the positioner. The obtained farfield cuts are
plotted in Fig. 16. It can be observed, that the array beams
are tilted as designed and feature approximately 10 dBi gain
in both bands. As expected, the sidelobe level is increased
when the array is scanned. For comparison a full-wave simu-
lations is performed using an exact geometric model of the

Fig. 14. (a) Illustration of the designed power combiner with chamfered corner and signal vias to feed the upper polarization ports of two neighboring antennas.
(b) Simulated S-parameters of the lossless network.

Fig. 15. Feed networks on the backside of the 4 × 4 antenna arrays with the main beam in (a) u ¼ 08 direction and (b) u ¼2308 direction.

Fig. 13. (a) Illustration of the designed wideband power combiner. (b) Simulated S-parameters of the lossless network.
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arrays without the coaxial connector. The feed networks as
well as losses are included. Since the simulation did not indi-
cate a significant influence of the 50 V terminations they are
included in neither the simulation model nor the measured
array.

Generally, the simulated and measured performance are in
good agreement, thus validating the taken approach. Beam
direction and width coincide well. Similarly to the single ele-
ments, some discrepancy is observed at higher elevation
angles. This is due to the absorbers mounted next to the
antenna. In contrast to an ideal array, a relatively high sidelobe
can be observed, especially in simulation. This is attributed to
the imbalance of the feed network and the residual coupling
within the feed structure and the array. Manufacturing
errors might also play a role.

V . C O N C L U S I O N

A multilayer planar dual-band patch antenna with two polar-
ization ports is introduced for Ka-band satellite applications.
The design is explained and the antenna is evaluated in
detail. The resulting patch size is compatible with the
grating lobe requirements of scannable arrays. The antenna
is fabricated and validated through measurements. The
results are in good agreement with simulation. The measured
input reflection is low with only a minor frequency shift. The
circular polarization characteristics of the antenna are very
good in both bands over a wide angular range.

The patch design is tested in different array arrangements
to comprehensively assess its performance. Simulated and
measured S-parameter and farfield results validate the taken
approach. The design’s suitability to build larger arrays is
demonstrated through analysis of two 4 × 4 antenna arrays
pointing at different angles. In conclusion, the proposed
antenna design is well suited for integrating transmit and
receive terminals in larger Ka-band communication arrays.
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