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Highlights

What are the main findings?

* Key parameters of an antenna array devoted to imaging radiometry must be established
in a specific order: first the parameters setting the shape and the extent of the alias-free
field-of-view, then those driving the spatial resolution, and finally those governing the
radiometric sensitivity.

* This study shows how it is possible to perform aperture synthesis on hexagonal sam-
pling grids with antenna arrays whose geometry naturally leads to Cartesian sampling
grids, with fewer, but wider, elementary antennas and without degrading imaging
performance.

What are the implications of the main findings?

¢ For these arrays operating aperture synthesis on Cartesian sampling grids but suffering
from very, even too close elementary antennas, the short spacing can be increased by
slightly changing the location of the antennas in order to perform aperture synthesis on
hexagonal grids, without modifying the shape, the dimensions, or the performance of
the imaging radiometer.

* The FRESCH project was initially designed for performing aperture synthesis over
Cartesian grids with a four-arm array fed with 171 small antennas and a short spacing
set to 0.71A. Thanks to this study, it is possible to enlarge this short spacing up to
0.82A and to carry out aperture synthesis over hexagonal grids with 167 wider antennas
distributed over the same four arms and with the same imaging performance.

Abstract

The key performance of microwave imaging radiometers by aperture synthesis is governed
by spatial resolution, radiometric sensitivity, and the extent of the synthesized field of
view that is free from any aliasing artifact. Accordingly, this work is concerned with
the choice of key parameters of an antenna array, such as its geometrical shape and the
number of elementary antennas as well as their spacing, in order to meet the required
scientific specifications and satisfy the necessary engineering constraints. This study is
illustrated with two examples: the +-shaped array selected for the Fine Resolution Explorer
for Salinity, Carbon, and Hydrology (FRESCH) and a T-shaped array proposed for use
onboard a High-Altitude Pseudo-Satellite (HAPS), being two high-resolution microwave
imaging radiometers by aperture synthesis. Both cases show how it is possible to perform
aperture synthesis on hexagonal sampling grids with antenna arrays whose geometry
naturally leads to Cartesian sampling grids, with fewer elementary antennas and without
degrading imaging performance while also solving computational issues.
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1. Introduction

When dealing with microwave imaging [1] and particularly with microwave imaging
by aperture synthesis [2], the key performance of an imaging radiometer is governed
by a few figures of merit. Spatial resolution and radiometric sensitivity are the most
important indicators [3], together with the extent and the shape of the synthesized field
of view that is free from any aliasing artifact [4]. This article sheds light on the choice of
key instrumental parameters required to meet the specifications established by scientists
as well as the constraints imposed by engineers [5]. Among the many particularities of
any microwave imaging radiometer, the geometrical shape and the orientation of the
antenna array [6], along with the number of elementary antennas and their spacing, are
the most important ones. However, without making an exhaustive list, it is also necessary
to mention the integration time, the directivity and efficiency of each elementary antenna,
and the bandwidth and noise factor of every receiver. As aperture synthesis [7] is an
indirect imaging technique that requires the aid of a computer to retrieve brightness
temperature maps from interferometric measurements [8], elements of data processing like
the apodization window [9] should also be considered.

The key instrumental parameters must be established in a specific order while taking
into account the associated constraints imposed by scientists in terms of performances and
by engineers in terms of error budgets. Indeed, in the words of [10] “Trade-offs need to be
considered and priorities must be set in order to realize strategic decisions.” The settings thus
obtained can be adjusted within an iterative process during which they will be revisited [11],
but always in the same order: first the instrumental parameters that define the shape and
the extent of the alias-free field-of-view, then those driving the spatial resolution, and finally
those governing the radiometric sensitivity, as illustrated by the block diagram in Figure 1.
The number of elementary antennas of the array is a very representative example of the
order in which these parameters have to be established. Indeed, as soon as the shortest
spacing between the antennas has been chosen for setting an appropriate alias-free field of
view, the spatial resolution being governed by the extent of the array is then determined,
driven by the number of elementary antennas. However, radiometric sensitivity is also
driven by the number of elementary antennas because it is governed by the total collecting
area of the array. If spatial resolution requires a larger array, the number of antennas has to
be increased, but that will also augment the total collecting area and therefore affect the
radiometric sensitivity. Conversely, if the collecting area has to be increased for improving
the radiometric sensitivity, the number of antennas can be augmented without affecting the
spatial resolution (because antennas can be added without changing the dimensions of the
array). This is why, when setting the number of elementary antennas, spatial resolution
is taken into account before radiometric sensitivity is considered, in order to avoid the
“conflicting situation” pointed out in [12].

Owing to their roles in synthesis imaging, the observing equation of imaging radiome-
ters by aperture synthesis is recalled in Section 2, together with the regularized approach for
inverting the interferometric measurements in order to estimate the brightness temperature
distribution of the scene observed by an array of elementary antennas. The next three
sections are developed in the order shown in Figure 1. The impact of the geometry and
the orientation of the antenna array, as well as that of the spacing between the elementary
antennas, on the extent and on the shape of the alias-free field of view are addressed in
Section 3. Section 4 is devoted to the extent of the array, or in other words the number of
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elementary antennas populating the array, in order to meet the specific requirements in
terms of spatial resolution at ground level. The apodization window introduced in the first
section is, of course, taken into account. Then, the instrumental parameters already set
are used for estimating the integration time, and, together with others, their impact on the
radiometric sensitivity is investigated in Section 5. Finally, the results thus obtained are
discussed and interpreted in Section 6 together with limitations.

short spacing noise figure data rate
array’s orientation apodization window bandwidth power
array’s geometry number of antennas efficiency inertia
swath or revisit or array’s extent directivity volume
elevation elevation integration time mass
alias-free spatial radiometric o
field-of-view resolution sensitivity
&

loop until convergence

Figure 1. Block diagram of the iterative process that aims at setting instrumental parameters (green)
of a synthetic aperture imaging radiometer in order to satisfy the constraints established by scientists
on its performance (blue), while remaining within error budgets (red) imposed by engineers.

In every section addressing each of the three steps of the iterative process shown
in Figure 1, this study is illustrated with the aid of numerical simulations conducted
with the Matlab toolbox TRIMARAN [13] for two specific cases: the original x-shaped
array, as well as an alternative +-shaped one, selected for the Fine Resolution Explorer for
Salinity, Carbon and Hydrology (FRESCH) mission, and a T-shaped array proposed for
use onboard a High-Altitude Pseudo-Satellite (HAPS), two examples of high-resolution
microwave imaging radiometers by aperture synthesis. In both cases, two strategies
of populating these arrays with elementary antennas regularly spaced along each arm
are compared. The first having the same spacing along every arm of the array, leads to
brightness temperature maps sampled over Cartesian grids. The second, without changing
the geometry of these arrays nor the extent of their arms, but with two different spacings
along perpendicular arms, allows the brightness temperature distributions to be retrieved
over hexagonal sampling grids. It is well-known that these two sampling grids are the only
possible solutions for regularly paved 2D Euclidean spaces [14]. Apart from the simple
difference between the locations of the brightness temperature samples, which does not
raise any problem (chap. 7 in [15]), the polygonal shape of the synthesized field-of-view
(square vs. hexagon) as well as the geometry governing the field aliasing (4 aliases vs. 6)
are highly affected by this choice. The pros and cons of each approach are discussed, and
an answer to the question formulated in the title of this article is finally given.

Before going into the details on how to select an optimal configuration for the antenna
array of a synthetic aperture imaging radiometer, a few words must be said about the two
cases that serve as a common thread throughout this study.

The SMOS (Soil Moisture & Ocean Salinity) [16] mission was launched in 2009 by ESA
and CNES with the single payload MIRAS (Microwave Imaging Radiometer by Aperture
Synthesis) [17] onboard. For more than 16 years it has provided accurate radiometric
brightness temperature maps for retrieving near-surface soil moisture (SM) [18], even
under dense vegetation canopies, as well as ocean salinity (OS) [19], even with strong wind
conditions like under hurricanes and typhoons. FRESCH [20] is a proposed high-resolution
follow-on mission [21] to maintain the continuity of operational L-band measurements [22].
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It is a true multi-polarization and multi-incidence angle imaging radiometer by aperture
synthesis with elementary antennas distributed along a cross with four orthogonal arms,
each ~9 m long. The target ground resolution is about 10 km without apodization (15 km
with apodization), and the objective for the radiometric sensitivity is about 1.5 K over
the ocean [23]. Keeping in mind that a comparison is not as easy as it seems, because
the devil is sometimes in the details, and, although, this is not the objective of this study,
these values can be compared to the main features of comparable L-band missions SMOS,
AQUARIUS, and SMAP (Table 1 in [24]) as well as to those of the future multi-channel
CIMR (Table 1 in [25]). FRESCH was submitted to the ESA Earth Explorer 12 program [26]
and was evaluated as a “commended mission.” As a consequence, it is currently running
an ESA pre-phase 0 study to consolidate the compliance to scientific requirements and
to strengthen the technical solutions before being resubmitted to the Earth Explorer 13
program in due time.

The Monash project proposes a state-of-the-art near-space observation concept for natu-
ral disaster risk prediction and monitoring using continuous L-band passive microwave
sensing. By leveraging High-Altitude Pseudo-Satellites (HAPS) platforms operating in the
stratosphere [27], at a higher altitude than FAA-regulated Class A airspace [28] that ends at
flight level FL600 (60,000 feet, i.e., 18 km), the system enables persistent, round-the-clock
regional observations with spatial resolution significantly finer than that achievable from
conventional satellite missions. The reduced observation altitude enhances spatial detail
while preserving wide-area coverage. Operating in the protected L-band, the proposed
interferometric radiometer exploits the strong sensitivity of microwave brightness tem-
perature to surface dielectric properties, making it particularly suitable for soil moisture
monitoring [29] and related hydrological applications [30]. Through aperture synthesis tech-
niques, the instrument aims to generate high-resolution brightness temperature maps [31]
to support improved monitoring of droughts, floods, fires, and landslides. The research
studies conducted at Monash aim at establishing the first near-space passive microwave
capability dedicated to natural disaster monitoring. By combining scientific advance-
ment with operational flexibility, the Monash HAPS initiative bridges the gap between
satellite-scale observation and localized, high-resolution disaster response.

Finally, it is important to keep in mind that this study does not intend to provide the
definitive mission parameters of FRESH, nor those of HAPS. Only one iteration of the
optimizing process shown in Figure 1 is reported here. It is obvious that these parameters
will mature, as well as the performances of the corresponding instruments. The idea is here
to provide a framework for making them evolve all together towards an expected direction.

2. Synthesis Imaging

The interferometric measurements provided by an aperture synthesis radiometer are
obtained by cross-correlating the signals collected by pairs of non-directive elementary
antennas pointing in the same direction and sharing the same field of view [32], yield-
ing samples of the complex degree of coherence V(u) for spatial frequencies u (chap. 10
in [33]). The relationship between these so-called complex visibilities and the brightness
temperature of the scene under observation is the well-known van Cittert-Zernike theo-
rem that was first established by Pieter Hendrik van Cittert in 1934 [34] and later more
generally by Frits Zernike in 1938 [35]. It has been recently revisited [36] in order to take
into account the mutual coupling of close elementary antennas [37,38]. Regardless of polari-
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metric considerations [39], for every pair of elementary antennas A, and A, the complex
visibility Vy; = V(u,g) is given by:

. bpq":
TAGE IR TN 4
qu_//@ﬂr(_ ) (To(&) = Trec) N 1)

lel<1

where by; = 1; — 1, is the baseline vector from A, to A, (r, and r,; are the location
vectors of the two elementary antennas with respect to the phase center of the array). The
components §; = sinfcos¢ and ¢, = sinfsin¢ of the angular position variable ¢ are
direction cosines (6 and ¢ are the traditional spherical coordinates) in the reference frame of
the instrument, 7, (¢) and J3(¢) are the field patterns of the two elementary antennas A,
and A; with equivalent solid angles (), and O, T;(&) is the brightness temperature
distribution of the observed scene, Ty, is the physical temperature of the receivers (assumed
to be the same for all the receivers), 7(t ) is the so-called fringe-washing function [40] which
accounts for spatial decorrelation effects for the time delay tp; = —bp;-¢/c,and A =c/f is
the central wavelength of the observation.

Retrieving the unknown brightness temperature distribution Ty, (&) with the aid of a
computer from a finite number of complex visibilities V), goes through a preliminary step
for the discretization of the double integral in the modeling Equation (1) over an appropriate
sampling grid in the domain of the direction cosines ¢. The relationship between a set of
complex visibilities V and the brightness temperature T; of the corresponding pixels can
therefore be written in a very simple linear algebraic form:

V =GT, )

where G is the linear modeling matrix of the instrument derived from (1). The inverse
problem aims at retrieving T = Tj, (the constant T}, is canceled out from the visibilities with
the aid of the response to a flat target [41], whatever the method used for the inversion [42]).
This inverse problem is ill-posed [43] and so has to be regularized in order to provide
a unique and stable solution T for T. Among the regularization methods found in the
literature [44], the minimum-norm solution is widely used in imaging radiometry by
aperture synthesis [45] such that:

T= argmjin |T||?s.t. GT = V. 3)

This map is obtained through computation of the Moore—Penrose [46,47] pseudo-inverse G*
of G:
T=G"V. 4)

Referring back to the samples V},; = V(up,) of the complex degree of coherence V(u),
the spatial frequencies uy; = by;/A sampled by an aperture synthesis radiometer are
confined to a bounded region of the Fourier domain, the so-called experimental frequency
coverage, as a consequence of the finite number of elementary antennas. The support of
the Fourier transform of T is therefore limited to this region. In order to filter out the Gibbs
effects [48] caused by this sharp frequency cut-off, T must be damped by an appropriate
windowing function: W « T = 7 [49]. This map has to be compared to 7 = W % T (which
is the “ideal” temperature map to be reconstructed and apodized with the same window W)
and not to T itself, which is not at the same resolution.
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3. Alias-Free Field-of-View

Referring back to Equation (1), in many synthesis imaging situations, the spatial
frequencies up; = by, /A match with the sampling nodes of a regular grid with a sampling
step d/ A in the Fourier domain, where d is the shortest distance between the elementary
antennas of the array. This section aims at determining values of d/A compatible with a
given field of view, regardless of the number of elementary antennas and their placement
in the array (that will be addressed in Section 4), but provided that this arrangement results
in a regular, Cartesian, or hexagonal sampling grid. According to the theory of discrete
Fourier transform over periodic lattices [50] that was initiated in crystallography (chap. 2
in [51]), in such a case the shape (and the extent) of the field of view seen by the array
of elementary antennas at instrument level, after synthesis imaging has been performed
with the aid of a computer, is that of the elementary cell of the dual sampling grid in the
direction cosines domain. When the Fourier sampling grid is Cartesian, the synthesized
field of view at instrument level in the direction cosines domain is a square with side
A = A/d. Likewise, when this sampling grid is hexagonal, the synthesized field of view
is a hexagon with a side-to-side extent AZ = 2A/v/3d. As a consequence, owing to the
factor 2/v/3 ~ 1.15, the same extent A¢ can be obtained with a square field-of-view or with
a hexagonal one, but with a larger sampling step d/A in this latter case. Although this
study aims at illustrating the impact of a 15% increase of d/A on the preliminary design
of synthetic aperture imaging radiometers like those onboard FRESCH and HAPS, this
section concentrates on the revisit time and on the required imaging swath. The schematic
geometry of SMOS observations shown in Figure 1 in [52] is a very nice illustration of the
relationship between the elevation of a platform, the orientation of an antenna array with
respect to the nadir direction, the range of local incidence angles, and the imaging swath.

3.1. FRESCH

For a satellite in orbit around the Earth at an elevation & = 750 km, celestial mechan-
ics [53] with the current reference ellipsoid of the World Geodetic System (WGS84) [54] tells
us that the swath of the field-of-view should be as wide as 924 km to ensure a revisit time
less than 3 days at the equator. This is precisely one of the imaging constraints imposed on
the FRESCH project by scientists.

Shown in Figure 2 is the field of view seen at instrument level in the direction cosines
domain by an array of elementary antennas from an elevation of 750 km above the Earth’s
surface when the baseline vectors match with the sampling nodes of a Cartesian grid with
a sampling step d = 0.707A, or with those of a hexagonal grid with a larger sampling
step d = 0.816A. In both cases, the array points to the nadir direction, and the extent of
the synthesized field of view A¢ is about 1.414. Owing to the values of these sampling
steps, which do not respect the Shannon sampling theorem [55,56], this imaged field of
view is subject to field aliasing. Referring back to the expressions of A, very simple
geometrical considerations for rejecting aliases outside the synthesized field-of-view show
that d/ A should be smaller than 1/2 for a square field-of-view and smaller than v/3/3 for a
hexagonal one. In both cases, the extent of the region that is free from any Earth alias is
about 1.039. As illustrated in Figure 3, where the same field of view is shown at ground
level, the Earth alias-free extent translates into a swath as wide as 934 km; that is to say,
the required value of 924 km plus margins of 5 km on each side. Referring back to Figure 1,
this value is not set in stone, as it may evolve to satisfy the final constraints imposed by
scientists and to take into account appropriate margins.
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Figure 2. Field of view seen at instrument level in the direction cosines domain by an array of
elementary antennas from an elevation of 750 km above the Earth’s surface when the baseline vectors
match with the nodes of (left) a Cartesian grid with a sampling step d = 0.707A or (right) a hexagonal
grid with a sampling step d = 0.816A. The synthesized field of view (solid red) is shown here together
with its neighbors as well as the Earth horizon (solid maroon) and the sky limit (solid blue) with
their aliases (dashed maroon and dashed blue). The side-to-side extent of the synthesized field of
view is the same in both cases: (left) a square with side A/d ~ 1.414, (right) a hexagon with inscribed
diameter 2/v/3 A/d ~ 1.414. In either case, the extent of the Earth alias-free region (maroon arrow) is
about 1.039, where the maximum range of incidence angles is about 35.5°, whereas it is about 27.5° in
the sky alias-free region (green circles).

-10°

Figure 3. Same as Figure 2 but at ground level: direction cosines ¢; and ¢, are replaced with
longitude Ag and latitude AA with respect to the sub-satellite point. In both cases the swath is
about 934 km.

However, as a consequence of an array that is pointing to nadir, the range of incidence
angles at ground level is limited to 35.5° in the Earth alias-free region of the synthesized
field of view. To increase this value, the array must be tilted with respect to the nadir
direction. This is what is shown in Figures 4 and 5, where the range of available incidence
angles at ground level is extended up to 55°, another constraint imposed on FRESCH by
scientists. The consequence of this requirement is the inclination of the array relative to the
nadir direction in the orbital plane with an angle « set to 22.9° for the Cartesian approach
and to 25.9° for the hexagonal one, while refining the sampling step d to 0.71A and to 0.82A
at the same time in order to maintain the ground swath to the previous value, including
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the margins. Moreover, there is a small margin for these settings, as the sub-satellite point
is well inside the sky alias-free region, another constraint imposed by the lessons learned
from the SMOS mission [57].

1
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-1 -1 : :
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Figure 4. Field of view seen at instrument level in the direction cosines domain by an array of
elementary antennas from an elevation of 750 km above the Earth’s surface when the baseline vectors
match with the nodes of (left) a Cartesian grid with a sampling step d = 0.71A or (right) a hexagonal
grid with a sampling step d = 0.82A. The synthesized field of view (solid red) is shown here together
with its neighbors as well as the Earth horizon (solid maroon) and the sky limit (solid blue) with
their aliases (dashed maroon and dashed blue). The side-to-side extent of the synthesized field of
view is the same in both cases: (left) a square with side A/d ~ 1.408, (right) a hexagon with inscribed
diameter 2/v/3 A/d ~ 1.408. In either case, the extent of the Earth alias-free region (maroon arrow) is
about 1.027, where the maximum range of incidence angles is 55° thanks to appropriate tilt angles a
with respect to the Nadir direction: (left) a = 22.9° vs. (right) « = 25.9°. Conversely, in the sky
alias-free area, the largest incidence angles in the sub-satellite direction (small green circles centered
on (0, — sinw)) are (left) 1.4° vs. (right) 3.5°.

10°f

5ot

AA

0°r

Figure 5. Same as Figure 4 but at ground level: direction cosines §; and ¢; are replaced with longi-
tude Ag and latitude AA with respect to sub-satellite point. In both cases the swath is about 934 km.

Finally, the distributions of the incidence angles i at ground level along dwell lines
parallel to the satellite’s footprint as functions of the across-track distance are shown in
Figure 6 for these two fields of view. The main difference between the two cases is for the
ground incidence angles larger than 55°. On the one hand, when aliasing is governed by a
Cartesian geometry, ground incidence angles along-track cannot exceed 55° in the Earth
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alias-free area, but at a distance from the satellite’s footprint, they can be as large as 65°.
On the other hand, if aliasing is the result of a hexagonal geometry, ground incidence
angles along the track can be as large as 70° in the Earth alias-free region, but at a distance
from the satellite’s footprint, they cannot exceed 55°. Within the swath, the lowest ground
incidence angle that is free from any Earth aliasing grows linearly with the across-track
distance at the rate of about 7.5° every 100 km, whatever the geometry governing field
aliasing. This is expected because when comparing the shape of the alias-free field of view
at instrument level in Figure 4 or at ground level in Figure 5, the left and right aliases are
almost the same. This is not the case for the top and bottom ones, in as much as when
aliasing is governed by a hexagonal geometry, two aliases at the top and another two at the
bottom are concerned, whereas in the Cartesian case there is only one alias at the top and
another one at the bottom.

T
e

free from Earth aliases
free from sky aliases
incidence 55°

free from Earth aliases
free from sky aliases
incidence 55°

80°t

70°t

60°

50°t

40°

ground incidence i

30°t

20°f

-
e e P e T —
C -

-400

-200
across-track distance

Okm 200 400 ° 4400 200 Okm 200 400

across-track distance
Figure 6. Distributions of the ground incidence angles i along dwell-lines parallel to the satellite’s
footprint for the fields-of-view shown in Figure 5. In both cases, the swath is about 934 km (dashed
maroon). The main difference between these two cases is for the ground incidence angles larger than
55° (solid green). When aliasing is governed by a Cartesian geometry (left), i cannot exceed 55°
along-track in the Earth alias-free part of the field of view, whereas it can be as large as 70° if aliasing
is the result of a hexagonal geometry (right). The situation is the opposite one when focusing on
the range of 7 at a distance from the satellite’s footprint. In either case, the lowest ground incidence
angle free from any Earth aliasing grows linearly with the across-track distance at the rate of 7.5°
every 100 km.

3.2. HAPS

For an aircraft, the situation slightly differs from that of a satellite in orbit. Indeed,
in order to maintain a constant flight level, it must hold a null pitch angle; otherwise, the
altitude will permanently change, and that will affect the synthesized field of view as
well as the spatial resolution, both of which will vary from one snapshot to another. As a
consequence, any array of elementary antennas installed onboard this aircraft will point to
the nadir direction. The tilt angle « is therefore no longer a free parameter to consider for
the design of an optimal configuration: its value is set and frozen to 0°. As illustrated by
Figure 3 in [27], a typical HAPS operational altitude is around 20 km (i.e., 65,000 feet or
flight level FL650), where a wind speed minimum is reached at this elevation.

Shown in Figure 7 is the field-of-view seen at instrument level in the direction cosines
domain by an array of elementary antennas from an elevation & = 20 km above the Earth’s
surface when the baseline vectors match with the sampling nodes of a Cartesian grid with
a sampling step d = 0.611A or with those of a hexagonal grid with a larger sampling
step d = 0.705A. In both cases, the array points to the nadir direction, and the extent of
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sin 0 sin ¢

)

along-track distance

the synthesized field of view A¢ is about 1.638. The extent of the region that is free from
any Earth alias is only about 1.282. As illustrated on Figure 8, where the same field of
view is shown now at ground level, this Earth alias-free extent translates into a swath as
wide as 33.4 km. As a consequence of the orientation of the array that is pointing to the
nadir direction, the range of incidence angles at ground level is limited to 40° in the Earth
alias-free region of the synthesized field of view. This value is nevertheless in line with the
constraints imposed by scientists.
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Figure 7. Field-of-view seen at instrument level in the direction cosines domain by an array of
elementary antennas from an elevation of 20 km above the Earth’s surface when the baseline vectors
match with the nodes of (left) a Cartesian grid with a sampling step d = 0.611A or (right) a hexagonal
grid with a sampling step 4 = 0.705A. The synthesized field of view (solid red) is shown here together
with its neighbors as well as the Earth horizon (solid maroon) with its aliases (dashed maroon).
The side-to-side extent of the synthesized field of view is the same in both cases: (left) a square with
side A/d ~ 1.638, (right) a hexagon with inscribed diameter 2 /V/3A/d ~ 1.638. In either case, the
extent of the Earth alias-free region (maroon arrow) is about 1.282, where the maximum range of
incidence angles is about 40° (green circle).

Vi

along-track distance

-40 -30 -20 -10 0km 10 20 30 40
across-track distance across-track distance

-40 -30 -20 -10 Okm 10 20 30 40
Figure 8. Same as Figure 7 but at ground level: direction cosines are replaced with across-track and
along-track distances. In both cases the swath is about 33.4 km.

Finally, the distributions of the incidence angles i at ground level along dwell lines
parallel to the aircraft’s footprint as functions of the across-track distance are shown
in Figure 9 for these two fields of view. The main difference between the two cases
is for the ground incidence angles larger than 40°. On the one hand, when aliasing is
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ground incidence i

governed by a Cartesian geometry, ground incidence angles along-track cannot exceed 40°
in the Earth alias-free area. Conversely, if aliasing is the result of a hexagonal geometry,
ground incidence angles along the track can be as large as 57° in the Earth alias-free region.
Within the swath, the lowest ground incidence angle free from any Earth aliasing grows
linearly with the across-track distance at the approximate rate of 2.5°/km, irrespective
of the geometry governing field aliasing. Here, again, the reason has to be found in the
locations of the aliases involved in the shape of the alias-free fields-of-view at instrument
level in Figure 7 or at ground level in Figure 8.
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! free from Earth aliases ! ! free from Earth aliases !
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1 1 1 1
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Figure 9. Distributions of the ground incidence angles i along dwell-lines parallel to the aircraft’s
footprint for the fields-of-view shown in Figures 7 and 8. In both cases, the swath is about 33.4 km
(dashed maroon). The main difference between these two cases is for the ground incidence angles
larger than 40° (solid green). When aliasing is governed by a Cartesian geometry (left), i cannot
exceed 40° along-track in the Earth alias-free part of the field of view, whereas it can be as large
as 57° if aliasing is the result of a hexagonal geometry (right). The situation is the opposite one when
focusing on the range of i at a distance from the aircraft’s footprint. In either case, the lowest ground
incidence angle free from any Earth aliasing grows linearly with the across-track distance at the
approximate rate of 2.5° /km.

4. Spatial Resolution

The resolution of a synthetic aperture imaging radiometer is driven by the length of
the longest baselines of the antenna array. As soon as the geometry of the array and the
spacing d between the antennas have been chosen to satisfy the ground swath constraint,
this second step aims at setting the number N, of elementary antennas to meet the scientific
requirements in terms of resolution. Before going into the details of this choice, a few
clarifications should be given on the “resolution”. The angular resolution is an intrinsic
and self-sufficient property of the array, as it does not vary in the synthesized field of view.
On the contrary, the spatial resolution evaluated at ground level strongly depends on the
local incidence angle. This is why the latter is often given in the nadir direction, where the
ground incidence is reduced to zero.

4.1. FRESCH

When accounting for an expected ground resolution of ~10 km without apodization,
it turns out that the arms of any sparse antenna array should be as long as ~9 m if the
elevation is set to 1 = 750 km. The lessons learned from SMOS with 3 arms leading to
a star-shaped Fourier frequency coverage (i.e., a concave polygon) have motivated the
choices to study solutions leading to convex frequency coverages. Although the hexagon is
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an attractive solution [58], the deployment of a hexagonal array in space is a complex and
risky task, owing to the connection between both ends of the 6 arms. This is not the case of
the x-shaped and +-shaped arrays hereafter, which all lead to a square-shaped Fourier
frequency coverage and whose deployment of the 4 arms (each one having a free end) does
not raise any particular difficulty, given the experience acquired with the 3 arms of SMOS.

Shown in Figure 10 are three possible antenna arrays that have been taken into account
in the preliminary studies of FRESCH. The initial one is a x-shaped array populated
with N; = 171 elementary antennas operating in the L-band at the central frequency
v = 1413.5 MHz (A =~ 212 mm). This number includes two additional antennas in order
to meet the redundancy requirement for being calibrated with the aid of the Redundant
Spacing Calibration (RSC) method [59]. The elementary antennas are regularly spaced
every v/2d ~ 213 mm along the 4 arms of length 421/2d ~ 8.94 m, and one arm is judiciously
shifted with respect to the others so that the shortest spacing between the closest antennas
is reduced down to d = 0.71A ~ 151 mm. This design that increases the extent of the
field of view and therefore reduces the aliasing has been patented [60]. As shown in
Figure 11, the Fourier frequency coverage of this array exhibits a square-shaped (with
4 extensions perpendicular to the sides) underlying a Cartesian sampling grid on which
aperture synthesis operations have to be performed. The longest baseline between Ags
and Ajpy is about 17.89 m long. On the perpendicular arms, the longest baseline between
Ayz and Ajgg is slightly shorter with 17.78 m. However, these baselines have almost
no impact on the resolution, which is driven by the radius of the circle circumscribed
to the square-shaped frequency coverage: the longest baseline contained in this circle is
about 12.65 m long (between Ags and A149). The second antenna array is nothing but the
initial one after a 45° clockwise rotation, which is necessary for reducing the computational
cost of digital beam forming [61], if this paradigm is selected for synthesis imaging [62].
Consequently, the underlying sampling grid of the Fourier frequency coverage is no longer
a Cartesian one, but it is now a quincunx one, as illustrated in Figure 11. However, from the
imaging properties point of view, these two configurations do not differ one from the other
except by this 45° clockwise rotation, as detailed in [61]. This is the case, for example,
for the field aliasing properties, which are those shown on the left side of Figures 4 and 5.
This is why only the initial one will be considered hereafter and compared to the alternative
approach shown in Figure 10. This new configuration is inspired by the previous one, as it
is again a +-shaped array populated with 167 elementary antennas. However, here the
antennas are spaced every d = 0.82A ~ 174 mm along two arms of length 52d ~ 9.04 m and
every V3d ~ 301 mm along two arms of length 30+/3d ~ 9.04 m, with one of these two arms
still being shifted with respect to the others. As shown in Figure 11, the Fourier frequency
coverage of this array is very similar to the previous one, with again a square-shaped
Fourier frequency coverage (with 4 extensions perpendicular to the sides), but it is now
underlying a hexagonal sampling grid. Consequently, the field aliasing properties of this
array are those shown on the right side of Figures 4 and 5. The longest baseline between
Agz and Ajs5 is about 18.09 m long. On the perpendicular arms, the longest baseline
between A3 and A;g5 is again slightly shorter with 17.92 m. However, these baselines have
almost no impact on the resolution, which is driven by the radius of the circle circumscribed
to the square-shaped frequency coverage: the longest baseline contained in this circle is
about 12.74 m long (between Agz and Aj4s). Although the difference is small, it has to
be noticed that this alternative approach exhibits a 0.7% finer resolution compared to the
initial one with 12.65 m.
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Figure 10. The initial x-shaped array of FRESCH leading to Cartesian sampling grids (left) and the
+-shaped version after a 45° clockwise rotation leading now to quincunx sampling grids (center),
both with N; = 171 elementary antennas regularly spaced along the 4 arms and a short spacing
d = 0.71A ~ 151 mm. An alternative +-shaped array inducing hexagonal sampling grids (right) with
N, = 167 elementary antennas and a short spacing d = 0.82A ~ 174 mm. In each case, the red arm is
shifted with respect to those in blue, and the green antennas are added for calibration purposes.

Figure 11. Fourier frequency coverage of the three arrays of Figure 10: the initial x-shaped array
of FRESCH with an underlying Cartesian sampling grid (left), that of the +-shaped version after a
45° clockwise rotation with a quincunx sampling grid (center), and that of the alternative +-shaped
array with a hexagonal sampling grid (right). In every case, the closed view highlights the shape of
the elementary cell of the sampling grid: square (left), lozenge (center), and hexagon (right).

Referring back to Figure 11, the total number of points Ny in the Fourier frequency
coverage is equal to 14,535 for the two arrays populated with N, = 171 elementary
antennas. This number slightly decreases down to 14,439 when keeping only those points
in the circumscribed circle of radius 12.65 m. In either case, this is much lower than the
number of baselines N, which is equal to N, x (N, — 1) = 29,070, as a consequence of
redundant pairs of antennas. Likewise, the total number of points in the Fourier frequency
coverage of the alternative array equipped with 167 elementary antennas is equal to 12,871.
Here, again, this number slightly decreases down to 12,777 when keeping only those points
in the circumscribed circle of radius 12.74 m. Both have to be compared to the number
of baselines, which is here equal to 167 x (167 — 1) = 27,722. Denoting by p(uy,vs) the
redundancy of each point (u¢,v¢) in the Fourier frequency coverage, the values of Ny have
to be compared to those of Z\G(’ defined by the discrete sum (2) in [58] such that:
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which is the number of points in the Fourier frequency coverage when their redundan-
cies p(u £ f) are taken into account, contrary to Ny, which does not take them into account.
By definition, p(u £0 f) > 1. It is therefore obvious that NJZ <N f (equality is reached for
fully non-redundant arrays [63] for which p(uf,vs) = 1 for every point in the Fourier
frequency coverage). It turns out that Njﬁ is here equal to 13,893 for the arrays populated
with N; = 171 elementary antennas and to 12,244 for the array equipped with 167 antennas.
These numbers slightly decrease down to 13,878, resp. 12,229, when keeping only those
points in the circumscribed circles of radius 12.65 m, resp. 12.74 m.

Finally, shown in Figure 12 are the point-spread functions at the instrument level
in the direction cosines domain of the previous arrays. Owing to a similar shape of the
Fourier frequency coverage and to very close dimensions of the arms, it is not surprising
to obtain comparable angular resolutions: 0.824° for the initial array and 0.817° for the
alternative one. When accounting for the elevation of the orbit, these numbers translate
into 10.8 km and 10.7 km at ground level, respectively. As a consequence of the sharp
frequency cut-off caused by the finite and limited extent of the frequency coverage in the
Fourier domain, high-level side-lobes are clearly visible in the direction cosines domain.
In order to reduce them, an apodization window might be necessary. Shown in Figure 13
are the corresponding responses when a Blackman window is used. The angular resolution
at the instrument level is now about 1.153° for the initial array and about 1.144° for the
alternative one. At ground level, these numbers translate into a resolution of 15.1 km and
15.0 km, respectively. All these figures of merit are summarized in Table 1 together with
the relevant parameters introduced in this section.

Table 1. Parameters and spatial resolution of FRESCH.

array initial x or + alternative +
h 750 km
o 22.9° 25.9°
d 0.71A ~ 151 mm 0.82A ~ 174 mm
N, 171 167
Ny 29,070 27,722
bnax 17.89m | 1265m | 18.09m | 12.74m
Ny 14,535 | 14,439 | 12,871 12,777
Z\Gﬁ 13,893 | 13,878 | 12,244 | 12,229
resolution (no window) 0.824°/10.8 km 0.817°/10.7 km
resolution (Blackman) 1.153°/15.1 km 1.144°/15.0 km

As the satellite moves on its orbit, any given area in the synthesized field of view is
observed in successive locations along so-called dwell lines parallel to the sub-satellite track.
Although these areas are restricted to the Earth alias-free field of view, these dwell lines
cross the contours of constant incidence angles i over a range of values that becomes larger
as one comes nearer to the sub-satellite track, as illustrated by Figure 6. As a consequence,
after synthesis imaging has been performed with the aid of a computer to inverse the
complex visibilities, multi-angular profiles of brightness temperatures are available [64].
However, for obvious geometrical reasons, the ground resolution along these profiles is
not constant because it varies with the incidence angle, contrary to the angular resolution,
which remains constant in the field of view. It is therefore of great interest to have an idea of
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the disparity of the ground resolution along these dwell lines. Before going into the details
of these variations, it is worth noting that the circular —3 dB contours of the point-spread
functions, like those shown in Figures 12 and 13, degenerate into ellipses as soon as they
are projected on the Earth’s surface. A measure of how distinct an ellipse is from a circle is
the aspect ratio, which is defined as the quotient a/b between the longest and the shortest
axis of the ellipse. Likewise, the equivalent disk diameter of an ellipse is defined as the
geometric mean va b.
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Figure 12. Closed view of the normalized point-spread functions corresponding to the Fourier
frequency coverages of Figure 11. The (solid black) contour at half-maximum value is a circle of
diameter 0.824° for the initial array (left) and 0.817° for the alternative one (right). When accounting
for the elevation of the satellite, & = 750 km, these angular values translate into a ground resolution
of 10.8 km and 10.7 km, respectively.
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Figure 13. Same as Figure 12 but with a Blackman apodization window. The (solid black) contour
at half-maximum value is a circle of diameter 1.153° for the initial array (left) and 1.144° for the
alternative one (right). When accounting for the elevation of the satellite, 1 = 750 km, these angular
values translate into a ground resolution of 15.1 km and 15.0 km, respectively.

Shown in Figures 14 and 15 are the range of values taken by the equivalent disk
diameter and by the aspect ratio of the ground resolution along dwell lines parallel to
the sub-satellite track. Referring back to Figure 6, the main difference between the two
cases is for the ground incidence angles larger than 55°. On the one hand, when aliasing
is governed by a Cartesian geometry, the range of the equivalent disk diameter varies
from 15.1 km to 33.2 km along track and from 21.8 km to 48.9 km along a dwell line at
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450 km from the sub-satellite track. At the same time, the ellipse aspect ratio varies from
almost 1 to 1.9 along the track and from 1.3 and 2.7 along the same dwell line at 450 km
from the sub-satellite track. On the other hand, if aliasing is the result of a hexagonal
geometry, the range of the equivalent disk diameter varies from 15.0 km to 65.1 km along
the track and from 21.8 km to 33.8 km along a dwell line at 450 km from the sub-satellite
track. At the same time, the ellipse aspect ratio varies from almost 1 to 3.5 along the track
and from 1.3 and 1.9 along the same dwell line at 450 km from the sub-satellite track.
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Figure 14. Range of the equivalent disk diameter of the —3 dB contour of the point-spread functions
of Figure 13 after being projected at ground level, here along dwell-lines in the field-of-view of
Figure 5 synthesized by the arrays of Figure 10: initial x-shaped array (left) with Cartesian sampling
and alternative +-shaped array (right) with hexagonal sampling.
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Figure 15. Range of the ellipse aspect ratio of the —3 dB contour of the point-spread functions of
Figure 13 after being projected at ground level, here along dwell-lines in the field-of-view of Figure 5
synthesized by the arrays of Figure 10: initial x-shaped array (left) with Cartesian sampling and
alternative +-shaped array (right) with hexagonal sampling.

Finally, shown in Figures 16 and 17 are the distributions of the equivalent disk diameter
and of the ellipse aspect ratio in the fields-of-view shown in Figure 5. It is obvious that
both are increasing functions of the ground incidence angle. As an example, the ground
resolution is almost circular in the footprint direction of the satellite, with a diameter of
about 15 km. Conversely, in the forward directions pointed by the arrays with an incidence
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AN

angle of 55°, it is elliptical with an equivalent disk diameter of the order of 35 km and an
aspect ratio of about 2, whatever the antenna array configuration. It should be noted that
the alternative +-shaped array does not point to the backward direction with the same
incidence angle of 55°, whereas the original x-shaped array does. However, it is very likely
that these directions will not be used, although they are free from Earth aliasing. Indeed,
the equivalent disk diameter is larger than 45 km (i.e., 3 times the best resolution), and the
aspect ratio is bigger than 3.5.

45
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(3]

equivalent disk diameter [km]
equivalent disk diameter [km]

- 15
-10° -5° 0° 5° 10°

Figure 16. Distribution of the equivalent disk diameter of the —3 dB contour of the point-spread
functions of Figure 13 after being projected at ground level, here only in the Earth alias-free field-of-
view of Figure 5 synthesized by the arrays of Figure 10: initial x-shaped array (left) with Cartesian

sampling and alternative +-shaped array (right) with hexagonal sampling. The white circle is
the location where this diameter is the smallest one: 15.1 km (left) and 15.0 km (right). It is an
increasing function of the incidence angle i: in the forward directions it is about 35 km for i = 55°
(green contour).

N

ellipse aspect ratio
N

ellipse aspect ratio

-10° -5° 0° 5° 10° -10° -5° 0° 5° 10°
Ay Ag

Figure 17. Distribution of the ellipse aspect ratio of the —3 dB contour of the point-spread functions
of Figure 13 after being projected at ground level, here only in the Earth alias-free field-of-view of
Figure 5 synthesized by the arrays of Figure 10: initial x-shaped array (left) with Cartesian sampling
and alternative +-shaped array (right) with hexagonal sampling. The white circles are the locations
where this ratio is equal to 1 (i.e., the ellipse is a circle). It is an increasing function of the incidence
angle i: in the forward directions the longest axis of the ellipse is twice as long as the shortest one
for i = 55° (green contour).
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4.2. HAPS

With regard to HAPS, the situation is slightly different from that of FRESCH because
the constraints for an air-borne instrument are not the same as those of a space-borne
one. Owing to the environment, from the geometry point of view, only a T-shaped array
can be considered, the dimensions of the arms being constrained by the possibilities of
accommodation in the wings (<9.5 m) and along the body (<8.5 m) of the HAPS.

Shown on Figure 18 are two possible configurations that can be accommodated by the air-
craft for operating at L-band the central frequency v = 1413.5 MHz (A =~ 212 mm). With a total
number of N, = 215 elementary antennas regularly spaced every d = 0.611A ~ 129.5 mm
along the 3 arms, the dimensions of the arms are 74d ~ 9.58 m across-track and 664 ~ 8.55m
along track for the disposition inducing Cartesian sampling grids. Likewise, with only
N,; = 189 elementary antennas and a short spacing of d = 0.705A ~ 149.5 mm, they are
equal to 37+/3d ~ 9.58 m across-track and 57d ~ 8.52 m along-track for the configuration
leading to hexagonal sampling. As shown in Figure 19, the Fourier frequency coverage
of these two arrays exhibits a square-shaped (with 2 extensions across-track, i.e., along
the wings of the aircraft). The first has an underlying Cartesian sampling grid on which
aperture synthesis operations have to be performed. The longest baseline between A7
and Ajj5 is about 19.17 m. However, this baseline has almost no impact on the resolution,
which is driven by the radius of the circle circumscribed to the square-shaped frequency
coverage: the longest baseline contained in this circle is about 12.84 m long (between .A75
and A4 and also between 4141 and Aj;5). The second configuration is inspired by what
has been found for FRESCH with the alternative +-shaped array while satisfying the
accommodations onboard an aircraft that only allow 3 arms. However, 4 arms are neces-
sary to obtain a Fourier frequency coverage underlying a hexagonal sampling grid. As a
consequence, the fourth arm is here folded along the third one in the body of the aircraft.
The antennas are spaced every d = 0.705A ~ 149.5 mm along the body of the aircraft and
every v/3d ~ 259 mm along the two wings. The longest baseline between 435 and .A;gg is
about 19.17 m. However, here again this baseline has almost no impact on the resolution,
which is driven by the radius of the circle circumscribed to the square-shaped frequency
coverage: the longest baseline contained in this circle is about 12.87 m long (between A5,
and Ago).

Referring back to Figure 19, the total number of points Ny in the Fourier frequency
coverage is equal to 19,965 for the array populated with N, = 215 elementary antennas.
This number slightly decreases down to 19,869 when keeping only those points in the
circumscribed circle of radius 12.84 m. This is much lower than the number of baselines Ny,
which is equal to N; x (N, — 1) = 46,010, as a consequence of redundant pairs of antennas.
Likewise, the total number of points in the Fourier frequency coverage of the alternative
array equipped with 189 elementary antennas is equal to 17,249. Here, again, this number
slightly decreases down to 17,201 when keeping only those points in the circumscribed
circle of radius 12.87 m. Both have to be compared to the number of baselines, which is
here equal to 189 x (189 — 1) = 35,532. Referring back to (5), it turns out that Nf’ is here
equal to 19,558 for the array populated with N, = 215 elementary antennas and to 16,791
for the array equipped with 189 antennas. These numbers slightly decrease down to 19,549,
resp. 16,784, when keeping only those points in the circumscribed circles of radius 12.84 m,
resp. 12.87 m.
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95

Figure 18. Two T-shaped arrays for HAPS: (left) N, = 215 elementary antennas regularly
spaced every d = 0.611A ~ 129.5 mm along the 3 arms and leading to Cartesian sampling grids,
(right) N; = 189 elementary antennas with a short spacing d = 0.705A ~ 149.5 mm and inducing
hexagonal sampling grids.
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Figure 19. Fourier frequency coverage of the two T-shaped arrays of Figure 18 with an underlying
sampling grid (left) or with a hexagonal one (right). In both case, the closed view highlights the
shape of the elementary cell of the sampling grid: square (left) and hexagon (right).

Finally, shown in Figure 20 are the point-spread functions at instrument level in the
direction cosines domain of the previous arrays. Owing to the very similar shape and
extent of the Fourier frequency coverage, it is not surprising to obtain comparable angular
resolutions. However, owing to arms of different lengths, it is not centrosymmetric: it is
about 0.772° across-track with two arms about 9.5 m long each and about 0.875° along-track
with an arm about 8.5 m long. When accounting for the flying elevation of the aircraft,
h = 20 km, the ground resolution in the Nadir direction is about 269 m across-track and
slightly less than 305 m along-track (the diameter of the equivalent disk is about 286 m).
Here, again, high-level side-lobes are clearly visible in the direction cosines domain. In order
to reduce them, an apodization window might be necessary. Shown in Figure 21 are the
corresponding responses when a Blackman window is used. The angular resolution at
instrument level is now about 1.122° across-track and 1.166° along-track. At ground level,
these numbers translate into 392 m across-track and 407 m along-track (the diameter of
the equivalent disk is about 399 m). All these figures of merit are summarized in Table 2
together with the relevant parameters introduced in this section.
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Figure 20. Closed view of the normalized point-spread functions corresponding to the Fourier
frequency coverages of Figure 19. The (solid black) contour at half-maximum value is an ellipse
with minor axis 0.772° and major axis 0.875° for the initial array (left) as well as for the alternative
array (right). When accounting for the elevation of the aircraft, # = 20 km, these angular values
translate into a ground resolution of 269 m across-track and 305 m along-track.
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Figure 21. Same as Figure 20 but with a Blackman apodization window. The (solid black) contour
at half-maximum value is an ellipse with minor axis 1.122° and major axis 1.166° for the initial
array (left) as well as for the alternative array (right). When accounting for the elevation of the
aircraft, i = 20 km, these angular values translate into a ground resolution of 392 m across-track
and 407 m along-track.

Although the aircraft flies at an altitude well lower than that of a satellite in orbit,
with therefore a closer horizon, there is still great interest in having an idea of how the
ground resolution varies along dwell lines. Shown in Figures 22 and 23 are the range of
values taken by the equivalent disk diameter and by the aspect ratio of the elliptical ground
resolution along dwell lines parallel to the ground track of the aircraft. Referring back to
Figure 9, the main difference between the two arrays is for the ground incidence larger
than 40°. On the one hand, when aliasing is governed by a Cartesian geometry, the range
of the equivalent disk diameter varies from 399 m to 677 m along track and from 624 m
to 1265 m along a dwell line at 15 km from the ground track of the aircraft. At the same
time, the ellipse aspect ratio varies between almost 1 and slightly less than 1.8 along the
track and from 1.5 to 3.3 along the same dwell line at 15 km from the footprint of the
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aircraft. On the other hand, if aliasing is the result of a hexagonal geometry, the range of
the equivalent disk diameter varies from 399 m to 1415 m along the track and from 624 km
to 788 m along a dwell line at 15 km from the ground track of the aircraft. At the same time,
the ellipse aspect ratio varies between almost 1 and 3.7 along the track and from 1.7 to 2.0
along the same dwell line at 15 km from the footprint of the aircraft.
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Figure 22. Range of the equivalent disk diameter of the —3 dB contour of the point-spread functions
of Figure 21 after being projected at ground level, here along dwell-lines in the field-of-view of
Figure 8 synthesized by the arrays of Figure 18: initial T-shaped array (left) with Cartesian sampling
and alternative array (right) with hexagonal sampling.
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Figure 23. Range of the ellipse aspect ratio of the —3 dB contour of the point-spread functions of
Figure 21 after being projected at ground level, here along dwell-lines in the field-of-view of Figure 8
synthesized by the arrays of Figure 18: initial T-shaped array (left) with Cartesian sampling and
alternative array (right) with hexagonal sampling.

Finally, shown in Figures 24 and 25 are the distributions of the equivalent disk diameter
and of the ellipse aspect ratio in the fields-of-view shown in Figure 8. Here, again, despite
a lower elevation compared to that of FRESCH, both are increasing functions of the ground
incidence angle. However, owing to the absence of a tilt of the arrays (¢« = 0°), here
the variations are centrosymmetric with respect to the nadir direction, where the ground
resolution is almost circular. On the contrary, for a ground incidence angle i = 40°,
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the equivalent disk diameter of the elliptical ground resolution is about 620 m with an
aspect ratio slightly less than 1.8.
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Figure 24. Distribution of the equivalent disk diameter of the —3 dB contour of the point-spread
functions of Figure 21 after being projected at ground level, here only in the Earth alias-free field-of-
view of Figure 8 synthesized by the arrays of Figure 18: initial T-shaped array (left) with Cartesian
sampling and alternative array (right) with hexagonal sampling. The white circle is the location
where this diameter is the smallest one: about 365 m in both cases. It is an increasing function of the
incidence angle i: about 620 m for i = 40° (green contour).
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Figure 25. Distribution of the ellipse aspect ratio of the —3 dB contour of the point-spread functions
of Figure 21 after being projected at ground level, here only in the Earth alias-free field-of-view of
Figure 8 synthesized by the arrays of Figure 18: initial T-shaped array (left) with Cartesian sampling
and alternative array (right) with hexagonal sampling. The white circles are the locations where this
ratio is equal to 1 (i.e., the ellipse is a circle). It is an increasing function of the incidence angle i: the
longest axis of the ellipse is about 1.8 times longer than the shortest one for i = 40° (green contour).
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Table 2. Parameters and spatial resolution of HAPS.

array initial T alternative T
h 65,000 feet / 20 km
% 0°
d 0.611A ~ 1295 mm | 0.705A ~ 149.5 mm
N, 215 189
N, 46,010 35,532
bnax 19.17m | 12.84m | 19.17m | 12.87m
Ny 19,965 19, 869 17,249 17,201
Njﬁ 19,558 19,549 16,791 16,784
resolution (no window) 0.772° x 0.875° / 269 m x 305 m
resolution (Blackman) 1.122° x 1.166° / 392 m x 407 m

5. Radiometric Sensitivity

In microwave imaging by aperture synthesis, the radiometric sensitivity is frequently
a critical issue, especially when the motion of the platform limits the integration time
available for synthesizing an image from interferometric measurements. When inverting
complex visibilities V in the presence of radiometric noise, at the end of the synthesis
imaging process, the radiometric sensitivity AT in the boresight direction ¢ = 0 is given by

AT(0) = Sup TATIR 4“ /N ©)
BTff

In the others directions, as explained in [65], AT varies according to the relation:
AT(Z) = AT(0) L& (7)
B (F2(8))’

where (F2(¢)) is the average normalized power pattern of the elementary antennas.

Equation (1) in [58] as:

In these expressions, S, is the area of the elementary cell of the sampling grid in the
Fourier domain ((d/A)? for a Cartesian sampling, V3/5 (d/1)? for a hexagonal sampling),
Toff is the effective time of integration, B is the noise bandwidth, and D is the directivity of
the elementary antennas (so that according to Equation (2-144) in [66], 47t/ D is nothing
but the corresponding beam solid angle (2) and Z\Cf’ is the number of points in the Fourier
frequency coverage as defined by (5).

As detailed in [66], for a fixed wavelength A, the larger an antenna, the higher is
its directivity. As a consequence, owing to a longer spacing between the elementary
antennas allowing a wider collecting area, the antennas of the alternative arrays inducing
hexagonal sampling grids will have a higher directivity, and therefore a smaller solid angle,
than those of the original arrays leading to Cartesian sampling grids. Moreover, part of this
additional space between the elementary antennas can be used to reduce antenna coupling.
In every case, numerical simulations have been conducted with CST Studio [67]. Four dual-
polarized 3D-printed antenna elements were designed for operation in the protected L-band
with a resonant frequency set to 1413.5 MHz. The use of additive manufacturing enables
lightweight structures and precise fabrication while maintaining good electromagnetic
performance. The antennas were developed with different aperture sizes to investigate their
suitability for integration within the interferometric array. Referring back to Tables 1 and 2,
the physical dimensions of the antennas are 174 x 174 x 5.6 mm? and 151 x 151 x 5.6 mm?
for the FRESCH case, and 149.5 x 149.5 x 5.1 mm?® and 129.5 x 129.5 x 5.1 mm? for the
HAPS one. No particular optimization has been performed with regard to the geometry
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as well as with the choice of the materials because it is not the purpose of this study. As a
consequence, the values of D used in this comparison can certainly be improved, and the
solid angles () reduced accordingly for the benefit of the radiometric sensitivity.

The effect of the apodization window W is taken into account with the term «,,, which
is defined by relation (16) in [68]:

02 = N, Y WA (ug, vp). (8)

By definition, W (uy,vs) < 1so thata,, < 1 (equality is reached for the rectangular window
only for which W(uy,vs) = 1 for every point (uy, vs) in the Fourier frequency coverage).
Finally, according to Equation (12.19) in [69], the noise temperature of the elementary
antennas T, is the weighted average of the equivalent brightness temperature of the
observed scene Tscene and the physical (or ambient) temperature Tonys of the antennas:

Ta = nTscene + (1 = 11) Tpnys, )

where the radiation efficiency 0 < 1 < 1is a measure of how much power is lost in the an-
tennas, as defined by Equation (12.9) in [69]. Likewise, according to Equation (10.12) in [69],
the receiver’s noise temperature Tg is related to the physical (or ambient) temperature Ty,s:

Tp=T

phys(lONP/lo _ 1)/ (10)

where NF > 0 dB is the noise figure of the receivers, as defined by Equation (10.10) in [69].

Among the many parameters contributing to the estimation of the radiometric sen-
sitivity, the effective integration time 7,7 is a dimensioning one, and it deserves special
attention. In the words of Le Vine in [70], “sensitivity is an especially critical issue for mea-
surements from low Earth orbit because the motion of the platform limits the integration time
available for forming an image.” Referring back to (6), the integration time has to be as long as
possible. However, in order to reduce the smearing effects [71] in the retrieved brightness
temperature maps caused by the motion of the antenna array with respect to the observed
scene [72], it has to be short enough. Unlike in [70], where “the integration time is chosen to be
the time available per resolution cell,” the largest integration time at instrument level 7j,,; is
here defined as the time required for the point on the Earth’s surface in the Nadir direction
to move along-track a ground distance equal to one quarter of the resolution. Furthermore,
this instrumental integration time is to be distinguished from the physical integration
time T,y,s, which is defined by the time during which the incidence angle i of a target in
the same Nadir direction does not vary by more than a few degrees (1° or 2°, depending
on the physical domain concerned by multi-angular brightness temperatures).

Finally, Tjust and Tpy,s also have to be distinguished from the effective integration
time Tfy. If correlations were estimated in an analog way, T, ¢ would be equal to T,
Or Typys- However, correlations are estimated numerically [73]. As a consequence, the quan-
tization levels of the radio signals have to be taken into account. A detailed study was
conducted a few years ago [74]. As intuitively expected, the degradation of the radiometric
sensitivity with a digital correlator compared to what it is with an analog one decreases
with the number of quantization levels. For example, in the worst case, the level of noise in
a 2 x 2 level digital correlator is 1.57 times higher than in an analog correlator, which is a
well-known theoretical result, i.e., 77/2, that follows from a study by Van Vleck and Mid-
dleton [75]. This factor is about 1.23 with a 3 x 3 level digital correlator and less than 1.13
with a 4 x 4 level one. As a consequence, referring back to (6), with a 1 bit digital correlator,
Teff is 1.57% ~ 2.46 times shorter than T, or Tpnys- This is also what is reported in [68]
for SMOS, which is equipped with a 2 x 2 level digital correlator where only the sign of
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the radio signals being correlated matters. This reduction would be about 1.232 ~ 1.51
with a 3 x 3 level digital correlator and less than 1.13% ~ 1.28 with a 4 x 4 level digital
correlator. The choice of the number of quantization levels in a digital correlator is therefore
of great importance. To be complete on this subject, the comprehensive study recently
conducted by radio astronomers from the National Radio Astronomy Observatory (NRAO)
cannot be ignored [76]. The values of the quantization efficiency 7 found in Table 1 of this
exhaustive study are reported hereafter in Table 3 but under the expression 1/ qé because it
is nothing but the factor by which the integration time is degraded, more exactly shortened.

Table 3. Degradation of integration time with the number of quantization levels.

number of levels
of quantization

2 3 4 8 16 32 64 128 | 256

degradation of
integration time

2467 | 1.525 | 1.288 | 1.079 | 1.023 | 1.007 | 1.002 | 1.001 | ~1

5.1. FRESCH

For a satellite in orbit around the Earth at an elevation i/ = 750 km, the orbital speed v,
is about 7.5 km/s [53]. As a consequence, in the circular orbit approximation, the ground
speed of the sub-satellite point v, = v, X Rg,/(Rg + h) is close to 6.7 km/s. Referring
back to the previous section, the ground resolution has been estimated as 10 km without
any apodization window. As a consequence, T;,s; is about 1/410/v, ~ 0.37 s. However,
if synthesis imaging had to be performed always at the resolution of a Blackman window
with a ground resolution of 15 km, this time would be augmented up to 0.56 s. Shown
in Figure 26 is the rate of variation of the incidence angle in the fields of view shown
in Figure 4. In every case, this rate is larger in the boresight direction { = 0 where
Ai/At ~ 0.57°/s. As a consequence, depending on the accepted range of variation of the
incidence angle i during integration, T,y,s may vary between 1/0.57 ~ 1.75 s (with a 1°
variation of i) and 2/0.57 ~ 3.50 s (with a 2° variation).
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Figure 26. Distribution of the rate of variation Ai/At of the ground incidence angle i in the field-of-
view of the initial x-shaped array of FRESCH with an underlying Cartesian sampling grid (left) and
in that of the alternative +-shaped array with a hexagonal sampling grid (right). As the satellite
is moving here upward, incidence angles of backward viewing directions increase (red colors),
whereas those of forward directions decrease (blue colors). In either case, Ai/At is larger in the
boresight direction & = 0, where it is about 0.57°/s from an elevation & = 750 km with a ground
speed v, = 6.7 km/s.
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Without entering into the details of the inversion of multi-angular profiles of brightness
temperatures, the flight duration over the dwell lines shown in Figure 27 together with
the range of ground incidence angles in Figure 6 is very helpful for understanding the
underlying aspects of the integration time. For example, let us consider the footprint of
the initial x-shaped array with an overflight duration of about 175 s. If integration is
performed at the instrument level, the number of brightness temperatures acquired over a
given pixel of the footprint is 175/ 1;,5; ~ 310, and they cover a range of incidence angles
from 0° to 55°. Depending on the application, these incidence angles can be binned every
1° or every 2°. This is very similar to increasing the integration time up to 7,5 so that the
number of brightness temperature samples reduces to 175/1.75 ~ 100 or to 175/3.5 ~ 50
over the same range of ground incidence angles. The question that arises then is whether it
is better to invert a brightness temperature profile with many rather noisy data or if it is
preferable to invert one with less data but less noise. The answer is clearly out of the scope
of this study.

NN
N
o o

180 |
150 |
120 |
9 |
60 |
30
0st

-400

330 [

free from Earth aliases
free from sky aliases

free from Earth aliases

, 300 f
free from sky aliases [

[\SJ \C T \ V]
= 2 3
o o o

180 |
150 |
120 |
9 |
60 |
30

overflight duration

-200 0 km 200 400 -400 -200 0 km 200 400
across-track distance across-track distance

Figure 27. Distributions of the flight duration over dwell lines parallel to the satellite’s footprint for
the fields-of-view of Figure 5 synthesized by the arrays of Figure 10: initial x-shaped array (left) and
alternative +-shaped one (right).

Complementarily, the fraction (T4 + Tr)/ v/ BT,fs in (6) is nothing but the standard
deviation of the radiometric noise AV affecting the complex visibilities V. It does not
depend on the shape of the antenna array, nor on the spacing between the elementary
antennas, nor on their number or characteristics. On the contrary, the remaining terms
Suv Qay \/ﬁ}, whose product is nothing but the amplification factor I' of the noise AV
through the inversion process of V, strongly depend on this geometry as well as on the
elementary antennas themselves. As shown in Figure 28, the directivity D obtained from
simulations conducted with small antennas of physical dimensions 151 x 151 x 5.6 mm? for
the initial x-shaped array and with larger ones of physical dimensions 174 x 174 x 5.6 mm?
for the alternative +-shaped array are, respectively, about 9.20 dB and 9.56 dB so that the
corresponding solid angles (2 = 47r/D are about 1.51 sr and 1.39 sr. If S, is larger for
the alternative +-shaped array with 167 antennas than it is for the initial x-shaped array
of FRESCH with 171, it turns out that ), &, and N} are smaller so that the amplification
factor is almost the same: I' ~~ 38.76 for the initial x-shaped array and I' ~ 38.51 for the
alternative +-shaped one. As a consequence, all other things being equal, both arrays will
have the same behavior regarding the propagation of radiometric noise through the imaging
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process and will achieve very similar performances in terms of radiometric sensitivity with
expected differences less than 1% on AT(0), to the benefit of the alternative array.
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Figure 28. Orthogonal radial cuts, ¢ = 0° (red) and ¢ = 90° (blue), of the directivity patterns obtained
with simulations conducted for the initial x-shaped array (left) and for the alternative +-shaped

array (right). The maximum of the directivity in the boresight direction 6 = 0° is about 9.20 dB (left)

and 9.56 dB (right).

Finally, estimations of the radiometric sensitivity in the boresight direction with
n =093, NF = 1.5dB, B = 24 MHz, and Tjj,ys = 293 K (or 20 °C) for Tscene = 90 K (a
typical value over the ocean) and 250 K (over land) are given in Table 4 for the integration

times discussed here for FRESCH. It is not surprising that a radiometric sensitivity over

the ocean close to 1.5 K cannot be achieved at the snapshot level because Tj,g; is too short.

However, this value can be almost reached when compiling few snapshots with the same

ground resolution over a longer integration time 7y, during which the variations Ai of

the incidence angle i do not exceed 1° if a 2 bits/4 levels correlator is used, or with Ai = 2°

if only 1 bit/2 levels correlations are available. Keeping in mind that for many reasons

correlations are nowadays estimated numerically [73], values with an analog correlator are

just given for comparison as well as for understanding why correlators with more than

2 bits are not considered owing to the low benefit in regard to their cost.

Table 4. Parameters and radiometric sensitivity of FRESCH.

alternative +

array initial x or +
d/A 0.710 0.820
Suo 0.504 0.582
Nf’ 13,878 12,229
Xy 0.432 0.430
D 9.20dB 9.56 dB
@) 1.51 sr 1.39 sr
Tscene 90K 250 K 90K 250 K
Tinst 0.56 s
2.38 K 3.96 K 2.36 K 3.93 K analog
AT(0) 374K 6.21 K 3.71K 6.17 K 1 bit
2.70 K 449K 2.68 K 446 K 2 bits
Tphys 1.75s
1.35K 224K 1.34 K 222K analog
AT(0) 212K 351K 210K 349K 1 bit
153K 254 K 152K 252K 2 bits
Tphys 350s
095K 1.58 K 0.94 K 157K analog
AT(0) 150K 249K 148K 247K 1 bit
1.08 K 1.80 K 1.07K 1.78 K 2 bits
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5.2. HAPS

Regarding HAPS, the situation is here again slightly different from that of FRESCH
because the flight dynamics of a satellite are not those of an aircraft evolving in the strato-
sphere at a flying altitude # = 20 km. As detailed in Tables 1 and 2 in [77], a typical
ground speed v, from such an elevation is about 31 m/s. Referring back to the previous
section, the smallest ground resolution, the across-track one, has been estimated to be 246 m
without any apodization window. As a consequence, T, is here about 1/4246 /v, ~ 1.98 s.
However, if synthesis imaging had to be performed always at the resolution of a Blackman
window with a ground resolution of 358 m, this time could be as long as 2.89 s. This is
much longer (5x) than for FRESCH as a consequence of evolving at a higher elevation with
a faster ground speed, although the angular resolutions of FRESCH and HAPS reported in
Tables 1 and 2 are comparable. Shown in Figure 29 is the rate of variation of the incidence
angle in the fields-of-view shown in Figure 7. In every case, this rate is larger in the bore-
sight direction ¢ = 0 where Ai/At ~ 0.08°/s. This is much slower than for FRESCH (7 x),
here again owing to a higher elevation and a faster ground speed. As a consequence, if the
accepted range of variation of the incidence angle i is set to 1°, the physical integration
time T,y,s can be as long as 1/0.08 ~ 12.5 s, which improves the radiometric sensitivity by
almost 2 compared to T

0.08 0.08
0.06 0.06
0.04 05 0.04
— S —
002 @ = 002 ®
~ 7 ~
o o
— [wn) —
0 - g 0 0 -
< A <
0.02 3 I 002 =
02 3 o 02 73
0.04 0.04
0.06 -0.06
-0.08 ] ‘ ‘ -0.08
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
¢1 = sinfcos ¢ ¢1 = sinfcos ¢

Figure 29. Distribution of the rate of variation Ai/At of the ground incidence angle i in the field-of-
view of the initial T-shaped array of HAPS with an underlying Cartesian sampling grid (left) and in
that of the alternative array with a hexagonal sampling grid (right). As the aircraft is moving here
upward, incidence angles of backward viewing directions increase (red colors), whereas those of
forward directions decrease (blue colors). In either case, Ai/At is larger in the boresight direction
¢ = 0, where it is about 0.08°/s from a flying altitude i = 20 km.

Here, also the flight duration over the dwell lines shown in Figure 30, together with
the range of ground incidence angles in Figure 9, is very helpful for understanding the
inversion of multi-angular profiles of brightness temperatures. For example, let us consider
the footprint of the initial T-shaped array with an overflight duration of about 18 min
(the time for the aircraft to fly 33.4 km at a ground speed v, = 31 m/s). If integration is
performed at the instrument level, the number of brightness temperatures acquired over a
given pixel of the footprint is 1080/ T;,,s; ~ 370, and they cover a range of incidence angles
from 0° to 40°.
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Figure 30. Distributions of the flight duration over dwell lines parallel to the aircraft’s path for the
fields of view of Figure 8 synthesized by the arrays of Figure 18: initial T-shaped array (left) and
alternative array (right).

Finally, as shown in Figure 31, the directivity D obtained from simulations conducted
with small antennas of physical dimensions 129.5 x 129.5 x 5.1 mm? for the initial T-
shaped array and with larger ones of physical dimensions 149.5 x 149.5 x 5.1 mm? for the
alternative array are, respectively, about 8.67 dB and 9.04 dB so that the corresponding solid
angles () = 47t/ D are about 1.71 sr and 1.57 sr. Estimations of the radiometric sensitivity
in the boresight direction with 7 = 0.93, NF = 1.5 dB, B = 24 MHz, and Tphys =293 K
(or 20 °C) for Tseene = 90 K (a typical value over the ocean) and 250 K (over land) are
given in Table 5 for the physical integration time discussed here for HAPS. Referring
back to the estimation of the radiometric sensitivity of FRESCH, here again the area S, is
larger for the alternative T-shaped array with 189 elementary antennas than it is for the
initial one with 215. However, the remaining terms ), a;, and N are smaller so that the
amplification factor I is almost the same: ~38.6 for the initial T-shaped array and ~37.9 for
the alternative one. As a consequence, all other things being equal, both arrays will have
the same behavior regarding the propagation of radiometric noise through the imaging
process and will achieve very similar performances in terms of radiometric sensitivity with
expected differences of about 2% on AT(0), to the benefit of the alternative array.
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Figure 31. Orthogonal radial cuts, ¢ = 0° (red) and ¢ = 90° (blue), of the directivity patterns
obtained with simulations conducted for the initial T-shaped array (left) and for the alternative array
(right). The maximum of the directivity in the boresight direction 8 = 0° is about 8.67 dB (left) and
9.04 dB (right).
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Table 5. Parameters and radiometric sensitivity of HAPS.
array initial T alternative T
d/A 0.611 0.705
Suv 0.373 0.430
N} 19,549 16,784
i 0.433 0.433
D 8.67 dB 9.04 dB
Q 1.71 sr 1.57 sr
Tscene 90K 250 K 90K 250K
Tinst 2.89s
1.04K 1.73K 1.02K 1.70K analog
AT(0) 1.64 K 272K 1.61 K 2.67K 1 bit
1.18K 1.96 K 1.16 K 193K 2 bits

6. Discussions

Regarding the shape and the extent of the synthesized field-of-view, the reader has
probably noticed a difference between the two fields-of-view shown in Figure 7. On the
one hand, when aliasing is governed by a Cartesian geometry, the synthesized field of
view is a square. On the other hand, if aliasing is the result of a hexagonal geometry, it
is a hexagon. In both cases, the side-to-side extent of the synthesized field of view is the
same, 1.638, as the result of an appropriate choice for the sampling step d. The radius
of the circle circumscribed to these two synthesized fields-of-view is therefore equal to
1.638/4/2 ~ 1.158 for the square field-of-view and to 1.638 /7/3 ~ 0.946 for the hexagonal
one. As a consequence, it is evidence that some viewing directions in the four corners of the
square-shaped field of view are pointing outside the unit circle with radius corresponding
tosind = 1. As explained in [78], “the corresponding directions ¢ have neither a physical
meaning nor a mathematical one, as they correspond to situations where sin @ would be larger
than 1. As a consequence, they cannot be taken into account in the inversion process.” One might
think that it would be enough to simply set to zero the corresponding components of the
retrieved brightness temperature maps T. However, it is well known that a function and
its Fourier transform cannot both have a finite support unless this function is identically
zero, as stated with different words by Bracewell (chap. 8 in [79]). As a consequence, T
cannot have its Fourier spectrum limited to the experimental frequency coverage and
simultaneously be itself limited to a region of the synthesized field of view, here the
intersection of the latter with the unit circle. The problem is deeper and the inversion
of the complex visibilities V itself raises a difficulty, especially in presence of noise AV,
as detailed in [78]. Although the artifacts introduced by this unstable inversion can be
filtered out, it is at the cost of additional time consuming linear algebra operations and
only to some extent. Referring back to the T-shaped arrays of Figure 18 and given that the
hexagonal synthesized field-of-view in Figure 7 does not suffer from the same problem,
the array with 189 elementary antennas spaced every d = 0.705A ~ 149.5 mm on one arm
and every v/3d ~ 259 mm along the two other arms is a valuable alternative to the original
array with 215 antennas spaced every d = 0.611A ~ 129.5 mm on each arm, especially
since the number of elementary antennas is significantly reduced while the performances
in terms of spatial resolution and radiometric sensitivity are maintained almost at the same
level, if not better.

Referring back to the estimation of the radiometric sensitivity, in both illustrating cases
only 24 MHz of the 1400-1427 MHz protected band [80] have been taken into account with
1.5 MHz margins on both sides. However, in order to reduce the decorrelation due to fringe-
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washing [40], as well as the degradation of the data caused by RFI contaminations [81],
it might be necessary to decompose this bandwidth of interest into a few sub-bands [82]
and to filter the signals kept by each elementary antenna with the aid of an appropriate
polyphase filter bank [83]. Referring back to the time delay ¢, defined just after Equation (1),
such a decomposition is all the more true when the narrow-band condition t,; < 1/B
is no longer satisfied [84]. This is precisely the case of FRESCH because for the original
x-shaped array as well as for the alternative +-shaped one, t,; can be as large as 60 ns,
whereas the characteristic time 1/B is of the order of 42 ns. Decomposing the 24 MHz
bandwidth of interest into 8 sub-bands of 3 MHz will augment this characteristic time up
to 333 ns, which is more than 5 times larger than the maximum value taken by the time
delay tp, for any baseline b, in any pointing direction g. If sub-banding is the solution
to decorrelation, it is not without consequence on synthesis imaging. Indeed, since the
central wavelength of observation A will change from one sub-band to another, whereas
the spacing d between the elementary antennas will not, the Fourier sampling step d/A
will therefore vary from one sub-band to another. Coming back to this example where
the 24 MHz bandwidth of interest is decomposed into 8 sub-bands of 3 MHz, the Fourier
sampling step of the initial x-shaped array of Figure 10 varies from 0.705 in the lowest
sub-band centered on 1403 MHz up to 0.715 in the highest sub-band centered on 1424 MHz.
As a consequence, in the lowest sub-band, the side-to-side extent of the synthesized field
of view is as large as 1/0.705 >~ 1.418 so that the radius of the circle circumscribed to this
square is equal to 1.418 /4/2, which is larger than 1, meaning that few viewing directions
are pointing outside the unit circle. This is not the case of the alternative +-shaped array of
Figure 10, for which the Fourier sampling step in the lowest sub-band is about 0.814 and
the side-to-side extent of the synthesized field-of-view is also equal to 1.418, but thanks
to a different geometry governing aliasing, the radius of the circle circumscribed to this
hexagon is here equal to 1.418/ V/3 ~ 0.819, which is well below 1. As a consequence, here
also the alternative +-shaped array leads to hexagonal aliasing conditions and to hexagonal
sampling grids is a valuable candidate for the antennas array of FRESCH.

Finally, to be complete with the estimation of the radiometric sensitivity, it should be
noticed that the definition of the integration time 7;,,5; at snapshot level with the factor 1y is
perhaps very conservative. Although enlarging it up to 1/ is not conceivable, this fraction
can be taken equal to 1/3 without significantly degrading the data by smearing effects. This
would extend Tj,5; by 33% and would result in a significant gain of 15% on the radiometric
sensitivity, which could benefit the FRESCH and HAPS projects regardless of the antenna
array selected for each one.

With regard to the numerical modeling of the instrument with Equation (1), beam
forming is also a candidate for the observing paradigm of FRESCH [62], together with
interferometry considered in this study. It is well-known that digital beam forming requires
a larger amount of calculations onboard compared to interferometry, especially when the
number of elementary antennas is large and the pointing direction are numerous. With
regard to the initial x-shaped array, a solution has been found for reducing this amount of
calculations. As detailed in [61], the number of elementary operations [85] is reduced from
638 TMAC/s down to 16.5 TMAC/s thanks to a simple 45° clockwise rotation. The question
therefore arises whether the alternative +-shaped array could benefit from this reduction
or not. The answer is clearly yes, as the geometry of the two arrays is identical, with
almost the same number of elementary antennas on the same arms. Making the same
enumeration as the one made in [61], it turns out that the number of elementary operations
is around 16.3 TMAC/s, as a result of a slightly lower number of antennas. The alternative
+-shaped array is therefore fully compatible with the two aperture synthesis paradigms:
interferometry and beam forming.
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7. Conclusions

Nowadays, time-consuming end-to-end simulations are performed within the new
paradigm of “co-design” [86] in which engineers, scientists, and end-users are actively
involved. They play an ongoing role in assessing the sensitivity and the robustness of
mission performances to driving parameters, to instrument errors, noises, and failures, as
well as to onboard and ground data processing. As a consequence, they are at the heart
of the decisions for making the necessary trade-offs between scientific requirements and
technical/financial feasibility of a mission. Microwave imaging radiometers by aperture
synthesis are no exception to this rule. This study was devoted to their key performances,
foremost among which are the spatial resolution and the radiometric sensitivity, as well
as the extent of the synthesized field of view that is free from any aliasing artifact. Em-
phasis was put on key parameters of the antenna array, such as its geometrical shape,
the number of elementary antennas, and their spacing. They have to be chosen in a precise
order, with the aim to meet the scientific specifications and at the same time to satisfy the
engineering constraints. They can be adjusted iteratively but always in the same order:
firstly the instrumental parameters that define the shape and the extent of the alias-free
field of view, then those driving the spatial resolution, and finally those governing the
radiometric sensitivity.

This optimization process has been illustrated with two specific examples chosen for
serving as a common thread in this study: the +-shaped array selected for the Fine Resolu-
tion Explorer for Salinity, Carbon, and Hydrology (FRESCH) and a T-shaped array onboard
a High-Altitude Pseudo-Satellite (HAPS), two projects of high-resolution microwave imag-
ing radiometers by aperture synthesis. In both cases this article has reported only one
iteration of the optimization process, so the values of the instrumental parameters obtained
at the end of this study, as well as the expected performances, are likely to evolve as soon
as the collaborative approach produces results and converges to the final configuration.
Indeed, the goal was not so much to give a final value for each parameter as to explain the
approach and to show the path to be taken to achieve it. Another objective of this work was
to evidence how it is possible to perform aperture synthesis on hexagonal sampling grids
but with antenna arrays whose geometry naturally leads to Cartesian sampling grids, as is
the case with elementary antennas regularly spaced along the perpendicular arms of T, +,
or x-shaped arrays. The impact of the form factor 2/1/3 onto the synthesized field of view
has been illustrated, and the absence of effect onto the spatial resolution as well as onto the
radiometric sensitivity has been quantified. In any case, as soon as a hexagonal sampling
concept is selected, the same instrumental performances can be achieved, but with fewer
elementary antennas (and more spaced from each other) than necessary with a Cartesian
approach. This reduction is not without interest in terms of the mass, power, and data
rate budgets.
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