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Abstract — The detailed design and RF analysis of
a breadboard made by 35 x-polarized and 32 y-
polarized Vivaldi antennas, placed 0.67 wavelength
from each other and located above a finite ground
plane, are described. The breadboard constitutes a
representative part of the feed array illuminating a
conical scan or push-broom antenna for next
generation microwave radiometers for ocean
observation. The analysis are done at 6.9 GHz
including mutual coupling between the elements, and
in two commercial software, i.e. CST and the MoM
add-on to GRASP.

I. INTRODUCTION

Next generation microwave radiometers for ocean
observation will need to deliver high spatial and
radiometric resolution Sea Surface Temperature (SST)
and vector wind fields, with the highest possible
absolute accuracy and closer to coasts and sea ice than
seen hitherto, see the requirements of Table 1, similar to
the ones considered by MICROWAT and addressed in
[1] and [2]. There is also an interest in combining SST
measurements in C band with ocean salinity
measurements done in L band.

Table 1: Radiometric requirements for next generation SST
and wind fields observations.

Frequencies  Pol AT Accuracy  Footprint  Distance
[GHz] [K] [K] [km] to
coast/ice
[km]
C band: Vv 0.3 0.25 20 15-20
6.9+0.1 and
7.3+0.1 H

Current spaceborne microwave radiometers for SST and
wind fields operating in C-band, like AMSR-2 and
WindSat for example [3]-[4], provide a spatial
resolution, defined as the 3-dB footprint, of around
55 km, whereas less than 20 km is desirable. The
radiometric resolution in C band for WindSat is around
0.7 K, while 0.3 K is needed. Moreover, current systems

provide measurements not closer than around 100 km
from the shore-line, because of the signal contamination
provided by the antenna side-lobes illuminating the
land, significantly warmer than the sea. There is a
strong desire to reduce this distance to 5-15 km.

While the spatial resolution of Table 1 can be achieved
by correctly sizing the reflector antenna aperture, i.e. 5
m, the required radiometric resolution can only be met
by considering several simultaneous beams in the along-
and across-track, either in a push-broom system, or in a
multi-beam scanning system, see Figure 1.
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Figure 1: Push-broom (top) and scanning (bottom)
antenna systems for the radiometer under study.

The push-broom system achieves very high radiometric
resolution since all across track footprints are measured
simultaneously by their own receivers [5]. It was shown
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in [1] that the radiometric resolution of the push-broom
system is one order of magnitude higher than the one of
a conical scan with same projected aperture. The push-
broom antenna has the clear advantage of being
stationary, but the number of beams to cover the swath
can be large, and requires a large torus reflector and a
correspondingly large feed array. The multi-beam
scanning system achieves high radiometric resolution by
measuring each footprint several times followed by
integration. The antenna is slightly smaller than an
equivalent torus, needs a smaller feed array, but presents
numerous challenges in order to achieve a well-
balanced rotation at satellite level [6], which has been
solved in the US for SMAP but which is not directly
available in Europe yet.

In the ESA contract 4000107369-12-NL-MH run
between 2013-2015 it was shown that both types of
antenna systems could meet the challenging
requirements of Table 1, provided the reflector antennas
were illuminated by a focal plane array of closely
spaced elements, properly excited and controlled by a
digital beam former, see [2] and Figure 2. More
elements take part in the formation of each beam and
the same element takes part in the formation of multiple
beams. The chosen array element was a half wave
dipole above an infinite ground plane, and mutual
coupling between the elements was disregarded,
implying identical element patterns.
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Figure 2: To the left, the array concept where the beams
are indicated by (1,2,3,4) and the array elements by a
star. To the right, the receiving system where each array
element has its own receiver, followed by a common
FPGA.

The ESA activity “Focal Plane Array Bread-Board for
Advanced Multiple Beam Radiometer Antenna”,
contracted to TICRA with Chalmers University and
DTU-Space (ESA contract 4000117841/16/NL/FF/gp)
and currently ongoing, has the purpose to prove the
focal plane array concept, and verify if the radiometric
requirements of Table 1 can still be met with a realistic
array with non-identical element patterns. The activity is
divided in three phases: in the first one, a trade-off
analysis of a few promising radiator candidates is
performed to select the radiator type of the breadboard
of the feed array. In the second one, a representative
breadboard of the feed array is designed and analysed in
detail with two commercial EM software, by including
mutual coupling between the elements and a finite size

of the array. The element patterns of the manufactured
breadboard are then accurately measured and the
accuracy of the computer models is thus validated. It is
underlined that the detailed and accurate RF modelling
of the full antenna system is indeed of paramount
importance for the accurate calibration of the radiometer
and represents the main goal of the ongoing study. In
the third and last phase, the full array models are set up
in order decsribe the full feed array for the push-broom
antenna studied and designed in [2]. The individual
element patterns computed in this way are then input the
optimisation algorithms developed by TICRA and
Chalmers in [2] and [7], and the updated radiometric
performances of the push-broom antenna with non-
identical element patterns are finally obtained.

This paper will describe the work done in the first two
phases, up to the manufacturing. In particular, Section II
and Section III briefly summarize the radiometric and
antenna requirements, respectively, which can be
derived from Table 1. Section IV focuses on the
radiating element requirements leading to the array
element chosen for the breadboard, which is described
in detail in Section V. Section VI shows the detailed RF
analysis of the breadboard, by comparing the element
patterns of a few selected elements, as computed in the
commercial software packages GRASP and CST.
Finally, Section VII shows the breadboard
manufactured by Chalmers University, which is
currently undergoing RF test at the DTU-ESA Spherical
Near-Field Facility at the Technical University of
Denmark.

II. RADIOMETRIC REQUIREMENTS

The radiometric requirements are contained in Table 1.
It is seen that the instrument shall measure brightness
temperature in two linear polarizations. A typical orbit
of 817 km and an incidence angle of 53° are selected. A
swath width of 1500 km is chosen for the conical scan
antenna, while 600 km is used for the push-broom
antenna, in order to limit the size of the torus reflector
and the associated feed array. It is possible to derive that
for a 5 m conical scan antenna, 2 beams along track are
necessary to meet the requirements for the radiometric
resolution of Table 1, see [1], with fore-and-after look
and 11.5 RPM. A 5 m X 7.5 m push-broom antenna
requires instead 58 beams across track.

III. ANTENNA REQUIREMENTS

The antenna requirements can be derived from the
radiometric requirements of Table 1. Besides the 5 m
antenna projected aperture derived by the footprint, one
additional requirement concerns the cross-polarisation
of the antenna. The radiometer shall measure brightness
temperatures in two linear polarisations, vertical and
horizontal, and with an accuracy of 0.25 K. This is
fulfilled when the cross-polar power received from the
Earth does not exceed 0.29% of the total power coming
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from the Earth for that polarization state in C band, see
[8] for a detailed derivation.

Finally, to measure the brightness temperature of the sea
when the satellite covers regions with both land and sea
and if we want an accuracy of 0.25 K, the coast line
must be located outside a cone of angle 8. which contains
99.72% of the radiated power. The goal is to make this
cone as narrow as possible, in order to achieve the
required distance to coast, see Figure 3 and [8] for a
detailed derivation.

Land, 250K

Sea, 75K

Distance
to coast

Coast line

contour

Figure 3: Schematic drawing of the distance to coast
concept, showing a footprint falling on the sea near the
coast.

It was derived in [1] that 35 (7 X 5 ) dual-polarized
array elements displaced by 0.75 wavelengths on an xy-
grid are necessary to generate two compliant beams in C
band for the 5 m conical antenna. For the 5 m X 7.5 m
push-broom antenna, the feed array is planar, but
located on a rho-phi grid, see [2]: 6 X 13 dual polarized
array elements are needed to generate each of the 58
beams. Since all elements take part in the formation of
multiple beams, the total number of array elements in C
band is 666 dual polarized elements.

IV. RADIATING ELEMENT REQUIREMENTS

The breadboard of the present study should not
represent the full feed array necessary to produce the
beams for the conical scan or push-broom antenna, but
should as a minimum contain 5 X 7 elements over a
finite ground plane. A list of the electrical and
mechanical requirements were set up by Chalmers
University in order to study possible candidates for the
array element type to be used in the breadboard, as
shown in Table 2. It is noted that the cross-polarization
level is important for the full array when properly
excited, but not for the single radiating element, for
which no clear values can be defined. Finally, it is
observed that there is no direct requirement for the peak
directivity, though it is clear that, due to an element size
smaller than a wavelength, the peak directivity will not
be higher than 7-8 dBi and that the pattern will be
broad. This indirectly also means that the element
pattern will be sufficiently broad to illuminate the

reflector within its subtended angle.

Table 2 Radiating element requirements.

Frequency Cband:6.9+0.1 & 7.3 +£0.1 GHz
Polarization | Dual linear

Matching The amplitude of the active reflection
conditions | coefficient should not exceed -10 dB for
a 50 Ohm input impedance, when the
element is in the final array environment
and the optimum excitation coefficients
are applied.
Element size | smaller than 0.75A in both x and y

Feeding Single-ended output ports of the
network antenna elements (no baluns) are
preferred.
Use of Possibly minimized to reduce losses
dielectric
Cost The choice of the materials of the

antenna  elements, assembly and
manufacturing should be within the
budget of the project.

V. RADIATING ELEMENT DESIGN

Three antenna elements were considered as potential
candidates for the array element to be used in the
breadboard, namely a crossed dipole, a patch excited
cup from RUAG [9] and a Vivaldi antenna [10], see
Figure 4.

‘ =7 1
Figure 4: Candidates for the radiating element of the
breadboard.

The three elements were chosen since they satisfied the
majority of the requirements listed in Table 2, and their
RF modelling was well-known. They however differed
greatly in other aspects, i.e. the crossed dipole is just an
electromagnetic model, the patch excited cup is a space
qualified hardware, while the Vivaldi has only been
used for on-ground applications so far. The three
elements were used in a 6 x 13 array with spacing of 0.7
wavelength from each other, in order to generate one
beam of the push-broom antenna. To compute the
radiated field of the 6x13 array in this preliminary
phase, the element patterns of the array were considered
identical and were computed as the array was infinite
and located above an infinite ground plane. It was found
that the radiometric performances of the beam of the
push-broom antenna were very similar, no matter which
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antenna element was used, and that all satisfied the
requirements of Table 1.

Due to lightweight properties and mechanical stiffness,
cost constraints as well as broadband capabilities, the
Vivaldi element was chosen for the breadboard. The
element was considered the best choice from the RF
modelling point of view, showing challenges in
accurately modelling the PCB with microstrip, coaxial
excitation and the well-defined profile.

The Vivaldi element was further designed by Chalmers
University, taking as outset the Embrace antenna
element (500-1500 MHz) presented in [11], and scaling
it up in frequency as described in [12]. The scaled-up
element geometry was re-optimized in profile and
cavity size in order to achieve low active reflection
coefficient. Later on, the microstrip feeding was
optimized in width, stub radius and dielectric thickness,
using the optimization approach in [13]. The final
design I shown in Figure 5.

(xI,vl) =
(13.21, 0.25)

3.54
(x2,y2) =
~._ (82.57, 13.92)
Rate of the exponential
slot line, R
| 82.57 |
!
I 3.54 |
|
| !
[l
[
| 0.5 :
[
| 6.13 |
- |

Figure 5: Detailed geometry of the Vivaldi antenna: the
antenna is made of aluminum with 0.4 mm thickness.
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Figure 6: The feeding PCB of the Vivaldi antenna
element. The dielectric material for the PCB is Rogers
RO4003 with permittivity equal to 3.55 and loss tangent
equal to 0.0027.

The Vivaldi element designed according to Figure 5 and
Figure 6 was modelled by Chalmers University in HFSS
and CST and by TICRA in the MoM add-on to GRASP,
and analyzed above a finite size ground plane of 58 mm

X 58 mm. Moreover, the element was manufactured by
Chalmers University, see Figure 7, and the S11
spectrum was measured from 3 GHz to 8.0 GHz.
Results of the computed and measured S11 are shown in
Figure 8: the agreement between the curves is very
good. The patterns computed by HFSS and the MoM
add-on to GRASP at 6.9 GHz are shown in

Figure 9 and Figure 10, respectively, showing again
exceptional agreement.

Figure 7: Manufactured Vivaldi element above a 58 mm
ground plane, and MoM-mesh plot of the antenna model
in GRASP: in blue the PCB slab, in transparent green
the Vivaldi antenna with 0.4 mm thickness and in brown
the ground plane.
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Figure 8: Computed and measured S11 over the [3:8]
GHz frequency range.
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Figure 9: Co-polar and cross-polar components of the
far-field pattern of Figure 7 computed by HFSS at 6.9
GHz.
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Figure 10: Co-polar and cross-polar components of the
far-field pattern of Figure 7 computed by the MoM add-
on to GRASP at 6.9 GHz.

VI. DETAILED RF ANALYSIS OF THE BREADBOARD

The breadboard consists of 35 x-polarized and 32 y-
polarized Vivaldi antennas placed 0.67 wavelength
(29.26 mm at 6.9 GHz) from each other and located on
an xy-grid above a ground plane of 265 mm X 200 mm
X 5 mm, as shown in Figure 11. The Vivaldi antennas
are 83 mm high and 0.4 mm thick. Each Vivaldi
element is excited by a coaxial waveguide with 50 Ohm
characteristic impedance. This leads to 35+32= 67 SMA
female connectors on the rear side of the ground plane.
In addition, 26 half Vivaldi antenna elements are
located at the edge of the breadboard, in direct
connection to the above elements, as shown in Figure
11. These additional elements are dummy, and thus are
not directly excited. Their purpose is both to reduce the
edge truncation effect and to make the breadboard more
stiff. Again, the MoM add-on to GRASP and CST are
used to analyze the array elements radiation.

Figure 11: Mechanical drawing of the breadboard.

A. GRASP Model

The breadboard of Figure 11 was set up in the MoM
add-on to GRASP by TICRA in order to compute the
pattern of a few selected elements. The thickness of the
Vivaldi elements and of the ground plane was
disregarded, as well as the screws in the PCB slab. The

GRASP model is shown in Figure 12 and details on the
feeding of the Vivaldi elements are seen in Figure 13.

Figure 12: Model of the breadboard in the MoM add-on
to GRASP. All Vivaldi elements and the finite size
ground plane are visible.

" Microstrip

" osMA

Figure 13: Model of the breadboard in the MoM add-on
to GRASP: zoom in on the microstrip and port
excitation.

B.  CST Model

As the GRASP model of Section A, the model in CST
of Chalmers was a slightly simplified version of the
mechanical model. The CST model was identical to the
GRASP model, a part from including the finite
thickness of the Vivaldi and ground plane, see Figure
14.
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Figure 14: Model of the breadboard in CST. All Vivaldi
elements and the finite size ground plane are visible, as
well as details on the port excitation.

C. Comparison of GRASP and CST patterns

The models developed in GRASP and CST were thus
used to compute the pattern of the array elements, where
mutual coupling among all elements is included. One
element is excited at a time, while the others are
matched. In the following we will compare these
patterns for three array elements, according to the
indexing of Figure 15. All patterns refer to a coordinate
system with origin at the center of the ground plane, x-
axis parallel to the long side of the breadboard, and y-
axis parallel to the short side of the breadboard.
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Figure 15: Array element indexing: x-oriented Vivaldi
elements are written in black, while y-oriented in blue.
The three elements used for pattern comparison are
highlighted in red.
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Figure 16: Pattern of the element 36: to the left the co-
polar component, and to the right the cross-polar
component. At the top ¢=0°, in the middle =45°, at the
bottom @=90°.
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From Figure 16 it is seen that for the corner element 36
the GRASP and CST agreement is very good. Many
pattern details are equally reproduced in the co-polar
and cross-polar components, on all ¢ cuts. The largest
differences are seen in the co-polar component for 0] =
90° in the @=45° cut.
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Figure 17: Pattern of the element 54: to the left the co-
polar component, and to the right the cross-polar
component. At the top ¢=0°, in the middle p=45°, at the
bottom ¢=90°.
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Element 54 is located close to the center of the array.
Figure 17 shows that for the co-polar component the
GRASP-CST agreement is good for the peak level and
pattern shape out to approximately |0]=80°. At larger |0
and especially for ¢=90° some differences are observed
in the co-polar component. The cross-polar component
agrees again well, like for element 36, at the overall
level and in most of the details over the full angular
domain.

Element 20

| - GRASP Extended-- CST‘

o

\ 0

Amplitude [dBi]

3ot i A 40l i
-180 -90 a a0 180 -180  -90 a 180
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Polar Angle, 6 [°] Polar Angle, 6 [°]
Figure 18: Pattern of the element 20: to the left the co-
polar component, and to the right the cross-polar
component. At the top ¢=0°, in the middle p=45°, at the
bottom ¢=90°.

For the x-oriented and fairly centrally located element
20, the picture is roughly as for the element 54, though
with the largest disagreement for the co-polar
component occurring in the @=0° cut for |0 > 90°. It is
thus interesting to notice that for the two centrally
located elements, the largest GRASP-CST disagreement
between the co-polar components is seen in the cuts
parallel to the orientation of the respective elements.
The cross-polar component agrees again well, like for
element 36 and 54, at the overall level and in most of
the details over the full angular domain.

It is finally observed that the patterns of the elements in
the breadboard configuration differ from the one of the
single element over a small ground plane of Figure 9
and Figure 10. This clearly shows that the mutual
coupling between the closely spaced elements of the
breadboard is a significant effect that has to be taken
into account in the detailed RF modelling.

VIL MANUFACTURING OF THE BREADBOARD
The breadboard of Figure 11 was then manufactured by

Chalmers University, as shown in Figure 19, and
shipped to Denmark, where it is currently undergoing
RF test at the DTU-ESA Spherical Near-Field Antenna
Test Facility at the Technical University of Denmark.

Figure 19 Breadboard manufactured at Chalmers
University.

VIII. CONCLUSIONS

The detailed design and RF analysis of a breadboard
made by 35 x-polarized and 32 y-polarized Vivaldi
antennas, placed 0.67 wavelength from each other and
located above a finite ground plane, were described. The
breadboard constitutes a representative part of the feed
array illuminating a 5 m conical scan or push-broom
antenna for next generation microwave radiometers for
ocean observation. The analysis of the breadboard were
done at 6.9 GHz including mutual coupling between the
elements, and in two commercial software, i.e. CST and
the MoM add-on to GRASP. The results showed that
the agreement in RL and pattern between the two
software was excellent when considering one single
Vivaldi element on a small ground plane. The
agreement remained very good when comparing the
patterns of three different elements of the breadboard,
though a few differences were observed in the co-polar
component for |6] > 90° in the plane parallel to the
orientation of the element.
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