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Abstract—ESA’s Soil Moisture and Ocean Salinity
(SMOS) mission, together with NASA’s Soil Moisture
Active Passive (SMAP) mission, are both providing a wealth
of information to the user community for a wide range of
applications. Although both missions are still operational,
they have significantly exceeded their design life time. For
this reason, ESA is looking at future mission concepts which
would adequately address the requirements of the passive
L-band community beyond SMOS and SMAP. This paper
proposes one mission concept, TriHex, that has been found
capable of achieving high spatial resolution, radiometric
resolution and accuracy, approaching the user needs. This
is possible by the combination of aperture synthesis,
formation flying, the use of general circular orbits and alias
free imaging.

Index Terms—Aperture Synthesis, Formation Flying, General
Circular Orbits, SMOS

I. INTRODUCTION

SOON after the SMOS (Soil Moisture and Ocean Salinity)
project started at the European Space Agency in the early
2000’s [1][2], consideration was already given to a follow-on
mission. To guarantee users with L-band observations for a
period longer than 10 years and noting that the design life of
SMOS was 3 years, the SMOSops mission was proposed in
2004 consisting of 3 identical copies of SMOS (Fig. 1) [3].
However, SMOSops was never approved and SMOS was
launched on November 2", 20009.

The very first images provided by SMOS showed very
apparently the problem of radio frequency interference (RFI)
(Fig.2). Not only the pixels at the location of the RFIs were
corrupted, but also many others affected by the sidelobes of the
impulse response of the Microwave Imaging Radiometer with
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Aperture Synthesis (MIRAS), the payload on board SMOS. A
study on a Super-MIRAS instrument showed the tight
relationship between the array geometry and the amplitude of
the sidelobes [4]. In particular, closed figures as polygons lead
to lower tails of secondary lobes than open geometries, like the
Y-shape of SMOS. For this reason, a hexagon was proposed in
2012 (Fig. 1) as a much better shape for any SMOS follow-on
mission, to focus the RFI energy avoiding the spill over across
the image through long tails of secondary lobes. Furthermore,
because of the greater extent provided by the hexagon in the
visibility domain by comparison to the Y-shape (of the same
arm length), a 18.3% spatial resolution improvement was
expected (at the cost of doubling the number of receivers). A
hexagonal instrument of a similar size to that of SMOS (7.8 m
diameter), dubbed SMOSops Hexagonal, was studied in detail
in [5].

SMOSops Hexagonal presented two additional differences
with respect to SMOS. First, a smaller spacing between antenna
elements of 0.767A (0.875A in SMOS), which allowed
enlarging the alias-free swath to 946 km (587 km in SMOS).
Second, a reduced pitch angle of 21° (32.5° in SMOS) because,
with the wider alias-free swath, there was no need to go for
larger pitch angles to ensure good incidence angle coverage.
With all its features, the estimated spatial resolution SMOSops
would attain at boresight came to 33 km (41 km for SMOS).

Despite the improvements, SMOSops Hexagonal mission
concept fell short in addressing one key user requirement for a
future L-band observation system, namely an improved native
spatial resolution approaching the 10 km x 10 km goal [6].

This paper presents the steps that have been taken following
an extensive user consultation including a requirement
consolidation [6], [7] to evolve from the SMOSops Hexagonal
to a new mission concept approaching the desired spatial
resolution.

To complete this introduction, a couple of comments. One is
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Fig. 1. Upper row, from left to right: SMOS, started in 2001; SMOSops,
proposed in 2004, consisting of 3 identical copies of SMOS; SMOSops
Hexagonal studied in 2012 would better focus RFI sources; Formation Flying
L-band Aperture Synthesis (FFLAS) is introduced in 2021 to reach 10 km
ground resolution; FFLAS-2 is a variation of FFLAS, studied in 2022 as the
rest of the configurations, that avoids the deployment of the hexagons by using
smaller spacecraft that fit in the fairing of an Ariane 6 rocket; FFLAS-2 Lite-
3 is yet a further variation which can be launched with the less costly VEGA
launcher, leveraging the break-up of the formation into smaller hexagons;
Lower row: FFLAS-2 Lite-5 and Lite-6 are cost-effective formations that use
alias-free spacing, the former being the focus of this paper.

on the status of the L-band radiometers. By the time of the
writing of this paper, SMOS is still operational, after 13 years
in orbit, and NASA’s SMAP (Soil Moisture Active Passive)
mission, launched on January 31%, 2015, is also fully working,
after almost 8 years in space [8]. The second comment is about
the user requirements. These have been more recently reviewed
by the Global Climate Observing System [9]: 10 km is the goal
and break-through spatial resolution requirements for Sea
Surface Salinity and Soil Moisture respectively, with 1 km
being the goal for the latter.

II. ENLARGING THE APERTURE BY FORMATION FLYING

From the 33 km boresight spatial resolution of the 7.8 m
diameter SMOSops Hexagonal one can conclude, by simple
linear scaling, and with all other system parameters unchanged,
that an aperture of about 25 m is needed to meet the 10 km
resolution recommended at the ECMWF workshop. Given the
enormous challenge of accommodating, launching, and
deploying such a large hexagonal array in space, a different
approach to a large single aperture was considered, that of a
formation of smaller instruments.

In 2021 a study on Formation Flying L-band Aperture
Synthesis (FFLAS) was carried out in ESA. It was found that
an arrangement of three hexagons properly oriented at the
vertices of an equilateral triangle led to good coverage in the
visibility domain and to an impulse response with low
sidelobes. Therefore, one such formation consisting of three
spacecraft identical to SMOSops Hexagonal was studied in
detail (Fig. 1).

Although FFLAS could obtain the required 10 km ground
resolution, it was at the expense of four costly elements and the
challenge brough by unconnected interferometry. First, each
hexagon had to be deployable to fit inside the launcher fairing,
as in [5], increasing design complexity and mass significantly.
Second, in order to maintain a rigid formation, forced motion
was proposed, leading to a large mass of propellant being

Fig. 2. First browse product swath-based image produced by SMOS, on 19-
Nov-2009, showing the brightness temperature at a fixed incidence angle of
42.5°. The red pixels represent anomalous high values of brightness
temperature as a consequence of Radio Frequency Interference (RFI). It was
observed that not only the pixel where the RFI is located is polluted, but also
many other pixels around it due to the sidelobes of the impulse response of Y-
shaped MIRAS, the instrument on board SMOS. The reason to propose an
hexagon in SMOSops Hexagonal was to significantly reduce the sidelobes and
hence, the spread of RFI energy to other pixels in the image.

required over a 10-year lifetime. The amount of fuel, together
with the tanks, thrusters, and pipes, had a high mass impact.
Third, for better brightness temperature accuracy, two rows of
dummy elements were assumed implementing the antenna
pattern equalization approach in [10], also adding to the mass
budget. Finally, because of the large total mass (over 1,600 kg
per hexagon) and volume of the spacecraft, an Ariane 6
launcher had to be chosen, more expensive than other smaller
launchers.

To reduce cost, two variants of FFLAS were considered from
a very preliminary system level perspective: FFLAS-2 and
FFLAS-2 Lite-3 (Fig. 1). FFLAS-2 removed the need for
deployable hexagons by splitting the formation into six smaller
hexagons, each fitting in a single piece inside the fairing of
Ariane 6. FFLAS-2 Lite-3, in addition, removed the need for a
big launcher by further increasing the number of hexagons to
twelve, while reducing the size of each of them. These smaller
hexagons would fit within the more cost-effective VEGA
launcher, although two launches would be required to bring the
full formation in orbit.

Still the rough order of magnitude cost of FFLAS-2 and
FFLAS-2 Lite-3 was deemed to be too high, and the efforts
focused on coming up with a more cost-effective formation
while pursuing the scientific objectives. The path that was
followed and the final results are described in the next sections.

III. THE GENERAL CIRCULAR ORBITS: A BREAKTHROUGH

During the FFLAS study a careful look at the orbital
dynamics of the formation was taken. After the FFLAS study
was completed, the analysis of the orbits was yet continued
within ESA. The outcome of this follow-on research was a
breakthrough for the application of formation flying L-band
aperture synthesis: the General Circular Orbits (GCO).

The GCO are described in detail in [11] and [12]. In
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Fig. 3. This figure shows the increase in aperture size achieved in the Lite-5
configuration (right) by placing the antenna elements at the rim of the
hexagons instead of in the center line of the ground plane as in the Lite-3
hexagons (left). The reduction of element spacing from 0.707X in Lite-3 to the
alias-free spacing of 0.577A in Lite-5 makes the image processing robust
against residual antenna pattern differences.

summary, applying small variations on the Keplerian
parameters of the orbit of a virtual reference point at the center
of the formation, one can find a set of orbits for the spacecraft
of the formation (the number of spacecrafts is unlimited). Then,
by applying certain conditions, such set of orbits guarantees that
the centers of mass of all the spacecraft lie on the same plane
and rotate, once per orbit, around the reference point of the
formation. The plane of the centers of mass is rolled by about
30° when the reference point follows the same orbit as SMOS,
i.e. a 775 km mean altitude Sun synchronous orbit, with a Local
Time of Ascending Node of 6:00 AM. Of the two possible 30°
roll angle solutions, clock- and counter-clockwise, the latter
solution is chosen. Then the Sun shines on the back side of the
rolled spacecraft, their front sides pointing towards the dark
side defined by the terminator, a desired geometry from the
radiometric point of view.

The fundamental feature of the GCOs is that these are natural
orbits, and the formation is ideally self-maintained through
gravity, without the need of any thrust. Obviously, some thrust
is still required to counter differential external forces applied on
the spacecraft from the Earth's aspherical gravitational
potential, Sun radiation pressure, and atmospheric drag, mainly.
The net result is that the amount of fuel drops dramatically
when compared to that which was needed in the original forced
FFLAS formation. The amount of fuel has been estimated to be
a factor 20 smaller [12]. Still some additional fuel is required
for orbit keeping of the reference point, formation acquisition,
Cold Sky calibration manoeuvres, debris avoidance, safe mode
and end of life disposal. In any case, thanks to the GCOs, the
net reduction in fuel mass and propulsion system elements is
expected to be very pronounced.

For the TriHex concept, a continuous control approach has
been implemented. This allows a continuous compensation of
relative orbit variations due to the external perturbations of its
Low Earth Orbit. In this way, the relative distance is
continuously controlled and maintained in its correct range,
removing the uncertainties due to the impulsive manoeuvres.
This is the most important difference in terms of safety and
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Fig. 4. Simulated standard deviation (STD) of the spatial ripple (in the alias-
free field of view) of the brightness temperature image of the ocean of an
SMOS-like instrument. The ripple STD is plotted as a function of the antenna
element spacing and the antenna pattern dispersion (measured normalized to
that of the patterns of the SMOS elements). This simulation results are
consistent with Fig.4 in [41]. The square indicates the SMOS case.

maintenance considerations between TriHex and prior
formation concepts as those in [13] and [14].

Another major advantage of using natural orbits is the much
longer time the operations team can have to react in case of
failure of one or more of the satellites of the formation. In the
forced motion case of the original FFLAS formation, if one
spacecraft fails, the reaction time is very much limited, of the
order of half the orbital period (i.e. about 50 minutes). For this
reason, an on-board mechanism was proposed in FFLAS to
bring the active spacecraft into safe mode autonomously. When
using GCOs the constellation continues in formation for a
considerably more extended period, in the scale of days.
Therefore, autonomous safe mode can also be implemented on-
board but with far more ample margins, resulting in a less
critical situation from the operations point of view. Given the
importance of safety strategies, future development of the
TriHex concept will focus on the design of both autonomous
and ground-based techniques.

For what concerns the roll of the plane of the centers of mass
of the spacecraft, a similar configuration, in terms of applying
aroll angle to the spacecraft to have the Sun at the back, was in
fact studied for the SMOSops Hexagonal in [5]. The interest of
such configuration will become clear later in the paper. The
conclusion of that study was that, when rolling the spacecraft, a
substantial reduction in the number of pixels within the alias-
free field of view was experienced, making such configuration
unpractical.

However, recognizing that the loss of pixels of the rolled
SMOSops Hexagonal was due to the limited extent of the alias-
free field of view, one can deduce that, in the absence of aliases,
arolled or a pitched spacecraft would view the same number of
pixels. Therefore, the attention turned onto the antenna element
spacing, as this parameter determines whether or not there is, as
well as the size of, the alias regions in the field of view of the
interferometer. This is explained in the next section.

IV. ALIAS-FREE IMAGING

In two-dimensional interferometry with visibility samples at
the points of a regular hexagonal grid, the alias-free condition
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Fig. 5. Percentage of user requirements fulfilled as a function of the spatial
resolution of passive L-band observations, from the set of applications
collected in [7]. About 80% of user requirements are satisfied with 20 km
resolution measurements. (Note: Requirements are provided with three values:
threshold, breakthrough and goal. If a requirement at the threshold value
cannot be met then the corresponding science data are of little to no value,
meaning that the system is not fit for its intended purpose. If a requirement can
be met at the breakthrough level, the intended applications can be fully
addressed. The goal requirement characterises a performance that allows to
advance science and applications beyond expectations.)

is just met when the normalized spacing between them, s,
equals [15]

s=—L —0.57735.. )

NE)

To achieve such sampling spacing it is necessary that the
antenna elements, arranged along the hexagonal arrays in the
configurations of Fig. 1, be separated by s4 (in SMOS, a longer
spacing s=0.875 was used, as a trade-off among swath, defined
as the region free from Earth aliases, number of receivers and
antenna coupling). If this is fulfilled, then the rolled formation
produced naturally by the GCO of the previous section would
not suffer of any loss of pixels in the field of view by
comparison to a pitched configuration as the one of SMOS.

It is then seen how well the alias-free imaging fits together
with the GCOs in that the natural orbits can now be used in a
practical situation without any loss of coverage (because of the
roll angle), provided the element spacing respects (1).

As soon as it was established that the advantageous GCOs
became very practical when combined with the alias-free
imaging, two new satellite formations were proposed, the
FFLAS-2 Lite-5 and the FFLAS-2 Lite-6 in Fig. 1, with their
elements spaced according to (1). Both these configurations
follow the same approach as that of FFLAS-2 Lite-3 in that the
hexagonal spacecraft fit the fairing of a small launcher like
VEGA, not requiring any deployment. Out of these two
formations, to minimize cost, the FFLAS-2 Lite-5 was then
chosen for further assessment.

The problem with the FFLAS-2 Lite-3 hexagons, when
directly used to make a formation of three hexagons, is the
relatively small final aperture (7.2 m), as shown on the left of
Fig. 3. However, here again, the implementation of the alias-

free spacing comes to one’s advantage in that the antenna
elements can be placed at the rim of the hexagons, instead of at
the center of the ground plane, without performance
degradation. The explanation is given in the next paragraphs.
The new final aperture FFLAS-2 Lite-5 can achieve, illustrated
on the right of Fig. 3, becomes quite larger (8.9 m).

The advantages of alias-free imaging became clear while
studying the reason behind the spatial ripples existing in the
SMOS images, of about 1 K (standard deviation) amplitude. In
that study [16], complete simulations were carried out to assess
the standard deviation of the ripple (in the alias-free field of
view) of an image of the ocean taken by a noiseless SMOS-like
instrument. The magnitude of the ripple was analyzed as a
function of antenna element spacing and antenna pattern
similarity. Pattern differences of variable amplitude were
introduced artificially, normalized to the SMOS case. A
representative result of the study is given in Fig. 4. As shown,
when the antenna element spacing is set to the alias-free
spacing, the amplitude of the spatial ripple in the image is very
low regardless of the dispersion between antenna patterns. This
means that, although the antenna patterns of the elements next
to the rim (as in FFLAS-2 Lite-5) are expected to be less similar
to those of the elements in the center line of the ground plane
(as in FFLAS-2 Lite-3), the absence of aliases in the first case
guarantees little impact in the images produced.

Noise propagation was not studied in [16]. A recent
publication discusses in detail this matter, pointing to the fact
that alias-free conditions may induce worse noise propagation
than aliased imaging due to an increase of the condition number
of the reconstruction matrix [17]. A full analysis of image
reconstruction for Tri-Hex is still to be done, but a preliminary
analysis using Y-shaped geometries (and discarding redundant
baselines) indicate that, although the condition number for
alias-free is worse than in aliased conditions, the problem is
well-posed and stable.

It is important to mention here that ESA is conducting the
predevelopment of a small antenna with a diameter of 0.577A
that allows alias-free imaging. This antenna, for which the
design and preliminary simulations are ready, enables the alias-
free imaging condition. Further confirmation of the imaging
performance when the antennas are placed at the rim of the
hexagon are also expected to be carried out by using real pattern
measurements into an instrument simulator and ground
processor.

V. THE TRIHEX MISSION CONCEPT

Following the success of the SMOS mission, ESA initiated a
requirement consolidation activity based on careful review of
demonstrated applications and envisaged future developments
until 2025 [7a]. Almost 50 individual applications were
analyzed and assessed together with the respective communities
with a focus on measurement uncertainty, spatial resolution,
and temporal revisit time. Finally, a cluster analysis was
performed for a quantitative assessment of future requirements
[7b]. The threshold requirements for spatial resolution,
temporal resolution, and radiometric accuracy were 25 km x 25
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spacecraft with the array of antennas at the rim (right bottom).
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km, 3 days at the equator, and 1 K. The respective goal
requirements were 10 km x 10 km, 1 day, and 0.5 K. The
accuracy requirement reflects the performance after in-flight
calibration and possible data aggregation, e.g. for
measurements in an angular bin for multi-angular measurement
systems.

The three-hexagon mission concept, or TriHex, is making an
important step towards addressing the needs of a wide user
community, particularly the goal requirement of 10 km x10 km
spatial resolution. TriHex is the result of the developments and
reasoning explained in the previous sections, which can be
summarized as the combination of:

1) A targeted spatial resolution of 20 km, which should satisfy
more than 80% of the user community applications, at threshold
level (see Fig. 5).

2) The use of formation flying.

3) The use of natural General Circular Orbits.

4) The use of alias-free imaging (0.577A antenna spacing).

5) All lessons learnt from SMOS.

6) The choice of the simplest configuration possible.

The next paragraphs describe different aspects of TriHex
mission concept in more detail.

A. Overall Description

TriHex consists of three hexagonal spacecraft of about 3 m of
envelope diameter and 0.8 m in height, flying in formation, with
their center of mass positioned at the vertices of a 5 m side
equilateral triangle (Fig. 6, left top). The center of the triangle
is a virtual point that follows the desired reference orbit of the
constellation. The spacecraft keep their relative distance and
orientation constant over time, except during the manoeuvres to
go-to and return-from the Cold Sky pointing mode, used for
calibration.

Fig. 7. TriHex satellites accommodated inside the fairing of a VEGA launcher
(left), and view of those, shortly after they are released (right).
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Fig. 8. Vega C launch vehicle performance data (including adapter) for
sun-synchronous orbit (SSO) missions as a function of altitude (taken from
[19]). A total mass of 2400 kg is allowed at 500 km altitude. Alternatively, a
height of almost 800 km is reachable for 2100 kg total mass.

The three centers of mass of the three hexagons are in GCOs
so that they follow the same circular trajectory in the plane of
the triangle, spaced by 120°. The plane forms a roll angle of 30°
with respect to the velocity vector (Fig. 6, right top), so that the
boresight direction is at the same angle of 30° from nadir. The
sense of the roll angle of the constellation is such that the
backside of the spacecraft is oriented towards the Sun (Fig. 6,
left bottom), a similar geometry to that of Aquarius [18]. This
is convenient to mount solar cells at the back of the satellites,
avoiding deployable moving solar panels which might perturb
the position of the centers of mass, critical in the definition of
the geometry of the formation. The estimated average power
consumption of each spacecraft is of 750 W, provided by body
mounted solar cells.

The antenna elements of the payload are disposed near the rim
of each hexagon to maximize the final aperture (Fig. 6, right
bottom). There are 12 elements on each side of the hexagon, i.e.
72 receivers in total. The final aperture achieved is near 9 m
(Fig. 3).

The relative position is continuously provided by three GNSS
antennas at the back of the satellites connected to a GNSS
receiver (Fig. 6, left bottom), and controlled through a set of
thrusters located in the center of each spacecraft. Two sets of
three thrusters oriented along three orthogonal axes, with the
main diagonal normal to the hexagon, are placed in the center
of the front and backsides of the hexagons. Such disposition
minimizes the impact of the plume of the thrusters between



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6

SMOS TriHex red

% £ £
2
1ok
o
‘ ]
20
0
30 10 3 1
u "

20

Fig. 9. Visibility coverage and degree of redundancy of SMOS (left) and
TriHex (right). Axes span +40 units in both u and v coordinates.

spacecraft and other satellite subsystems.

The three hexagons of TriHex fit inside the fairing of a
launcher like VEGA [19] (Fig. 7, left). They can be stacked one
on top of the other through an adequate clamp-band separation
system, in an approach similar to that employed for the ESA’s
Cluster mission. The satellites can then be readily released from
the launcher (Fig. 7, right).

The estimated mass of each hexagon is of about 700 kg, and
hence, the total mass of the three spacecraft is of 2100 kg. As
explained later, the orbital height of TriHex is proposed to be
around 500 km for best spatial resolution, and hence, according
to Fig. 8, there is ample margin of performance for a VEGA-C
launcher. There is also a comfortable margin in the height of the
center of mass which, for a payload of 2100 kg, is limited to
about 2.6 m. Being each spacecraft of about 0.8 m in height,
and accounting for a 0.30 m gap for the interface between them,
the center of mass is expected to be at a height near 1.8 m, well
within the limit for VEGA-C.

B. UV-coverage, sidelobe level and angular resolution

The uv-coverage in the visibility domain of TriHex is shown
in Fig. 9 (right). It consists of one central hexagon surrounded
by other six. The degree of redundancy (number of
measurements corresponding to one particular baseline) of the
central hexagon is 6, and that of the surrounding hexagons is 2.
The degree of redundancy of TriHex is greater than that of
SMOS, which uv-coverage is also presented in Fig. 9 (left) for
comparison. SMOS has redundancy 1 in the petals of the star,
i.e. for all uv-points, except those along the diameters and a
couple of lines parallel to those. This means that TriHex is more
robust against the failure of receivers: at least 2 receivers have
to fail before losing one particular visibility sample in the
surrounding hexagons of the uv-coverage, and at least 6
receivers have to fail before one visibility is lost of the central
hexagon. In SMOS the failure of 1 receiver already leads to the
loss of visibility samples.

Another important feature of the degree of redundancy in
TriHex is that the central hexagon has a high degree number
(6), which leads to an improved radiometric resolution in the
measurement of the central baselines which are the most
energetic, hence expecting high quality images.

Although the envelope of the uv-coverage of TriHex is not a
convex polygon as that resulting from a single hexagonal array,
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Fig. 10. Cuts, in director cosine coordinates, of the impulse response of
SMOS (left) and TriHex (right). TriHex sidelobes along the £&=0 plane (blue
line) are around 3 dB lower than those of SMOS; and those along the n=0
plane (red line) have at least 5 dB lower amplitude. Horizontal axis spans £1,
vertical axis spans from 0 dB down to —40 dB.

it approaches convexity more than that of SMOS. A metric to
measure this closeness could be the area between the uv-
coverage and the circumscribed circumference: the smaller the
area the better the convexity. From Fig. 9 it is clear that the uv-
coverage of TriHex is more convex than that of SMOS. Earlier
studies, as in [4] and [20], concluded that the higher the
convexity of the uv-coverage, the lower the sidelobes of the
corresponding impulse response. This is confirmed in Fig. 10
and 11 where the sidelobes and noise floor of TriHex (right
plots), apodized with a Hamming window, are compared
against those of SMOS (left plots), weighed with Blackman.
The tails of sidelobes of TriHex are 3 and 5 dB lower than those
of SMOS in the main planes, and the noise floor is about 10 dB
smaller. Lower sidelobes are important to mitigate the tails
generated by bright points like those produced by RFI sources.
redfocus the RFI energy and provide cleaner images than
SMOS in the presence of interference.

Sidelobe level also plays an important role in the so-called
land-sea contamination, observed in SMOS. Sidelobe level is
determined by the geometry of the array (as explained) and the
apodization window. SMOS sidelobes are relatively high due
to the Y-shape of the array, causing brightness temperature
errors along coastlines due to the contamination through
sidelobe leakage (the sea looks warmer while the land looks
colder than they should be). With its lower sidelobes, TriHex
should observe less land-sea contamination.

The angular resolution of SMOS is determined with the
Blackman window applied to the uv-coverage. As shown in Fig.
12 (left), this apodization reduces the first sidelobe of the
impulse response from about 8.4 dB below the peak (when no
window is applied) to some 14 dB. In TriHex, the angular
resolution is established using the Hamming window instead,
to maximize spatial resolution while maintaining better beam
efficiency. This is because the application of the Hamming
window to the TriHex uv-coverage leads to an impulse response
having its first sidelobe of the same amplitude as that of SMOS
(Fig. 12, right), the rest of the lobes having lower values (Fig.
11).

The resulting angular resolution of TriHex is 1.5°, as shown
in Fig.12 (right), to be compared against 2.3° of SMOS (Fig. 12
left). The better angular resolution of TriHex comes from its
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Fig. 11. Full impulse response of SMOS (left) and TriHex (right). The
noise floor amplitude of TriHex response (level of sidelobes in between tails)
is about 10 dB lower that of SMOS. Axes span £1 in both & and 1 coordinates.
Colour scales ranges from 0 dB (red) down to —50 dB (dark blue).

larger aperture size (9 m against 8 m about), its better filling of
the uv-plane and the lower sidelobe level of its impulse
response that allows the use of less aggressive apodisation
(Hamming window instead of Blackman).

C. Field of View, Range of Incidence Angles and Swath

Fig. 13 shows the field of view of SMOS in director cosine
coordinates, as reference. In these coordinates, the boresight
direction (BS) is at (0,0). Due to SMOS’ 32.5° pitch angle, the
nadir direction (NAD) corresponds to (—0.54, 0), and the Earth
limb appears flattened towards the bottom of the unit circle of
physical directions. The element spacing of SMOS, 0.8754,
causes the processing hexagon (set of directions where SMOS
forms an image) to be smaller than the unit circle, and repetition
of this hexagon (by translation) generates alias images (grating
lobes) of the Earth and Sky. Only a small region of the unit
circle is free of any aliases, the Alias-Free Field of View (AF-
FoV). It is in this area where SMOS observations are the most
accurate. Around the AF-FoV there is another part of the unit
circle in which there are only one or two Sky aliases. In this
region SMOS also provides useful observations, although less
accurate, as they include corrections for the aliases of the unit
border and the Sky.

Within the AF-FoV of Fig. 13 are shown three dwell lines,
i.e. the path a point on ground traverses the field of view of the
instrument as this moves along its orbit. The central dwell line
is the one going through boresight (BS) and nadir (NAD),
corresponding to the satellite ground track. The other two dwell
lines are for points 300 km either side of the ground track. The
incidence angle range over the central dwell line is of about 40°,
obtained by reading the iso-incidence lines, shown in Fig. 13,
that it traverses (removing a margin from the alias of the border
of the unit circle). This range of incidence angle allows to
retrieve the geophysical parameters with good accuracy.
However, the other two dwell lines have a reduced incidence
range, of only about 15°, which makes the geophysical retrieval
less accurate.

Fig. 14 summarizes the range of incidence angles of SMOS
(blue line) as a function of the cross track distance of the dwell
line. The swath of SMOS within which the range of incidence
angles is at least 10° is of about 650 km.

amplitude (dB)

Fig. 12. First sidelobe level and angular resolution of SMOS (left) and
TriHex (right). SMOS visibilities are apodised with the Blackman window
while TriHex visibilities are affected by the Hamming window. The different
apodisation achieves the same level for the first sidelobe in both cases.

Similarly, the field of view of TriHex is presented in Fig. 15
for an orbital altitude of 500 km (the other orbital parameters
corresponding to a Sun Synchronous Orbit with a Local Time
of Ascending Node of 6 am, as SMOS). The orbital altitude of
TriHex is lower than that of SMOS (775 km) in order to achieve
high resolution on ground. Now the processing hexagon
circumscribes the unit circle of physical directions and hence,
no aliases are formed. This happens by design, as the inter-
element distance in TriHex is precisely the alias-free spacing,
that is, 0.577A. Because TriHex has a roll angle of 30°, the nadir
point (NAD) appears at (0, 0.5) in director cosine coordinates,
and the Earth contour is flattened against the right of the unit
circle.

The same dwell lines as in the case of SMOS are illustrated
on Fig. 15, plus two additional ones 600 km on either side of
the satellite ground track. The range of incidence angles as a
function of the distance of the dwell lines to the satellite track
can be determined as before and is shown in Fig.14 (red line).
The swath of TriHex, using the same criterion as for SMOS, is
now 900 km. The swath of TriHex is therefore substantially
larger than that of SMOS, despite of flying at a significantly
lower orbital height. This is possible after having enlarged the
field of view of the instrument to the whole unit circle, i.e.
getting rid of any limitation due to alias boundaries, as is the
case of SMOS.

Moreover, TriHex does still collect observations, over a
range of incidence angles equal to its angular resolution of 1.5°,
600 km on either side of the satellite ground track (Fig. 14).
This corresponds to a total swath of 1200 km, to be compared
against 800 km about total swath for SMOS. Although 1.5° is
essentially a single angle, not suited for good retrievals in some
applications, for others, it may well suffice.

It is further noticed in Fig.15 that TriHex can observe very
high incidence angles, of 60° and beyond. It is here clarified
that such capability is a result of the technical implementation,
rather than sought from any requirement coming from the
scientists. The future will tell what the scientific exploitation of
those observations can deliver.
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Fig. 13. SMOS field of view in director cosine coordinates, showing: the
unit circle of physical directions, the Earth limb and its six aliases, the
processing hexagon, the Alias-Free Field of View (AF-FoV), the Extended
Alias-Free Field of View (EAF-FoV), the boresight (BS) and nadir (NAD)
directions, some iso-incidence angle lines (from 0° till 60°), and three dwell
lines at 0 km and £300 km from the satellite track.
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Fig. 14. Range of incidence angles as a function of the distance of the dwell
line from the satellite track for SMOS (in blue) and TriHex (in red).

D. Spatial Resolution

Fig. 16 illustrates the field of view of SMOS, but this time in
across-track, along-track coordinates. In these coordinates, it is
the nadir point (NAD) which corresponds to the origin of
coordinates, while the boresight point (BS) lies some 500 km
ahead. The AF-FoV contour is shown. Its maximum width is
about 800 km, as indicated. For reference, the iso-incidence line
of 55° is drawn.
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Fig. 15. TriHex field of view in director cosine coordinates, showing: the
unit circle of physical directions, the Earth limb, the processing hexagon, the
boresight (BS) and nadir (NAD) directions, some iso-incidence angle lines
(from 0° till 60°), and three dwell lines at 0 km, +300 km and £600 km from
the satellite track.

Fig.16 also provides the spatial resolution at nadir, 33 km,
and the iso-spatial resolution lines for 40 and 50 km. The
crossing points, Aand B, between the 40 km iso-line and the
AF-FoV contour, define the swath in which a spatial resolution
of 40 km is achieved. Similarly, the swath at 50 km is defined
by points C and D. Proceeding in this way, the swath as a
function of spatial resolution for SMOS can be obtained, and is
shown in Fig.17 (blue line).

Fig. 18 presents the same information as Fig. 16 but for
TriHex. All iso-lines extend less because TriHex altitude is
lower than that of SMOS. For the same reason one can now see
the 20 and 30 km iso-lines which were not appearing in Fig. 16.
The spatial resolution of TriHex at nadir (NAD) is 15 km, much
better than the 33 km of SMOS. Because TriHex is alias-free,
the swath for a given spatial resolution extends the diameter of
the corresponding iso-line. For example, the swath, defined by
the distance from C to D (1400 km), at 50 km spatial resolution,
is much larger than in the case of SMOS (800 km), and the
swath at 40 km is of about 1200 km. The swath as a function of
spatial resolution is shown in Fig. 17 (red line). The much larger
swath realized by TriHex in comparison to that of SMOS is
apparent. Furthermore, from Fig. 17 one can deduce that
TriHex provides a swath of 200 km at 15 km spatial resolution
and a swath of 600 km at 20 km.

Another useful plot is presented in Fig.19, which shows the
spatial resolution as a function of the angle of incidence along
the dwell lines, for both SMOS and TriHex. Each line in Fig.19
corresponds to a dwell line at a specific across-track distance
(100 km spacing in the case of TriHex), so that the range of



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 9

1000 [~

s0f- S K&K 8L

eNAD /

"-
1,
1
1
s 1 -
| 5
v
1
1
!
1
1
33 km 1
1

50km

Along-track (km)

Rl L i(H;n!.,-"

-500

-1000 [~

-1000 -500 0 500 1000
Cross-track (km)

Fig. 16. SMOS field of view in across-track, along-track coordinates,
showing: the Alias-Free Field of View (AF-FoV) and its corresponding total
swath, the line of 55° incidence angle, some lines of iso-spatial resolution, and
the boresight (BS) and nadir (NAD) directions.
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Fig. 17. Swath at which a given spatial resolution is attained for SMOS
(blue line) and TriHex (red line).

incidence angles as well as the spatial resolution along them is
provided in this plot. For example, the dwell line along the
satellite track in SMOS starts at an incidence angle of about 15°
with a spatial resolution of 33 km and ends at 60° with 80 km.
Instead, in the case of TriHex, the same dwell line starts at 0°
with 14 km and ends at 70° with 80 km, having a spatial
resolution of 50 km at 60°. Therefore TriHex improves both the
spatial resolution as well as the range of incidence angles of this
dwell line significantly. The same occurs for other dwell lines:
for the one at +300 km, SMOS starts at 37°, 43 km, ending at
54°, 64 km, while TriHex starts at 33°, 17 km, reaching 32 km
at 54°; the dwell line at =300 km is identical to the one at +300
km in the case of SMOS, while TriHex starts it at 33°, 25 km,
reaching 48 km at 54°.

It is important to note that while SMOS dwell lines are
traversed only in one sense, from the larger to the smaller
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Fig. 18. TriHex field of view in across-track, along-track coordinates,
showing: the iso-spatial resolution lines, including the ones at 20 and 30 km,
the line of 55° incidence angle, and the boresight (BS) and nadir (NAD)
directions. As TriHex is alias-free, there is no Alias-Free Field of View line.

incidence angle, those of TriHex are observed in both
directions, that is, from the larger to the smaller incidence angle
and then back to the larger incidence angle. This is a
consequence of the alias-free condition of TriHex and the
limited view of the dwell lines in SMOS, constrained by the
alias-free region. Tracing the dwell lines in opposite directions
gives TriHex the potential of exploring directional features of
the surface emissivity

Fig. 19 also shows that the swath of TriHex is not symmetric
with respect to the satellite track as it is that of SMOS, but it is
shifted to the side the formation is rolled. Assuming a minimum
range of incidence angles of 10° is required at the edges of the
swath to provide good geophysical retrievals, then, from Fig.
19, one can deduce the swath widths TriHex can provide as a
function of spatial resolution. Some are collected in Table I.

TABLE I
TRIHEX SWATH WIDTH VERSUS SPATIAL RESOLUTION,
ENSURING A MINIMUM RANGE OF INCIDENCE ANGLES OF 10°

Spatia.l Swath Near Limit Far Limit
Resolution (cross track) | (cross track)
<17 km 200 km —50 km +150 km
<20 km 400 km —150 km +250 km
<30 km 700 km —275 km +425 km
<40 km 875 km —350 km +525 km
<50 km 1025 km —400 km +625 km

E. Radiometric Resolution

Fig. 20 shows the radiometric resolution of SMOS over the
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Fig. 19. Spatial resolution as a function of incidence angle for various
dwell lines for SMOS (blue lines) and TriHex (red lines, 100 km spacing).
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Fig. 20. Radiometric resolution of SMOS over the field of view for a
uniform 150 K scene.

field of view, in across-track, along-track coordinates, for every
1.2 s snapshot. The radiometric resolution, for a flat scene of
150 K, is 0f 2.37 K at boresight, and degrades quite rapidly due
to the roll-off of the antenna patterns, reaching 3 K near the
Alias-Free Field of View (AF-FoV) contour. The snapshot
sensitivity is that corresponding to each of the 1.2 s
observations performed along a dwell line. The closer a dwell
line is to the satellite ground track, the longer it is observed, and
the more snapshots are taken. Fig. 21 (blue line) gives the
number of snapshots that SMOS takes along a particular dwell
line, up to 55° incidence angle, as a function of its across-track
distance. For example, for the dwell line along the satellite
ground track, i.e. at 0 km across-track distance, there are about
86 snapshots taken. The accumulated integration time of all
these snapshots is sequentially distributed between the vertical
and horizontal polarizations in order to acquire the four Stokes
parameters in the polarimetric mode of SMOS [21]. This means
that 86/2=43 observations are taken of each polarization,
resulting in an effective radiometric resolution of, roughly, the
snapshot sensitivity at boresight divided by the square root of
43, that is, 0.36 K.

The radiometric resolution of TriHex over the field of view

Number of snapshots
®
3

o )
800  -600  -400  -200 0 200 400 600 800
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Fig. 21. Number of snapshots taken per dwell line as a function of its
distance to the satellite ground track for SMOS (in blue) and TriHex (in red).
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Fig. 22. Radiometric resolution of TriHex over the field of view for a
uniform 150 K scene.

for the same uniform scene at 150 K is presented in Fig. 22. The
snapshot sensitivity at boresight is of 1.48 K, better than that of
SMOS (2.37 K). There are six main reasons behind such
improvement: (a) TriHex would measure the two polarizations
simultaneously using an advanced L-band receiver [22],
doubling the observation time; (b) the antenna polarization axes
are aligned with those of each side of the hexagonal array [23],
reducing losses in the combiner circuit connecting each antenna
to its receiver; (c) a simpler lower loss 2:1 switch needed at the
front-end, while a 4:1 switch was necessary in SMOS; (d)
improvements in the antenna [24] and low noise amplifier [22]
leveraging the technology progress over these years; (e) the
higher degree of redundancy as earlier mentioned; and finally
() being the antenna elements always in the dark side of the
spacecraft, i.e. with no Sun illumination, it is possible to operate
them at a lower physical temperature than in SMOS, which
reduces receiver noise. All these improvements compensate,
with margin, the following degradation factors: the increased
number of baselines and the reduced dwell time over the smaller
pixels on ground (due to the enhanced spatial resolution).

As it can be drawn by comparing Fig. 20 and Fig. 22, the
radiometric resolution in TriHex degrades more gradually than
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Fig. 23. 1.2 second snapshot sensitivity of TriHex and SMOS as a function
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Fig. 25. Sun image acquired by SMOS during a Cold Sky calibration. The
coordinates are the director cosines and the brightness temperature scale is in
Kelvin. The tails of the instrument impulse response are clearly visible.

in SMOS as one moves away from boresight. This happens
because the smaller antennas of TriHex have broader patterns
with smoother roll-off slopes. Due to this fact, TriHex
radiometric resolution is always within 4.5 K inside the circle
of 55° incidence angle, while SMOS radiometric resolution
degrades to much larger values.

The number of snapshots TriHex can take along the dwell
lines (up to 55° incidence angle) is also shown in Fig. 21 (red
line). The values are much larger than those for SMOS because
of its more extended field of view, and, since TriHex acquires
the two polarizations in parallel, all snapshots contribute to
improve the effective radiometric resolution per polarization.
For the dwell line along the satellite track, TriHex collects about
152 snapshots, while only 86 were observed in the case of
SMOS. This leads to an effective radiometric resolution of 0.20
K for TriHex, a factor 1.8 better than the corresponding 0.36 K
in SMOS.

As a summary, Figures 23 and 24 present the 1.2 second
snapshot and the dwell-time effective sensitivities, respectively,
of both, TriHex and SMOS. The snapshot sensitivity in Fig. 23
is given as a function of the along-track distance from nadir, for
several dwell lines at different across-track positions (note that
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Fig. 24. Effective sensitivity of TriHex and SMOS as a function of cross-
track from nadir assuming a 150 K uniform Earth.
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Fig. 26. Unit circle representing the rear hemisphere of TriHex and the
trajectory followed by the Sun in one orbit during the boreal Winter solstice
and during the equinox (black lines). A small portion of the Earth limb appears
in red, which eclipses the Sun during a fraction of the orbit at the solstice.

the TriHex curves also provide the sensitivity values for
negative along-track positions, by symmetry). SMOS snapshot
sensitivity is between 2.4 and 3.0 K over a swath of 600 km,
while TriHex snapshot sensitivity is between 1.5 and 4.5 K over
a swath of 1200 km. The TriHex snapshot sensitivity is
generally better than that of SMOS for positive across-track
dwell lines, and worse for negative ones. But despite of this, the
effective sensitivity of TriHex is significantly better than that of
SMOS as Fig. 24 demonstrates. For example, for the dwell line
of +300 km, SMOS average snapshot sensitivity is about 2.9 K
(Fig.23) and takes 50 observations (Fig. 21), 25 per
polarization, yielding an effective radiometric resolution of
0.58 K. For the same dwell line, TriHex attains an average
snapshot sensitivity of 2.5 K over 134 observations. This
corresponds to 0.17 K effective radiometric resolution, a factor
3.4 improvement with respect to SMOS (0.58 K). For the =300
km dwell line, the average radiometric sensitivity is 3.8 K, and
the corresponding effective averaged sensitivity 0.33 K, which
is still better than that of SMOS (0.58 K).

It is worth noting that TriHex effective sensitivity is better
than the best value of SMOS (0.33 K attained at the 0 km dwell
line) over a swath of 900 km (from —300 to +600 km across-
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Fig. 27. Physical temperature of the antennas in SMOS during the
completed mission duration (top figure). The pattern exhibits local maxima at
the solstices. The one during the boreal winter has an amplitude of about 20°C.
These maxima cause a repeated error pattern in the Hovmoller plot of the
brightness temperature error map over the ocean, as it is apparent in the bottom
figure (colour scales is in Kelvin).

track dwell lines). In other words, the radiometric sensitivity
does not restrict the swath of TriHex.

F. Sun Interference and Eclipse Effects

Sun interference and eclipse effects are two sources of image
errors in SMOS. Sun interference refers to the contamination of
the image by the side lobes of the Sun while eclipse effects are
produced by the rapid change of the physical temperature of the
antenna when SMOS enters or exits the Earth’s umbra. Both
mechanisms are fully eliminated in TriHex because its roll
angle of 30°, which makes the Sun to be situated always at the
back of the array, all along the orbit, all days of the year. This
is another major step forward of TriHex with respect to SMOS,
leaning on all lessons learnt from the latter.

The Sun interference is illustrated in Fig. 25 which shows the
tails of the impulse response of the MIRAS instrument excited
by the presence of the Sun. The tails cross the processing
hexagon from side to side. Although Fig. 25 is a worst case as
the Sun was imaged with the instrument pointing towards the
Cold Sky, it exemplifies the error propagation due to the
presence of the Sun in front of the instrument. The geometry of
the Sun synchronous orbit of SMOS is such that the Sun
revolves around the normal to the orbital plane once per orbit,
at an angle that changes throughout the year, with two local
maxima at about 15° and 31° at the solstices. Given the
orientation of the SMOS antenna, this causes the Sun to be in
front of the array during half of every orbit, and behind, during
the other half. The images produced in the half orbit when the
Sun is in front of the array can be affected by the Sun tails. This
is a problem that never happens in TriHex because the Sun
remains always at the back of the array as shown in Fig. 26.

Fig. 27 (top) shows the physical temperature of the antenna
of SMOS over the mission duration. During the solstices the
orbital excursion of the physical temperature is the largest
because the Sun reaches the highest elevation over the antenna

plane. In addition, during the boreal winter, the Sun is eclipsed
by the Earth when SMOS flies in the most northern latitudes.
At the start of the eclipse, the physical temperature of the
antenna drops from around 30°C down to 5°C, a 25°C rapid
variation which affects the measurements of the brightness
temperature and is difficult to correct. An opposite rise occurs
at the end of the eclipse. The effect of these fast temperature
variations on instrument accuracy can be seen when comparing
the measured brightness temperature over the ocean with
modelled values. This deviation is presented in the Hovmoller
plot of Fig. 27 (bottom). A repeated pattern of warmer
temperatures than expected, of an amplitude reaching about 1
K, happens every boreal winter [25]. This error pattern is not to
happen in TriHex because the Sun is always behind the antenna
plane, and the Sun eclipse happens also in the rear hemisphere
(Fig. 26). The physical temperature of the antennas is therefore
expected to be far more stable than the top plot in Fig. 27.

Furthermore, the thermal control of TriHex could be
designed to have the receivers operating at an average antenna
physical temperature of 5°C, for example, and very little
variation would happen along the orbit and the year. As
mentioned earlier, this temperature, lower than the operating
temperature of SMOS (around 22°C), would allow the receivers
to exhibit a better noise figure. The measured noise figure of
SMOS is 2.21 dB while that for TriHex is 1.38 dB (estimated
from measurements [22]).

In summary, by having the Sun always on the back of the
array, TriHex would avoid completely two of the main issues
found in SMOS: the Sun interference and the eclipse effects,
achieving better accuracy and stability.

G. On Antenna Coupling, Image Processing and Calibration

The distance between antenna elements in SMOS is 0.875A,
and the coupling factor between closest elements was measured
to be lower than —30 dB [26]. In TriHex, as explained earlier,
the antenna spacing is reduced to 0.577A to achieve alias-free
conditions. This shorter spacing is expected to produce higher
mutual coupling, of the order of —-20 dB according to
simulations [24], i.e. some 10 dB larger than in SMOS. The
question arises what effect this higher coupling might have in
the images of TriHex.

The coupling factor between antenna elements translates into
a modification of the antenna pattern of the isolated elements,
which yields the final embedded patterns [27]. As done in
SMOS, the embedded patterns of TriHex are to be accurately
measured in an antenna test range, and then stored for use in the
image processing.

The image processing of TriHex is very similar to that of
SMOS, as both share the same hexagonal sampling of the
visibility function and first principles. The processing is based
on the Corbella equation [28], a fundamental variation of the
van Cittert-Zernike theorem that conceals it with the Bosma
theorem [29].

There are two main differences in the processing of TriHex
by comparison to that of SMOS. The first one is the need to
account for the true relative position between phase centers of
elements belonging to different spacecraft. The control in the
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Fig. 28. Earth limb as seen within the unit circle in three acquisitions
spaced by one third of the orbital period. The image processing can take this
rotation into account as well as that of the Earth.

relative positioning between the three hexagons is expected to
achieve 5 mm [11], while the knowledge of the baselines can
be of the order of Imm using GNSS carrier phase based relative
navigation.

The second difference in the processing of TriHex stems
from the fact that the three hexagons rotate in the constellation
plane once per orbit, maintaining their relative orientation. This
is effectively as if the boresight of the full synthetic array
rotated at the same angular rate. Equivalently, for a non-rotating
observer sitting at the center of the constellation, the scene turns
around in the field of view at the orbital period (Fig. 28). The
data processor can easily handle this turning of the scene as well
as that coming from the Earth rotation through the appropriate
transformation from antenna director cosines to pixel latitude-
longitude coordinates. Nonetheless, the data processor could be
made to display images in the format shown on the left plot of
Fig. 28, as this is the familiar format used in SMOS.

It is also noted that, to enhance the range of incidence angles
at the edge of the Alias-Free Field of View, SMOS performs a
yaw-steering that corrects for the Earth rotation effect on the
dwell line. In TriHex this approach is not needed as there are no
aliases. It is also not practical because that would require to
introduce an angular acceleration in the motion of the three
centers of mass of the formation along their relative circular
trajectory, leading to an unnecessary expenditure of propellant.

The calibration approach of TriHex also follows that of
SMOS. It is based on a mixture of internal calibration by noise
injection, and external calibration using the Cold Sky. The
manoeuver to turn the formation to point to the Cold Sky is still
to be developed in detail, but it will be the same strategy as in
[30]. The Cold Sky view allows TriHex to get its Flat Target
Response to accurately calibrate all its observations through the
application of the Flat Target Transformation [31]. For the
reasons given in the next section, the Cold Sky calibration of
the TriHex formation can only be achieved around the boreal
Winter solstice. However, there is the possibility of performing
Cold Sky calibrations of the individual hexagons, these not
being constrained to happen around the solstice.

In summary, although TriHex antenna elements will have
higher mutual coupling due to its closer spacing, the application
of the techniques developed within the SMOS project for image
processing and instrument calibration are expected to result in
a successful outcome.

Equinox
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Fig. 29. Generated power as a function of time during the equinoxes (top
right), the boreal Summer solstice (middle right) and the boreal Winter
solstice, including the eclipse (bottom right). Body mounted cells are assumed
on the surface of the hexagon (excluding the circle at the center) and on the
four lateral panels indicated with the arrows.

H. Solar lllumination and Solar Panels Concept

TriHex relies on the General Circular Orbits which are
followed by the center of mass of the three hexagons. Therefore,
the position of the center of mass of each spacecraft becomes
critical in the TriHex mission concept. The spacecraft have to
be designed to have their center of mass at a precise position,
and to minimize their variation due to any mass loss or any
internal movement of mass. This aspect, when it comes to
power generation, calls for avoiding, if possible, any deployable
solar panel and, even more, a rotating panel. For this reason and,
given the fact that the Sun is always behind the hexagons of the
TriHex formation, the use of body mounted solar cells is
proposed.

A check of the available surface and the power that could be
generated has been carried out. Assuming a total end-of-life
efficiency of about 20% (hence, an availability of 271 W per
square meter of solar cells), the generated power as a function
of the rotation angle of the hexagons (or, equivalently, time) has
been found and is represented in Fig. 29. It has been assumed
that the complete surface of the back of the hexagon, except for
the circle at its center, is covered with cells, as well as four out
of the six lateral panels (those four panels indicated with arrows
in Fig. 29). The power over rotation angle has been found taking
into account that an observer sitting on the plane of the
constellation, on the side of the Sun, will see the hexagons
rotating counter-clockwise around him, and the Sun following
an apparent circular motion around the orbit normal in the
clockwise direction (Fig. 30). The phase of the formation within
its rotation plane is designed to have the equilateral triangle
defined by the centers of mass with its lower vertex at the plane
defined by its rotation axis and the orbit normal at the time the
Sun is at its lowest elevation above the formation plane. Taking
the intersection line between those two planes (formation plane
and plane defined by rotation axis and orbit normal) as origin
of the rotation angle, three cases are analyzed: the equinox, the
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Fig. 30. Direction of rotation, counter-clockwise, of the hexagons in the
plane of their relative circular trajectory (top), and direction of the apparent
rotation of the Sun around the negative orbit normal, clockwise (bottom).

boreal Summer solstice and the boreal Winter solstice (refer to
Fig. 29).

During the equinox, the orbital average available power is
801 W and during the boreal Summer solstice 784 W. In the
boreal Winter solstice, the Earth eclipses the Sun for a
maximum duration of 23.5% of the orbital period (about 22
minutes). This worst case, presented in Fig. 29, results in an
orbital average power of 603 W. Therefore, the yearly average
power that can be generated from body mounted cells is around
750 W. This number can be trimmed by extending the height of
the hexagons. For example, increasing the height from the
current 0.8 m to 1 m would provide 90 W of additional power.

Fig. 29 also shows that the peaks of the generated power
occur during the solstices, when the Sun is at about its highest
elevation angle above the formation plane. The peak power is
about 1050 W. Those are the best moments to initiate Cold Sky
manoeuvers because the generated power can feed the electrical
propulsion thrusters. However, the Cold Sky acquisitions can
be planned only around the boreal winter, between October 25"
and February 16", when the Sun is at an elevation angle of
below 10°. SMOS performs the Warm calibrations in the same
way [32].

1. Some Technical Features

The technology of TriHex is mostly based on the one used in
SMOS, improved through technology activities ESA is, or has
been, carrying out [33]: 2 0.577A envelope antenna [24], a dual-
frequency advanced receiver [22] including a new RF ASIC
[34], a multi-wavelength optical harness [35] and an advanced
correlator unit with the built-in capability of filtering out Radio
Frequency Interference [36].

An important novelty of TriHex is the formation flying at
close range. The relative position is to be obtained from GNSS
carrier phase based real time relative positioning. For this
purpose three antennas (visible in the Sun view of Fig.27) are
connected to a GNSS receiver on each spacecraft, and the

measurements are shared over an RF link. The control of the
relative positioning is to be achieved through electrical
propulsion thrusters.

The interferometric joint operation requires the three arrays
to be syntonized and synchronized. TriHex relies on the Upper
Side Band Syntonization (USBS) concept described for two
spacecraft in [37] but extended to N=3 spacecraft [38]. The
USBS concept was successfully demonstrated in the ESTEC
RF Laboratory [39]. For synchronization TriHex relies on
spatial symmetry, in practice realized by (a) manufacturing
identical circuits with phase similarity to within 117° at 250
MHz, (b) cutting optical fibres with 3-millimetre accuracy and
(c) having the spacecraft in relative navigation with an accuracy
of 1 cm. These are achievable specifications that will guarantee
1.3 ns level synchronization, more than enough to match the
52.6 ns coherence time of the 19 MHz filtered radiation.

Spacecraft A performs the correlations of all its baselines (A-
A), and those with the previous hexagon (C-A); spacecraft B
performs B-B and A-B, and spacecraft C, C-C and B-C. To
make this possible every hexagon sends all its raw
measurements to the next hexagon using multiple laser links.
The laser links are implemented for each of the 72 fibres
coming out from the receivers in three sections: a single-mode
transmitting fibre, a lens system, and a multi-mode receiving
fibre. As it was done for SMOS, optical fibre spools are to be
employed to equalise the different path lengths from a given
correlator unit to remote and local receivers.

TriHex internal calibration through noise injection follows
the same strategy as the overlapped distribution trees of the
Calibration System of SMOS [40] across the three spacecraft,
while a centralized approach is adopted within each hexagon.
For the overlapped part, the output of a noise source in satellite
B is converted to optical and sent to satellites C and A. Then the
CA baselines can be calibrated. The same for the other two
satellite pairs. The coherence of the noise injection is ensured
by the spatial symmetry (cutting these optical fibres to 1 mm
accuracy) and the tight relative positioning control between the
spacecraft (< 1 cm).

Every spacecraft has all the necessary equipment for
telemetry, telecommand and data downlink.

In summary the three TriHex spacecraft are identical and are
operated in a way to function as a single array.

VI. CONCLUSION

Achieving high resolution in L-band passive observations
remains, still today, a big challenge. SMOS and SMAP
missions provide state-of-the-art 40 km  resolution
observations, despite having significantly surpassed their
design life time. This paper has presented a novel mission
concept, TriHex (short name for “3 hexagons™), which opens a
new path towards achieving the user goal requirement of 10 km
spatial resolution. A particular implementation of the concept
has been described, consisting of 3 hexagonal spacecraft,
without any deployable parts, which could be launched using a
cost-effective launcher like VEGA-C. By combining formation
flying, natural general circular orbits and alias-free imaging, it
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is possible to reach a spatial resolution of better than 17 km over
a 200 km swath. This mission concept, in turn, avoids the non-
desired Sun effects found in SMOS because, thanks to its
peculiar geometry, the Sun is always located behind the antenna
plane. Moreover, the radiometric resolution of TriHex is
expected to be considerably better by comparison to that of
SMOS.

This new mission concept is flexible and fully scalable, given
that the corresponding challenges are addressed: an hexagonal
formation of double the number of satellites of TriHex (i.e. 6
satellites), or a formation like TriHex but with 3 larger
spacecraft (for example, fitting the fairing of a larger launcher)
would improve by a factor 2 the spatial resolutions of Table I.
If realized, TriHex would become a milestone in passive remote
sensing at L-band.
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