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Abstract:

In this paper, a Bistatic Synthetic Aperture Radar (BSAR) signal model and Single Look Complex (SLC)

image obtained by multiple satellite BSAR system are considered. Geometry and kinematics of BSAR
scenario, including a BSAR satellite transmitter and multiple receivers as well as a complicated surface of
observation are described. BSAR signal model based on linear frequency modulated emitted waveform and
BSAR scenario is derived. Standard Fourier transformation is applied to extract an SLC BSAR image of
high quality on range and cross range directions. To verify the BSAR signal model and image extraction

procedure a numerical experiment is carried out.

1 INTRODUCTION

In recent years raise in the interest of Bistatic
Synthetic Aperture Radar (BSAR) technology is a
fact. BSAR concept in SAR for Earth observation
and BSAR spaceborne performance are analyzed in
(Moccia A., 2002). Application of a BSAR method
increases the quality of imaging and improves the
functionality of the imaging radars (Moccia, A,
2005). Bistatic configurations of synthetic aperture
radar imaging systems have been investigated in
(Loffeld, O., 2003). New bistatic SAR techniques
for imaging are proposed in (Ender, J. H. G, 2004).
The problems of the focusing of SAR image are
considered in (D’Aria, D., 2004). Passive space-
surface bistatic SAR for local area monitoring is
described in (Cherniakov M., 2009). Maritime target
cross section estimation for an ultra-wideband
forward scatter radar network is considered in
(Daniel L., 2008). Results of a space-surface bistatic
SAR image formation algorithm are presented in
(Antoniou M., 2007).

BSAR in essence is a bistatic configuration, with a
moving satellite transmitter, and two or more
stationary receivers, spatially separated by a base
line. The scene of observation includes stationary
and/or moving objects. In latter case the system is
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referred to Generalized Bistatic Inverse Synthetic
Aperture Radar (BISAR).

In the present work a scenario with satellite
transmitter two receivers and stationary object is
discussed. All components of bistatic SAR
configuration are described in one and the same
coordinate system. First, an accent is made on
definition and implementation of BSAR geometry
and kinematical vector equations. Second, a special
attention is dedicated to processes of BSAR signal
formation and image reconstruction procedure that
comprises range and azimuth compressions
implemented by Fourier transforms.

The rest of the paper is organized as follows. In
Section 2 BSAR scenario that comprises geometry
and kinematical equations of satellite transmitter
carrier is described. In Section 4 a linear frequency
waveform and BSAR signal model in topology with
one satellite transmitter and two receivers are
discussed in details. In Section 4 an image
reconstruction algorithm is derived. In Section 5
results of a numerical experiment are graphically
illustrated and thoroughly discussed. In Section 6
conclusions are made.
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2 BSAR GEOMETRY

Three dimensional (3-D) BSAR scenario presented
in Fig. 1 comprises satellite transmitter described by
current position vector R*(p) in discrete time
instant p, stationary receivers described by current
position vectors Rjand R5, and a target of

interest, all situated in Cartesian coordinate system
Oxyz. The target is presented as an assembly of point
scatterers in the same Cartesian coordinate system as
the transmitter and the receivers.
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Figure 1: 3-D geometry of BSAR scenario

DenOteRsijk(p):[Xijk(p)’Yijk(p)injk(p)]r as a
range distance vector measured from the satellite
transmitter with the current vector position R*(p) to

the ijkth point scatterer of the object space at the
moment p, is described by the vector equation

Rsijk(p):RS(p)J,-V(%— pijJ"Rijk (D)

where V is the satellite’s vector-velocity, Ty, is the

pulse repetition period, N is the number of emitted
pulses

Riik = D Vi Zijk D" @)

is the position vector of the target.
Range distance vector between the ijkth point
scatterer and the first receiver is defined by:

Rk =R] —Rij 3)
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Range distance vector between ijkth point scatterer
and the second receiver is defined by:

erijk = RE _Rijk (4)

Round trip distance transmitter-ijkth point scatterer-
first receiver expressed as

Rl () = R () + R ™. ©

Round trip distance transmitter-ijkth point scatterer-
second receiver expressed as

Rijk (p) = ‘Rs”k (p)‘+‘Rr1”k‘ ' ©

3 LFM PULSES AND BSAR
SIGNAL MODEL

The satellite transmitter transmits a series of
electromagnetic waves to the moving target, which
are described analytically by sequence of N linear
frequency modulated pulses each of which is
described by

S(t) = rect%exp# j[cot +bt? ]} 7)

where © = ?_n% is the angular frequency; ¢ = 3.10°

m/s is the speed of the light; A is the wavelength of
the signal; T is the time duration of a LFM pulse;

= ZTCTAF is the LFM rate. The bandwidth of the

transmitted pulse provides the dimension of the
range resolution cell.

The deterministic component of the BSAR signal,
reflected by ijkth point scatterer of the target and
registered by first and second receiver can be
described by the expression (Lazarov A., 2011)

12
. ()
k
Si]ilf(p,t):aijkrect+x

[e—t2m)+ ®
XeXp—) +b(t_ti1j.|§(p))2

where
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where ajj is the reflection coefficient of the ijkth

point  scatterer, a 3-D function;
RL2

image

t”k( p)=———— s the time delay of the signal

from the ukth point scatterer; t is the time dwell or
the fast time of the BSAR signal which in discrete
form can be written as

t= [kIJk (p) +k —1JAT (10)

where k = 1[kIJk (p) k”k

sample number of a LFM pulse; K :AT—T is the full

(p)]+K is the

number of samples of the LFM pulse, AT is the
time duration of a LFM sample,
1,2
Gk . (P)
|k (p) = min ™ | s the number of the
K min AT

radar range bin where the signal, reflected by the
nearest point scatterer of the target is detected,

R (p)
uk mln( p) = ”k% is the minimal time delay
of the BSAR signal reflected from the nearest point

scatterer of the target
K(p) = kL2 _ kL2

dimension of the target;
1,2

( ) tijk max ( p

AT

(p) is the relative time

|k is the number of the
JK max

radar range bin where the signal, reflected by
farthest point scatterer of the target is detected;
12
Rifk max (P) . .
toe (p)=—"""— s the maximum round
1K max c

trip time delay of the BSAR signal reflected from
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the farthest point scatterer of the target and received
in both receivers.

The range vector coordinates from the satellite
transmitter to the ijk-th point scatterer can be
calculated by the following equations

Xig (P) = X, _Vpr [(N 12)- p]_xijk )
Yo (p) =y, -V, T,[(N/2)=p]-vy,, , (11)
2% (p) = 25, =V, T,[(N/2) - p]-z,,

The distance from satellite transmitter to the ijkth
point scatterer is defined by

:
R0 =| o) b +aiof P @

The range vector - coordinates from the ijk-th point
scatterer to the receivers can be calculated by the
following equations

12 12
lek _XI’ Xijk s

yij'k = yr' ~ Yiik » (13)

12 1,2
Zijk Zr Zijk

The distance from ijkth point scatterer to the
receivers is defined by

1
R R

The deterministic components of the BSAR signal
return from the target and registered in first and
second receivers are defined as a superposition of
signals reflected by point scatterers placed on the
target, i.e.

s'”(p,t) =¥ SE(p.)
aijkrectﬂ
T (15)
:ijzk ( _tljk (p))
X eXpy —

+ b(t tuk (p))2
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which in discrete form can be written as

s (p,t) = zs.,k<p,t>

=>3; recf
ik T (16)
((k.ﬁf (P)+K)AT) - tﬁf(p))+

Xex —j
+b((kuk (P)+K)AT)~ t,,k(p))2

where

t(kﬁf (p)+K)AT —t52(p)
rec T

(G () K)AT - .,k(p)

1if0< T ~

17

1 If(.Jk (p)+Tk)AT tﬁf(p)<o

. (ki (P)+K)AT - tﬁf(p)21

T

where k=0,[kz2  (p)-kjiZ  (PI+K-1.

For programming implementation all terms,
including image function ajj , rectangular function

(k.,k (p)+K)AT — 2 (p)
T

(18)

and exponential function

((k.,k (p)+k)AT) - ()

exp— j (19)
+b((kﬁk2 (p)+K)AT) - tﬁkz(p))2

are presented as multidimensional matrices to which
entry-wise product is applied.

Demodulation (dechirping) of the BSAR signal
return is performed by multiplication with a complex
conjugated emitted waveform, i.e.
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$22(t, p) = S(t, p)x rect%exp[— j(cot+bt2]

t—t2(p)
= Yajjrect—r—x
ijk T (20)

(t d2()+
wol-t2(of

ex .exp[— j(ot+ th]

which yields

- 2(p)
SY2(t, p) = Ty rect—”k
ijk T

xexp{ [(m 2bt)t”k(p) b(”k)z(p)}}

Denote the current angular frequency of emitted
LFM pulse as o(t) = o+ 2bt, where o is the carrier
angular frequency, and b is the chirp rate, t =kAT is
the discrete time parameter, where k is the sample
number, AT is the sample time duration. Then the
current discrete frequency can be written as
oy =0+ 2b(kKAT) or

Oy = k[k +2b(AT)J kAO)k.

(21)

Then expression (24) can be rewritten as (Lazarov
A., 2011)

R t—t+2(p)
st2(t, p) = Zaijk"eCt—”k
ijk

> (22)
xexp| - j| 20(t) uk(p) b{ Ru(k:(p)J

which in discrete form can be written as

(G2 ()+KAT-th2(p)

$'2(k, p) = Sayjcrect
(k,p) ijzka”k T
2 (23)
, Fq 2(p) b[zRﬁf(p)}
xexXp — J| 20 .

The expression (23) can be interpreted as a
projection of the three-dimensional image function
ajjk  onto two-dimensional BSAR signal plane



S¥2(k,p) by the
exponential term

projective operator, the

Rﬁf(p) i R.ﬁf(p)
c

exp| — J| 2oy

(24)

Then the 2-D mage function, ak e % can be extracted

ij
from 2-D BSAR signal in two receivers by the
inverse operation

RiF (p)
C

2
2R (p)
C

W

Ay = z z S“2(k, p).exd j (25)

where k is the discrete coordinate measured onto the
line of sight of the object’s geometric centre, p is
the azimuth discrete coordinate.

4 IMAGE RECONSTRUCTION
ALGORITHM

First order Taylor expansion of the exponential term

Ijk (p) ”k (p)

c

exp| j| 20y (26)

and its substitution in (23) yields the following
image extraction procedure

S*(pk).
N| K R PP
a“k(p,k) XX F[ kkJ .EX[{jZRWj. 27)

p=l| k=1| .eXp j2n—
K

Range compression

S2(pf) - 3 (p,k).exp[jZn%] @)
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Azimuth compression

g 2(p,k). eXp(JZN pp] (29)

where p=LN and k=LK are ijkth point
scatterer’s azimuth and range discrete coordinates,
respectively.

Range and azimuth (cross range) compressions are
implemented by standard fast Fourier transforms.

5 NUMERICAL EXPERIMENT

To prove the properties of the 3-D SAR signal
model with linear frequency modulation and to
verify the correctness of the BSAR image
reconstruction procedures including 2-D FFT range
compression and azimuth compression a numerical
experiment is carried out. It is assumed that the
geometry of the target and the movement of the
radar system are depicted in a 3-D Cartesian
coordinate system of observationOxyz. Vector

coordinates of the initial point scatterer are as follow
xﬁk =0m, yﬁk =0m, zi(j)k =0 m; The target object

of interest is a six storage building and has the
following dimensions — height 15m, width 120m,
dept 55 m; The satellite initial coordinates are:
Xs =-85km, ys=12km, z3o=200 km; the

satellite Vy =Vy =1404 m/s
V, =0ml/s, vector-coordinates of the firs receiver

velocities are

are: x{ =25km, yj =12km, z' =300m; vector-

coordinates of the second receiver are: x5 = 2,5 km,

y5 =2,2km, z, =300m. The distance between the

first receiver and the second one is a 1000 m on y
direction. This distance is called base line. The
BSAR pulse parameters: the wavelength is

A :3.10_2m; the time duration of the LFM pulse
T =10"°s; the pulse repetition period T, =5.10"s;
the carrier frequency f =10GHz; the frequency

bandwidth of the LFM pulse AF =3.108 Hz; the
number of emitted pulses N = 512, the number of
samples of LFM pulse K = 256. The mathematical
expectation of the normalized intensities of the point
scatterers placed on the ship target is ajj =0.01.
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Experimental results are presented in the following
figures. In Figs. 2 and 7 a demodulated BSAR signal
with real and imaginary parts, measured in first and
second receiver, respectively, are depicted. In Figs. 3
and 8 range compressed BSAR signal with real and
imaginary parts, measured in first and second
receiver, respectively, are depicted. In Figs. 4 and 9
azimuth compressed BSAR signal with real and
imaginary parts, measured in first and second
receiver, respectively, are depicted. In Figs. 5 and 10
frequency azimuth compressed BSAR signal with
real and imaginary parts, measured in first and
second receiver, respectively, are depicted. In Figs. 6
and 11 single look complex images are presented
with a module (a) and phase (b) of the images
obtained in first and second receiver, respectively.

(@) (b)
Figure 2: Demodulated BSAR signal: real part (a),
imaginary part (b) in first receiver.

(@) (b)
Figure 3: Range compressed BSAR signal: real part (a),
imaginary part (b) in first receiver.

(@) (b)
Figure 4: Azimut compressed BSAR signal: real part(a),
imaginary part (b).

(a) (b)
Figure 5: Frequency shifted azimut compressed BSAR
signal: real part (a), imaginary part (b).
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(@) (b)
Figure 6: Single looks complex image in the first receiver:
module (a), phase (b).

(a) (b)
Figure 7: Demodulated BSAR signal: real part (a),
imaginary part (b) in second receiver.

@ (b)
Figure 8: Range compressed BSAR signal: real part (a),
imaginary part (b) in second receiver.

(@ (b)

Figure 9: Azimuth compressed BSAR signal: real part (a),
imaginary part (b) in second receiver.

@ (b)

Figure 10: Frequency shifted azimuth compressed focused
BSAR signal: real part (a), imaginary part (b).



(a) (b)
Figure 11: Single looks complex image in the second
receiver: module (a), phase (b).

The comparison analysis of two single look complex
images illustrates the functionality of the geometry,
kinematics and signal models in BSAR scenario
with multiple receivers. Between the two SLC
images there are differences in the module and phase
due to the baseline between the receivers. The phase
difference in SLC images can be used to generate a
complex interferogram that can be applied for three
dimensional measurements of the observed object.

6 CONCLUSION

In the present work BSAR approach of signal
formation and image reconstruction has been used.
Mathematical expressions to determine the range
distance to a particular point scatterer from the
object space have been derived. The model of the
BSAR signal return based on a linear frequency
modulated transmitted signal, 3-D geometry and
reflectivity properties of point scatterers from the
object space has been described. The mathematical
expression of BSAR target image — six storage
building has been derived. Based on the concept of
BSAR signal formation a classical image
reconstruction procedure including range
compression and azimuth compression implemented
by Fourier transformation has been analytically
derived. To verify the three dimensional BSAR
geometry and kinematics, signal model, algorithms
and image reconstruction, a numerical experiment
has been carried out and results have been
graphically illustrated. The multiple receiver BSAR
geometry and kinematics, equations of LFM BSAR
signal model can be used for modelling of signal
formation process and to test image reconstruction
procedures.
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