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The SMOS space mission 

, The context 

3 

ESAôs Soil Moisture and Ocean Salinity (SMOS) mission has 

been designed to observe both soil moisture over the Earthôs 

landmasses and salinity over the oceans from space. 

SM data are urgently required for 

hydrological studies and data on OS 

are vital for improving our under-

standing of ocean circulation patterns. 

SMOS was a direct response to the 

current lack of global observations of 

SM and OS. 
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The SMOS space mission 

, The concept 

4 

A novel instrument has been especially developed with the 

objective to demonstrate the use of a Microwave Imaging 

Radiometer by Aperture Synthesis for imaging SM and OS by 

ñcapturingò ñcapturingò images of emitted micro-

wave radiation Tb in the ñprotectedò L-

band (1400.1427 MHz). aaaaaaaaaa 

SMOS was the first attempt to apply to 

Earth remote sensing the concept of 

aperture synthesis initially  developed 

by radio astronomers. VLA (1970ôs) 
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The SMOS space mission 

, The concept 

5 

A novel instrument has been especially developed with the 

objective to demonstrate the use of a Microwave Imaging 

Radiometer by Aperture Synthesis for imaging SM and OS by 

ñcapturingò ñcapturingò images of emitted micro-

wave radiation Tb in the ñprotectedò L-

band (1400.1427 MHz). aaaaaaaaaa 

SMOS was the first attempt to apply to 

Earth remote sensing the concept of 

aperture synthesis initially  developed 

by radio astronomers. CBI (1990ôs) 
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The SMOS space mission 

, The concept 

6 

A novel instrument has been especially developed with the 

objective to demonstrate the use of a Microwave Imaging 

Radiometer by Aperture Synthesis for imaging SM and OS by 

ñcapturingò ñcapturingò images of emitted micro-

wave radiation Tb in the ñprotectedò L-

band (1400.1427 MHz). aaaaaaaaaa 

SMOS was launched on 2nd November 

2009 and although designed for a five-

year mission, it is still operational 

after more than 12 years in orbit. SMOS (2000ôs) 
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The SMOS space mission 

, The instrument 

7 

The idea of aperture synthesis is to obtain a high-resolution 

image by using the interferometric information corresponding 

to spatial frequencies distributed over a wide virtual pupil. 

The single payload of SMOS is the 

Microwave Imaging Radiometer by 

Aperture Synthesis MIRAS, operating 

in full -pol mode in the ñprotectedò L-

band. 
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The SMOS space mission 

, The instrument 

8 

The idea of aperture synthesis is to obtain a high-resolution 

image by using the interferometric information corresponding 

to spatial frequencies distributed over a wide virtual pupil. 

MIRAS: a Y-shaped array equipped 

with 69 antennas provide interfero-

metric measurements, 3 (of them) 

operating also as reference radiometers 

to provide measurements of the 

average brightness temperature of the 

scene under observation. 
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The SMOS space mission 

, The instrument 

9 

The idea of aperture synthesis is to obtain a high-resolution 

image by using the interferometric information corresponding 

to spatial frequencies distributed over a wide virtual pupil. 

A demonstrator has been successfully 

ground tested and has flown onboard 

an Hercule C130 of the Royal Danish 

Air  Force under the control of the 

Technical University of Denmark. 
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Aperture synthesis imaging 

, Arrays with connected antennas 

10 

Cosmic Background Imager Very Large Array  

ue 

ò 0 

T q0 3 ò 0 

T 

LO 

Ám(V  ) pq 

pq Âe(V  ) 

bpq 
uo 

Aq Ap 

so so 

s s 
The radio signals received by 

the two antennas are sampled 

and directly transmitted via links 

to the correlation unit which 

combines them to produce 

interference fringes in real time. 
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Aperture synthesis imaging 

, Arrays with unconnected antennas 

11 

Very Long Baseline Array Very Long Baseline Interferometry 

bpq 
uo 

Aq Ap 

so so 

s s 

LO LO 

1) The radio signals received by 

the two antennas are sampled, 

recorded alongside together with 

an accurate time base and then 

stored on a mediaé 
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Aperture synthesis imaging 

, Arrays with unconnected antennas 

12 

synchronized 

ò 0 

T ò 0 

T 
Ám(V  ) pq 

pq Âe(V  ) 

ue 

q0 3 

Ap Aq 

VLBI correlation unit hosted by the 

Max Planck Institute for Radio Astronomy 

1) The radio signals received by 

the two antennas are sampled, 

recorded alongside together with 

an accurate time base and then 

stored on a media. 

2) At a later time, at the location 

of a correlation unit, the data are 

synchronized, then played back 

together and combined just like 

if  they were coming in real time 

from the two antennas. 
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Aperture synthesis imaging 

, Complex visibilities 

13 

Whether the antennas are 

connected or not, interferometer 

measurements are obtained by 

cross-correlating the signals 

Ep(t) and Eq(t) collected by 

pairs of spatially separated 

antennas Ap and Aq which have 

overlapping 

bpq 
uo 

Aq Ap 

so so 

s s 

Ep(t) Eq(t) 

overlapping fields of view, yielding samples of the spatial 

coherence function Vpq (also termed complex visibilities) of 

the brightness temperature distribution Tb of the scene under 

observation for the angular frequency upq = bpq/mo. 
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Aperture synthesis imaging 

, Key parameters of an array 

14 

1) Field of view: the extent of the 

observed scene that is synthesized 

by the instrument (with the aid of 

the computer). 
 

2) Angular resolution: the ability 

to distinguish small details of the 

observed scene (estimated with 

Rayleigh Rayleigh / Schuster / Sparrow criterions of PSF, not of PSF2 !). 
 

3) Radiometric sensitivity: the smallest temperature deviation 

that can be discerned by the instrument. 

MIRAS demonstrator 
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Aperture synthesis imaging 

, Key parameters of an array 

15 

synthesisé 

field of 
view 

sensitivity 

1) Field of view: the extent of the 

observed scene that is synthesized 

by the instrument (with the aid of 

the computer). 
 

2) Angular resolution: the ability 

to distinguish small details of the 

observed scene (estimated with 

Rayleigh Rayleigh / Schuster / Sparrow criterions of PSF, not of PSF2 !). 
 

3) Radiometric sensitivity: the smallest temperature deviation 

that can be discerned by the instrument. 
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Aperture synthesis imaging 

, Van Cittert ï Zernike theorem 

16 

The VCZ theorem rests on a 

number of assumptions: 

· incoherence of the source; 

· distance to the source; 

· angular size of the source; 

· quasi-monochromatic source; 

· two-dimensional source; 

· homogeneous medium; 

é 

bpq 
uo 

Aq Ap 

so so 

s s 

Ep(t) Eq(t) 

Vpq µ áEp Eq ñ >         Ep(t) Eq(t) dt ó!
õ 

*  1 

Ti 

*  

Vpq µ   F p (t) F q (t) T(t) e                 dX with t > s .!so 
.2jq bpq×t ó!

õ 
*  
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Aperture synthesis imaging 

, Van Cittert ï Zernike theorem 

17 

The VCZ theorem does not 

account for space-time-frequency 

dependent perturbations of the 

incident electromagnetic wave 

from emission to detection: 

· spurious emission (RFI); 

· Doppler effect; 

· coupling/crosstalk effects; 

é 

bpq 
uo 

Aq Ap 

so so 

s s 

Ep(t) Eq(t) 

Vpq µ áEp Eq ñ >         Ep(t) Eq(t) dt ó!
õ 

*  1 

Ti 

*  

Vpq µ   F p (t) F q (t) T(t) e                 dX with t > s .!so 
.2jq bpq×t ó!

õ 
*  
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Instrument modeling 

, Van Cittert ï Zernike revisited 

18 

y2 

y1 

r 

g 

O 

y 

x 

z 

Ap 

Aq 

bpq 

bpq 

mo 
upq >!     F : antenna voltage pattern 

 Trec : receivers temperature 

     r : fringe washing function (t > ukl·y / fo) 

    V : complex visibilities 

   Tb : brightness temperature (T(y) > Tb(y) . Trec) 

~ 

||y|| £ 1 

ó 
õ 
ó 
õ 

dy 

Ö 1.||y||2 

.2jq upq·y e F  (y) F  (y) [T (y) . T   ] r   (t) ~ 
p q pq b rec V   µ!pq 

Ö XpXq 

1 * 

V > G T 
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Instrument modeling 

, Van Cittert ï Zernike revisited 

19 

V > G T 

G = modelling operator 

||y|| £ 1 

ó 
õ 
ó 
õ 

dy 

Ö 1.||y||2 

.2jq upq·y e F  (y) F  (y) [T (y) . T   ] r   (t) ~ 
p q pq b rec V   µ!pq 

Ö XpXq 

1 * 
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Instrument modeling 

20 

, G is not a Fourier transformé 

= + + V = G T 

T = U T 
^ = + + 

75%||V||² 0.1%||V||² 21%||V||² 

78%||T||² 
^ 

20%||T||² 
^ 

2%||T||² 
^ 

T = + + 100 K 185 K 

300 K 
78%||T||² 20%||T||² 2%||T||² 
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Instrument modeling 

21 

, What is an inverse problem ? 

                                          T ® G T = V   direct problem 

inverse problem   T = G-1 V ¬ V 
 

, What is an ill-posed problem ? 

J. Hadamard (1902), R. Courant (1962): 

ñA problem satisfying the requirements of existence, 

uniqueness and continuity is said to be well-posed.ôô 
 

, How to regularize an ill-posed problem ? 

The general principle of regularization methods is to 

introduce a priori  information in order to compensate for the 

lack/loss of information in the imaging process. 
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Instrument modeling 

22 

, What is an ill-conditioned problem ? 

The discretization of a linear inverse problem leads to a 

linear algebraic system: a rather simple mathematical 

problem with  many numerical methods for solving it. 

S. Twomey (1977): 

ñThe crux of the difficulty  was that the  numerical inversions 

were producing results which were  physically unacceptable 

but were mathematically acceptable.ôô 
 

One says that the corresponding linear algebraic system is ill -

conditioned. (even if  the solution exists and is unique, it is  

completely corrupted by small perturbations on the data.) 
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Instrument modeling 

, An ill-posed problem 

23 

10 antennas 
 

number of data < number of unknowns 
 

45 visibilities 256 pixels 

V > G T 

||y|| £ 1 

ó 
õ 
ó 
õ 

dy 

Ö 1.||y||2 

.2jq upq·y e F  (y) F  (y) [T (y) . T   ] r   (t) ~ 
p q pq b rec V   µ!pq 

Ö XpXq 

1 * 
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Sampling grids 

, From array to grids 

24 

H eu = d / mo 

Fourier 
domain 

Instrument 

u
(1)

 
u

(2)
 

d
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Sampling grids 

, From array to grids 

25 

u
(1)

 
u

(2)
 

eu = d / mo 

d
 

Fourier 
domain 

Instrument 
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Sampling grids 

, From array to grids 

26 

d
 

U
(1)

 = n u
(1) 

U
(2)

 = n u
(2) 

Eu 

eu 

Fourier 
domain 

Instrument 
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Sampling grids 

, Dual grids 

27 

Y
(1)

 = n y
(1) 

Y
(2)

 = n y
(2) 

Ey
 

ey
 

Ey eu = Eu ey = 2/Ö3 with Eu = n eu and Ey = n ey 

spatial 
domain 

Fourier 
domain 

reciprocal lattices: y
(i)

 × U
(j)

 = Y
(i)

 × u
(j)

 = ei,j 

U
(1)

 = n u
(1) 

U
(2)

 = n u
(2) 

Eu 

eu 
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Sampling grids 

, Dual grids 

28 

Y
(1)

 ¹ n y
(1) 

Y
(2)

 ¹ n y
(2) 

Ey 

ey
 

Eu 

U
(1)

 ¹ n u
(1) 

U
(2)

 ¹ n u
(2) 

eu 

spatial 
domain 

Fourier 
domain 

not reciprocal lattices: y
(i)

 × U
(j)

 ¹ ei,j and Y
(i)

 × u
(j)

 ¹ ei,j 
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Sampling grids 

, Hexagonal processing 

29 

Y
(1) 

Y
(2) 

spatial 
domain 



15¯me ®cole dô®t® de PEYRESQ (04): TSI pour la co-conception de systèmes imageurs innovants / 21-25 juin 2021 / 127 

Sampling grids 

, Hexagonal processing 

30 

n² pixels hexagonal grid  Û  n² pixels cartesian grid 

p1 

p2 p2 ô 

p1 ô 

pô = p mod n 
spatial 
domain 
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Sampling grids 

, Hexagonal processing 

31 

U
(1) 

U
(2) 

Fourier 
domain 
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Sampling grids 

, Hexagonal processing 

32 

q2 ô 

q1 ô 

qô = q mod n 
q1 

q2 

Fourier 
domain 

n² pixels hexagonal grid  Û  n² pixels cartesian grid 
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Sampling grids 

, Hexagonal processing 

33 

p1 

p2 

yp 

gp 

q1 

q2 

gq 
uq 

^  

reciprocal lattices: 

y
(i)

 × U
(j)

 = Y
(i)

 × u
(j)

 = ei,j 

-  2 j  q yp × uq 
e T 

p 
gp gq = 

^  

up = q1 u
(1)

 + q2 u
(2) 

yq = p1 y
(1)

 + p2 y
(2) 

spatial 
domain 

Fourier 
domain 

p × q 
n -  2 j  q 

e T 
p 
gp gq = 

^  
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Sampling grids 

, Hexagonal processing 

34 

FFT 

n² pixels hexagonal grid  Û  n² pixels cartesian grid 

p × q 
n -  2 j  q 

e T 
p 
gp gq = 

^  

p1 

p2 

yp 

gp 

q1 

q2 

gq 
uq 

^  

spatial 
domain 

Fourier 
domain 

p2 ô 

p1 ô 

pô = p mod n 

q2 ô 

q1 ô 

qô = q mod n 
-  2 j  q 

e T 
p 
gp gq = 

^  
p ×q 

n 
ô ô 
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Sampling grids 

, Resampling at ground level 

 

y2 

y1 

r 

g 

O 

y 

x 

z 

Ap 

Aq 

bpq 

Reconstructed brightness temperature maps are obtained in the 

direction cosines domain of the reference frame attached to the 

instrument. These hexagonally sampled images have to be 

projected onto the Earth surface. 
FOV in antenna frame FOV at ground level 
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Sampling grids 

, Resampling at ground level 

y2 

y1 

r 

g 

O 

y 

x 

z 

Ap 

Aq 

bpq 

Reconstructed brightness temperature maps are obtained in the 

direction cosines domain of the reference frame attached to the 

instrument. These hexagonally sampled images have to be 

projected onto the Earth surface. 
FOV in antenna frame FOV at ground level 
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Sampling grids 

, Resampling at ground level 

 

y2 

y1 

r 

g 

O 

y 

x 

z 

Ap 

Aq 

bpq 

Reconstructed brightness temperature maps are obtained in the 

direction cosines domain of the reference frame attached to the 

instrument. These hexagonally sampled images have to be 

projected onto the Earth surface. 
FOV in antenna frame FOV at ground level 
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Instrument modeling 

, An ill-posed problem 

38 

10 antennas 
 

number of data < number of unknowns 
 

45 visibilities 256 pixels 

V > G T 

||y|| £ 1 

ó 
õ 
ó 
õ 

dy 

Ö 1.||y||2 

.2jq upq·y e F  (y) F  (y) [T (y) . T   ] r   (t) ~ 
p q pq b rec V   µ!pq 

Ö XpXq 

1 * 
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Regularized inversion 

, Least-squaresé 

39 

TÎᴙn2
 

min  || V ï G T  || 

2 

Tr  = G+ V  with  G+
 = (G*G)-1

 G* 

(G*G T   =  G*  V 
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Regularized inversion 

, Least-squaresé 

40 

G*G is singular 

min  || V ï G T  || 

2 

Tr  = G+ V  with  G+
 = (G*G)-1

 G* 

10-16 10-12 10-8 10-4 100 

eigenvalues of G*G 

(G*G T   =  G*  V 

TÎᴙn2
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Regularized inversion 

, Tikhonov regularization 

41 

min  || V ï G T  || 

2
 + n || T  || 

2 

n Îᴙ 

n Tr  = G+ V  with  G+
 = (G*G + n I)-1

 G* n 

10-16 10-12 10-8 10-4 100 

eigenvalues of G*G + n I  

(G*G + n I) T   =  G*  V 

TÎᴙn2
 

n is the Lagrange regularization parameter 
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Regularized inversion 

, Minimum norm regularization 

42 

V = G T 
î 

ì 
í 

Tr  = G+ V  with  G+
 =         vi ui  Ü  Gm =     ti ui vi (SVD) T 

i³1 

T
 

ti 

1 
T

 T 
i³1 

min  || T  || 

2
 -

2 
singular values of G 

10-4 10-3 10-2 10-1 100 

TÎᴙn2
 

G*(GG*)-1 î
 

ì
 
í
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Regularized inversion 

, Minimum norm regularization 

43 

V = G T 
î 

ì 
í 

min  || T  || 

2
 -

2 
singular values of G 

10-4 10-3 10-2 10-1 100 

Tr  = G+ V  with  G+
 =         vi ui  Ü  Gm =     ti ui vi (TSVD) T 

i³m 

T
 

ti 

1 
T

 T 
i³m 

m m 
m ³ 1 

TÎᴙn2
 

m plays the role of a regularization parameter 
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Regularized inversion 

, Band-limited regularization 

44 

10 antennas 
 

number of data < number of unknowns 
 

45 visibilities 256 pixels 

V > G T 

||y|| £ 1 

ó 
õ 
ó 
õ 

dy 

Ö 1.||y||2 

.2jq upq·y e F  (y) F  (y) [T (y) . T   ] r   (t) ~ 
p q pq b rec V   µ!pq 

Ö XpXq 

1 * 
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Regularized inversion 

, Band-limited regularization 

45 

10 antennas 
 

number of data > number of unknowns 
 

45 visibilities 36 frequencies 

V > G T 

||y|| £ 1 

ó 
õ 
ó 
õ 

dy 

Ö 1.||y||2 

.2jq upq·y e F  (y) F  (y) [T (y) . T   ] r   (t) ~ 
p q pq b rec V   µ!pq 

Ö XpXq 

1 * 
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Regularized inversion 

, Band-limited regularization 

46 

10 antennas 
 

number of data > number of unknowns 
 

45 visibilities 36 frequencies 

V > G T 

||y|| £ 1 

ó 
õ 
ó 
õ 

dy 

Ö 1.||y||2 

.2jq upq·y e F  (y) F  (y) [T (y) . T   ] r   (t) ~ 
p q pq b rec V   µ!pq 

Ö XpXq 

1 * 



15¯me ®cole dô®t® de PEYRESQ (04): TSI pour la co-conception de systèmes imageurs innovants / 21-25 juin 2021 / 127 

Regularized inversion 

, Band-limited regularization 

47 

10 antennas 
 

number of data > number of unknowns 
 

45 visibilities 36 frequencies 

V > G T 

||y|| £ 1 

ó 
õ 
ó 
õ 

dy 

Ö 1.||y||2 

.2jq upq·y e F  (y) F  (y) [T (y) . T   ] r   (t) ~ 
p q pq b rec V   µ!pq 

Ö XpXq 

1 * 
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Regularized inversion 

, Band-limited regularization 

48 

singular values of J 

10-4 10-3 10-2 10-1 100 

min  || V ï G T  || 

2 

( I ï PH  ) T = 0 
î 

ì 
í 

J*J TH  = J*
 V  with  J = G U

*
Z ^  

Tr  = U*Z J+ V  with  J+
 = (J*J)-1

J* 

H 

TÎᴙn2
 

PH plays the role of a regularization parameter 
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Regularized inversion 

, The L-curveé 

49 

10-1 

100 

101 

102 

3100 3200 3300 3400 3500 

||
 V

 -
 G

 T
r 
|| 

|| Tr || 

10-1 

10-2 

10-3 

10-4 

10-5 

n=10-6 

10-7 10-8 

1 
2 

3 

4 

8 

14 

m=18 
22 26 

30 32 

J+ 

G+ m 

G+ n 



15¯me ®cole dô®t® de PEYRESQ (04): TSI pour la co-conception de systèmes imageurs innovants / 21-25 juin 2021 / 127 

Regularized inversion 

, Error analysis 

50 

Reconstruction artifacts can be identified within a complete 

error analysis involving the singular vectors Tk of R (and 

specially those associated to the smallest singular values): 

Whatever the reconstruction operator R+, the propagation of 

random errors from complex visibilities V to the reconstructed 

map Tr is governed by the equality: 

|| V  || 

|| Tr  || 

Ö E[  || E Tr  ||2 ] 

|| Tr  || 

Ö E[  || E V  ||2 ] 

|| V  || 
|| R+ || f = 

Tr =      ( Tk  | Tr  ) Tk T
k 



15¯me ®cole dô®t® de PEYRESQ (04): TSI pour la co-conception de systèmes imageurs innovants / 21-25 juin 2021 / 127 

Regularized inversion 

, Error analysis 

51 

The (cosine of the) separation angle k
k
 between Tk and Tr is 

an indicator of the level of excitation of the singular vector in 

the reconstructed map: 

Reconstruction artifacts can be identified within a complete 

error analysis involving the singular vectors Tk of R (and 

specially those associated to the smallest singular values): 

Tr =      ( Tk  | Tr  ) Tk T
k 

cos k
k
 = 

T
k 
( Tk  | Tr  )2 

( Tk  | Tr  ) 

Ö 
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Regularized inversion 

, Pros & cons 

52 
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Regularized inversion 

, Differential reconstruction 

53 

eTÎᴙn2
 

min  || eV ï G eT  || 

2 

( I ï PH  ) eT = 0 
î 

ì 
í 

Tr  = U*Z J+
 ( V ï G T  ) + T 

    

ur  = U*W U Tr + Trec 
^ 

uw = U*W U Tb 
^ 

            eT = T ï T  
where 
            eV = V ï G T 

  

  

to be compared: 

Eur = ur ï uw 
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Instrument modeling 

, Dual polarization mode 

54 

C : co-polar antenna gain pattern 

X : cross-polar antenna gain pattern 

 

 

coupling s 

s x 

s y 

[C  (y) C
*
(y) [T  (y)- T   ] + 

p q b rec 
x x x 

dy 
Ö 1- ||y||2 

- 2jq upq·y e X  (y) X
*
(y) [T  (y)- T   ]] r   (t)  

p q b rec 
x x y 

pq 
~ ||y|| £ 1 

ó 
õ 
ó 
õ Ö Xp Xq 

1 V  µ pq 
x 

[X  (y) X
*
(y) [T  (y)- T   ] + 

p q b rec 
y y x 

dy 
Ö 1- ||y||2 

- 2jq upq·y e C  (y) C
*
(y) [T  (y)- T   ]] r   (t)  

p q b rec 
y y y 

pq 
~ ||y|| £ 1 

ó 
õ 
ó 
õ Ö Xp Xq 

1 V  µ pq 
y 
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Instrument modeling 

, Dual polarization mode 

55 

[C  (y) C
*
(y) [T  (y)- T   ] + 

p q b rec 
x x x 

dy 
Ö 1- ||y||2 

- 2jq upq·y e X  (y) X
*
(y) [T  (y)- T   ]] r   (t)  

p q b rec 
x x y 

pq 
~ ||y|| £ 1 

ó 
õ 
ó 
õ Ö Xp Xq 

1 V  µ pq 
x 

[X  (y) X
*
(y) [T  (y)- T   ] + 

p q b rec 
y y x 

dy 
Ö 1- ||y||2 

- 2jq upq·y e C  (y) C
*
(y) [T  (y)- T   ]] r   (t)  

p q b rec 
y y y 

pq 
~ ||y|| £ 1 
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õ 
ó 
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b rec 
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Regularized inversion 

, Dual polarization mode 

56 

V x 

V y 
ì    ü 
î    þ 
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Tr   
y 
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î    þ 

ì            ü 
î            þ 

J   J xx 

J   J yx 

xy 

yy 
ì            ü 
î            þ 

U*Z  0 

 0  U*Z 

+ 
= 

log10|J| 

5582 

9
3

6
0 

numerical implementation  

in ground segment 

 

69 antennas 

dual polarisation 

(J   400 Mbytes) 
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Regularized inversion 

, Dual polarization mode 

57 
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Regularized inversion 

, Full polarization mode 

58 
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Illustrations & performances 

, Instrument modeling matrix: G 

59 
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Illustrations & performances 

, Regularized modeling matrix: J 

60 
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Illustrations & performances 

, Noise propagation: EV = N(0,t2) with t = 0.01 K   

 

61 

Amplification factor: ́ 25 (num. simul.) 

        (boresight)          2́5 (radio. theory) 
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Illustrations & performances 

, Noise propagation: EV = N(0,t2) with t = 0.01 K   

 

62 

Amplification factor: ́ 25 (num. simul.) 

        (boresight)          2́5 (radio. theory) 
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Illustrations & performances 

, Observed scene: H & V 

63 

Tb   
h Tb   

v 
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Illustrations & performances 

, Observed scene: X & Y 

64 

Tb   
x Tb   

y 
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Illustrations & performances 

, Standard inversion 

65 

ur   
x ur   
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Illustrations & performances 

, Differential inversion with T(tsky , tearth ) 

66 
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Illustrations & performances 

, Differential inversion with T(tsky , tland , tocean ) 

67 
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Illustrations & performances 

, Standard inversion 

68 
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Illustrations & performances 

, Differential inversion with T(tsky , tearth ) 

69 

Eur   
x Eur   

y 

~ 



15¯me ®cole dô®t® de PEYRESQ (04): TSI pour la co-conception de systèmes imageurs innovants / 21-25 juin 2021 / 127 

Illustrations & performances 

, Differential inversion with T(tsky , tland , tocean ) 

70 
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The co-design approach 

, Participatory design (from Scandinavia) 

72 

Co-design (or co-operative design) is an approach to design 

attempting to actively involve all stakeholders (e.g. 

employees, partners, customers, citizens, end-users) in the 

design design process to help 

ensure the result meets 

their needs and is usable 

and marketable. All  the 

participants are invited to 

cooperate during the 

several stages of an 

innovation process. 
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The co-design approach 

, Co-design (in scientific instrumention) 

73 

Time consuming end-to-end simulations involving engineers, 

scientists and end-users actively collaborating are playing an 

ongoing role for assessing the sensitivity and the robustness of 

mission mission performances to 

driving parameters, to 

instrument errors and 

noises as well as to data 

processing and analysis. 
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The SMOShr project 

, Synthetic Aperture Imaging Radiometer 

E protected L band: 1400-1427 MHz 

 

' SMOS: launched Nov. 2009 

full polarization: H&V not simultaneous 

multi-angular: 0-60Á 

resolution: ~50 Km 

 

' SMOShr 

full polarization: H&V simultaneously 

multi-angular: 0-60Á 

resolution: ~10 Km 
74 
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The SMOShr project 

, An end-to-end simulator for participatory design 

75 
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The SMOShr project 

, Sampling grids: 

It is known from antiquity that the only regular sampling 

grids of the 2D Euclidean plane are: 

76 

Cartesian grid hexagonal grids 

In aperture synthesis, these grids are derived from the 

(auto-correlation of the) spatial distribution of the 

antennas of an interferometric array. 
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The SMOShr project 

, Antennas distribution: 

77 
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The SMOShr project 

, Frequency coverage: 

78 



15¯me ®cole dô®t® de PEYRESQ (04): TSI pour la co-conception de systèmes imageurs innovants / 21-25 juin 2021 / 127 

The SMOShr project 

, RSC fails: additional antennas needed 

79 
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The SMOShr project 

, RSC succeeds: full-phase arrays 

80 
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The SMOShr project 

, RSC succeeds: robust full-phase arrays 

81 
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Parameters of the study 

, The role played by key parameters: 

' snapshot field of view depends on: 

E array geometry (i.e. sampling grids) 

E antenna spacing d 

E plateform tilt b!

' snapshot angular resolution is impacted by: 
E arms length L  > P d 

' snapshot radiometric accuracy is impacted by: 
E collecting area A  > Na  qd ²/4 

E number of baselines Nb > Na (Na . 1) / 2 

82 
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Field of view 

, Earth/Sky aliases, alias-free field of view, swath: 

83 
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Field of view 

, The role played by array geometry and b : 

84 
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Field of view 

, The role played by array geometry and d : 

85 
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Field of view 

, The role played by array geometry, b and d on swath: 

86 
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Field of view 

, The role played by array geometry, b and d on i: 

87 

Nadir looking direction x 

in Earth alias-free FOV  

Nadir looking direction x 

in alias-free FOV  

within º i £ 6Á  
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Field of view 

, The role played by array geometry, b and d on i: 

88 

Nadir looking direction x 

in Earth alias-free FOV  

Nadir looking direction x 

in alias-free FOV  

within º i £ 6Á  
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Field of view 

, The role played by array geometry, b and d on i: 

89 

Nadir looking direction x 

in Earth alias-free FOV  

Nadir looking direction x 

in alias-free FOV  

within º i £ 6Á  
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Field of view 

, The role played by array geometry, b and d on i: 

90 

Nadir looking direction x 

in Earth alias-free FOV  

Nadir looking direction x 

in alias-free FOV  

SMOS 

within º i £ 16Á  
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Angular resolution 

, Collecting area prop. to d and to number of antennas 

91 

 larger d 

 larger Na 

 smaller d 
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Angular resolution 

, Angular resolution prop. to frequency coverage 

92 
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Ground resolution 

, 10 Km is not a dream: 

93 
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Candidate arrays 

, Two arrays with 231 antennas spaced every m 

94 

baselines 

frequencies 

G matrix 

J matrix 

26565 

13337 

53361x65536 

53361x26675 

26565 

13282 

53361x65536 

53361x26565 

arms length 

57´m » 12 m 
 

swath 

³ 924 Km # tilt 
 

resolution 

0.0133 rad (Hamming) 

10 Km @ 750 Km 
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Modeling matrices 

, Conditioning of G and J: invertible 

95 

singular 

values 

J 

G 
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Modeling matrices 

, Propagation of round off errors for J+: under control 

96 

off diagonal 

vs. 0 

diagonal 

vs. 1 

J+J = I 
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Inversion of noisy visibilities 

, Reconstruction schemes: 

97 

G is the modeling operator of the instrument: 

 

E standard approach: V > GT is solved for T 

 

E differential approach: eV > GeT is solved for eT 

 

with eV >!V.Vô and eT >!T.Tô 

 

where Vô >!GTô and Tô is an artificial scene 
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Inversion of noisy visibilities 

, Flat scene, single pol: floor error map 

98 

V > V , EV 

tEV > 0.01 K 

ß 

1000 rand 
ß 

á T ñ 
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Inversion of noisy visibilities 

, Flat scene, single pol: rms error map 

99 

V > V , EV 

tEV > 0.01 K 

ß 

1000 rand 
ß 

tET 
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Inversion of noisy visibilities 

, Radiometric sensitivity per snapshot at boresight 

100 

SMOShr 

 

V > V , EV 

tEV > 0.01 K 

ß 

1000 rand 
ß 

tET > 0.68 K 

BUT 

Tint = 3.60 sec 

4 bits corr (̧  1.4) 

simultaneous H&V 

Teff = 2.57 sec 

SMOS 

 

V > V , EV 

tEV > 0.01 K 

ß 

1000 rand 
ß 

tET > 0.25 K 

BUT 

Tint = 3.60 sec 

1 bit corr (̧  1.8) 

alternate H&V (̧  3) 

Teff = 0.66 sec 

SMOS 
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Inversion of noisy visibilities 

, Fresnel scene, dual pol: standard approach 

101 

TX TY 

ETX ETY 

TX TY 

ETX ETY 
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Inversion of noisy visibilities 

, Fresnel scene, dual pol: differential approach 

102 

Differential approach behaves exactly like expected! 

TX TY 

ETX ETY 

TX TY 

ETX ETY 
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Inversion of noisy visibilities 

, Fresnel scene, dual pol: standard approach 

103 

Sky AFOV Earth AFOV 

Sky AFOV Earth AFOV 

Sky AFOV Earth AFOV 

Sky AFOV Earth AFOV 
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Inversion of noisy visibilities 

, Fresnel scene, dual pol: differential approach 

104 

Differential approach behaves exactly like it is actually implemented in SMOS! 

Sky AFOV Earth AFOV 

Sky AFOV Earth AFOV 

Sky AFOV Earth AFOV 

Sky AFOV Earth AFOV 
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Impact of antennas disparity 

, Disparity of SMOS antennas patterns: central hub 

105 
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Impact of antennas disparity 

, Disparity of SMOS antennas patterns: arm A 
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Impact of antennas disparity 

, Disparity of SMOS antennas patterns: arm B 
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Impact of antennas disparity 

, Disparity of SMOS antennas patterns: arm C 
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