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A simplified one-dimensional model of the SMOS is presented, the equations that lead to the
reconstruction of the amplitude pattern are derived and the results of the numerical implementation
of these are presented. It is studied how to improve the geometry of the antennas, proposing an
improved antennas distribution -respect to the uniform distribution- for the one-dimensional case.

Code: The code for the simulations can be viewed in Github: https://github.com/gonzalo-cl/PEF2
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I. INTRODUCTION

The project SMOS (Soil Moisture and Ocean Salinity)
is an ESA mission, in cooperation with the Centre na-
tional d’études spatiales (CNES, France) and the Centro
para el Desarrollo Tecnológico Industrial (CDTI, Spain),
which objective is to measure the Sea Surface Salinity
(SSS) over the oceans and the Soil Moisture (SM) in the
Earth surface.

To achieve this objective, SMOS counts with a space-
craft located 755km above Earth, which contains 69 an-
tennas arranged in a shape of Y. Each antenna measures
the total electromagnetic radiation which arrives there,
in the frequency of 1.41GHz, since water vapor absorbs in
this frequency, and therefore it gives information about
the SSS and the SM.

The objective of SMOS is to reconstruct the pattern
of amplitudes emitted in the surface of the Earth. To
reach this pattern, the correlation between the pairs of
antennas is computed, and this is related with the Fourier
transform of the emissions pattern.

While SMOS receives the radiation emitted by a two-
dimensional manifold, the Earth surface, and this image
is reconstructed through a two-dimensional distribution
of antennas, in this project we have focused in a one-
dimensional scenario: a set of antennas arranged in seg-
ment, which receive the radiation of a one-dimensional
distribution of emitters.

The main objective of this work is to develop the model
to reconstruct the emission pattern from the information
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that get the antennas, and study how the parameters of
the system, as well as the distribution of the antennas,
affect the reconstructed image and its quality.

This paper is organized as follows. In section II is ex-
posed the theoretical background of the model, and are
derived the equations to recover the amplitude pattern
from the recordings of the antennas. In section III are
presented the results of the simulation. We simulate the
1D analogue of the SMOS and we study some new geome-
tries for the placement of the antennas. In particular, we
propose a new 1D geometry which allows to work with
less antennas than the uniformly-spaced geometry. Such
kind of non-uniform geometries have already been con-
sidered for 2D, but the one presented here is new to the
knowledge of the authors.

II. THEORETICAL BACKGROUND

We will follow [1] approach for obtaining the formulae
that we need for our simulations. A more detailed expla-
nation can be found in [2]. Let the emitters be a contin-
uous set in a one dimensional segment, and the receivers,
a discrete set arranged over a straight line parallel to the
emitters. All the considerations can be reduced to the
common plane which contains both the emitters and the
receivers, and the electromagnetic field can be studied
only in this plane.

Without loss of generality, the emitters are contin-
uously distributed in the segment between (0, 0) and
(0, Xemi). The antennas are set at a long distance from
the emitters, at {(L, yk)}k=1:Nrec , with L � Xemi and
L� yk. This disposition is graphically presented in Fig-
ure 1.

The emitters radiate at a fixed wavelength λ and with
an amplitude a(x, t) which is the result of a Gaussian
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Figure 1. Scheme of the studied configuration of emitters and
receivers.

stochastical process. This process has null mean and
standard deviation A(x), so we consider that each sam-
ple at each point in the emission line follows a normal
distribution a(x, t) ∼ N (0, A(x)). Our objective is the
reconstruction of the amplitudes A(x).

In the case of a single emitter, placed in (0, x0), which
radiates with spherical phase fronts, the field in a generic
point of the space ~r is given by the real part of the fasor,
E = <{Ee−iωt}, with

E(~r) =
a(x0, t)

||~r − x0ĵ||
eik||~r−x0 ĵ||,

where k = 2π
λ is the wave number.

So the field that receives each antenna placed in (L, yk)
due to all the emitters will be

E(yk) =

∫ Nemi

0

dx
a(x, t)√

L2 + (x− yk)2
eik
√
L2+(x−yk)2

.

Since the satellite is placed far from the Earth, the
assumptions L � x and L � yk are accurate, which
imply

√
L2 + (x− yk)2 ≈ L+

(x− yk)2

2L
.

Introducing this approximation in the previous calcu-
lation of the field received by the antenna at (L, yk):

E(yk) =

∫ Xemi

0

dx
a(x, t)

L
e
ik

(
L+

(x−yk)2

2L

)

With the records of this values for all the antennas
and for different time instants, we aim to recover the
amplitudes A(x). To do that, the correlations of all
baselines (a baseline is a pair of antennas) are com-
puted and averaged over all the time instants. If we
have s samples ti, due to the different points of the emit-
ter source are uncorrelated, then they fulfil (in average)
1
s

∑
i a(x, ti)a(x′, ti)

∗ = δx,x′ |A(x)|2, and the correlation
reads

corr(yj , yk) =
1

s

ts∑
t=t1

E(yj)E(yk)∗ =

=

∫ Xemi

0

dx
|A(x)|2

L2
e
ik

(
y2
j−y

2
k

2L −
x(yj−yk)

L

)
.

(1)

Note that, in the expression 1 of the correlation, except

for the term eik
y2
j−y

2
k

2L , it only depends on the length of
the baseline. Therefore, we can define a normalised cor-
relation which only depends on the length of the baseline
∆y = yj − yk, getting rid of this term, dividing the cor-
relation by it:

Corr(yj − yk) = corr(yj − yk)e−ik
y2
j−y

2
k

2L =

=

∫ Xemi

0

dx
|A(x)|2

L2
e−i2π

x(yj−yk)

λL .
(2)

Finally, the equation 2 for Corr(∆y) is a dilated Fourier

transform of |A(x)|2
L2 , thus |A(x)| is recovered by

|A(x)|2

L2
=

∑
∆y

Corr(∆y)ei2π
x∆y
λL .

As a final observation of this section, is it important to
remark that the Fourier transform of the modified corre-
lation gives the amplitude pattern repeated periodically
in space. To do not get overlapping between the con-
secutive pattern repetitions, the Nyquist criterion must
hold:

∆yminXemi

λL
<

1

2
, (3)

in which ∆ymin is the minimum separation between
two different antennas.

III. SIMULATION

We have programmed a 1D model of the recon-
struction that takes place in the SMOS. Our pro-
gram is written in Matlab and can be consulted
at https://github.com/gonzalo-cl/PEF2. We work at
1.4GHz (concretely: λ = 0.2128m), as the SMOS. We
consider the spectrum of emission as generated by 50.000
points (discrete approximation) and we place N = 64 re-
ceivers in a line parallel to the emission line. This re-
ceivers are 700km away from the emission line (as in the
SMOS), and they are uniformly placed in a segment of
length 100m. This distances are different than the ones
in the SMOS, which allows us to obtain better resolution.
Our program consider 1250 samples of random Gaussian
emission for each emitter on the emission line. The stan-
dard deviation of each Gaussian is the amplitude of the
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emitter. We also assume that this amplitude function
has Dirichlet boundary conditions (this is in fact only
necessary to obtain a good reconstruction at zones near
the boundary). For each sample and each receiver, we
calculate the amplitude received by the receiver. The
objective is to reconstruct the original signal using only
the amplitudes of the receivers (and the physical distance
of 700km).

In order to reconstruct the signal, we calculate the cor-
relations between detectors (we average with our 1250
samples). As we’ve seen in section 1, the correlation be-
tween detectors allows us to estimate the Fourier trans-
form of our signal at frequencies of the form yi − yj .
These differences are called baselines. Of course, there
will be some repeated pairs which give the same fre-
quency. Therefore, we estimate the value of the Fourier
transform at frequency f as the average of all these es-
timations. Hence, we can approximate our signal at x
with

A(x) =
∑
∆y

corr(∆y)eikx∆y/L.

Figure 2. Reconstruction with N = 64 antennas uniformly
distributed and 1250 samples. We observe high frequency
noise.

This constitutes our first approximation of A. Never-
theless, when this is directly implemented, some prob-
lems appears. The main one was the appearance of high
frequency noise, so that the output resembled our sig-
nal, but with some ups and downs (see Figure 2). This
is logical because we have an upper bound on the fre-
quency that we can detect, so this noise is the part on the
high frequency domain that we’ve cut. In other words,
this sinusoidal modification of the signal had wavelength
inferior to 1600m, which is our best possible resolution
(by Nyquist criterion (3)). Nevertheless, we performed
a treatment of the signal in order to smooth the out-
put (which effectively corrects this effect for reasonably

smooth signals). In order to do this, we performed a con-
volution of the output with a rectangular pulse kernel of
length 3200m (twice the resolution of our system). We
can see the smoothed output in Figure 3.

Figure 3. Reconstruction with N = 64 antennas uniformly
distributed and 1250 samples. We have filtered the high fre-
quency noise.

IV. PROPOSED NEW GEOMETRY

The motivation of our simulations was to get a bet-
ter understanding of the role of the geometry in signal
reconstruction. With the uniformly placement of n the
receivers, we only get to know n values of the frequency
(corresponding to baselines 0, 1, . . .n − 1). Neverthe-
less, if we place the receivers in a general position, we
expect to get of the order of n2/2 different baselines be-
tween each pair of receivers. With this idea in mind, we
perform a simulation with better placed receivers. We
have find a particular good placement of 8 receivers in
positions [0, 19, 29, 33, 34, 36, 42, 54] (we scale this array
in order to have a 100m receiver line). These eight num-
bers generate exactly once any baseline between 0 and
22 (except from 11 and 16), so it’s an array which allows
a quite uniform sampling in the frequency domain. As
we have less receivers, we have to increase the time of
sampling (the redundancy before allowed us to have less
samples). The output of the reconstruction is shown in
Figure 4.

We have obtain a remarkable result with our proposed
geometry, reaching almost the same quality as in the pre-
vious case, but using only N = 8 antennas. We have con-
sidered the mean square difference for reconstructed and
real amplitude avoiding the region near the boundaries.
We have performed the case N = 8 with 10000 samples
and the case N = 64 with 1250 samples, in order to com-
pare with same amount of total data. We obtain a MSE
almost as good as the one with N = 64 for our geom-
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Figure 4. Reconstruction with our proposed array of N = 8
antennas and 10000 samples.

Uniformly spaced New geometry

N 64 8
D (m) 100 100
t (samples) 1250 10000
L (km) 700 700
MSE 3.5 · 107 6 · 107

∆ymin (m) 100/63 100/54

Table I. Parameters in the simulations of Figures 3 and 4.
∆ymin is the minimum separation between two receivers.

etry with N = 8. Exact parameters and MSE in each
simulation can be viewed in Table I. We can compare
both performances in Figures 3 and 4. As we see in the
figures, our proposed geometry with N = 8 works badly
in zones near the boundary. In those zones, the conven-
tional geometry is better. We did conjecture that this

behaviour is due to the lack of regularity of the ampli-
tude function at the boundary (ie, this function is con-
tinuous but not differentiable, as the amplitude extends
to zero outside this region). This consideration led us to
try with other functions, continuously differentiable at
the boundary. The results for boundary approximation
were highly improved. The results improve even more
when we add more regularity in the boundary (two times
differentiable).

V. CONCLUSIONS

We conclude that the uniformly-spaced array of an-
tennas is not adequate for imaging, as it presents a lot
of redundancy. This redundancy can be useful in order
to calibrate the system [3], but is normally not desir-
able. With this purpose, we propose a new geometry
which allows to reduce the quantity of antennas. Our
geometry offers a big number of different baselines, tak-
ing advantage of all the possible n2/2 different baselines,
rather than the n redundant baselines which offer the
uniformly-spaced geometry. We should take into account
that the uniformly spaced geometry simply fails to pro-
vide an image for N = 8 due to Nyquist criterion (calcu-
lating ∆ymin = D/(N − 1) and substituting in 3). With
our approach, we can obtain images with significantly
lesser antennas.

A interesting line of research is to study this irregular
patterns in higher dimensions. The T-shape is widely
used to provide a good geometry in 2D [4], but with our
1D result in mind, an irregular spacing in the T-shape
should also be considered. Another (more mathemati-
cal) line of research would be the study generalizations
of our nice configuration for N = 8. This is, to study con-
figurations which have their baselines uniformly spaced
(and thus allow to a uniform sampling in frequency). The
study of the cardinality of sets like A−A and their spac-
ing properties is a part of a mathematical topic called
additive combinatorics.
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