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1. Introduction 
 
 Ground penetrating radar (GPR) is one of the most useful sensors for detection and 
identification of shallowly buried objects such as anti-personnel landmines in the ground [1]. 
However, for practical application of GPR systems to detect and identify shallowly buried objects, 
it is still insufficient for accurate detection and identification because of strong ground clutter. In 
order to use GPR systems successfully for target detection and identification, it is necessary to 
extract the target response accurately from measured GPR data. As an incident pulse, a simple 
shape waveform such as a monocycle pulse with a sharp peak and narrow width is convenient for 
time-domain analysis [2]. In actual measurement situation, however, the pulse waveform is 
distorted by characteristics of transmitting and receiving antennas when the pulse is radiated and 
received by the antenna pair. Therefore, a calibration that eliminates the antenna characteristics and 
makes the desired pulse waveform is important for accurate detection and identification. In our 
previous study [3][4], we proposed a method for calibration of the pulse waveform using a metal 
plate reflection as a reference data, and applied it to measured responses from objects in free space. 
In this study, we apply the method to responses from buried objects and demonstrate that the 
calibration of GPR responses is significant for reliable target response extraction [5]. 
 
2. Inverse Filter for Waveform Calibration 
 
 For convenience, we shall briefly summarize the procedure of waveform calibration 
described in the References [3] and [4]. Figure 1 shows monostatic radar signal measurement using 
a GPR system considered in this study. Target responses from the buried object in shallow depth are 
measured together with the strong ground clutter and crosstalk between the transmitting and 
receiving antennas. This measurement can be expressed in terms of transfer functions, as illustrated 
in Fig. 2. Thus, the received signal in frequency domain can be expressed as 
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where TxH  and RxH  are transfer functions of transmitting and receiving antennas, argtH  and surfH  
are transfer functions of scattering by the target and ground surface, ptfH , ptbH , psbH , and psbH are 
transfer functions of propagation paths between antennas and the target or ground surface, crsH  
represents antenna crosstalk, and )(ωF  and )(ωG  are spectra of incident and received pulses, 
respectively. The first term on the right hand side of Eq. (1) is a target response, the second is a 
ground clutter, and the third is a crosstalk between the transmitting and receiving antennas. 
Measurements of the target response with a vector network analyzer allow us to measure the S 
parameter, and the S parameter of target response Starg corresponding to Eq. (1) is expressed as 
follows: 
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where )( RxTxANT HHH ⋅≡  is the total antenna characteristics to be eliminated, )( ptbptfptt HHH ⋅≡  
and )( psbpsfpst HHH ⋅≡  are transfer functions that correspond to propagation. Since the second term 
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of the above equation is antenna crosstalk, it can easily be determined from the measured response 
when there is no target. After subtracting the antenna crosstalk, we have the following expression: 
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Next, in order to remove the effect of the antenna characteristics ANTH  that causes undesirable 
waveform distortion, we now design an inverse filter that can eliminate the antenna characteristics. 
As a reference data for waveform calibration, we introduce S parameter surfS that corresponds to a 
reflection from a flat ground surface. This can be obtained from a simple additional measurement 
and is expressed as 
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where surfH is the complex scattering amplitude of the response from the flat ground surface 
and pstH  is the transfer function for the path between two antennas and the ground surface. Using 
this equation, the inverse filter can be expressed as follows:  
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Taking account of the facts that the complex scattering amplitude surfH corresponds to Fresnel 
reflection coefficient and can be approximated to be constant, we have 
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where r is a distance between antenna aperture and ground surface, and t0 corresponds to the delay 
time needed for the pulse to travel back and forth between the antennas and the ground surface. 
Thus, we can obtain the following simple expression:  
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where A is a positive constant inversely proportional to the square of the distance r. By applying 
this inverse filter to measured GPR response expressed Eq. (3), we can eliminate the effect of the 
antenna characteristics as follows: 
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Since the coefficient A is related only to the amplitude of the target response, it was set to A = 1. 
The first and the second terms in the left hand side correspond to the scattering transfer function of 
target response and ground clutter, respectively. Thus, we can obtain time-domain responses for 
desired incident waveforms. The response g(t) from the target under the incident pulse f(t) can be 
calculated by the inverse Fourier transformation as follows: 

( ) ( )

( ) ( ) [ ] ωωω
π

ωωωω
π

ωωωωω
π

dttjFSSSS

dtjFHHdtjFHH

tgtgtg

freesurflsurfargt

surfpstargtptt

surftarg

)(exp)(
2
1

exp)()(
2
1exp)()()(

2
1

)()()(

0−−−−=

+=

+=

∫
∫∫

∞

∞−

∞

∞−

∞

∞−
 (9) 

Although the response g(t) is not distorted by the antenna characteristics, it still includes the ground 
clutter gsurf(t). However, the ground clutter can easily be subtracted because the ground clutter and 
the target response are separated each other in time-domain after the calibration.  
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3. Evaluation of Calibration Using Experimental Data 
 

 In order to evaluate the waveform calibration mentioned above, we apply it to measured 
data obtained by a laboratory experiment. Figure 3 shows the UWB-GPR antennas used for our 
measurements [4]. The identically shaped Tx and Rx Vivaldi antennas are in a metal box (shield 
case) with one open end in order to suppress radiation to the sides and back, and the inner wall of 
the shield case is loaded with electromagnetic wave absorber to reduce internal resonance that 
causes strong antenna ringing. This antenna set is usable from 1 GHz to 6 GHz, which is the 
intended band for our experiment. Figure 4 shows schematic drawing of the experiment. As the 
incident pulse with simple waveform, we employ a monocycle pulse as shown in Fig. 5.  

Figure 6 shows measured raw and calibrated pulse responses from a plastic dummy of Type-72 
anti-personnel landmine [4]. The depth of the dummy is 5.0 cm from the ground surface. In Fig. 
6(a), we can see that the measured waveform has the late-time response caused by the resonance 
inside the shield case and the desired target response is completely hidden in the part. After 
applying the calibration procedure, as shown in Fig. 6(b), the late-time response is suppressed and 
the target response appears clearly. From this result, we can get the confirmation that the waveform 
calibration applied here provides a good result and is significant for target response extraction.  
 
4. Conclusions 
 
 In this study, we have applied the method for waveform calibration to GPR responses from 
buried objects and have demonstrated that the calibration of GPR responses is essential procedure 
and is significant for reliable target identification. 
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Fig.1. Measurement of radar response from  
a shallowly buried object using GPR. 
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Fig. 2. Block diagram of measurement expressed  
in terms of the transfer functions. 
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Fig. 3. GPR antenna set with a shield case used 
for the measurement [4]. 
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Fig. 5. Incident monocycle pulse used for the experiment. 
(Once-differentiated Gaussian pulse) 

Fig. 4. Schematic drawing of the experiment. 
(Depth of the landmine: 5 cm) 
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Fig. 6. Waveform of the monocycle pulse response from the buried landmine model.  
(a) Measured pulse response (raw data),    (b) Calibrated pulse response.  

(a) Measured pulse response. (b) Pulse response after calibration. 
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