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Abstract—GBSAR (Ground-Based Synthetic Aperture Radar) 

systems are popular remote sensing instruments for detecting  
ground changes of slopes, and small displacements of large 
structures as bridges, dams, construction works. These radars  
are able to provide maps of displacement along range direction 
only. In this letter the authors propose to use a transponder for 
operating a conventional linear GBSAR as a bistatic radar with 
the aim to acquire two different components of the displacement 
of the targets in the field of view.    
 

Index Terms — Bistatic radar, GB-SAR, Radar, remote 
sensing, SAR 

I. INTRODUCTION 
INCE 2003 [1] Ground Based Synthetic Aperture Radar 

(GBSAR) has been proposed as geotechnical equipment 
for detecting ground displacements on slopes. Currently many 
research groups are working in this field and the technique can 
be considered well-consolidated [2].  

These radars are able to provide maps of displacement 
along the range direction. Nevertheless, Severin et al. [3] 
demonstrated the great advantage of the vector displacement 
in slope monitoring, and Dei et al. [4] experimentally showed 
how the detection of only one component can give paradoxical 
results in structural monitoring (a bridge deck that apparently 
is raised when loaded). 

In 2014 Crosetto et al. proposed a noninterferometric 
procedure for detecting the transversal component of the 
displacement [5]. In 2017 Hu et al. [6] proposed to process 
two half scans separately for obtaining two images with a 
baseline. Both methods are limited by the scan length: the 
larger is the scan the better is the accuracy of the traversal 
displacement.    

In this paper the authors propose to use a transponder for 
operating a conventional linear GBSAR as a bistatic radar. In 
this way the same radar equipment is able to acquire two 
images taken from different points of view: so it is able to 
acquire two different components of the displacement of the 
targets. Contrary to works [5],[6] the accuracy in the detection 
of the transversal displacement does not depend on the scan 
length (that in a GB-SAR installation can hardly overcome 2-3 
m) but on the distance between radar and transponder that can 
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be tens or even hundreds meters.            

II. THE BISTATIC GBSAR WORKING PRINCIPLE  
The working principle of the proposed Bistatic GBSAR is 

shown in Fig. 1. A linear GB-SAR acquires an image of its 
own field of view. Using a third antenna it acquires a second 
image of the same scenario exploiting the bouncing of the 
signal through a transponder. The transponder consists of a 
couple of antennas and an amplifier.  

Bistatic SAR image can be focused through a back 
projection algorithm [7]. With reference to Fig. 1 the back 
projection is implemented compensating the phase history of 
any path radar-target-transponder-radar. On this basis we have 
modified the algorithm described in [8] (that was originally 
developed for a monostatic ArcSAR) for operating in the 
bistatic modality as described above.  

 
 

Fig. 1.  Working principle of Bistatic GBSAR 
 
The monostatic and bistatic images are focused in the same 

grid, but generally this does not assure that they are co-
registered [9,10], so they could need the application of a 
specific processing technique for associating the 
corresponding pixels in the two images. Nevertheless for 
targets that are smaller than resolution in an environment 
without heavy clutter, we can assume the two images are co-
registered. The experimental set-up has been arranged 
according to this assumption.      

III. DETECTING 2D-DISPLACEMENTS 
As known, in the monostatic configuration, when a target in 
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the position (x0,y0) is displaced of a vector 
!s , the 

electromagnetic path is changed of 
Δl1 = 2

!s ⋅ !u1( )    (1) 

with 
!u1  unit vector from the radar to the target position (see 

Fig. 2). 

 
Fig. 2 Detected displacements 

 
 Generally speaking a change (Δl) in the electromagnetic 

path is detected as phase change (Δφ) in the interferogram by 
the following fundamental relationship 

Δl = λ
2π

Δφ    (2) 

Therefore 

Δs1 ≡
!s ⋅ !u1 =

λ
4π

Δφ1
  (3) 

with Δφ1 differential phase in monostatic configuration. Eq. 
(3) is the well-known relationship between phase and 
displacement at the basis of radar inteferometry [1]. 

In the bistatic configuration when a target in the position 
(x0,y0) is displaced of a vector 

!s  the electromagnetic path is 
changed of 

Δl2 =
!s ⋅ !u1 +

!s ⋅ !u2 =
!s ⋅
!
b !u1 +

!u2 = 2
!s ⋅
!
b( )cos β

2
#

$
%

&

'
(  (4) 

where 
!u1   and 

!u2  are the unit vectors shown in Fig. 1, 
!
b  is 

the bisector unit vector, and β is the bistatic angle. 
Therefore 

Δs2 =
!s ⋅
!
b = λ

4π
1

cos β
2
#

$
%

&

'
(
Δφ2

   (5) 

with Δφ2 differential phase in monostatic configuration. The 
detected displacements Δs1 and Δs2 are in linear relationship 
with the two orthogonal components Δx and Δy of the 
effective displacement: 

Δs1
Δs2
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with 

M =
cosϑ x

(1) cosϑ y
(1)

cosϑ x
(2) cosϑ y

(2)
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cosϑ x
(m) =
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i
!sm

m =1,2
   (8) 

cosϑ y
(m) =

!sm ⋅
!
j
!sm

m =1,2
   (9) 

where 
!
i  and 

!
j  are the orthogonal basis of the Cartesian 

plane. Therefore 
Δx
Δy
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The later equation allows to calculate Δx and Δy from the 
measured displacements Δs1 and Δs2. 

In order to assess the measurement error we consider the 
case depicted in Fig. 3. The target is in front of the radar 
(along the y direction) and the transponder is on a side. For 
this geometry the matrix M results 

M =
0 1

sin β
2
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Fig. 3 Measurement geometry 

 
Let δφ1 be the phase uncertainty in monostatic configuration 

and δφ2 be the phase uncertainty in bistatic configuration, by 
inverting the matrix M and using eq. (3) and eq. (5), the

 displacement uncertainty along y (δy) results
 δy = λ

4π
δφ1    (12) 

while the displacement uncertainty along x (δx) results   

δx = cot β
2
!

"
#

$

%
&
λ
4π

δφ1 +
2
sinβ

λ
4π

δφ2
  (13) 

Later equation expresses how the uncertainty along x-axis 
depends on bistatic angle β. It is worth to note that δφ1 and δφ2 
can be different, as δφ2 depends on bistatic radar cross section 
of the target (that is different from monostatic radar cross 
section) and even on the gain, noise figure, and phase stability 
of the transponder.  

IV. RADAR AND TRANSPONDER  
Fig. 4 shows a sketch of the radar prototype that has been 

assembled for testing the working principle above described.  
A vector network analyzer (VNA) HP8720D operated as 

transceiver providing a continuous wave stepped frequency 
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signal (CWSF) in X-band with central frequency fc =10 GHz, 
bandwidth B = 160 MHz, and number of tones Nf = 401. The 
integration time of each tone was 1 ms. Two RF cables linked 
the VNA to the front-end that scanned along a mechanical axis 
of length L=1.80 m. The power that fed the antenna was -
5dBm. Further details of the system and the antennas have 
been already reported in [8].  

A SPDT (single pole double throw) switched between the 
TX antenna pointed at the field of view and the TX antenna 
pointed at the transponder. The radar performed the two 
acquisitions for each single step along the mechanical rail. 

 
Fig. 4 The radar prototype  

 
The transponder consisted of two horns with 18 dB gain and 

a wideband amplifier (Nominal gain: 50 dB, Band: 6-18 GHz, 
Noise Figure: 5 dB) on a tripod.  

 
Fig. 5 The transponder 

 
The two antennas could be oriented and they were separated 

by a length of 1.44 m for minimizing the coupling and the 
possible oscillation of the transponder. 

V. EXPERIMENTAL TESTS  
A special target has been assembled aiming to test the 

capability of the radar to detect two components of the 

displacement. The target is a metallic pole provided with a 
small adjustable corner reflector 10 cm × 10 cm and 3 grids 
disposed orthogonally as shown in Fig. 6. The aim of the grids 
is to provide a significant bistatic radar cross section. The pole 
has been mounted on a linear micrometric stage platform with 
two orthogonal controlled movements on the x-y plane with 
0.1 mm nominal accuracy and 25 mm of maximum 
displacement. Some eccosorb has been used to cover the 
mechanical device. The micrometric stage was fastened to a 
wood table and a dead load kept the wood table fixed. 
 

 
Fig. 6 Picture of the target 

 
The target and the transponder were positioned as shown in 

Fig. 3. The distance target-radar (y0) was 104.45 m, the 
coordinates of the transponder were xT= 39.53 m, yT= 45.80 m.  

Fig. 7 shows the obtained monostatic image of the scenario 
where the radar has been installed, compared with an aerial 
picture. The more evident features are the large building at 
300 m in front of the radar, the shack at about 200 m, and the 
corner of the building at about 130 m on the right. The target 
appears as a single point.    

   

 
Fig.7  Monostatic radar image  
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The obtained bistatic radar image of the same scenario is 

shown in Fig. 8.  The target is quite evident as well as a 
feature (an artifact) that apparently does not correspond to any 
physical target. This artifact is due to the clutter behind the 
transponder that can give a monostatic signal even in bistatic 
configuration. This has been confirmed by focusing in bistatic 
modality an acquisition carried out when the transponder was 
switched off (Fig. 9).  

 

 
Fig. 8. Bistatic radar image 

 
Fig. 9. Bistatic radar image when the transponder was switched off 

 
By focusing the same acquisition in monostatic modality 

(performed when the transponder was switched off) it is 
evident that the artifact in bistatic image is due to the building 
behind the transponder on the right side of the field of view 
(see Fig. 10). 

This suggests a simple procedure for rejecting the artifact: to 
perform a bistatic acquisition when the transponder is 
switched on and a second bistatic acquisition when the 
transponder is switched off. In the subtraction of the two 
images, the artifact results just a weak residual as shown in 
Fig.  11. 
 

 
Fig. 10. Radar image obtaining focusing with the monostatic algorithm the 

bistatic data acquired when the transponder was switched off 
 

 
Fig. 11. Bistatic radar image obtaining as subtraction of the images in Fig. 8 

and Fig. 9 
 
In order to evaluate the capability of the radar to detect two 

components of the displacement, the micrometric stage 
platform carried out displacements  along x (toward the 
positive direction of x-axis) at steps of 5.00 mm from 0.00 mm 
to 25.00 mm.  

The Δx and Δy measured by the radar are shown in Fig. 12. 
The obtained mean absolute deviation of Δx around the 
nominal value was 1.74 mm, while the deviation of Δy was 
0.60 mm. By considering each single step as an independent 
measurement the mean value along x was 5.59 mm (to be 
compared to the nominal value 5.00 mm) with a standard 
deviation of 0.84 mm, while the mean value along y was -0.17 
mm (to be compared to the nominal value 0.00 mm) with a 
standard deviation of 0.43 mm.  
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Fig. 12 Displacements along x. The circles are the measured displacements 

along x and the triangles are the measured displacements along y 
 
In a second measurement session the same micrometric 

stage platform carried out displacements  along y (toward the 
radar). The target and the transponder were positioned as 
shown in Fig 3. The target-radar distance (y0) was 75.39 m, 
the coordinates of the transponder were xT= 35.10 m, yT= 
37.53 m. The Δx and Δy measured by the radar are shown in 
Fig. 13. 

 
Fig. 13 Displacements along y. The circles are the measured displacements 

along x and the triangles are the measured displacements along y. 
 
The obtained mean absolute deviation of Δx around the 

nominal value was 2.16 mm, while the deviation of Δy was 
1.67 mm. By considering each single step as an independent 
measurement the mean value along x was -0.41 mm (to be 
compared to the nominal value 0.00 mm) with a standard 
deviation of 3.02 mm, while the mean value along y was 5.33 
mm (to be compared to the nominal value 5.00 mm) with a 
standard deviation of 0.64 mm.  

VI. CONCLUSION 
In this letter it has been demonstrated that, using a 

transponder, a monostatic linear GBSAR can operate as a 
bistatic system. The great advantage of this configuration is its 
capability to detect two components (or three, using two 
transponders) of the displacement of the targets in the field of 

view. 
 A critical issue of this technique could be the presence of 

“ghost targets” in the bistatic image, due to the monostatic 
signal of the clutter behind the transponder. As practical rule, 
the transponder should not be installed in a position where 
there are heavy clutter in the background. Nevertheless, an 
effective countermeasure for rejecting/mitigating the “ghost 
targets” was to subtract the image acquired when the 
transponder was off from the image acquired when the 
transponder was on. Anyway, the scenario can have small 
changes between the two acquisitions, so a weak residual 
could remain in the bistatic image. 

Another critical issue could be the long term phase stability 
of the transponder that could affect the displacement 
measurement. However, both a possible phase change of the 
transponder amplifier and a small uncontrolled movement of 
the mechanical support of the transponder can be treated as a 
change in the atmospheric phase screen and so can be 
compensated [11],[12].        
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