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Abstract—Bistatic Synthetic Aperture Radar (BSAR) provides
strategical, technical and economical advantages in radar ima-
ging. Motions and micro-motions of objects in an illuminated
scene introduces Doppler and micro-Doppler effects in the
received radar echoes. This paper investigates the result on a
focussed image due to a vibrating target in a bistatic SAR.
The results are shown to be different from the monostatic case.
The paper analyses this effect mathematically and simulations
results show that the output from the derived model are critically
dependent on the acquisition geometry of the Bistatic SAR
system.

Index Terms—Bistatic SAR, micro-Doppler effect.

I. INTRODUCTION

Bistatic SAR operates with a separate transmitter and re-
ceiver introducing new characteristics compared to traditional
monostatic SAR systems [1]. Some of the advantages of the
bistatic configuration include i) the reduction of vulnerability
of the system in military applications with the ability of having
the transmitter located at a safe distance from the hostile
area ii) the capability for the bistatic system to be employed
for imaging in the flight direction or backwards in flight
assistance systems iii) reduction of costs iv) measurement
of the bistatic clutter characteristic and v) the reduction of
the dihedral and polyhedral effects in urban areas improving
the image’s quality. These advantages encouraged the remote
sensing community to investigate new bistatic experiments
with differents configurations [2]-[7] that provided interesting
results in terms of resolution and target detection. In [8] the
micro-Doppler signature for vibrating targets in a monostatic
SAR system was analyzed and tested with an X-band radar,
while in [9] the micro-Doppler for vibrating and rotating SAR
was analyzed and tested with a millimeter Wave (mmW) radar.
In both cases time-frequency analysis was performed using
the Wigner Ville Distribution exploiting the properties of the
Cohen’transforms [10].

In this paper the effects introduced by the micro-motion of
targets in bistatic SAR systems is investigated theoretically
and shown to be particularly dependent on the Bistatic ac-
quisition geometry. This is due to the fact that the induced
micro Doppler is dependent on the geometry. It is shown
that the received signal model for a vibrating target can be
expanded in a series of Bessel functions. However unlike the
monostatic case the argument of the Bessel functions is seen

to be dependent on the acquisition geometry in a Bistatic
SAR system. In the paper a model for this dependence will
be mathematically derived and analyzed through simulations
highlighting the effect of different configurations observed
from the same vibrating target. The results show that the same
vibration exhibits a different number of visible ghost scatterers
with different amplitudes for different configurations. This
demonstrates the importance of the knowledge of the bistatic
geometry in bistatic SAR image interpretation in order to
make effective use of the extracted micro Doppler signatures.
The remainder of paper is organized as follows. In section
II the bistatic SAR geometry and the received signal model
are discussed. In section III the micro-Doppler effect from
a vibrating target in the bistatic geometry is introduced and
analyzed as the effect on the focussed image of the bistatic
geometry. Section IV presents simulation results of focussed
vibrating target. Section V concludes the paper.

II. FIXED RECEIVER BISTATIC SAR GEOMETRY

In a bistatic SAR the transmitter and the receiver can have
different velocities, altitudes and flight paths, leading to the
possibility of having different acquisition configurations. The
simplest case is when both transmitter and receiver have the
same velocity and parallel flight paths, while a more complic-
ated configuration exists when the platforms have different
velocities and non parallel flight paths. In the case of a fixed
receiver configuration, only the transmitter is moving and the
receiver is fixed. This configuration allows existing monostatic
SAR missions to be exploited [7], in addition the focussing
step is easier, permitting an easier and cheaper test bench to
validate new techniques to be extended in the more general
bistatic configurations. For these reasons we choose to perform
the first analysis in the field of the micro-Doppler effect in
bistatic SAR for this configuration. The bistatic geometry
considered is shown in Figure 1 where z is the range direvtion
and y is the azimuth direction.

At the start of the acquisition (slow time 1 = 0) the receiver
Rx is located in position {0,0,hr} while the transmitter
Tx is at {xr,yr,hr}. A point target P in the centre of
the illuminated scene is located in position {zp,yp,0}. The
distance in range between the receiver and P is Xp = xp,
while the range distance between the transmitter and P is
X1 = xzp — x7; the azimuth distance between the receiver
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Figure 1: Bistatic SAR geometry with fixed receiver

and P is Yr = yp, while the azimuth distance at n = 0
between the transmitter and P is Y = yp — yr. Op and
01 represent the depression angles while ar and ap are the
squint angle for the receiver and the transmitter respectively.
The transmitter is moving with velocity Vr in the y direc-
tion, because of the null velocity the receiver slant range is
Rgr(n) = \/X% + Y2 + h% while the transmitter slant range
is Rr(n) = /X2 + (Yr —nVr)? + h%, the bistatic slant
range history is the sum of the receiver and transmitter slant
range history R(n) = Rr(n) + Rgr(n). This is an important
factor for the bistatic SAR processing describing the phase
history of the received signal.

III. MICRO DOPPLER EFFECT FROM VIBRATING TARGET IN
BSAR

The baseband model of the received bistatic signal from P

can be written as [11]:
R
5(7-7 7]) =Agw, <T - (677)) Waz (77)

2
exp{_j27rfoR(n) K, [T_Rfjn)} } W

Cc

where 7 is the fast time, Ay is the complex backscatterer
coefficient, fy is the carrier frequency K, is the range chirp
rate, w,(.) is the range envelope and w,,(.) is the composite
antenna pattern of the transmitter and receiver. The micro-
Doppler effect of interest generally exhibits a dynamic of the
same order as the slow time, for this reason the micro-motions
will not have appreciable effects in the fast time and the range
compression of (1) can be performed without affecting the

analysis. The range compressed signal then results [11]:

seetrn) =pr (7= T ) xp { -y 20
(2)

where p,.(7) is the range envelope that includes the amplitude
factor.

The point target P has a micro-motion radial velocity V.
For our purpose we are assuming that the clutter and a
possible constant motion of the target were removed using
other processing techniques such as a space-time adaptive
processing [12].

With these assumptions the point target P will still have a
velocity V,, in the range direction. From Figure 1 the slant
range history can be written as:

R(n) =\/ (X — qV)? + (Yr —nVir)? + b3

+/(Xn —nVi)? + Y3+ % = Re(n) + Re(n)
(3)

The slant range history is directly related to the phase of the
received signal in the azimuth direction:

a(y) = 270 @

C

where ). is the carrier wavelength. From the phase history in
(4) the instantaneous frequency can be obtained. However in
order to obtain an explicit expression of the different Doppler
frequency components a Taylor series approximation of the
slant range is applied, where for orders greater than one, the
micro motion effect is assumed to be negligible. The receiver
slant range become:

nVeXr
Rp(n) = \/XE+YZ+h — =
VXE+Y:E+ 1%
V,X
= Rop — %’—R )
OR

While the transmitter slant range can be approximated with:

(VUXT + VTYT)U
Rr(n) =7/ X7 + Y7 + 7 — +
VXE+YE+
N Vin? _
2/ X2 + Y7+ h3

(VoXp +VeYr)y Vi

= Ror — (6)
or Ror 2Ror
Using (5) and (6) the slant range history (3) can be written:
VoXr  VuXr  VpYr >
R(n) =Ry — + +
(n) 0o—"N ( Ron Ror Ror
2,2
Vin )
2Ror

where Ryr and Ror are the slant ranges for the receiver and
the transmitter at the start of the acquisition, and Ry = Ry +
Ror. The expression of R(n) in (7) can be separated into two
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components, a bistatic SAR component and a target motion
component, R(n) = Rpsar(n) + Rrarget(n) wWhere:

VTYT V%T}2

Rpsar(n) = Ro — Ror S Ror ®)
VoXr Vo, X7

R arge 9

Target(11) = ( Ror Ror ) ®

Also the phase history can be divided into two components:

@(17) :27ri(n) ~ 27T(RBSAR(T’))\3’ RTarget(n)) _

= (I)BSAR(n) + (I)Target (77

(10)

Using the derivative of (10) the istantaneous frequency is
obtained as:

1 d

fo(n) ~ o dn

1 d 1
= )\*C%RBSAR( )

1 d 1 d
2w dn
d

R arge
)\ d Targ t(n)
) Y
The instantaneous signal frequency has then two components
fBsar(n), a bistatic SAR component and a micro-Doppler
component fyrp(n).
The fpsar contains the Doppler centroid, the linear and the
quadratic modulation term. This component is known from the
geometry and does not affect the micro-Doppler frequency. It
is not considered further in the analysis.
The explicit form of fyrp(n) is:

= fBsar(n) + fup(n

1d(Xr Xr
=———| 5 Vi 12
Jup(n) . dn (ROR + ROT> n 12)
Considering a point target P vibrating with a vibration:
M(n) = Aycos(wyn) (13)

where A, is the amplitude and w, is the frequecy of the
vibration respectively, then V,n in (12) can be replaced with
M (n), obtaining:

1 XR XT d
y = 7*A1) e— 5 v
farp () Ac <R0R i R0T> dn cos(wun)
1 X Xr\ .
= A, (RO’; + ROT) sin(wyn)  (14)

Referring to Figure 1 the relations between the slant ranges
and the and the angles can be written:

Rgr = COiZT) = Rorsin(0r) = g—; = sin(0r)cos(ar)
(15)

_ Xr : Xr .
Rar = cos(an) Rogrsin(0g) = Ron sin(0g)cos(ar)

(16)

Where Rgr and Rg g are the ground ranges for the transmitter
and the receiver respectively. Equation (14) can be written in

— =——0 — arge ==
(n) = psar(n) + 5 ay T ¢(n)

terms of the squint and depression angles:

1
— Aywy (sin(0r)cos(ag)+

fup(n) = 3

+ sin(f7)cos(ar))sin(w,n)  (17)

Equation (17) shows that the micro-Doppler signature depends
on the bistatic geometry and is different from the micro-
Doppler in the monostatic geometries [8], [9]. A bistatic factor
p that includes the geometry dependence of the micro-Doppler
signature can be defined as:

p = sin(0r)cos(ar) + sin(0r)cos(ar) (18)
Then the micro-Doppler frequency becomes:
27 .
f]VID (n) = TAUUJUPSZWJ(U)U"]) (19)

Equation (19) represents the micro-Doppler signature for a
bistatic SAR system that is connected to the signature in the
monostatic case [9] through the following equation:

fup(n) = fMDM+m(77)p

From (20) it can be seen that for p = 2 the bistatic signature
is equivalent to the monostatic signature.

(20)

A. Effect on the focussing

Using the BSAR configuration given in Table I an example
of the slant range history of a vibrating point target compared
with a stationary point target is shown in Figure 2. The
simulated point target is vibrating with a 10 Hz frequency and
a 1 mm amplitude. From Figure 2 the effect of the vibration
is evident on the range history for such a small amplitude
of the vibration. The phase modulation introduced from the

Tx Velocity 75 m/s
Xr 1600 m
Xr 200 m
YT 16 m
Yr 200 m
hr 1800 m
hr 100 m
Acquisition time 0.5 s
Vibration amplitude 0.001 m
Vibration frequency 10 Hz

Table I: Simulated bistatic configuration with fixed receiver
for the slant range history in Figure 2.

vibration in the signal phase (10) introduces the effect known
as paired echoes [13]. The Doppler shift introduced by the
vibration creates an infinite number of ghost targets in the
focussed image, and as in [13] the received signal may be
expanded in a series of Bessel functions of the first kind.

1 s
= / e (Bsinwyn—kw,mn) dw,n

Ji(B) = o

2L

where B = 27TA (sin(0r)cos(ar) + sin(fr)cos(ar)) and
Ji(B) decreases with increasing k. Thus the received signal
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Slant Range History with and without vibration
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Figure 2: Slant range history for a vibrating target and for a
stationary target.

can be written as:
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Unlike [13] the amplitude factor of the ghost scatterers,
represented by Ji(B), depends on the bistatic SAR geometry.
Thus depending on the particular geometry the effect on the
focussed image of a particular vibrating target will be more
or less evident.

IV. SIMULATION RESULTS

Vibrating targets were simulated and the effect on bistatic
SAR imaging is analyzed. The result of bistatic focussing
for two different configurations with transmitter altitudes of
2100 m and 900 m for a 94 GHz system are shown in
Figure 3-a and 3-b respectively. The simulated point target
is vibrating at 10 Hz with an amplitude of 0.5 mm. The
resulting focussed image in both cases show the presence
of ghost scatterers along the azimuth direction on both sides
of the point scatterer. However the same vibration exhibits a
different number of ghost scatterers with different amplitudes
for the two configurations. This aspect can be analyzed and
confirmed using the discussion in Section III-A. For the first
configuration, Figure 3-a, the bistatic factor is 1.0143 and the
value of B in (22) is 0.9984, while in the simulation shown in
Figure 3-b the bistatic factor is 1.5382 and B = 1.5141. With
these values the Bessel functions of the first kind Jy (B) can be
computed for both configurations, these values are weighting
the amplitude of the scatterer and of the ghost scatterers. The

computed values of the first four orders of Ji(B) for the two
configurations are shown in Table II. The values of Ji(B) in
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Figure 3: Focussed point targets in a bistatic SAR system
with fixed receiver. The vibrating amplitude is 0.5 mm and
the vibration frequency is 10 Hz. In (a) the results are shown
for a transmitter at 2100 m of altitude while in (b) the results
are shown for the transmitter at 900 m. In (a) the number of
visible ghost scatterers is smaller than in (b)

Order of Ji(B) Config. (a) Config. (b)
0 0.7659 0.5039
1 0.4395 0.5599
2 0.1146 0.2356
3 0.0195 0.0625

Table II: Computed values of the 1%¢ kind Bessel functions for
the two configurations.

Table II confirm that for the configuration simulated in Figure
3-a the amplitude of the real point scatterer is higher than
those for the ghost scatterers pairs while for the configuration
in Figure 3-b the amplitude of the ghost scatterers is greater
than the real point scatterers for the first pair of ghosts.
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V. CONCLUSION

In this paper the micro Doppler effect from vibrating
targets in bistatic SAR systems was investigated. The bistatic
configuration with a fixed receiver was used to derive an
expression for the bistatic micro-Doppler effect. The effect
on the focussed image was analysed and simulations to verify
the derived model were presented. The bistatic case shows
a substantial difference to that of the traditional monostatic
case demonstrating that the effect on the focussed image is
influenced by the bistatic geometry.
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