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A B S T R A C T

The FMPL-2 payload on board the 3Cat-5/A 6 Unit CubeSat, part of the FSSCat CubeSat mission, includes a
dual L-Band Microwave Radiometer and a Global Navigation Satellite System Reflectometer, in one instrument,
implemented in a Software Defined Radio. One of the design challenges of this payload was its Nadir looking
Antenna, which had to be directive (> 12 dB), dual-band at 1400–1427 MHz and 1575.42 MHz, left-hand
circularly polarized, and with important envelope restrictions, notably with a low profile. After a trade-off
analysis, the best design solution appeared to be an array of six elements each of them being a stacked dual-
band patch antenna, with diagonal feed to create the circular polarization, and a six to one stripline combiner.
The design process of the elementary antennas first includes a theoretical analysis, to obtain the approximate
dimensions. Then, by means of numerical simulations, prototyping, and adjusting the results in the simulations,
the manufacturing errors and dielectric constant tolerances, to which patch antennas are very sensitive, can
be characterized. A similar approach is taken with the combiner. This article includes the theoretical analysis,
simulations, and prototype results, including the Flight Model assembly and characterization.
1. Introduction

The appearance of the CubeSat standard [1] in 1999 led to a
change of paradigm in the space sector, and somehow triggered the
so-called New Space. This standard defines the satellites envelope and
weight, classified by Units (U). Being a 1U satellite a 10 cm side cube,
and a 6U a combination of 3 × 2 U’s. Also, the weight per U was
initially fixed to 1.3 kg, but in the CubeSat Design Specification rev.
14 (July 2020) [2] the requirement has been relaxed up to 2 kg of
mass per U. This standard has boosted the technology development of
Commercial-off-the-Shelf (COTS) avionics, allowing a cost reduction in
the development, and also the launch due to the standardization of the
interfaces with the launch vehicle, and the reduced weight.

✩ This work was by the Programa Estatal para Impulsar la Investigación Científico-Técnica y su Transferencia, del Plan Estatal de Investigación Científica,
Técnica y de Innovación 2021-2023 (Spain) and in part by the European Social Fund (ESF). It is also funded in part by the Secretaria d’Universitats i Recerca
del Departament d’Empresa i Coneixement de la Generalitat de Catalunya 2017 SGR 376 and 2017 SGR 219. This work has also been founded by the grant
PID2019-106808RA-I00 funded by MCIN/AEI/10.13039/501100011033. Finally, this research was possible thanks to the FI-2019 grant from AGAUR-Generalitat
de Catalunya, Spain.
∗ Corresponding author at: ‘‘CommSensLab’’, Department of Signal Theory and Communications - UPC BarcelonaTech, Spain.
E-mail address: lara.fernandez.c@upc.edu (L. Fernandez).

1 Visiting professor.

Initially, Universities and other small entities were the ones taking
advantage to launch their own satellites. However, in the past decade
space agencies and numerous companies have launched or participated
in CubeSat or smallsat missions, following the so-called New Space
trend. For instance, NASA has launched IceCube [3] a 3U CubeSat that
generates cloud ice maps and RainCube [4] that contains a Ka-band
Radar and a deployable parabolic antenna in a 6U CubeSat.

Among the Earth Observation (EO) payloads for CubeSats or small
satellites, due to power limitations, passive ones e.g. optical imagers,
Global Navigation Satellite System Radio Occultations (GNSS-RO), or
those that make use of Global Navigation Satellite System Reflec-
tometry (GNSS-R) are gaining momentum. In the latter, the spatial
resolution does not depend on the antenna size, and allows to perform
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Fig. 1. FSSCat satellites render (credit: UPC).

ocean monitoring [5], obtain soil moisture [6], and detect flooded re-
gions [7] or ice cover [8]. This technique has been validated in missions
such as the UK-DMC [9], the UK TechnoDemoSat-1 (TDS-1) [10], and
the CYGNSS constellation from NASA [11].

Additionally, combining GNSS-R with L-Band Microwave Radiom-
etry (MWR) [12,13] measurements improves the spatial resolution
and accuracy of soil moisture and ocean salinity products [14]. This
was done in the FSSCat mission [15] a mission composed by two 6U
CubeSats, 3Cat-5/A and 3Cat-5/B (Fig. 1), winner of the Copernicus
Masters ESA Sentinel Small Satellite 𝑆3 Challenge [16] and launched
on September the 3rd 2020.

3Cat-5/A main payload is the Flexible Microwave Payload 2 (FMPL-
2) [17] that combines a GNSS-R and a MWR in the same instrument.
It is based on the PAU concept [18] and it inherits from the PYCARO
on 3Cat-2 [19] launched in 2016 (GNSS-R instrument), and the FMPL-
1 on 3Cat-4 [20], which consists of a MWR with radio interference
mitigation, and a GNSS-R based on an RTL Software Defined Radio
(RTL-SDR) device.

3Cat-5/B main payload is a hyperspectral camera, the Hyperscout
2, [21] working in the Visible and Near InfraRed (VNIR) bands, and
Thermal InfraRed (TIR) band. It also features an Artificial Intelligence
(AI) processor for cloud detection, to optimize the data download and
transmit only useful images. Moreover, both satellites are equipped
with an optical inter-satellite from Golbriak Space OÜ (Estonia), and
a Ultra-High Frequency (UHF) inter-satellite link developed in-house.

Overall, one of the main objectives of the mission is to provide full
coverage of both the North and South poles providing Sea Ice Concen-
tration and Sea Ice Thickness products [22,23] from the data acquired
with the FMPL-2. To achieve that, it was necessary to manufacture a
custom antenna that resonates at both the MWR (1400–1427 MHz) and
Global Positioning System (GPS) L1/Galileo E1 (1575,42 MHz) band
for GNSS-R, with a Directivity (D) larger than 12 dB at both bands. It
is also a requirement to have Left Hand Circular Polarization (LHCP),
especially in the L1/E1 band, and smaller Return Losses (RL) than
−10 dB at 1413 MHz and −5 dB at 1575,42 MHz.

The dimensions and mass of the antenna are also critical since the
antenna is allocated in one of the outer faces of the spacecraft, which
constrains it from fitting within the CubeSat envelope. Moreover, the
adverse conditions experienced during launch in terms of structural
damage to the components and the extreme temperature changes expe-
rienced when in orbit also have to be considered in the design, taking
into account that the antenna is pointing to nadir.

This work presents the design, implementation, and testing of the
nadir antenna for the FMPL-2, including the results of the Flight Model
(FM) flying onboard the 3Cat-5/A spacecraft. The design first comprises
the requirements definition. Then, a survey of the different design solu-
tions is done, and the optimum one is selected. After that, simulations
of the antenna dimensions are performed, and a prototype of each one
is manufactured to verify the simulation model. Finally, the results of
the FM and the environmental testing campaign are presented.

This article is organized as follows: Section 2 lists the nadir antenna
requirements. Section 3 contains the theoretical analysis and simula-
tions of the design. Section 4 presents the design and performance of
the prototypes, and the nadir antenna FM. Finally, Section 5 presents
the conclusions of this work.
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Table 1
Requirements definition for the nadir antenna.

ID Requirement description

001 The nadir antenna shall work with a minimum directivity of 12 dBi
at 1575.42 MHz

002 The nadir antenna shall work with a minimum directivity of 12 dBi
in the 1400–1427 MHz band

003 The nadir antenna shall receive in Left Hand Circular Polarization
with an axial ratio smaller than 3 between 1400–1427 MHz and at
1575.42 MHz

004 The nadir antenna shall have return losses smaller than 10 dB in
the 1400–1427 MHz band

005 The nadir antenna shall have return losses smaller than 5 dB of
return losses at 1575.42 MHz

006 The nadir antenna shall have a maximum envelope of 300 mm ×
200 mm × 7 mm with a single SMA interface connector

007 The nadir antenna shall be able to withstand vacuum and
temperatures between 80 ◦C and −20 ◦C

2. Nadir antenna requirements definition

The requirements stated for the nadir antenna mentioned along
Section 1, are summarized in Table 1. The Directivity (D) and Return
Losses (RL) requirements have been set by the Payload Engineer, and
the envelope requirements of the platform provider, according to the
interface and the structural analysis.

First, it is required to select the best antenna type for the particular
use case. In [24], a survey of antennas onboard CubeSats is done,
and among all the design solutions presented, the helical and patch
antennas are the ones that could comply with the requirements. Helical
antennas offer circular polarization, high directivity, and are broad-
band. These are stowed during launch and deployed in orbit. There
are some solutions for industrial helical antennas with flight heritage,
such as the ones embarked in the GOMX-1 [25] and GOMX-3 [26]
for Automatic Dependent Surveillance–Broadcast (ADS-B) applications.
Furthermore, a Nanoavionics spacecraft carrying an Internet of Things
(IoT) payload with a helical antenna was also launched by Lacuna
Space [27]. Also, a quadrifilar helical antenna [28] that takes up half
of a CubeSat unit has a commercially available option. Furthermore,
there are tailored solutions such as the one created for the 3Cat-4
mission [29,30]. However, all these antennas are not compliant with
the envelope requirements, since they require space on the internal
stack of the satellite.

As seen in TechDemoSat-1 [10], 3Cat-2 [31], and CyGNSS [11] an
array of patch antennas mounted on the outer side of the satellite
provides enough directivity for spaceborne GNSS-R payloads. Other
solutions consider different types of materials for transmission line
type antennas [32,33], although these perform similarly to standard
patch antennas. With the directivity required for the nadir antenna,
an array of 6 patches requires a 6U face to distribute the antennas.
This design solution aligns with the envelope restriction given for the
antenna. However, having six different antenna elements requires to
have a combiner that combines the signals into one, to have a single
output in an SubMiniature version A (SMA) port. An in-depth analysis
of the antenna and combiner design is presented in Section 3, where the
dual-band matching and the type of combiner solutions are addressed.

3. Materials and methods

This section includes first an overview of the design. Then, a the-
oretical background on circular polarization and dual frequency band
patch antennas, and the simulations of the prototypes manufactured.
Finally, the theoretical background and the simulations of the combiner
are presented.



Acta Astronautica 208 (2023) 194–204L. Fernandez et al.
3.1. Nadir antenna design

To provide a better understanding of some of the design constraints,
the final nadir antenna design is first presented, as it can be better
understood. Aside from the envelope dimensions, the platform provider
also fixed some M2.5 clearance holes to integrate it in the platform. Due
to the dimensions of the antenna, and the position of the mechanical
interface holes the six radiating elements can be placed in a 3 by 2
distribution, as seen in Fig. 2.

Fig. 2. Nadir antenna dimensions.

The design solution that complies with the requirements has been
to stack four printed circuit boards (PCBs). As seen in Fig. 3, the top
one contains the six GPS L1 patches, below there is another one with six
more patches for the MWR, and a ground plane on the bottom layer for
the antennas. Finally, the two PCBs at the bottom have ground planes
on either side, and the stripline combiner in the center.

Fig. 3. Extruded view of the nadir antenna.

3.2. Antenna design: Theoretical background

Patch or microstrip antennas [34], are formed by a dielectric sub-
strate, with dielectric constant 𝜖𝑟, with a ground plane on one side
of the substrate, and the radiating element on the other side. The
dielectric constant 𝜖𝑟 defines the size of the antenna, but also the losses.
For higher constants, the antennas are smaller, but losses are typically
higher too.

There are several feeding methods for patch antennas, shown in
Fig. 4. The four most common feeding methods are microstrip feed,
coaxial feed, aperture feed, and slot feed. The microstrip and coaxial
feeds are the easiest to manufacture and match. The coaxial feed has a
narrower bandwidth as compared to a microstrip feed.

The proximity coupled feed consists of a stack of two layers of
substrate: the radiating element is placed on the top, a microstrip line
feeding the antenna in the middle, and in the bottom the ground plane
of the antenna. So, the feed line is coupled with the radiating element.

The aperture coupled feed has also two substrate layers, the radiat-
ing element in the top layer, a ground plane with a slot in the middle
layer, and at the bottom a microstrip line. In this case, the microstrip
196
Fig. 4. Patch antenna feeding methods.

line is the antenna feed, which couples with the radiating element
through the slot.

These two feeding methods are harder to manufacture and to match,
than the previous two methods, but ensure less spurious radiation.

Depending on the feeding method used, the patch antenna can
have linear or circular polarization. In order two achieve circular
polarization there has to be a 90◦ phase shift between the two main
modes of the antenna. Moreover, a configuration of the phase shifts
the polarization can be either Right Hand Circular Polarization (RHCP)
or LHCP.

If the feeding method is a microstrip line (Fig. 5) the circular
polarization can be obtained by feeding two different sides of the
antenna with a 90◦ phase shift. This would be the case for the (a) 𝜆∕4
power splitter, or the (b) 90◦ hybrid. Another technique is to feed the
antenna on only one side and place a slot in the center with a diagonal
orientation. In all these cases the radiating element has a square shape.

Fig. 5. Circular polarization configuration with microstrip line feed.

The dimensions of the square antenna are computed as shown
in Eq. (1) [34], where 𝑐0 is the speed of light, 𝑓0 the central frequency,
and 𝜖𝑟 the dielectric constant of the material.

𝑊 =
𝑐0

2 ⋅ 𝑓0
⋅

√

2
𝜖𝑟 + 1

(1)

If circular polarization has to be achieved with a coaxial feed
(Fig. 6), the antenna can be fed in the diagonal, or in the center of
one edge, but with slant corners. For these configurations, the antennas
are slightly rectangular. The diagonal feed has right hand circular
polarization if the feed is placed in the upwards right diagonal, and
LHCP if it is placed in the upwards left one.

Fig. 6. Circular polarization configuration with coaxial feed.

In these cases, an adjustment on the width (W) of the patches
is performed considering the 90◦ phase shift. To compute this, the
frequencies at which the imaginary part of the load are −45◦ and 45◦
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have to be computed. Thus, if the antenna is designed at 𝑓0◦ , where
𝐼𝑚(𝑍) = 0◦, the frequencies 𝑓−45◦ and 𝑓45◦ , where the 𝐼𝑚(𝑍) = −45◦

and 𝐼𝑚(𝑍) = 45◦ have to be found.
The adjustment in the width and length of the antennas is computed

as shown in Eq. (2) [34], where W is the width of a square patch
antenna.

𝑊𝑥 = 𝑊 ⋅
𝑓0

𝑓−45◦
;𝑊𝑦 = 𝑊 ⋅

𝑓0
𝑓45◦

(2)

These feed configurations to obtain circular polarization only res-
nate at one frequency. According to [35] dual-band patch antennas
an be achieved through three different techniques (1) orthogonal
ode [36–38], (2) multi-patch [39], and (3) reactively loaded.

The orthogonal mode is based on the idea that a single or two
eeding points are matched at the same time at two frequencies. This
an be achieved by feeding the antenna either with a coaxial or slot
oupling.

The multi-patch consists of either stacking multiple radiating ele-
ents or placing them on the co-planar surface of the same antenna.

f the elements are stacked, the feed and matching can be performed
ither by employing a coaxial feed or a slot. If they are placed on a co-
lanar surface, they can be obtained with parallel rectangular dipoles
r a cross-subarray with a larger cross-shaped element in the center,
nd four smaller squares on the sides. The cross-subarray is tailored to
esigns that have a large separation between frequencies.

The third method consists of using reactive loads to match the
atches. For this reason, stubs, notches, capacitors, or slots are added
o the patches.

For the nadir antenna design, a coaxial feed is the best option, since
t allows connecting directly the antennas to the combiner within the
tack of PCBs. Also, it is necessary to have a single feeding point for
ach of the antennas, since the output of the nadir antenna has to be a
ingle SMA connector and not one per band. Thus, the selected design
s the multi-patch configuration with coaxial diagonal feed.

.3. Antenna design: Simulations

Numerical simulations using CST Studio Suite have been conducted
o fine-tune the design and make it compliant with the requirements. To
chieve the antenna matching at the frequencies, an iterative approach
f simulating, prototyping, and adjusting the simulations based on the
esults obtained has been followed, because simulations never account
or all system imperfections and tolerances.

Moreover, these types of antennas are very sensitive to the di-
ensions of the radiating element, and the dielectric constant of the
aterial. So, in the iterative process two aspects are characterized: (1)

he effect of the manufacturing tolerances in the antenna, and (2) the
ifference between the 𝜖𝑟 in the simulations, and the prototypes.

The design is first performed for a single 100 × 100 mm2 patch
ntenna This antenna is a stack of two elements with a diagonal coaxial
eed. The dual-frequency band is achieved by utilizing the antenna
tack, and the LHCP with the diagonal feed, which is placed on the
pwards left diagonal. The dielectric material used is Rogers 4003C,
he thickness of the material is 1.524 mm and the theoretical dielectric
onstant is 𝜖𝑟 = 3.18.

To simulate the antenna a model is defined with the parameters
isted in Table 2. The dimensions of the ground plane, GPX, and GPY,
re 100 × 100 mm2. The dimensions for the patches and the position
f the coaxial feed are chosen based on the simulations.

.3.1. Single-frequency patch antenna
The theoretical width of the antennas can be seen in Table 3. These

heoretical widths are the starting point to design two single-frequency
ntennas. One antenna will be matched at the MWR band and the other
ne at GPS L1.

The first step in the design of these two square antennas is to per-
orm a parameter sweep of CoaxPosX to find the position of the coaxial
197
Table 2
Single patch antenna simulation variables.

Name Description

GPX Ground plane dimension in X axis
GPY Ground plane dimension in y axis
RADX Radiometer patch dimension in x axis
RADY Radiometer patch dimension in y axis
L1X GPS L1 patch dimension in x axis
L1Y GPS L1 patch dimension in y axis
CoaxPosX Position of the coaxial connector in the X axis
CoaxPosY Position of the coaxial connector in the Y axis

Table 3
Patch antennas theoretical dimensions.
𝑓 (MHz) Width (mm)

1413 𝑊 = 3⋅108

2⋅1413⋅103
⋅
√

2
3.55+1

= 70.3

1575.42 𝑊 = 3⋅108

2⋅1575.42⋅103
⋅
√

2
3.55+1

= 63.1

Table 4
Patches dimensions with 90◦ phase-shift.
𝑓0 (MHz) 𝑓−45◦ ; 𝑓45◦ (MHz) 𝑊 𝑖𝑑𝑡ℎ𝑥 (mm) 𝑊 𝑖𝑑𝑡ℎ𝑦 (mm)

1439.3 1445.8; 1435.0 𝑊 ⋅ 0.9955 𝑊 ⋅ 1.0029
1590.2 1597.9; 1584.9 𝑊 ⋅ 0.9951 𝑊 ⋅ 1.0033

Table 5
Results for single-frequency with circular polarization antenna simulations.
𝑓 (MHz) S11 (dB) AR (dB)

1413 −11.7 1.5
1575 −7.1 2.3

that has the lowest RL. The calculations and simulations are performed
at the center frequency of each frequency band. The simulations are
matched at higher frequencies than the theoretical ones, since at this
point the error in center frequency between the simulations and the
real prototypes was already characterized.

Once the RL is the minimum possible the frequencies for which the
imaginary part of the impedance of the antenna is −45◦ and 45◦ are
obtained, to ensure a circular polarization (i.e. 90◦ phase shift between
the two modes). Results can be seen in Table 4. With the difference
between the two frequencies, the coefficients to adjust the width in the
X and Y direction of the antenna are obtained.

3.3.2. Single-frequency circular polarization patch antenna
Considering these adjustments in the width of the antennas two

single-frequency circular-polarization antennas are simulated. The re-
sults obtained from these antennas are shown in Table 5.

These two antennas have been prototyped and measured in the UPC
Antenna Lab Anechoic Chamber [40]. The results for these measures
are presented in Section 4.

3.3.3. Dual-frequency circular polarization antenna stack
After designing the single-frequency circularly polarized antennas,

the design of the stack with double-frequency and circular polarization
is performed (see Fig. 7).

The design of the dual-frequency antenna is performed by stacking
two patch antennas. Thus, the coupling between both antennas res-
onates at the two desired frequencies. The design of these antennas
has consisted of doing combinations of parameter sweeps between the
width of the MWR patch and the GPS L1 patch. The final dimensions
for this antenna can be seen in Table 6.

The S11 parameter for the stack antenna are illustrated in Fig. 8.
The matching frequencies in the simulation are higher than the desired
ones since a frequency shift between the simulation and the prototype
has been characterized based on previous prototypes manufactured.
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Table 6
Results for the final design of the antenna stack simulations.

GPX 100 mm RADX 53.909 mm
GPY 100 mm RADY 54.801 mm
L1X 51.963 mm CoaxPosX −6.110 mm
L1Y 52.835 mm CoaxPosY 6.010 mm

Table 7
Directivity of six elements antenna array simulations.

Real 𝑓 (MHz) Simulation 𝑓 (MHz) D (dB)

1413 1520.5 13.4
1575.42 1599.6 13.8

This difference depends on the specific dielectric used and the matching
frequency, and it is due to the modeling errors of the dielectric,
and the manufacturing tolerances. Thus, this phenomenon has to be
characterized for every specific scenario.

Fig. 7. Dual-frequency with circular polarization stack antenna.

Fig. 8. S11 parameters for single antenna simulations.

The Axial Ratio (AR) for this configuration can be seen in Fig. 9.
Comparing the AR with the S11 parameter it can be seen that the
frequencies at which the antenna is matched are the ones with lower
AR.

Fig. 9. Axial ratio for single antenna simulations.

Additionally, the antenna is simulated conforming to a 6-patch
array. The D for the six-element array positions in a 3 × 2 topology
can be found in Table 7. Also, both cuts of the radiation pattern for
both frequencies are shown in Figs. 10 and 11.

3.4. Combiner design: Theoretical background

Given that the MWR measures the noise power, i.e. obtains the
antenna temperature, no resistive elements can be used in the front-end
198
Fig. 10. Radiation patterns of the six elements array simulations at 1413 MHz.

Fig. 11. Radiation patterns of the six elements array simulations at 1575.42 MHz.

chain. For that reason, the combiner is a T-junction. Also, to prevent
possible couplings between transmission lines the combiner is done
using stripline technology.

Considering the positions of the antenna feeds in the PCB, and the
limited space for the combiner, the signal is first combined from the 3
antennas, and then the two outputs obtained are combined into one.
This means that two combiners (3:1 and 2:1) have to be designed.

The 3:1 combiner, is shown in Fig. 12(a). It has an input impedance
𝑍0, and an output impedance 𝑍1. The relationship between the input
and output impedances can be calculated as:

𝑍1 =
𝑍0
3

. (3)

Fig. 12. 3:1 combiner schematics.

If the input impedance is 𝑍0 = 50 Ω, the output would be 𝑍1 =
16.7 Ω. Between the antenna feeds and the combiner 𝜆

4 transmission
lines are added to match them to 𝑍1 = 50 Ω. Thus, the resulting circuit
would be as shown in Fig. 12(b).

Based on that premise the reference impedance of the line:

𝑍′
0 =

√

𝑍0 ⋅𝑍1 =
√

50 Ω ⋅ 3 ⋅ 50 Ω = 86.6 Ω. (4)

In the case of the two-port combiner the same approach is followed.
So, the impedance of the line is:

𝑍′
1 =

√

𝑍0 ⋅𝑍2 =
√

50 Ω ⋅ 2 ⋅ 50 Ω = 70.71 Ω. (5)

The final configuration of the combiner is shown in Fig. 13. The the-
oretical values for the widths and lengths of the transmission lines can
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Table 8
Transmission lines width and length.
𝑊1 0.94 mm 𝐿1 53.00 mm
𝑊2 0.10 mm 𝑊3 3.10 mm
𝑊4 1.60 mm

Table 9
Transmission lines measurements.
𝑊1 1.00 mm 𝐿1 53.00 mm
𝑊2 0.20 mm 𝑊3 1.30 mm
𝑊4 0.50 mm

be found in Table 8. These values have been calculated for a stripline
transmission line, the frequency used to calculate the wavelength is
1413 MHz.

Fig. 13. Final 6:1 combiner configuration.

Fig. 14. Combiner layout in ADS.

3.5. Combiner design: Simulations

To match the combiner, the length and width of the lines obtained
with theoretical calculus have been inserted in Advanced Design System
(ADS) software and adjusted. The simulations have been conducted
using the Momentum Tool, which allows configuring the dielectric
substrates used, and the ground planes positions.

First, the layout was designed as seen in Fig. 14. Then, the widths of
the transmission lines were adjusted to match the combiner. The results
obtained from the Momentum simulations are summarized in Table 10,
and the measurements for the different transmission lines in Table 9.
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Table 10
Simulations of the S parameters of the combiner.
𝑓 (MHz) S parameters (dB)

S11 S12 S13 S14 S15 S16 S17

1400 −17.8 −8.0 −8.1 −8.3 −8.0 −8.2 −7.9
1413 −18.1 −8.0 −8.1 −8.3 −8.0 −8.2 −7.9
1427 −17.8 −8.1 −8.1 −8.3 −8.0 −8.2 −8.0
1576 −9.2 −8.3 −8.6 −8.7 −8.7 −8.4 −8.8

Table 11
Measured results for single-frequency circular polarization antenna prototypes.
𝑓 (MHz) S11 (dB) AR (dB)

1400 −5.2 3.1
1413 −11.7 1.9
1427 −11.8 3.2
1575.42 −11.6 1.6

Table 12
Measured characterization of the dual-frequency circular polarization prototype.
𝑓 (MHz) S11 (dB)

1400 −17.5
1413 −5.7
1427 −1.5
1575.42 −7.3

4. Measured results

This section includes the measured results for the different antenna
prototypes and the combiner characterization are presented here. Then,
the results of the FM are presented, including a radiofrequency charac-
terization, and a Thermal Vacuum Chamber (TVAC) Test Campaign.

4.1. Antenna characterization

The results for the two antenna prototypes. The prototypes are two
single-frequency LHCP antenna, one for the MWR and the other for the
GNSS-R. The second prototype is a stack of two patches, this is a single
element of the 6-element patch array that is going to conform to the
FM.

4.1.1. Single-frequency antenna prototypes
The results for these single-frequency prototypes are in agreement to

the simulations. These prototypes have been also measured in the UPC
Antenna Lab Anechoic Chamber [40], to verify the simulation model
used. As it can be seen in Table 11, the results are satisfactory, since
both the matching and the AR are compliant with the requirements.
Comparing these results with the simulation (Table 5), and given that
the antennas are matched at the correct frequency, it also serves the
purpose of verifying the model.

4.1.2. Dual-frequency single stack prototype
This stack antenna prototype conforms a single antenna of the

expected FM design, which will have a total of six elements. The
prototype of the antenna is shown in Fig. 15.

The results for this antenna can be seen in Table 12. Comparing
these results with the simulations, it can be noticed that there is a drift
in the frequencies, which was already characterized and identified with
the single-frequency antennas.

This antenna complies with the requirements, in terms of RL in some
part of the MWR band, and in GPS L1 at the specific frequency. The AR
was not measured, since the simulation model was already verified for
the single stack (see Fig. 16).
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Table 13
Combiner prototype S parameters measured results.
𝑓 S parameters (dB)

S12 S13 S14 S15 S16 S17

1400 −5.6 −7.7 −8.1 −5.9 −9.0 −7.7
1413 −8.6 −10.6 −12.8 −9.8 −15.1 −10.1
1427 −12.4 −14.0 −19.8 −15.0 −24.9 −13.8
1575.42 −7.8 −7.4 −6.4 −5.4 −5.7 −7.1

Fig. 15. Stack prototype.

Fig. 16. S11 parameters for the dual-frequency single stack antenna.

Fig. 17. Combiner QM prototype before assembly.

4.2. Combiner characterization

The combiner was directly manufactured as a whole since it was
the only representative manner of having a valid characterization. The
scope was to manufacture a Qualification Model (QM) and an FM so
that QM could be used to measure and characterize individually.

The combiner was measured with a Vector Network Analyzer
(VNA). In Fig. 17 the different ports are defined. Port 1 is the output
of the combiner and ports 2 to 7 are the inputs for each one of the
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Fig. 18. Combiner S parameters measured results.

patches. The isolation values are summarized in Table 13. Additionally,
the images of the measured S parameters can be seen in Fig. 18.

As it can be seen, there are significant differences between the simu-
lations and the real measurements. Also, the different input parameters
also show inconsistencies. This is mainly due to the M2.5 interface
holes, since some are closer than other to some of the transmission
lines. However, this issue is unavoidable given that the interface holes
were set by the structural analysis and are required.

4.3. Nadir antenna flight model

The nadir antenna FM is an assembly of a replica of the combiner
characterized, the QM, in Section 4.2 and a six patch array of the single
antenna prototype characterized in Section 4.1.2.

4.3.1. Assembly and testing sequence
Having simulated, prototyped, and measured both the single an-

tenna and the combiner, the nadir antenna FM can be finally assembled
and tested. The assembly and testing process is summarized in Fig. 19.

The first step is to perform the antenna assembly. This comprises
mounting the four PCBs together, soldering the feeding points, and
keeping all the interface screws bolted at the proper torque, to ensure
even spacing between the PCBs.

After performing this process the antenna had the resonance for the
L1 band at a higher frequency, so it was reassembled introducing a
small air gap between the MWR and the L1 patches. This difference in
the matching is probably caused because by a difference in the 𝜖𝑟 of
the material since the prototypes were manufactured in-house with the
same panel but the FM was outsourced.
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Fig. 19. Assembly and testing procedure of the nadir antenna FM.

Fig. 20. Nadir antenna integrated in 3𝐶𝑎𝑡 − 5∕𝐴 spacecraft.

Fig. 21. Nadir antenna FM installed inside the TVAC.

The following steps are characterizing the S11 parameter and per-
forming a TVAC test, to ensure that the antenna is capable of with-
standing space conditions (i.e. thermal stress the antenna in vacuum).
After TVAC, the S11 parameter has to be characterized again to assess
if the TVAC conditions have affected the performance of the antenna.
At this point, the radiation pattern is also measured.

Generally, it is good practice to execute the vibration testing first,
and then the TVAC testing, following the ‘‘test as you fly’’ philos-
ophy. However, in the case of the nadir antenna, vibration testing
was skipped, since it was performed at system level with the whole
spacecraft. Although a TVAC test is also done at system level, it was
considered necessary to test at subsystem since the antenna is placed
on an external surface of the satellite, and at subsystem level it was
possible to test under more severe conditions.

Once all the tests were finished, the antenna was assembled into the
spacecraft. The images of the antenna integrated into the spacecraft can
be seen in Fig. 20.

4.3.2. Thermal vacuum chamber tests of the flight model
The TVAC test was performed in the UPC NanoSat Lab TVAC [41].

This test consisted on placing the antenna, as shown in Fig. 21 in the
TVAC, and performing thermal cyclings in vacuum conditions.

The thermal profile used for the test consists of two thermal cy-
clings with 80◦ in the hot plateau and −20◦ in the cold plateau. The
profile setup ensures that the antenna is stable for two hours at these
temperatures.
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Table 14
Directivity, S11 and axial ratio measured results for the nadir antenna.
𝑓 (MHz) D (dB) G (dB) S11 (dB) AR (dB)

1413 12.1 10.1 −8.3 0.5
1575.42 10.2 5.48 −6.8 6.3

The measurements of the temperature once the TVAC is depres-
surized are performed with thermocouples. The temperature retrievals
from the thermocouples can be seen in Fig. 22. All thermocouples were
placed on the top and bottom parts of the antenna, except for the red
one, which is connected to the TVAC shroud. This shroud is filled with
Liquid Nitrogen (LN2), when the cold plateau is performed, to cool the
chamber.

After the thermal cyclings are performed, the TVAC is pressurized
and a measurement of the S11 parameter and the radiation pattern are
performed again.

4.3.3. Radiofrequency characterization
The antenna was characterized by measuring the S11 parameter

measurement with a VNA and the radiation pattern, gain (G) and AR
measurements in the UPC Antenna Lab Anechoic Chamber. The results
for these tests are shown in Table 14. Additionally, in Fig. 23 the S11
parameters can be seen, and in Figs. 24 and 25, the radiation patterns
at both frequencies.

Based on the results obtained it is clear that the air gap between
the MWR and the GPS L1 antennas, reduced the efficiency in the L1
band, and the AR increased, tending to a linear polarization instead of
a circular or elliptical.

In the end, the FM of the nadir antenna is not compliant with all the
requirements. Unfortunately, due to the schedule of the mission and the
required delivery date, it was not feasible time-wise to perform another
iteration. Despite this, antenna imperfections were characterized, in-
cluded in the retrieval algorithms, allowing to successfully retrieve soil
moisture [42], sea ice concentration and extent [23,43], thickness [22],
and sea salinity [44].

5. Conclusions

This study has presented the design for the implementation and tests
of the flight model of a dual-frequency left-hand circular polarization
patch antenna array, including a 6:1 combiner. The design has to
comply with functional, performance, and environmental requirements.
It has flown in the 3𝐶𝑎𝑡 − 5∕𝐴 satellite, from the FSSCat mission.

The nadir antenna has been designed to fit in an envelope of
300 × 200 × 7 mm3. For that reason, it is conformed by four PCBs,
with a thickness of 1.52 mm. The dielectric used is Rogers 4003C. Based
on the dimensions of the envelope and the directivity requirements the
design solution has been to implement a dual-band six-patch array with
a stripline combiner.

The design of the antennas has been an iterative process of simulat-
ing, prototyping, and then, adjusting the central frequencies. During
the different iterations performed two aspects of the antennas were
identified: (1) the matching frequency is dependent on the dimensions
of the patches, so manufacturing tolerances affect the matching of the
antenna, and (2) the tolerance in the dielectric constant of the material
also affects the matching of the antenna. Moreover, there is a difference
between the central frequencies obtained in the simulations and the
prototypes.

In the iterative process, the first two single frequency elements with
LHCP were prototyped, to characterize the material and verify the
simulation model. Then, a dual-band with LHCP antenna was designed.
From this design, the Flight Model antenna was manufactured, being
the same antenna but in a six elements array configuration.

The 6:1 ports combiner was also simulated and prototyped. The
simulations have a constant isolation parameter for the MWR band of
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Fig. 22. Temperature readings from thermocouples during TVAC test.
Fig. 23. S11 Parameter results for the nadir antenna FM.
Fig. 24. Radiation patterns measured at 1413 MHz of the nadir antenna FM.
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Fig. 25. Radiation patterns measured at 1575.42 MHz of the nadir antenna FM.
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approximately −8.0 dB. This is not the case for the prototype, prob-
ably because the interface holes of the antenna do not have uniform
distribution and may affect the striplines.

The nadir antenna FM was manufactured following the exact di-
mensions of the prototypes. However, during the assembly process,
the resonance for the 1575.42 MHz was at a higher frequency, so an
air gap existed between the MWR band radiating elements and the L1
ones.

The antenna was tested in a TVAC, to verify that the performance
does not vary in space conditions, performing two thermal cycles
between +80 ◦C and −20 ◦C. After that, the radiation performance was
measured concluding that the GPS L1 results were not all compliant
with the requirements, although the MWR band did comply in terms of
the Directivity and Axial Ratio. In orbit scientific products of both the
MWR, and the GNSS-R payloads were obtained. However, in the case
of GNSS-R, only those signals with high Signal-to-Noise Ratios (SNRs)
were received due to the lower directivity of the antenna. For future
missions, it would be optimum to remanufacture an antenna which
complies with all the stated requirements.
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