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In the present work a multi-satellite SAR system is considered. Between every pair of SAR satellites an

interferometric concept is implemented. It allows the height of each pixel on the surface to be evaluated
with high precision and a three dimensional map to be created. INSAR geometry is analytically described.
Mathematical expressions for determination of current distances between SAR’s and detached pixels on the
ground, and principal InSAR parameters are derived. A model of linear frequency modulated (LFM) SAR
signal with INSAR applications, reflected from the surface is developed. Correlation and spectral SAR
image reconstruction algorithms and co-registration procedure are described. To verify the correctness of
the signal model and image reconstruction and co-registration algorithm numerical experiment is carried

out.

1 INTRODUCTION

Synthetic Aperture Radar (SAR) is a coherent active
microwave imaging instrument. Back scattered
information of a target is recorded as a complex
signal with amplitude and phase information.
Interferometric SAR (InSAR) technique makes use
of phase difference information extracted from two
complex valued SAR images acquired from different
orbit positions.  This information is useful in
measuring several geophysical quantities such as
topography,  slope, deformation  (volcanoes,
earthquakes, ice fields), glacier studies, vegetation
growth etc (Rott, H., et al., 2003, Rott, H., et al.
1999, Massonet, D., et al. 1998, Henry, E. et al.
2004, Rott, H. et al. 2000, Berardino, P., et al. 2002,
Berardino, P., et al. 2003).

SAR interferometry was first used for
topographic mapping by Graham (Graham, L.C,
1974). The first practical results were obtained by
Zebker and Goldstein (Zebker, H.A., Goldstein,
R.M., 1986) using side looking airborne radar.
Studies on interferometric SAR were extended after
the launch of ERS-1 and ERS-2, and Envisat
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satellites (Feigl, K.L., et al. 2002). The number of
scientific research on InSAR technology has also
exploded since the launch of new satellites such as
of class Sentinel.

In order to obtain SAR interferometric data, two
spatially separated antennas, the physical separation
of which is called the interferometric baseline, are
mounted on a single platform or one antenna is
mounted on a satellite and data sets are acquired by
passing the same area twice. In the latter case, the
interferometric baseline is formed by relating radar
signals on repeat passes over the target area. This
approach is called repeat-pass interferometry. SAR
interferometry is a promising tool for mapping
topography, detecting small surface displacement
caused by earthquake, volcanic activity, and
landslides and ice movement (Weston, J., et al.
2012, Feng, G. et al, 2010). There are various
publications on estimating earthquake parameters
using InSAR measurements (Gens, R., Van
Genderen, J.L.,1996, Reilinger, R.E., 2000, Wright,
T.J., et al. 2003, Liu-Zeng, J., et al. 2009, Sudhaus,
H., et al. 2009).
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The current emphasis in the satellite industry is
on replacing large satellite platforms with one or
more smaller satellites, i.e. there is increasing
interest in the potential capabilities and applications
of so-called mini satellites. A multi-satellite system
is a group of mini satellites that fly within very close
range of each other (e.g., 250 m - 5 km). These
satellites coordinate their activities, so that they can
use sparse array interferometry and synthetic
aperture techniques to simulate a single, very large
satellite. The multi-satellite system operates as a
“virtual” satellite with a very large effective
aperture, without the need for the heavy
infrastructure that would be required to have a
monolithic satellite with the equivalent aperture.
The multi-satellite system approach has many
advantages over a single large satellite: each
spacecraft is smaller, lighter, simpler, and simpler to
manufacture; economies of scale enable a multi-
satellite system of many satellites to be less
expensive to manufacture than a single satellite;
multi-satellite system can adapt to the failure of any
individual satellites, and failed satellites can be
incrementally replaced; multi-satellite system can
reconfigure the orbits of the satellites in the multi-
satellite system to optimize for different missions.

In the present work a multi-satellite SAR system
is considered. The multi-satellite system consists of
mini satellites performing different roles. On one of
them a SAR transmitter and receiver are activated,
on the other only SAR receivers. Between every
pair of SAR satellites an interferometric concept is
implemented. It allows the height of each pixel on
the surface to be evaluated with high precision and a
three dimensional map to be created. The main goal
of the work is to describe INSAR geometry with
multiple satellites and derive mathematical
expressions for definition of current distances
between SAR’s and detached pixels, and principal
INSAR parameters and, as a result, a model of linear
frequency modulated SAR signal with InSAR
applications, reflected from the surface to be
developed. In order to extract complex SAR images
and intergerograms, correlation and spectral SAR
image reconstruction algorithms is suggested and
implemented.

The rest of the paper is organized as follow. In
section Il a 3-D INSAR geometry is analytically
described. In section Il SAR LFM transmitted
waveform and model of deterministic SAR signal
return are defined. In section IV SAR image
reconstruction, co-registration, SAR interferogram
generation, and iterative procedure for pixel height
determination are analytically described. In section
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V results of numerical experiment are presented. In
section VI conclusions are made.

2 InSAR GEOMETRY

2.1 Geometry and Kinematics’
Equations

Assume a multi-satellite SAR system viewing three
dimensional (3-D) surface presented by discrete
resolution elements, pixels. Each of these pixels is
defined by the third coordinate z;; (x;j,y;j) in 3-D
coordinate system Oxyz . The surface is illuminated
by linear frequency modulated waveforms emitted
by a transmitter mounted on one satellite. Ay, A> ...
A, represent SAR receive antennas mounted on
satellites viewing the same surface simultaneously.

Between every pair A A, of satellites,

Wherem;tn:l,_N, N is the number of satellites,

N
C,%, = (2 j INSAR baselines can be drawn.

K

Figure 1: Geometry and kinematics of the interferometry
SAR scenario.

The main geometrical characteristic of the SAR
signal is the distance vector from the SAR system to
each point scatterer of the scene of interest, defined
as the vector difference

R (p)=R"(p)— Ry = (P, v (o). 20 ()] (1)



where n = 1 + N is the number of SAR receiver Rj
is the distance vector of ij th point scatterer from the
scene, and R"(p) is the distance vector to the n-th
SAR receiver, the point of observation in coordinate

system Oxyz (Fig. 1); xjj(p). Yij(p), zjj(p) are
the current coordinates of the pixel from the scene in
respect of the n-th SAR receiver, measured at pth

moment of observation and defined as

xij (p) = x"(p) = Xjj
yi (P) =y"(P) - Vij » o)
zij (p) = 2"(p) -z,

where Xij =iAX, ylj = JAY, Zij =Zij (Xij'yij) is
the discrete coordinate defining a surface of the

scene of interest, x"(p), y"(p), z"(p), are the

instant coordinates of the n-th SAR receiver, defined
be following equations

Xn(p) = Xg —Vx pr '

y"(p) =Yg —VypTp, ®)

2"(p) =120 —V,pTp,
where x{, yg, zg are the initial coordinates of the
n-th SAR, measured at the initial moment, T, is the
time repetition period; pis the current number of

the emitted pulse, V=ﬁ/X,vy,vZ]r is the vector

velocity of the InSAR multi satellite system,
Vy=Vcosa,Vy=Vcosp,V, =Vcoss are the

components of vector velocity, coso, cosf,

cosd = \/l—cos2 o —Cos? [ are the guiding cosines,

and V is the module of the vector velocity,V .
Modulus of the current distance vector of the pixel
in respect of the nth SAR’s receiver antenna is
defined by the equation

1
R (p) = {[xi',-‘(p)]2 +[yf (p)I? +[zi?<p)]2? 4

The expression (4) can be used to model a SAR
signal return from the ij-th point scatterer to the n-th
receiver by calculation of the respective time delay
and phase of the signal.
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2.2 InSAR Geometrical Relations

The relations between two the distances to ijth pixel
from mth and nth SAR receivers can be defined from
Fig. 1 by application of the cosines theorem, i.e.

R') +B2 -
L .

m T m
2B, Rij 003{2_[9 i _amn)]:|

where By, is the modulus of baseline vector, 8™;;
is the look angle, a,, is a priory known tilt angle,
the angle between baseline vector and plane xOy.
From (5) can be extracted expressions for
calculation of the look angle 8™jj and heighth™;j of
a ij-th pint scatter on the surface with respect to m-th
receiver
RM? + B2, —[RI?
0™ij = ot +arcsin[ i ) mnm[ L , (6)
2BmnRj

zij =H ™o - Ry cos6™jj . 7

The path length from the transmitter Ay to ij-th
pixel on the scene and back to the receiver A, where

(n=1=+N),is Rﬁ” = Rﬁ +Rjj . The difference
between two the distances Rﬁ” and Rﬁm is equal to
Ri" —Ri™ =R -RII".

Denote the path difference between R’ and Rj]
as AR, i.e.

AR = Rj —Rj", then

R = Rj + AR,

Substitute Rjj =R’ +AR{" in (6) and (7), then

B.  ARM™ [ARM]?
0™jj = a+arcsin mr'; ARy [ARy ]m (8)
2R|J an ZanRij
Zij ZHmO—Ri;'nX
i an ARi?m [ARiIJ:nn]Z (9)
X C0Sq Oy +arcsin 1 - m
2R|J an ZanRij
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The path difference AR{™ in equations (8) and
(9) can be expressed by the corresponding phase

difference Aqj" :%AR&"” as AR{™ :ZLA@{P”.
T

If the current distance Ri’j“ can be measured
expressions (8) and (9) can be written as follows
0™ij = oty +
an

2R (10)

+arcsin
- LA@{F” 1+ LmA(piTn
47T,Rij

m m
Zij =H O_Rij

X COS< Oy, + arcsin {

Using expressions (10) and (11) the elevation look
angle ™ and the height z;; of the particular pixel
can be calculated.

3 SAR TRANSMITTED LFM
WAVEFORM AND
DETERMINISTIC SIGNAL
MODEL

The SAR transmits a series of electromagnetic
waveforms to the surface, which are described
analytically by the sequence of linear frequency
modulation (LFM) (chirp) pulses as follows

M
S(t) = ZAexp% j[w(t — pTp)+b(t- pr)z]}, (12)
p=1

where A is the amplitude of the transmitted pulses,

Ty is the pulse repetition period, o= 27:%, is the

signal angular frequency, p=1 M is the current
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number of emitted LFM pulse, M is a full number of

emitted pulses during aperture synthesis, ¢ = 3.108
m/s is the speed of the light, AF is the bandwidth of
the transmitted pulse that provides the dimension of
the range resolution cell, i.e. AR=c/2AF,

b :n?—F is the LFM rate, T is the time duration of

a LFM pulse.
The deterministic component of SAR signal,
reflected by ij -th pixel can be determined by

expression

n 1:_ti?
S (t) = a; (z; )rect x
[o(t-t)) (13)
exps —
+b(t—t7)?
where
t—t]
o,ﬂ <0
T
t—tf t-t]
ot u(p): 1 IJ(p)Sl ’ (14)
T T
t—t]
0, ij (P) o1
—

where ajj (z;;) is the reflection coefficient of the
pixel from the surface. The parameter a;; (zj;) is a
function of surface

R;; (p)+ R (p)
C

geometry;

tij (p) =

from the ij th point scatterer measured on the nth

receiver.

The deterministic components of the SAR signal
return are derived by applying the physical optic’s
principle of Huggens-Fresnel, according to which
the SAR signal return can be calculated as a sum of
elementary signals reflected by point scatterers from

the surface, i.e. the time record of data S"(p,k) can
be written as

is the signal time delay

s"(t)=

Zzaij(zij)re(:tt__l_ti?EXp —j{w(t_t”) ] (15)

+h(t-t7)?



The time dwell t of the SAR signal return for each
transmitted pulse p can be expressed as

t=(k- I(ij min)AT , where k = kij min(P), krr’r]wx( p) is
the sample number of the SAR
kijmin = int[tijmin(m)/AT] , AT =1/2AF
sample time duration of the return, AF is frequency
bandwidth, ki, (p) is the number of the last range

bin where SAR return is registered in n-th receiver
for each emitted pulse. Hence, SAR return registered
in n-th receiver in discrete form can be written as

return,
is the

n

ij \5ij

o((k-1DAT ~t}(p)) (16)

expq—j )
+b((k—1)AT ~ti(p))

The expressions (1) - (16) can be used for
modeling the SAR signal return in case the satellites
are moving on rectilinear trajectory in 3-D
coordinate system.

4 SAR IMAGE
RECONSTRUCTION,
COREGISTRATION AND SAR
INTEREFEROGRAM
GENERATTION

4.1 SAR Image Reconstruction
Algorithm

Image reconstruction is constituted by following
operations:  frequency  demodulation;  range
compression; coarse range alignment and precise
phase correction, and azimuth compression. The
result is a complex image of the scene.

In each SAR receiver a frequency demodulation is
carried out. It is performed by multiplication of the
right term of equation (10) with a complex conjugate
exponential function

explilo—)AT +b[k—1)ATI?J,

Thus, the range distributed frequency
demodulated SAR return in n-th receiver for p-th
pulse can be written as

Multi-Satellite Interferometric SAR System

(k - 1)AT (-DAT -t

$n (p.k) = ZZau(z“)rect
exp{ [mt“(p)+b((k DAT - t,J(p))z}}

SAR data refer to a set of data that has a real
(Cosine, In-phase) and imaginary (Sine, Quadrature)
component. Both this components of backscattered
signals are measured by each SAR receiver.
Therefore, the SAR data stream from each receiver
can be writes as

17)

s"(p.k)=1"(p. k) + jQ"(p.,k) (18)
where
I"(p,k) =Re[S"(p,K)] is the In-phase part of
the SAR signal in the nth receiver,
Q"(p, k) =Im[S"(p,k)] is the Quadrature part

of the SAR signal in the nth receiver,
Range compression is implemented by cross
correlation of the complex SAR signal and reference

function, exp{jb[(k—l)AT]Z} or by Fourier
transform of LFM demodulated SAR signal, using
the expressions as follows.

- cross correlation

K o ~
SB(p.K) = 8" (p, K explibl(k K ~DATT2} (19)
k=1
where K is the full number of LFM samples, range
bins where SAR signal is registered,;

- Fourier transform

S0 =34 k)exp[ i“"k) (20)

k=1 max

foreach p=1 M and I2:1,_K.

Range alignment and phase correction is
implemented by well known range alignment and
focusing procedures [Lazarov, A. 2002].

Azimuth compression is implemented by Fourier

transform of the range compressed signal, S'Pe(p, IZ) .

It yields a complex image based on the n-th receiver
data and can be expressed as

i"(K. p) = ZSR(p k)exp[ pp], (21)

p=1

—_ A —_

foreach p=1, M, k=1,
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It is worth noting that the complex pixel of the
SAR image in n-th receiver preserves the phase
information defined by path length from the
transmitter to the ij-th pixel and back to the n-th
SAR receiver. Based on the pixels phase information
and precise co-registration of two complex images a
complex interferogram can be generated.

4.2 Co-registration of Two SAR
Complex Images

To generate an interferogram between two complex
images first a precision under pixel co-registration
for any pair of two complex images has to carry out
(Guizar-Sicairos, M., 2008).

Let 1"(k.p)and 1™ (k.p) be two complex images
obtained by the nth and mth receiver, respectively,
and let i"(q,r)and iM(q,r)be two complex
spectrums of the images defined by the expressions

B m 2nkq 2npr
i™(q,r) = ZZ' (kp)exp{ ( v ﬂ
n M 2nkq 2npr
u(q,r)—ZZI (kp)exp{ ( il

p=1 k=1

In case the image Im(k.p) is displaced in respect of

the image 1"(k.p) on intervals Ak and Ap it can be

written
- in the space domain

I™(K.p) = 1"(K + AK, P+ AP)

- in the frequency domain

D", r)exp{ [2nikq hﬁpﬂ]

The level of coincidence of the complex images
can be calculated in space and/or frequency
(spectral) domain by cross-correlation and inverse
Fourier transform of the multiplication of the two
complex spectrums as follows

- in the space domain

M K
C(Ak,Ap) = D" > 1M (K.p).1™ (K+AK, p+Ap) ,
p=1k=1
where Ak varies from 0 to the pixel’s dimension
with step 1/10(pixel’s dimension on IZaxis), Ap
varies from 0 to the pixel’s dimension with step
1/10(pixel’s dimension on f axis);
- in the frequency domain
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M K
C(Ak,Ap) = D> iM(q,nNi"(a,r)

r=1q=1
Xexp{ (Zn(k;Ak)q 2n(pI\JArAp)rﬂ

Maximum of the correlation function corresponds
to a maximum coincidence, i.e. the complex images
are best co-registered.

After SAR image reconstructions complex
interferograms can be generated by pixel-wise
multiplication of the two complex SAR images. For
example, the complex interferogram between m-th
and n-th SAR complex image can be calculated by
the expression

™k, p)=1"K,P)R[IM (K, PI*, (22

where ® denotes elementwise product; the sign ”*«
denotes complex conjugate.

4.3 lterative Procedure for Pixel
Height Determination

Step k=0
1. Consider ij-th pixel with coordinates
Xij, Yij» Zij =0 (the pixel is on the base
plane xQOy).
2. Compute the distance Rjj’

(0 Xu)z ( yu)2
-z f

wherexg', y¢' and zg' are coordinates of m-th

SAR at the moment p=N/2 (moment of image
extraction).

Rij' (0) =

Step k =k
3. Compute the distance Rf

1
(XS—Xij)2+(y8—Yij)2 ?
o8-z

wherexg, y¢ and z{ are coordinates of n-th

SAR at the moment p=N/2 (moment of image
extraction).

Rij (k) =



4. On k-th step compute the interferometric
phase:

2n
Apif" (k) = - AR{™,
where ARJ™ = Ri' - R

5. If A" (k) <Agj", then

Stepk=k +1.

6. On (k + 1)-th step consider a pixel with
coordinates Xij ) yIJ ) Zij (k+1) = Zij (k)+Az.
Go to point 2 and 3.
If Agjj" (k) > Agji", then consider the pixel
with coordinates

Xij, Yij » Zij (K+1) =z (k) + (Az/ ),

where r=2,34...

9. Goto point2and 3.

10. If A(plrjnn (k) = A(p:}m , then Zij (k) = h'J ;
Stop.

The height’s estimation procedure can be applied
either for all pixels or only for one pixel from the
surface of interest. In the latter case a scale
coefficient can be defined in order to transform
unwrapped phase surface to topographic map.

5 NUMERICAL EXPERIMENT

To verify the correctness of the signal model and
image reconstruction and co-registration algorithms
numerical experiment is carried out.

Assume multi satellite INSAR system comprising
three satellites, one with transmitter and receiver,
two — only with receivers, with initial space
coordinates as follows:

xg =0 m; y§ =10.10% m, z§ =100.103m,

x5 =0m, y& =101.10°m, z& =100.103m,

X3 =0 m, y§ =10,2.10° m, z§ =100.10%m,
and coordinates of vector-velocity of the three

satellites: v, =0m/s; vy, =-600 m/s; v, =0m/s.

Multi satellite SAR system observes a surface
(Fig. 2) depicted by equation
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zij =3(L-x;)% exp[-x; > — (yi +D?]-
X..
—10(%— Xij® - YijSJeXp(_xij 2—yi%) -,

1
—geXp[—(Xij +1)% - yijz]

where x;j =iAX , yj = JAY , i=11, j=1J, 1 =
128 pixels; J = 128 pixels; AX ; AY - the spatial
dimensions of the pixels.

Normalized amplitude of reflected signals from
every pixel a; =0.001. Dimensions of the pixel are

AX =AY =2m. Wavelength is 0.03 m. Carrier
frequency is 3.10° Hz. Frequency bandwidth is
AF =250 MHz. Pulse repetition period is

Tp =25.10"%s. LFM pulse durationis T = 5107°s.

Sample time duration is AT =1,95.108s. LFM
samples are K = 512. Emitted pulses are M = 512.
Digital geometry description and SAR signal
modeling are performed based on the theory in
sections 11l and IV. Complex images through
correlation range compression and FFT azimuth
compression are retrieved. Based on a priory known
kinematical parameters of satellites and coordinates
of reference point from the surface autofocusing
phase correction of the SAR signals registered in the
both receivers can be implemented.

The real and imaginary part of the complex
signal measured in the first receiver is depicted in
Fig. 2.

Figurre 2: Real and imaginary part of the complex signal
measured in the first receiver.

The amplitude and phase of the reconstructed
complex image obtained in the first receiver is
depicted in Fig. 3. The position of the surface’s
image in the frame is defined by the position of the
receiver satellite in the point of imaging of the

39



Fifth International Conference on Telecommunications and Remote Sensing

surface, as a rule, this point is in the middle of the
synthetic aperture length.

Bl
a0 & '\vu
o, ¥ !
Lo \
\,
«0
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@

Figure 3: The amplitude and phase of the reconstructed
complex image obtained in the first receiver.

The real and imaginary part of the complex
signal measured in the second receiver is depicted in
Fig. 4.

CEE

@

Figure 4: Real (a) and imaginary (b) part of the complex
signal measured in the second receiver.

- o Wb

The amplitude and phase of the reconstructed
complex image obtained in the second receiver is
depicted in Fig. 5. It can be noticed the shape of the
surface is similar to the shape of the image obtained
by the first receiver. In contrast, the phase pictures
are different based on the different positions of both
satellites in respect of the surface.

(@)
Figure 5: The amplitude and phase of the reconstructed
complex image obtained in the second receiver.
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After co-registration of complex images obtained
in the first and second receiver and complex
interferogram generation the result as a coherent
map (a) and interferometric phase (b) is depicted in
Fig. 6.

(@) (b)
Figure 6: Complex interferogram: coherent map and

interferometric phase generated by the first and second
complex images.

The real and imaginary part of the complex
signal measured in the third receiver is depicted in
Fig. 7.

» = 0 ™ XD WM A e W "

@ (b)
Figure 7: Real and imaginary part of the complex signal
measured in the third receiver.

N

The amplitude and phase of the reconstructed
SAR complex image obtained in the third receiver is
depicted in Fig. 8. It can be noticed the shape of the
surface is similar to the shape of the image obtained
by the first receiver. In contrast, the phase pictures
are different based on the different positions of both
satellites in respect of the surface.

Figure 8: The amplitude and phase of the reconstructed
complex image obtained in the third receiver.



After co-registration of complex images
calculated by the data obtained in the first and third
receiver, and complex interferogram generation, the
result as a coherent map (a) and interferometric
phase (b) is depicted in Fig. 9.

(@) (b)
Figure 9: Complex interferogram: coherent map and

interferometric phase generated by the first and third
complex images.

Comparing the interferometric phases presented
in Fig. 6 and Fig. 9 it can be concluded that they are
similar, i.e. very close to each other. It is a result of
precise under pixel co-registrations of the first and
second, and the first and third complex images.

6 CONCLUSIONS

In the paper a multi-satellite INSAR system has been
analysed and numerically experimented.  The
geometry of InSAR scenario and kinematics of
multiple SAR satellites has been analytically
described. Mathematical expressions for current
distances between SAR satellites and surface point
scatterers are derived and principal InSAR
parameters are defined. A model of linear frequency
modulated SAR signal with InSAR applications,
reflected from the topographic surface has been
developed. Correlation and spectral SAR image
reconstruction algorithms, co-registration, and
iterative pixel height determination procedures have
been described. Based on geometrical and
kinematical models numerical interferograms of a
topographic surface have been created.
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