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ABSTRACT 

 

We have studied passive radar with digital broadcasting 

terrestrial signals for imaging moving and stationary targets. 

We combined multiple TV channels to improve the range 

resolution. In order to reduce the high-level sidelobes caused 

by the frequency gaps among multiple channels, a low rank 

matrix completion based method is proposed. We present 

the experiment results of range-Doppler mapping of moving 

targets, high-resolution time delay estimation, and passive 

synthetic aperture radar (SAR) imaging of stationary targets. 

It is shown that, by the designed system, a landing airplane 

can be detected and tracked. By combining multiple TV 

channels, high resolution time delay estimation can be 

achieved. Buildings located within 55 meters can be 

effectively imaged by the proposed method. 

 

Index Terms— Passive radar, synthetic aperture radar, 

ISDB-T, low rank matrix completion 

 

1. INTRODUCTION 

 

Passive bistatic radar using non-cooperative illuminators has 

drawn attentions during the last decades [1]. Compared with 

active radar, passive radar has smaller vulnerability and EM 

interferences. Digital terrestrial television broadcasting 

(DTTB) signal has been extensively studied due to its 

attractive ambiguity function, urban-wide coverage, high 

transmitted power, and continuous emission [2]. In Japan, 

Integrated Services Digital Broadcasting Terrestrial (ISDB-

T) is used as the DTTB standard, and some passive radar 

studies adopting ISDB-T signal have been conducted [3].  

Various signal processing techniques have been 

proposed for passive radar. For example, an efficient 

algorithm for moving target range-Doppler map formation is 

presented in [2]. Based on compressive sensing (CS) theory, 

passive inverse SAR (ISAR) imaging is studied in [4]. 

Passive radar direction finding via an Adcock antenna array 

is proposed in [5]. Recently, some studies of airborne 

passive SAR imaging are performed and pioneering 

experimental results are presented [6].  

We have studied passive radar with ISDB-T signal for 

target imaging [7]. We combined multiple TV channels to 

obtain sufficient bandwidth for high range resolution. We 

observed that the frequency gaps among multiple TV 

channels cause high-level sidelobes in the range direction. 

To solve this problem, we propose a low rank matrix 

completion (MC) [8], [9] based method in this paper. 

 

2. MOVING TARGETS DETECTION 

 

In order to evaluate the target detection capacity of passive 

radar using ISDB-T signal, whose spectrum is shown in Fig. 

1, range-Doppler mapping of moving targets was studied. 

Two low-cost commercial DVB-T receivers clocked by a 

common clock are used to provide long integration time for 

enough Doppler resolution. The 2D cross-ambiguity 

function is calculated to estimate the range and Doppler 

frequencies of moving targets, given as 
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where sref(t) and ssur(t) are the reference and measurement 

signals, (·)∗ denotes the complex conjugate, χ(τ, fd) is the 

range-Doppler map of targets, τ and fd are the expected time 

delay and Doppler frequency of the target. We used the 

batches algorithm proposed in [2] to calculate (1) efficiently. 

 

 
Fig. 1. Spectrum of ISDB-T signal in Sendai.  

 



We carried out range-Doppler mapping experiments 

with two Yagi-Uda antennas to observe a landing airplane 

using a 2-MHz frequency bandwidth, as shown in Fig. 2. 

Since the direct path interference and stationary targets have 

small changes in different batches, we employed mean-value 

subtraction to suppress their influences. The tracking result 

of the landing airplane in range-Doppler domain during 1 

min record is shown in Fig. 3.  

 

 
Fig. 2. Landing airplane detection and tracking experiment. 

 

 
Fig. 3. Airplane tracking in range-Doppler domain during 1-minute record. 

 

3. TIME DELAY ESTIMATION 

 

Although low-cost DVB-T receivers can be used for moving 

target detection, low sampling rate makes it unsuitable for 

high range resolution passive radar imaging. Therefore, we 

use a digital oscilloscope, which has a higher data sampling 

rate, to sample multiple TV channels to improve the range 

resolution. Six digital TV channels using ISDB-T are 

broadcast in Sendai from three TV towers, whose assigned 

frequencies are from 470 MHz to 570 MHz, as shown in 

Fig.1. Four channels are emitted from one TV tower, while 

the other two channels, which are indicated by the dotted 

rectangle in Fig. 1, are emitted from the other two towers. In 

current research, we use three channels (473, 497, and 509 

MHz) for passive radar imaging. As the fundamental research 

stage, by conducting the time delay estimation experiments, 

we tested the capability of multiple TV channels used as the 

sources for passive radar imaging. Without considering the 

multipath echoes, the reference signal is given by   

0( ) ( ) ( )ref ref ref refs t A s t t n t= − +                          (2) 

where s0(t) is the transmitted signal, Aref is the amplitude, tref 

is the time delay of the reference signal, and nref(t) is the 

noise. Similarly, the measurement signal is given by 

0( ) ( ) ( )sur sur sur surs t A s t t n t= − +                        (3) 

where Asur is the amplitude of the measurement signal with 

time delay tsur, and nsur(t) is the noise.  

Time delay between two signals is calculated by cross-

correlation [1], which can be implemented by the fast 

Fourier transform (FFT) as  
� H H( ) [ ( ) ( )]sur ref

∗= = ⊙χ F s f F s f s f                    (4) 

where F is the Fourier transform matrix, ⊙ denotes the 

element-wise multiplication, (·)H is the conjugate transpose, 

sref(f) and ssur(f) are the reference and measurement signals 

in frequency domain.  

Time delay estimation results obtained by direct cross-

correlation are shown in Fig. 4 for several different distances 

between two antennas. It is observed that, although the time 

delay can be accurately estimated with high resolution, due 

to the frequency gaps between three used TV channels, the 

results have high-level sidelobes. When applied to passive 

SAR imaging, the high-level sidelobes of strong targets will 

blur the weaker targets. 

Recently, MC has been proposed to recover a low rank 

matrix from its small set of corrupted entries. Compared 

with CS used in [4], MC can be used to reconstruct the 

missing data without designing an accurate dictionary. We 

introduce the MC algorithm to passive radar for predicting 

the data of missing frequencies. Consider the frequency 

domain signal vector s(f) in (4), given by  

0( ) ( ) ( ) exp( j2 )+sur ref α π τ∗= = −⊙s f s f s f f n            (5) 

and rearrange it as a matrix  
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where τ0=tsur-tref is the time delay between two signals, the 

number of frequencies f is M, and QP=M.  

It can be learned that S is a noise corrupted rank-one 

matrix. However, MC theory cannot directly be applied to 

recover the missing data of S, which has fully missing 

columns caused by the continuous missing frequencies. 

Fortunately, by rearranging the original signal matrix S as a 

matrix Shankel with a Hankel structure [9], MC theory can be 

applied to estimate the gapped frequency component, 

expressed as  
0
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where ||·||* denotes the nuclear norm of a matrix, εhankel is the 

noise level, 0

hankelS is the Hankel structured received signal 

matrix, and ΩP
hankel  indicates the positions of the frequencies 

within three used TV channels in structured Hankel form. In 

our current study, inexact augmented Lagrange multiplier 

algorithm [10] is used to solve (7). 

After obtaining Shankel, matrix S and vector s can easily 

be reconstructed. Then, the time delay can be estimated by 
H=χ F s . With the proposed frequency gaps filling method, 



the spectrum of the received signal is shown in Fig. 5, and the 

estimated time delays are shown in Fig. 6, where the sidelobes 

have been reduced by about 10 dB compared with Fig. 4. 

 

 
Fig. 4. Time delay estimation obtained by the direct cross correlation. 

 

 
Fig. 5. Spectra of the received signal with 0-meter antenna distance. 

 

 
Fig. 6.  Time delay estimation obtained after the gapped frequencies filling. 

 

4. PASSIVE SAR IMAGING 

 

Based on the studies of moving target detection and time 

delay estimation, passive SAR experiments were conducted 

for stationary target imaging. In this case, two Yagi-Uda 

antennas are fixed at a positioner, and at each position, we 

used a digital oscilloscope to measure the data. At l-th 

position (xl, 0), the reference signal is expressed as 
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and the measurement signal is modeled as 
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where 
0 ( )l l

sur surA s t t−  denotes the direct-path interference 

received by the measurement antenna, 
iα  and l

it  are the 

reflection coefficient and time delay of the i-th target, and I 

is the number of targets. 

The first step of passive SAR imaging is to suppress the 

strong direct-path interference in the measurement channel. 

In this paper, the extensive cancellation algorithm [11] is 

used for its simplicity and effectiveness. Then, the cross-

correlation process can be conducted to get the l-th 

compressed range profile, giving  
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Finally, SAR image of the targets can be obtained by 

applying the back-projection algorithm, given as 
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where �( , )rα θ is the estimated amplitude of the point at (r,θ).  

However, directly conducting cross-correlation will 

cause high-level sidelobes in range direction. When ri>2L2/λ, 

the time delay of the i-th target at (ri, θi) can be 

approximated by 2( sin ) /l

i i l ir x cτ θ= − , resulting in  
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where S is the received signal matrix, km=2πfm/c is the m-th 

wavenumber. Thus, the received signal matrix is given by  
T
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1= diag{[ ,..., ]}Iα αΛ . 

 

           

 (a)                                                         (b) 

  
    (c)                                                       (d) 

Fig. 7. (a) Experiment site and the imaged building, and reconstructed 

images of the building obtained (b) with 1 channel, (c) with 3 channels, 

and (d) after filling the frequency gaps of 3 channels.  

 

Considering that some frequency components are missing 

in the received signal, A is changed to 1 1 1

1= [ ,..., ]IA a a , where 

1j2 j21 T[e ,..., ,...,e ]i M ik r k r

i

− −=a 0 , and 0 indicates the missing frequencies. 

Thus, the signal is changed to 1 1 T

M L M I I I I L M L× × × × ×≈ +S A B NΛ . Then, 

the received signal matrix can be rearranged as a matrix Sst 

with two-fold Hankel structure [9]. According to the theory 

of structured MC, ( ) ( )rank rankst I I I×≤ =S Λ . In such case, 

although the rank of Sst is still bounded by the number of 

targets, the full-rows missing problem of S usually 



disappears. Therefore, by rearranging the measured signal S1 

as the two-fold Hankel structure, the missing data can be 

recovered by solving the following optimization problem.  
1
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At last, rearranging the recovered structured matrix to 

its original form, SAR image can be obtained by  
� �H

1 2

∗=Λ F SF                                     (15) 

where �S  is the frequency gaps filled signal matrix, F1 is the 

Fourier transform matrix in range direction, and F2 is the 

inverse Fourier transform matrix in azimuth direction.  

With 2 Gsamples/s data sampling rate, 0.1 m moving 

step, and 2 m synthetic aperture, the reconstructed images of 

a building, which is located at about 175-meter away from 

the experiment site, are shown in Fig. 7 with dynamic range 

20 dB. It can be learned from Fig. 7 (b) that, with only one 

TV channel which has the bandwidth 6 MHz, the resolution 

of the reconstructed image is poor. When three TV channels 

are used, since the frequency bandwidth is increased, the 

range resolution can be improved, as shown in Fig. 7 (c). 

However, strong sidelobes are produced by the frequency gaps. 

After filling the frequency gaps by the proposed method, we 

can effectively suppress the sidelobes and improve the 

imaging quality, as shown in Fig. 7 (d) and Fig. 8. 
 

 
Fig. 8. Performance comparison in range direction. 

 

We further validated the proposed passive SAR imaging 

method by using another building as a target, as shown in 

Fig. 9 (a). The reconstructed image is shown in Fig. 9 (b), 

where the building is well focused. 
 

   
 (a)                                                         (b) 

Fig. 9. (a) Experiment site and the imaged building located at about 55 m, 

and (b) reconstructed images of the building obtained after filling the 

frequency gaps of 3 channels. 

 

5. CONCLUSION 

 

Passive radar imaging using ISDB-T signal is studied in this 

paper. A low rank matrix completion based gapped 

frequencies filling method is proposed and validated using 

real data. Experiment results of moving targets detection and 

tracking, time delay measurement, and stationary targets 

SAR imaging demonstrate the imaging capacity of the 

designed passive radar system with ISDB-T signal. 
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