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Abstract—For most Earth observation applications, pas-
sive microwave radiometry from the geostationary orbit
requires prohibitively large apertures for conventional
single-satellite platforms. This article proposes a novel
interferometric technique capable of synthesising these
apertures using satellite formation flight. The significance
of such concept is in its capacity to synthesise microwave
apertures of conceptually unconstrained size in space for
the first time. The technique is implemented in two forma-
tion flight configurations: a formation of a single full-sized
satellite with microsatellites, and a formation of severalfull-
sized satellites. Practical advantages and challenges of these
configurations are found by applying them to geostationary
atmospheric sounding at 53 GHz, the lowest sounding
frequency considered for future sounder concepts GAS,
GeoSTAR and GIMS. The two configurations produce
apertures of 14.4 m and 28.8 m respectively using SMOS-
sized satellites, and spatial resolution of 16.7 km and
7.5 km respectively from the geostationary orbit. The
expected total mass are 1.3 and 4.0 tonnes respectively at
the geostationary orbit. Inter-satellite ranging in micron-
level precision is required. It is found that inter-satellite
position uncertainty as small as 0.1λ, 0.56 mm at 53
GHz, lead to up to 1.5 K error RMS in the reconstructed
brightness temperature map. For other applications, the
technique can be implemented at arbitrary microwave
frequencies and arbitrary circular orbits, meaning it can
also be used for other geostationary applications, or to
achieve unprecedented spatial resolution at lower orbits,
or to extend the accessible frequencies into the low radio
waves for a variety of observables.

I. I NTRODUCTION

Passive microwave radiometry is a highly versatile
tool for satellite remote-sensing of the Earth, produc-
ing a wide variety of meteorological and climate data
products of both the surface and the atmosphere. Placing
the instrument in the geostationary orbit has only re-
cently become feasible using interferometric techniques
demonstrated by the MIRAS instrument on board SMOS
in 2009. [1] Ongoing research focuses on applying
the technique to develop a geostationary sounder at
higher microwave frequencies, for temperature and water
vapour sounding from the geostationary orbit in order to
significantly improve the accuracy of Numerical Weather
Prediction (NWP).

Conventional geostationary weather satellites are
equipped with optical and IR sensors, which are un-
able to provide sounding data under cloudy conditions.
Microwave sounders on the other hand operate under
all weather conditions and have been vital for NWP,
however at the low Earth orbit temporal resolution is
limited, where the current best is three hours by the
GPM constellation. [2] For the significant improvement
anticipated for the accuracy of NWP by introducing
global real-time sounding, a full microwave sounding
capability from the geostationary orbit is highly desired,
and has been in consideration for the past number of
years. [3]

Due to the diffraction limit, the aperture sizes neces-
sary to achieve the required spatial resolution are pro-
hibitive for conventional physical aperture techniques.
Current research aims to synthesise these apertures using
interferometric techniques, where major developments
include radiometer concepts GeoSTAR (NASA, [4]),
GAS (ESA, [5]) and GIMS (NSSC, China, [6]). These
instruments however are all designed for single-satellite
platforms, and the achievable aperture sizes are still
fundamentally constrained by the satellite’s physical
size. If larger apertures are required, these may only be
synthesised using a fleet of formation flying satellites.

In this article we propose to apply a novel interfer-
ometric technique, first described in [7], in which the
available interferometric techniques are extended using
satellite formation flight to further extend the achievable
aperture sizes into such sizes that may not be achieved
using single satellites. Two configurations applying this
technique are simulated at 53 GHz, the lowest sounding
frequency for the geostationary atmospheric sounder
concepts, to explore the practical implications of for-
mation flight interferometry.

The time is appropriate for such a technique to be
discussed, since at the time of writing missions accom-
plished using satellite formation flight are growing, giv-
ing rise to new experience and techniques for sustained
formation flight. To list a few examples, GRACE [8] and
GRAIL [9] perform gravimetry with GRACE follow-on
[10] planned, Tandem-X [11] performs bi-static radar
with Tandem-L [12] planned, and the LISA [13] is a
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planned gravitational wave antenna. The synthesis of
microwave apertures has been in discussion as a possible
application for satellite formation flight, and has been
realised for active microwave missions with TanDEM-X.
However formation flight for passive aperture synthesis
is still unprecedented, and this is the topic of this article.

The significance of the proposed concept is in its
capacity to synthesise microwave apertures of concep-
tually unconstrained size in space for the first time.
The concept can be implemented at arbitrary microwave
frequencies and arbitrary circular orbits, for a variety
of observables. In addition to geostationary atmospheric
sounding, the technique may also be applied to achieve
unprecedented spatial resolution at lower orbits, or to
extend the accessible frequencies into the low radio
waves.

Section II introduces and develops the tools necessary
to arrive at the suitable formation flight geometries. Sec-
tion III applies these tools to size suitable constellations
for geostationary atmospheric sounding. The simulated
imaging performance of the concepts is presented in
Section IV, and the performance degradation due to the
deformation of formation flight is quantified in Section
V, showing that micron-level inter-satellite ranging is
required. A preliminary estimation for the total constel-
lation mass is presented in Section VI.

II. M ULTI -SATELLITE INTERFEROMETRIC

RADIOMETRY

The purpose of radiometers is to map the brightness
temperature of the observable scene at a specific mi-
crowave frequency so that useful meteorological infor-
mation can be extracted from such maps. The diffraction
limit defines the radiometer’s angular spatial resolution
as proportional to the ratioλ/D — the ratio between
the instrument’s centre frequency and its aperture size,
usually diameter. This dictates that in order to place a
radiometer in the geostationary orbit while maintaining
the spatial resolution achievable in the low Earth orbit,
an aperture approximately fifty-times larger is required.
The interferometric techniques demonstrated by MIRAS
may be directly applied on a multi-satellite architecture
to synthesise these apertures.

An interferometer maps the scene brightness using a
set of antennas which use a common local oscillator to
down-convert their signals. In the case of multi-satellite
interferometers this must be a set of synchronised os-
cillators that reside in each satellite. The size of the
synthesised aperture is determined by the longest sep-
aration distance between the free-flying antennas. These
separation distances are the baseline vectors, and must
be measured at all times. A baseline vector is defined
between each pair of antennas, and it is the separation

vector between the phase centres of these antennas nor-
malised by the wavelength, with components[u, v, w] in
the [x, y, z] spatial dimensions with thez+ axis pointing
towards the target. Under these conditions the signal
waveform observed by each pair of antennas are cross-
correlated to produce a point-sample measurement of an
intermediate quantity called the visibility map, located
at the baseline vectors[u, v, w]. The visibility map is
related to the scene brightness temperature map as [14]

V =

ξ2+η2<1
∫∫

T̃B r̂e
−2πi(uξ+vη+w

√

1−ξ2−η2)dξdη (1)

whereV (u, v, w) is the visibility at baseline[u, v, w],
T̃B(ξ, η) is the modified brightness temperature map
at the direction cosines[ξ, η] and r̂ is the fringe-
washing function.[ξ, η] are the direction cosines of
the azimuth and elevation angles as measured from
the z+ (nadir) axis, θ and φ respectively, and their
use in place of the angles requires the modification
of brightness temperatureTB by the obliquity factor,
T̃B = TB/

√

1− ξ2 − η2. With a planar array (w = 0)
and negligible fringe-washing function (r̂ = 1), this
expression collapses to the spatial Fourier transform
of the modified brightness temperature map, hence the
brightness temperature map can be retrieved using in-
verse Fourier transform.

Visibility measured between all possible pairs of an-
tennas produce the visibility sampling pattern of the
interferometer. The shape and size of the visibility
sampling pattern are closely linked to the shape of the
synthesised aperture, and is the key determinant of the
imaging quality of the interferometer. A circular aperture
is ideal for a clean image, [15] and this is achieved by
mission concepts GAS and GIMS by physically rotating
the array. [5], [6] The size of the samples reflects the size
of the synthesised aperture, and consequently the spatial
resolution. Since the sampling pattern is determined by
the geometry of the formation flight, this motivates the
search for a suitable set of formation flight geometries.

To explore the effect of formation flight on the visi-
bility sampling pattern, first consider the array geometry
and its sampling pattern of the monolithic Y-shaped
array as adopted by the MIRAS instrument, shown in
Figure 1. The modification of this pattern by the addition
of free-flying antenna elements is now explored. Given
the Y-shaped array, we propose two types of free-flying
antennas that may be introduced: the free-flying single
antenna and the identical copy of the given array. The
effects of these two cases are shown in Figure 2 and 3
respectively, and are now discussed.

A. Single-Element Companions

Given an array of antennas, the addition of a single
antenna at any distance away copies the geometry of the
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Fig. 1: Array geometry and sampling pattern of a 15-
element Y-shaped interferometer. By rotating the array,
all visibility within the circular bound can be sampled.
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Fig. 2: Effect of introducing a single element to the array,
shown in Figure 1, on the visibility sampling pattern.

array in the visibility sampling pattern at that distance.
This is shown in Figure 2, where a Y-shaped visibility
sample is introduced at the location of the single element.
The advantage of this configuration is that these single
elements may be flown on microsatellites that weigh a
few tens of kilograms. Rotating the central array about
the z axis also rotates the geometry of the array in
the visibility space about their respective centres, which
allowing circular visibility samples to be taken.

B. Array Duplication

Given an array of antennas, the introduction of an
identical array at any distance copies of visibility sam-
pling pattern of the individual array at the separation
distance between the arrays. This is shown in Figure 3,
where the separation of two identical Y-shaped arrays
result in copies of the visibility samples separated at
the same distance as between the arrays. The advantage
to this configuration is its ability to synthesise larger
apertures than the single-element companion configura-
tion, at the cost of constellation total mass. Similarly, by
rotating both arrays at the same direction and rate, both
sampling patterns rotate about their respective centres.
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Fig. 3: Effect of introducing a duplicate of the array,
shown in Figure 1, on the visibility sampling pattern.

III. F ORMATION GEOMETRIES FORGEOSTATIONARY

ATMOSPHERICSOUNDING

The above effects are now applied to find suitable
formation configurations that synthesise a single large
circular aperture for geostationary microwave sounding.
One scalable configuration is presented for each of the
Single-Element Companions and the Array Duplication
effects.

The mission is sized with the following considerations
in mind. First, 53 GHz is chosen as the radiometer’s
centre frequency since this is the sounding frequency
for atmospheric temperature, which is employed on
GeoSTAR, GAS and GIMS, meaning direct comparison
with these missions is possible. Furthermore the mini-
mum baseline i.e. the minimum separation between an-
tennas must be smaller than that specified by the Nyquist
sampling criterion shown in Equation 2, determining
the alias-free field of viewθAF for a given minimum
baselinebmin and wavelengthλ.

θAF =
λ

bmin

(2)

This is the full field of view that must cover the entire
Earth disc in order to prevent the aliases of the Earth
from overlapping with one-another, making brightness
readings in such regions unusable. The Earth is 17.4
degrees in diameter from the geostationary orbit, giving
the minimum baseline of 3.29λ. A slightly smaller3λ
is chosen for the concepts discussed to include the cold
space in the field of view, with total alias-free field of
view amounting to 19.1 degrees. These antennas are
distributed along rotating booms. To adhere to currently
feasible satellite structures, 4 m booms are chosen, as
already operational on the MIRAS instrument. With
3λ separation at 53 GHz, a boom of this length can
accommodate 236 antenna elements.

A. The Single-Element Companion Concept

Applying the mechanism introduced in Section II-A, a
set of Single-Element Companions are distributed around
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a rotating main array in such a way that circular samples,
seen in Figure 2, align in a hexagonal grid to completely
fill the visibility space without gaps. The inter-satellite
separation that allows this is

√

3R, whereR is the length
of each of the three booms in the Y-shaped array. At
this separation the hexagonally latticed circular samples
touch one another without gaps, synthesising the largest
effective aperture. Larger separation will result in gaps
between visibility samples, producing strong side-lobes,
and smaller separation will result in redundant visibility
overlap, leading to a smaller synthesised aperture. The
result is shown in Figure 4a, in the nine-companion
configuration. Each companion element (labled A to I)
produces a pair of visibility samples with all elements
in the central array. The samples shown in Figure 4b
shows the visibility sample at one instant. By rotating
the central array, each of these Y-shaped samples rotate
about their centres, allowing each Y-shaped sample to
obtain a circular visibility sample, as shown in Figure 4c,
labelled with the companion satellite that produce these
samples. The overlap of these circular samples produce
the effective aperture, shown in the large circle. Visibility
samples outside of this area are ignored to minimise side
lobes and improve beam efficiency.

The resultant maximum baseline, which is the effec-
tive aperture diameter, is 3.6 times the arm length of the
central Y-shaped array for the nine-companion option,
producing an effective aperture of 14.4 m. This can be
scaled larger by employing more companion satellites.
Shown in Figure 5 is an 18-companion variant of the
concept with 20.0 m aperture, and larger constellations
up to the 63-companion variant are listed in Table I
with their effective aperture sizes and achievable spatial
resolution. Also shown are the total number of antenna
elements and the required number of complex cross-
correlators per sounding channel, at the number of
baseline pairs. In the single-element companion concept
no baseline redundancy is available, leading to the small
number of required correlators. The number of baseline
pairs listed in Table I compare to 10,000 pairs expected
for GAS, which cover smaller visibility area. [16] To
satisfy the sensitivity requirements at the given signal
integration time, the number of baseline pairs can be
increased by introducing additional elements on the
companion satellites. All cross-correlators are located on
the central satellite.

B. The Array Duplicate Concept

The second concept employs a constellation of six
rotating two-boom interferometers flying in a triangular
formation. For this particular formation the two-boom
configuration allows for a larger aperture than the Y-
shaped arrays. The inter-satellite distance in this concept
is 2

√

3R, which allows the circular visibility samples to
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Fig. 4: A rotating Y-shaped interferometer flies in for-
mation with nine microsatellites, each carrying single
antenna elements A to I (a). The rotation leads to a
circular effective aperture, the diameter of which is 3.6
times the length of the arms (c). Visibility samples at 53
GHz.
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Fig. 5: An example of an up-scaled, 18-microsatellite
configuration of the Single-Element Companion concept
with increased effective aperture diameter of 5 times the
length of the arms. Visibility samples at 53 GHz.

Comps Aperture Diameter S. Res A. Cor.
3 2.0R = 8.0 m 30.1 km 711 2,832
9 3.6R = 14.4 m 16.7 km 717 7,080
18 5.0R = 20.0 m 12.0 km 726 13,452
30 6.5R = 26.2 m 9.2 km 738 21,948
45 8.0R = 32.0 m 7.5 km 753 32,568
63 9.6R = 38.2 m 6.3 km 771 45,312

TABLE I: The scaling of the Single-Element Companion
concept shown in Figure 4 for given number of compan-
ion satellites. The effective aperture with boom length
R = 4 m and the resultant spatial resolution at 53 GHz
is shown. Also shown are the total number of antenna
elements and the correlators per channel.

overlap when the arrays are rotated, as shown in Figure
6. Despite the dissimilarity of the array configurations,
the resultant visibility sampling pattern is identical to the
first concept, as shown in Figure 8. This concept requires
that all arrays rotate simultaneously, and the effective
aperture is much larger at 28.8 m compared to the first
concept at 14.4 m for the same boom length.

An important difference to the Single-Element Com-
panion concept is the presence of redundant baseline
pairs, which is absent in the former configuration. Shown
in Figure 6b, the instantaneous visibility samples A can
now be sampled independently by each individual ar-
ray, resulting in five redundant measurements. Similarly,
visibility samples B are sampled between arrays a and
b, arrays f and a, and arrays e and c, resulting in two
redundant measurements, and likewise for baselines C
and D. Each of E and above have no redundant measure-
ments for the nine-satellite formation. These redundant
measurements represent six-fold increase in available
signal integration time for A and three-fold for B to D,
and translate to improved radiometric resolution for these
visibility samples. The redundancies also improve the
array’s tolerance to uncertainties when measuring inter-
satellite distances, as the average inter-satellite ranging
error is zero. This is demonstrated in Section V.

The triangular constellation is also scalable for larger
effective apertures. Shown in Figure 7 is the nine-
satellite variant of the constellation, and the scaling
up to the 18-variant configuration is summarised in
Table II listing effective aperture and achievable spatial
resolution, as well as the total number of antennas
and correlators per sounding channel. The redundant
baselines mean that more correlators are needed for this
concept, however these can be distributed between all
satellites.

Sats Aperture Diameter S. Res A. Cor.
3 4.0R = 16.0 m 15.0 km 1416 2,005,056
6 7.2R = 28.8 m 8.4 km 2832 8,020,224
9 10.0R = 40.0 m 6.0 km 4248 18,045,504
12 13.1R = 52.5 m 4.6 km 5664 32,080,896
15 16.0R = 64.0 m 3.8 km 7080 50,126,400
18 19.1R = 76.3 m 3.1 km 8496 72,182,016

TABLE II: The scaling of the Array Duplicate concept
shown in Figure 6 for given number of satellites. The
effective aperture with boom lengthR = 4 m and the
resultant spatial resolution at 53 GHz is shown. Also
shown are the total number of antenna elements and the
correlators per sounding channel.

IV. V ISIBILITY INVERSION ALGORITHM

As described in Section II, the measurement taken by
the interferometer is that of the visibility of the scene.
In order to recover the brightness temperature map from
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Fig. 6: Six-satellite configuration of the Array Dupli-
cate concept with rotating two-boom interferometers.
All booms rotate synchronously to develop a circular
aperture with diameter of 28.8 m with 4 m booms.
Visibility samples at 53 GHz.
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Fig. 7: An up-scaled nine-satellite configuration of the
Array Duplicate concept with an effective aperture of 40
m with 4 m booms. Visibility samples at 53 GHz.

this measurement, the visibility must be inverted by an
inversion algorithm. Had the visibility been measured in
a regular Cartesian grid, such as rectangular or hexagonal
grids, the inverse Fast Fourier Transform could have
been used as it is done for MIRAS [17]. With the
proposed rotating arrays however, the sampling grid is
not Cartesian. We propose that the visibility is sampled
on a variant of a polar grid, such that samples are taken
at a regular angular interval — and therefore regular time
interval— with the proposed rotating arrays. This allows
equal signal integration time for each visibility sam-
ple. With such strategy an interlaced polar distribution
emerges, as shown in Figure 8. The visibility samples
are then directly inverted with a slower discrete method.
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The modified brightness temperatureT̃B is recovered by

T̃B(ξ, η) =
N
∑

i=1

ViWiGie
2πi(uiξ+viη+wi

√

1−ξ2−η2) (3)

For N visibility samples whereVi, is the i-th visibility
sample at its baseline vector[ui, vi, wi]. This method is
applicable to arbitrary array distribution, including that
with non-zerowi.

Wi is the windowing function applied to reduce the
strength of the side-lobes and improve the efficiency
of the beam, whereby improving the interferometer’s
sensitivity. In this study the Blackman window is used,
which is the windowing function applied on MIRAS,
defined as follows. [18]

Wi = 0.42 + 0.5 cos (πρi) + 0.08 cos (2πρi) (4)

whereρi =
√

u2
i + v2i /bmax andbmax is the maximum

baseline and effective aperture.
Gi is the density taper weighting function, and is

equivalent to the differential areadudv in an inverse
Fourier transform operation. For regular grids the sample
density is constant, however for the proposed grid as
shown in Figure 8, this must be computed for each
visibility sample. For the proposed sampling patternGi

is a product of two components, as follows

Gi = GiaGib (5)

where Gia accounts for the polar distribution of the
samples, andGib accounts for the overlaps between these
polar samples.

Gia is found as

Gia = rδrδθ (6)

wherer is the radial distance of the visibility samples
to the centres of the circular samples, not the origin of
the visibility, δr is the radial distance between successive
visibility samples, andδθ is the angular distance between
visibility samples.

Where these polar grids overlap, the weighting for
these visibility samples must be divided by two.

Gib =

{

1
2 in overlap zone

1 otherwise
(7)

The result is shown in Figure 8, where the linear
increase of weighting with radial distance from centres
can be seen as defined in Equation 6, while the halving
of weighting is also seen in overlap zones, as defined in
Equation 7.

Using the Blackman windowing function, the nor-
malised beam pattern of the Single-Element Companion
concept with nine companion satellites is numerically
simulated at 53 GHz. The size of the array is sum-
marised in Table III. The resultant beam pattern, i.e.
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Fig. 8: The visibility sampling pattern obtained by the
Single-Element Companion concept and the weighting
functions associated to each point-sample. These values
are calculated by Equation 5. The example uses a small
array for clarity: 20 antenna elements per boom sepa-
rated at 1λ.

Parameter Value
Boom Length 4 m
Minimum Baseline 3λ
Number of Antennas per Arm 236
Number of Companions 9
Maximum Baseline 14.4 m
Windowing Function Blackman

TABLE III: Parameters of the simulated Single-Element
Companion concept with nine companion satellites at
53 GHz. The beam produced by this array is shown in
Figure 9b.

the interferometer array factor is shown in Figure 9b,
and the beam performance is shown in Table IV. The
inner circle in Figure 9b shows the Half-Power Beam
Width at 16.7 km diameter, and the outer circle shows
the Main Beam Width at 40.8 km, both circular due to
the circular visibility sample and the circular windowing
function. The hexagonal pattern of side-lobes is due
to the hexagonal arrangement of the circular sampling
patterns, and the discontinuities defined in equation 7 at
the boundaries between the overlapping regions, as well
as the zeros present in 6 at the centres of each circular
visibility samples. Given this beam pattern, the CLEAN
algorithm can be applied to the raw reconstructed image
to reduce brightness retrieval errors to an acceptable
level. [19]

To quantify the performance of the array, Equation 3
is applied for a given input scene brightness temperature
map. In this study a test input image has been derived
from GOES13 imagery data, re-scaled in brightness such
that brightness temperature levels fall between 250 K and
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Concept 1 Concept 2
-3dB Beam Efficiency 7.2%
Main Beam Efficiency 11.9%
-3dB Beam Width 16.7 km 8.3 km
Main Beam Width 40.8 km 20.4 km
Side-Lobe Level -29 dB

TABLE IV: Simulated beam performance of the Single-
Element Companion (Concept 1) and the Array Dupli-
cate (Concept 2) at 53 GHz from the geostationary orbit.

350 K, and cold sky brightness temperature is 2.73 K.
This test image, shown in Figure 9a, is not representative
of the brightness temperature map at 53 GHz, however it
does enable the verification of the interferometer spatial
resolution. First, the visibility samples are found by
Equation 1. To perform this the input image is zero-
padded and transformed via Fast Fourier Transform. The
Fourier transform is then interpolated at the visibility
sampling points shown in Figure 8. The interpolated
visibility samples are then inverted using Equation 3.
This produces the raw output, shown in Figure 9c with
a spatial resolution of 16.7 km at 53 GHz. The first alias
is clearly visible as a strong negative ring just outside
the Earth disc, beyond which the aliased texture of the
Earth is visible. Figure 9e shows the error, and it can
be seen that the raw output is corrupted by the first
alias of the dirty main beam. Since the raw image is the
input image convolved with the dirty beam, the CLEAN
algorithm can be used to deconvolve the raw image to
reduce the error seen in Figure 9c, as described in [19]
for the MIRAS instrument. The dirty beam, shown in
Figure 9b, is assumed constant within the alias-free field
of view. This beam, in conjunction with the a-priori
knowledge on the horizon location and the assumed
cold sky brightness temperature at 2.73 K, is used to
iteratively clean the raw image until the root-mean-
squared value of the residual within the alias-free field
of view falls under 0.1 K. Note that due to the rotation
of the arrays, the alias-free field of view is circular. The
convergence occurred after 19 iterations for these trials.
The result is then smoothed with a Blackman low-pass
filter with the same beam width as the interferometer
array factor. The deconvolved result is shown in Figure
9d with root-mean-squared error of 0.12 K within the
Earth disc, error map found in Figure 9f.

The Array Duplicate concept produces an exactly
identical visibility sampling pattern, and subsequently its
beam performance is also identical to that of the Single-
Element Companion concept, using the same inversion
algorithm followed by the CLEAN process.

V. EFFECT OFUNCERTAINTIES IN SATELLITE

RELATIVE POSITIONS

The visibility inversion process as described in Equa-
tion 3 requires the correct knowledge of the baseline vec-

tors (u, v, w), which are the relative separation between
antenna elements. With free-flying antenna elements,
the uncertainties in the measurement of inter-satellite
position will be a major source of error in the retrieved
brightness temperature map.

The effect of these uncertainties have been calculated
by simulating the array output with various levels of
uncertainties in inter-satellite position measurements,at
0.01λ, 0.1λ and 1λ, and comparing them to the nominal
output of the arrays. Here the physical baseline vectors
include random inter-satellite position dislocations at the
specified magnitude, and are used to determine the value
of the visibility samples in Equation 1. The nominal
baseline vectors are then used to recover the image using
Equation 3.

The simulation results for the nine-companion Single-
Element Companion concept (Concept 1) and the six-
satellite Array Duplicate concept (Concept 2) are shown
in Figures 10 and 11 respectively and summarised in
Table V, where two simulations are performed, with
in-plane and three-dimensional dislocations respectively.
All outputs are processed by the CLEAN algorithm
with 0.1 K as the threshold residual. To allow direct
comparison between the Single-Element Companion and
the Array Duplicate concepts, the two concepts are
simulated at equal spatial resolution of 16.7 km, by
reducing the boom-length of the Array duplicate option
to 2 m.

It can be immediately seen that the out-of-plane
deviation of the satellites have a larger impact than in-
plane deviation in both cases, showing that inter-satellite
ranging techniques sensitive to out-of-plane deviations
will be instrumental to the proposed concepts. It can
also be seen that the Array Duplicate concept, thanks
to higher redundancy available in visibility samples,
is more robust against deviations of satellite relative
positions, in both in-plane and out-of-plane deviations.

The results show that the imaging performance of the
constellation is highly sensitive to the errors in satellite
relative position measurements, where an error as small
as a tenth of a wavelength can lead to brightness temper-
ature errors of 1.45 K RMS, and in 18% of the field of
view the error is greater than 1 K. The orbital stability
of the constellation is therefore a key determinant of
the array performance, and micron-level measurement
of inter-satellite relative position is required in both
in-plane and out-of-plane directions at 53 GHz. Such
precision is not unachievable, given the precision already
achievable by GRACE at tens of microns, as well as the
GRACE Follow-On mission planned to improve this by
an order of magnitude. [20]

It is important to note that the cause of these errors is
the uncertainties in measuring the inter-satellite relative
positions, not the physical dislocation of the satellites
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Array Factor of Single-Element Companion
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Raw Inverted Image
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(c)

Deconvolved image via CLEAN

-5 0 5

θ [deg]

-8

-6

-4

-2

0

2

4

6

8

φ
 [d

eg
]

0

50

100

150

200

250

300

B
rig

ht
ne

ss
 T

em
pe

ra
tu

re
  [

K
]

(d)

Raw Inverted Image Error
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(e)

Deconvolved image via CLEAN Error
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(f)

Fig. 9: Input image of the Earth from GEO (a), the image reconstructed by the Single-Element Companion
interferometer at 53 GHz as described in Table III (c) using Equation 3, and the difference between a and c
(e). To reduce the error the CLEAN algorithm has been applied, using the dirty beam (b), CLEAN result shown
(d). Inner circle in 9b shows the Half-Power Beam Width, and the outer circle shows the first Null. The reduced
error is shown (f). The location of Earth-sky horizon is at the inner circle in (e, f), and the interferometer field of
view is the outer circle, within which the CLEAN operation isperformed.
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0.01 λ  Planar Concept 1 - RMS = 0.8 K
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(a)

0.01 λ  3D Concept 1 - RMS = 0.8 K
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(b)

0.1 λ  Planar Concept 1 - RMS = 0.8 K
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(c)

0.1 λ  3D Concept 1 - RMS = 1.8 K
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(d)

1 λ  Planar Concept 1 - RMS = 2.3 K
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(e)

1 λ  3D Concept 1 - RMS = 7.0 K

-5 0 5

θ [deg]

-8

-6

-4

-2

0

2

4

6

8

φ
 [d

eg
]

-3

-2

-1

0

1

2

3

B
rig

ht
ne

ss
 T

em
pe

ra
tu

re
 E

rr
or

 [K
]

(f)

Fig. 10: Results on simulation trials on retrieved brightness temperature error due to inter-satellite position
uncertainty of the Single-Element Companion concept by 0.01λ (a, b), 0.1λ (c, d), and 1λ (e, f). (a, c, e) show
planar-only deviation, while (b, d, f) show planar and out-of-plane deviations. The inner circle shows the location
of Earth-sky horizon, while the outer circle shows the area within which the CLEAN operation is performed.
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0.01 λ  Planar Concept 2 - RMS = 0.8 K
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(a)

0.01 λ  3D Concept 2 - RMS = 0.8 K
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(b)

0.1 λ  Planar Concept 2 - RMS = 0.8 K
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(c)

0.1 λ  3D Concept 2 - RMS = 0.9 K
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(d)

1 λ  Planar Concept 2 - RMS = 0.9 K
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(e)

1 λ  3D Concept 2 - RMS = 5.9 K
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(f)

Fig. 11: Results on simulation trials on retrieved brightness temperature error due to inter-satellite position
uncertainty of the Array Duplicate concept by 0.01λ (a, b), 0.1λ (c, d), and 1λ (e, f). The errors are lower than
that found in the Single-Element Companion configuration (see Figure 10), due to the visibility sample redundancy
available in the Array Duplicate configuration.
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Deviation [λ] RMS Error [K] Peak Error [K]
Nominal 0 0.79 0.12 40.34 2.27
Concept 1 0.01 0.79 0.12 40.35 2.28
Planar 0.1 0.79 0.15 40.58 2.64

1 2.26 1.78 60.34 24.59
Concept 1 0.01 0.79 0.16 40.42 2.84
3D 0.1 1.78 1.45 51.81 21.51

1 7.01 6.32 92.89 76.28
Concept 2 0.01 0.79 0.12 40.32 2.25
Planar 0.1 0.79 0.13 40.35 2.50

1 0.95 0.42 44.76 7.03
Concept 2 0.01 0.79 0.12 40.30 2.35
3D 0.1 0.90 0.42 40.94 5.26

1 5.90 5.32 85.12 63.36
Concept 1 3D 3.5 2.87 0.95 74.92 24.49
Concept 2 3D 3.5 3.35 1.18 75.77 29.81

TABLE V: Results on simulation trials on retrieved
brightness temperature error induced by inter-satellite
position uncertainty as a function of uncertainty mag-
nitude. Two error values are given for each uncertainty
magnitude: first for the full field of view, and second
for within Earth disc. Strong error present at horizon
due to the Gibbs phenomenon. The last two rows show
the errors at 3.5λ deviation which are measured without
uncertainties.

itself. To demonstrate this another simulation has been
run with 3.5λ deviation, approximately 2 cm deviation
at 53 GHz, but with exact knowledge of satellite relative
position. The resultant error, shown in Figure 12, are
much less than that seen with 1λ deviation, shown in
Figures 10f and 11f. The result is also summarised in
Table V.

Although the error within the Earth disc for the known
deviation of 3.5λ are still large at 0.95 K and 1.18 K
RMS within the Earth disc for Single-Element Com-
panion and the Array Duplicate concepts respectively,
it is found that most of this error are at the Earth-sky
horizon due to a strong Gibbs phenomenon. In fact, if
we consider the area within 6.7 degrees from the origin,
which is 79% of the Earth disc by diameter, the RMS
errors drops to 0.31 K and 0.28 K RMS for the two
concepts respectively.

Further it is important to note that the results presented
in this section are produced by single trials of random
deviations in satellite positions. Therefore further trials
will produce differing results; as such these trials should
only be seen as an indication to the expected magnitude
of the retrieved brightness temperature error for each of
the deviation magnitudes.

VI. PRELIMINARY ESTIMATION OF CONSTELLATION

MASS

To compute a first-order estimate for the total con-
stellation launch mass for the presented concepts, the
following assumptions are made. The central satellite for
the Single-Element Companion concept, as well as all
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Known 3.5 λ  3D Concept 2 - RMS = 3.3 K
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Fig. 12: Retrieved brightness temperature errors for
Single-Element Companion (a) and Array Duplicate (b)
with 3.5λ inter-satellite position deviation which are
measured without uncertainties.

satellites for the Array Duplicate concepts are the same
size as SMOS, are assumed to also weigh the same at
658 kg. For the Single-Element Companion concept, the
mass of microsatellites are estimated using the payload-
satellite mass ratio found in [21]. The payload for
each satellite is a single receiver and a communication
instrument with the central satellite, which should be
at a few Mbps. At 53 GHz, the size of the antenna is
a few centimetres in all dimensions, as used in GAS
[5]. From this information the total payload mass of
the microsatellite should be within 20 kg. Assuming
payload-to-satellite mass ratio of 20% to 30%, the total
mass of the microsatellite is 67 kg to 100 kg.

With this in mind, the estimated total constellation
mass for both concepts are tabulated in Table VI. It can
be seen that Array Duplicate concept, as it is a con-
stellation of full-sized satellites, is considerably heavier.
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Number of Aperture Spatial Mass
Companions Diameter Resolution
3 8.0 m 30.1 km 868 kg
9 14.4 m 16.7 km 1288 kg
18 20.0 m 12.0 km 1918 kg
30 26.2 m 9.2 km 2758 kg
45 32.0 m 7.5 km 3808 kg
63 38.2 m 6.3 km 5068 kg

(a) Constellation mass estimates for the Single-Element Com-
panion concept

Number of Aperture Spatial Mass
Satellites Diameter Resolution
3 16.0 m 15.0 km 1974 kg
6 28.8 m 8.4 km 3948 kg
9 40.0 m 6.0 km 5922 kg
12 52.5 m 4.6 km 7896 kg
15 64.0 m 3.8 km 9870 kg
18 76.3 m 3.1 km 11844 kg

(b) Constellation mass estimates for the Array Duplicate concept

TABLE VI: First-order estimates for total constellation
mass for the Single-Element Companion concept and
the Array Duplicate concept, listed with the number of
satellites, size of synthesised apertures and the achieved
spatial resolution from the geostationary orbit

This suggests that while the Single-Element Companion
concept e.g. the nine-companion configuration may be
launched into the geostationary orbit using a heavy
launch vehicle such as the Ariane 5, the Array Duplicate
concepts may require multiple launches and rendezvous
at the operational orbit, as few commercial launch vehi-
cles are available to accommodate such payload to the
geostationary orbit. [22] The total constellation mass per
effective aperture diameter however are comparable for
both concepts.

VII. C ONCLUSION

A novel interferometric radiometer concept using
satellite formation flight has been presented, and this has
been applied to geostationary atmospheric sounding ob-
serving at 53 GHz to show the practical implications of
such concept. While the geostationary sounder concepts
GeoSTAR, GAS and GIMS are currently in develop-
ment, the proposed formation flight concept introduces
the capacity to synthesise apertures of conceptually
unconstrained size in space for the first time. In addition
to geostationary applications, such capability may be
applied to achieve unprecedented spatial resolution at
lower orbits, or to extend the accessible frequencies into
the low radio waves.

Two viable variants of the radiometer concept has
been explored. The first concept is the Single-Element
Companion concept with a rotating Y-shaped interfer-
ometer flying in formation with several formation-flying
microsatellites, achieving apertures of 14.4 m and larger.
The second concept is the Array Duplicate concept

with several medium-sized satellites flying in formation,
which can synthesise apertures of 28.8 m and larger.
These aperture sizes represent two-fold and four-fold
improvement to the 7 m aperture synthesised by SMOS,
and can be further increased by increasing the number
of satellites.

The total mass of the constellation is expected to reach
two tonnes and heavier, depending on the aperture size
required. Particularly for the array duplicate configura-
tion, where multiple full-sized satellites fly in formation,
constellation total mass may exceed five tonnes.

The effect of uncertainties in measuring satellite rel-
ative position has been studied and presented in Section
V. As a result the arrays have been found to be highly
sensitive to the uncertainties in the measurement, where
errors as small as a tenth of the wavelength can result in
up to 1.5 K error RMS in the retrieved brightness temper-
ature within the Earth disc. For this reason micron-level
inter-satellite ranging is instrumental to such a mission.
It has also been found that the presence of redundancy in
baseline vectors improves the array’s robustness against
the uncertainties, where the Array Duplicate concept
produced an error of 0.42 K RMS at 0.1λ deviation.
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