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Abstract:    In passive radars, coherent integration is an essential method to achieve processing gain for target detection. The cross 
ambiguity function (CAF) and the method based on matched filtering are the most common approaches. The method based on 
matched filtering is an approximation to CAF and the procedure is: (1) divide the signal into snapshots; (2) perform matched 
filtering on each snapshot; (3) perform fast Fourier transform (FFT) across the snapshots. The matched filtering method is com-
putationally affordable and can offer savings of an order of 1000 times in execution speed over that of CAF. However, matched 
filtering suffers from severe energy loss for high speed targets. In this paper we concentrate mainly on the matched filtering 
method and we use keystone transform to rectify range migration. Several factors affecting the performance of coherent integra-
tion are discussed based on the matched filtering method and keystone transform. Modified methods are introduced to improve the 
performance by analyzing the impacts of mismatching, precision of the keystone transform, and discretization. The modified 
discrete chirp Fourier transform (MDCFT) is adopted to rectify the Doppler expansion in a multi-target scenario. A novel velocity 
estimation method is proposed, and an extended processing scheme presented. Simulations show that the proposed algorithms 
improve the performance of matched filtering for high speed targets. 
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1  Introduction 
 

Passive bistatic radar (PBR) is a kind of system 
using illuminators of opportunity to detect moving 
targets. In the past two decades, there has been a 
growing interest in this type of system (Howland, 
2005; Griffiths, 2011). PBR has advantages including 
low-cost, no need for additional frequency allocation, 
and the merit of being undetectable, since the illu-
minator is not a part of the system. Many universities 
and institutes have conducted experiments and studies 
to investigate or improve the system performance 
(Howland et al., 2005; Celik et al., 2011; Palmer et al., 
2011), especially for the PBR based on digital signals 

(Yardley, 2007; Palmer et al., 2013; Zhao et al., 
2013). 

At least two antennas are required in PBR. The 
echo antenna collects the target signal as well as the 
direct signal and clutter. Meanwhile, the reference 
antenna collects only the direct signal. The direct 
signal and clutter in the echo channel can be removed 
by adaptive interference cancelation (Cherniakov, 
2008). However, the target signal is usually weaker 
than noise. Therefore, coherent integration is neces-
sary to improve the signal-to-noise ratio (SNR). Pas-
sive coherent location (PCL) is usually employed to 
perform coherent integration in PBR. The cross am-
biguity function (CAF) and the method based on 
matched filtering (Cherniakov, 2008; Berger et al., 
2010) are two typical methods to implement PCL. In 
CAF, the echo signal is cross-correlated with the 
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Doppler-shifted copies of the reference signal. In 
matched filtering based coherent integration, a num-
ber of data snapshots are calculated by dividing the 
signal into segments, and matched filtering is per-
formed for each snapshot. Then the Fourier transform 
is performed across snapshots to determine the Dop-
pler shifts. Sampled points within each snapshot (resp. 
across snapshots) are called ‘range cells’ (resp. 
‘Doppler cells’). The output of CAF or the matched 
filtering of a target is a sinc-like peak. We use ‘inte-
gration energy’ to represent the power of the integra-
tion peak in our work, since the power of the peak 
represents the integration performance.  

Unfortunately PCL suffers from energy loss 
when targets are moving at high speed, because high 
speed targets usually move from one range cell to 
another during the integration time, resulting in de-
creased integration energy. The phenomenon is the 
so-called ‘range migration’. Moreover, the bistatic 
geometry changes when the target moves from one 
position to another. Hence, the bistatic Doppler fre-
quency is varying with time, which is called ‘Doppler 
expansion’ (Malanowski et al., 2011). Doppler ex-
pansion also results in energy loss. The loss is more 
serious for passive radar as the transmit signal is 
continuous and is different from chirp signal (dis-
cussed in Section 3). For CAF, range migration can be 
rectified by using keystone transform (Liu et al., 2011) 
or modified ambiguity (Malanowski et al., 2011), 
which changes the scale of the complex envelope. 
Then the fractional Fourier transform (FRFT) or the 
convolution with an impulse response is used to re-
move the Doppler expansion (Liu et al., 2011; 
Malanowski, 2012). However, CAF is not suitable for 
real-time processing since the cross-correlation be-
tween the echo signal and the Doppler-shifted copies 
of the reference signal results in high complexity. If 
the data length is N and the number of range cells to 
be calculated is L, then the number of complex mul-
tiplications is L×(N+N/2×log2 N).  

The procedure of matched filtering is (Cher-
niakov, 2008): (1) divide the signal into snapshots; (2) 
perform matched filtering on each snapshot; (3) per-
form fast Fourier transform (FFT) across the snap-
shots. The matched filtering can be implemented by 
FFT: (1) perform FFT over each snapshot of the echo 
and the reference signal; (2) perform conjugate mul-
tiplication between the processed echo and reference 

signal; (3) perform inverse FFT (IFFT) over each 
snapshot. If M snapshots are formed, the number of 
complex multiplications is M×(L+3L/2×log2 L)+ 
L×M×log2 M, where M and L are far less than N. 
Therefore, matched filtering takes less time than CAF. 
Normally matched filtering can offer savings of an 
order of 1000 times in execution time. 

In our work, we focus on matched filtering to 
reduce the cost. In addition, keystone transform (Li et 
al., 2006) is used to rectify range migration, which 
changes the scale of the complex envelope to remove 
the varying envelope caused by the motion of targets.	
The problems of energy loss and parameter estimation 
based on matched filtering and keystone transform 
are the main topics in our work.   

By analyzing the signal model of the output of 
matched filtering and keystone transform in Section 2, 
we can summarize that there are four main factors 
affecting energy loss (we call the loss of the power of 
the target peak ‘energy loss’). The four factors are 
mismatching, precision of the keystone implementa-
tion methods, discretization, and Doppler expansion. 
We make a theoretical study focusing on these four 
factors and present an integrated signal processing 
scheme to improve the performance of coherent in-
tegration in passive radars. 

Mismatching is introduced by the approximation 
of no phase rotation within each snapshot (Petri et al., 
2012). The frequency spectrum of the echo snapshot 
is not the same as that of the reference snapshot be-
cause of the phase rotation introduced by the speed of 
targets. Hence, energy loss of matched filtering oc-
curs, since the output of matched filtering achieves 
the highest power when the frequency spectrum is the 
same as that of the reference signal. In our work, we 
find that the Doppler filter banks can be a possible 
solution.  

We take the impact of the precision of the key-
stone transform and the discretization into considera-
tion, since they have not been analyzed before for 
PBR. The keystone transform is adopted here to rec-
tify range migration and there are several implemen-
tation methods for the keystone transform with dif-
ferent processing errors. The higher the error is, the 
lower the performance of the keystone transform is. 
We call this impact the precision of the keystone 
transform. Further explanations are presented in Sec-
tion 2. By comparing the principle of different  
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keystone methods, a better implementation method is 
selected. Moreover, the discretization affects the in-
tegration results and we will show that the interpola-
tion can improve the performance. 

As to the Doppler expansion, a compensation 
method based on the modified discrete chirp Fourier 
transform (MDCFT) is adopted. MDCFT removes the 
Doppler expansion by the estimate of the changing 
rate of the Doppler frequency. The distribution area of 
the sidelobes is analyzed for better detection in a 
multi-target scenario, which has not been discussed 
for PBR in the existing methods. At last, a velocity 
estimation method using one receiver is proposed 
based on the estimated changing rate of Doppler to 
improve the parameter estimation performance. 

Various methods have been proposed to improve 
the performance considering the four factors, forming 
an extended processing scheme, and this is the main 
contribution of our work.  
 
 
2  Analyses of energy loss based on matched 
filtering and keystone transform 
 

In PBR systems, the transmitter and the receiver 
are located separately (Fig. 1).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The illuminator transmits continuous waveform. 
The baseband signal is represented as s(t). For the 
PBR based on the digital television signal, frequency 
modulated (FM) signal, or other communication 
signals, the signal on the radio frequency (RF) is 

c( ) Re{ ( )exp( j2π )},x t s t f t                 (1) 

 
where fc is the carrier frequency, and t is the contin-
uous time. After down-conversion of the RF signal, 
the echo signal Secho(t) and reference signal Sref(t) are 
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where Ri(t), Ai(t), and θi(t) denote the bistatic range, 
amplitude, and phase of the ith target, respectively. 
The constant c represents the speed of light and Ar is 
the amplitude of the reference signal. The notations 
w1(t) and w2(t) denote the noises. The variable θi(t) is 
affected by many factors, such as the material of the 
targets, the flight attitude of aircrafts, and even the 
environment. For simplicity, we assume that there is 
no amplitude or phase fluctuation during the integra-
tion time. Then Ai(t)exp(jθi(t)) can be simplified to an 
unknown constant Ai. Note that s(t), w1(t), and w2(t) 
are independent; therefore, we ignore w1(t) and w2(t) 
in the following equations for simplicity. According 
to Fig. 1, the bistatic range is described as 

 
2 2 2
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2 2 2
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 (4) 

 
where L, RT0,i, RR0,i, vi, βi, and φi denote the length of 
the baseline, the distance between the target and il-
luminator, the distance between the target and re-
ceiver, the speed of the target, the bistatic angle, and 
the angle of the moving direction and the connection 
of the target and illuminator, respectively. Subscript i 
denotes the ith target. The normal processing scheme 
of the matched filtering method and keystone trans-
form is shown in Fig. 2.  
 
 
 

 
 
 
 

Analyses about the signal model under matched 
filtering and the keystone transform are as follows: 

Fig. 2  The normal processing scheme of the matched
filtering method and keystone transform 

Fig. 1  The bistatic setup of passive bistatic radar (PBR)
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First, the signal is divided into snapshots. Then 
the discrete form is written as 

 


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where Δt is the sampling interval, and n and m rep-
resent ‘fast-time’ and ‘slow-time’ in discretized data 
space, respectively. Then 
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where t(n, m)=mT+nΔt. The duration of one snapshot 
of the reference signal is denoted by T. Apply the 
Taylor expansion to Ri(n, m), and take the first- and 
second-order terms into consideration. Then the bi-
static range is 
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(8) 
 

where vr,i=vicos(φi+βi/2).  In addition, the impact of 
nΔt on the second-order term can be ignored since it 
has less impact compared with mT.  

If matched filtering is performed, according to 
Eqs. (5) and (8), the output of the filter in the fre-
quency domain can be derived as 
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where Ai′=Aiexp(−j2πf(RT0,i+RR0,i−L)/c), f is the fre-

quency, and ‘conj’ means ‘conjugate’. 

It can be seen from Eq. (9) that there are four 
factors leading to energy loss in the matched filtering 
method: 

1. The range variation within each snapshot re-
sults in mismatching as presented in the expression 
s(f−4πfcvr,icos(βi/2)/c, m)·conj(s(f, m)). This is intro-
duced by the assumption of a constant Doppler (Petri 
et al., 2012). In our analyses, we use the word ‘mis-
matching’ to describe this problem.  

2. The expression exp(j4π(f+fc)vr,icos(βi/2)mT/c) 
changes with m introducing range migration, and can 
be rectified by the keystone transform (Zhu et al., 
2007). The keystone transform is a scale changing 
operation on slow-time. The expression of the key-
stone transform for the continuous signals is tk= 
fctm/(fc+f), where tm is the slow time and tk is the time 
after the transform. For discrete signals, some im-
plementation methods should be used to solve the 
problem (described later). However, the precision of 
the keystone implementation method has an influence 
on the performance, which should be taken into con-
sideration as presented in the following analyses.  

3. Discretization has an impact on the amplitude 
of the integration peak, since the value of the target 
peak may not be sampled from the highest point of the 
main peak because of discretization. Thereby, the 
influence of the discretization should also be taken 
into account.  

4. Doppler expansion is introduced by 
2 2 2

2c
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2π sin sin ( )
exp j ( ) .

2 2
i i i i

i i

f v φ φ β
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 The phe- 

nomenon of Doppler expansion affects not only in-
tegration energy but also parameter estimation, such 
as the bistatic Doppler. One can obtain the bistatic 
speed vr,i from the Doppler measurement in PBR. 
However, vi cannot be achieved by a single integra-
tion result in the literature. In the following, a method 
for estimating vi is proposed based on Doppler  
expansion. 

In our work, the methods to improve the per-
formance are proposed considering the four factors 
and this is the main contribution of this study. In Petri 
et al. (2012), mismatching has been analyzed, but we 
have shown here that the Doppler filter banks can be a 
solution to reduce the amount of energy loss. Among 
the four factors, the impacts of the precision of the 
keystone transform and the discretization have not 
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been analyzed in the literature. A more suitable key-
stone method has been selected to reduce the impact 
by analyses of the principles of different keystone 
transform implementation methods. The interpolation 
can also be used to reduce the loss introduced by 
discretization. Besides, MDCFT is used to compen-
sate for the Doppler expansion. The resolution and 
parameter estimation performance, however, need 
further analyses in the multi-target scenario. There-
fore, expressions about resolution are derived and 
analyses about estimation performance provided. An 
estimation method is then proposed to estimate the 
moving speed of the targets, differing from the bi-
static speed in the literature about PBR. Finally, an 
extended processing scheme is formed considering all 
the improvements. The four factors and the corre-
sponding solutions are discussed in detail in the fol-
lowing sections. 
 
 
3  Analyses and improvement of mismatch-
ing, precision of the keystone transform and 
discretization 

3.1  Mismatching 

In Section 2, we have presented that mismatch-
ing occurs within each snapshot based on the signal 
model. The main reason is that a phase bias 
4πfcvr,icos(βi/2)/c is introduced by 4πfcvr,icos(βi/2)· 
nΔt/c in Eq. (8). The integration energy decreases 
because of the phase bias, since matched filtering 
achieves the highest output power only when 
s(f−4πfcvr,icos(βi/2)/c, m)·conj(s(f, m)) simplifies to  
s(f, m)·conj(s(f, m)). In addition, the mismatching 
becomes more serious and the output of matched 
filtering reduces with the increase of vr,i. Hence, the 
phase which is exactly equal to 4πfcvr,icos(βi/2)nΔt/c 
is required to be multiplied with the echo snapshots, 
to eliminate the phase bias before matched filtering.  

However, the target speed is always unknown in 
practice. Thereby, the phase bias cannot be totally 
removed. In this section, we propose a compensation 
method based on Doppler filter banks in which the 
signal presented in Eq. (5) is multiplied by phase φ for 
each snapshot: 

 

c cexp( j4π Δ / ),φ f v n t c                   (10) 

 

where vc[vmin, vmax], vmin and vmax are chosen based 
on the minimum and maximum speeds of the targets, 
respectively. If vc=vr,icos(βi/2), the mismatching can 
be totally compensated. Nevertheless, it is difficult to 
obtain the prior information of targets. Hence, the 
range of speed [vmin, vmax] is discretized uniformly and 
each vk=vmin+kΔv is adopted to perform the compen-
sation, which can be called Doppler filter banks. The 
notation Δv denotes the interval of the discretized 
speed. 

This method is not an exact compensation. The 
remnant energy loss is determined by the difference 
between vr,i and vk. The remnant expression of the 
mismatching is s(f−4πfcvr,icos(βi/2)/c, m)×conj(s(f, 
m)). The energy loss is reduced, since (vr,i−vk) is much 
smaller than vr,i. The compensation result changes for 
different k and Δv. In Section 5 the performance of 
Doppler filter banks is presented for the digital tele-
vision signal based PBR. 

Sometimes the Doppler ambiguity occurs in the 
matched filtering method. The following function is 
used before the keystone transform (Li et al., 2006) to 
solve the ambiguity: 

 

r c c

c c

( , ) exp( j2π / ( )) ( , )

exp( j2π / ( )) ( , ),
kr f m kf f mT f f r f m

kf m f f r f m

  

  
 (11) 

 
where rk(f, m) denotes the output of the matched fil-
tering method in the f-m domain for the kth ambiguity 
number, and fr=1/T. If T increases, the energy loss 
also increases. Hence, it is better to compensate for 
the loss and remove the ambiguity in this situation. 
The flow chart is shown in Fig. 3 for k=3. Data asso-
ciation is required at the end of the procedure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Phase compensation and ambiguity removal (k=3)
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3.2  Precision of the keystone transform 

There are three types of methods to implement 
the keystone transform (Zhu et al., 2007; Deng and 
Jiang, 2011): (1) Interpolation, e.g., sinc interpolation 
and linear interpolation. The precision of the inter-
polation affects the result of the keystone transform 
(Deng and Jiang, 2011). It is shown that using sinc is 
superior to using linear interpolation. (2) DFT+IFFT 
method. The computation burden of this method is 
huge for real-time processing systems. (3) Chirp-z 
method. FFT can be used for fast computation (Zhu et 
al., 2007). However, the improvement of integration 
energy using this method has not been discussed. 
Work has been done to show the complexity of these 
methods in traditional radars. However, their impact 
on energy loss has not been carefully discussed.  

In the expression of the keystone transform tk= 
fctm/(fc+f), time is presented in the continuous form. 
For the discrete form, the required values after scaling 
are calculated by interpolation. However, the pro-
cessing precision is different for each method. For 
interpolation methods, the values after the keystone 
transform are estimated using different interpolation 
methods. However, there is difference between the 
ideal values and the calculated ones. Hence, there is 
energy loss if this kind of error occurs.  

The realization procedure of chirp-z (Zhu et al., 
2007) is shown in Fig. 4. Suppose that xf(m)=r(f, m) 
for each f, W=exp(−j2π(fc+f)/(Mfc)), and A=1. If the 
keystone transform is performed based on the chirp-z 
method, circular convolution is adopted to replace 
linear convolution according to Fig. 4. It can be seen 
that scaling is carried out along the unit circle in the 
Z-plane using all samples of the data. The required 
values after the scaling are directly calculated. 
Moreover, the chirp-z method avoids interpolation, 
which is an approximation to the real value, and thus 
more exact results can be achieved. Thereby, the 
chirp-z method not only is suitable for real-time pro-
cessing, but also improves the precision of the key-
stone transform.  

 
 
 
 
 
 
 

For traditional radar systems, the transmitter 
launches chirp pulses. Each pulse has the same 
waveform. However, the continuous waveform is 
divided into snapshots on purpose in PBR. For in-
stance, the digital television signal is a random-like 
sequence and has a noise-like spectrum. Therefore, 
the integration gain is more sensitive to the precision 
of the keystone transform compared with the tradi-
tional radars, and decreases rapidly with the decrease 
of T. The precision of the chirp-z method is better than 
those of the interpolation methods, such as sinc in-
terpolation and linear interpolation. Thereby, the 
chirp-z method achieves better performance than the 
interpolation ones.  

3.3  Discretization 

Discretization is also an important factor re-
sulting in decreased performance. If the real target 
occurs between two Doppler bins (resp. range bins), 
the highest point of the sinc-like peak may not just be 
sampled. In some traditional radar systems, this im-
pact is not serious. However, the difference between 
the real value of the peak and the sampled point can 
be large and cannot be neglected in passive radar, 
because the main lobe of the target peak after inte-
gration is usually the thumbtack-like shape and the 
sampling rate is usually smaller than that in the radars 
using chirp pulses as the transmit signal.  

We should mention that the sampling rate is 
higher than the Nyquist sampling rate in our cases. 
The problem of discretization is that the highest point 
of the main peak has not been sampled. Therefore, the 
maximum loss of SNR is related to the resolution and 
the sampling rate. For the digital television signal, the 
bandwidth is around 8 MHz. The resolution is  
1/(8 MHz), which means a range resolution of 
1.25×10−7 m. When the sampling rate is also 8 MHz, 
the difference between the nearest range cells is also 
1.25×10−7 m. This means that the maximum loss is 3 
dB, if the sampled point of the target peak is equal to 
the 3 dB width of the sinc-like peak. The loss de-
creases with the increase of the sampling rate. 

Interpolation can be adopted to improve the 
chance of increased performance since the sampling 
rate is higher than the Nyquist sampling rate. If the 
sampled point is nearer to the real position than the 
previous one, the SNR is higher. However, the in-
terpolation increases the amount of data and leads to 

2 / 2m mA W Ä
Ä Ä

2 / 2mW

2
/ 2mW 

Fig. 4  Keystone transform implemented based on chirp-z
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higher complexity. Therefore, the interpolation 
should be considered according to the real-time pro-
cessing requirement. This is effective even in a noisy 
environment, which will be presented in Section 5. 
 
 

4  Compensation for Doppler expansion and 
velocity estimation 

4.1  Compensation by MDCFT 

In this section we define 
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where λ denotes the wavelength. According to Eq. (9), 
the signal after the compensation of mismatching and 
keystone transform is 
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where n0,i is the initial position of the ith target. It is 
proved in Eq. (14) that the signal is equivalent to a 
chirp signal centered at fd,i, with the FM rate Ki. 

If FFT is performed across the snapshots, the 
energy disperses along the Doppler cells. The meth-
ods for chirp signal detection can solve this problem. 
Several methods have been developed to detect chirp 
signals, including the Wigner-Ville distribution 
(WVD)-Hough transform (Barbarossa, 1995), FRFT 
(Dong et al., 1999), and discrete chirp-Fourier trans-
form (Xia, 2000). The WVD-Hough transform pro-
vides a good time and frequency resolution, but 
cross-terms may occur in a multi-target scenario. The 
reassigned smoothed pseudo WVD (RSPWVD) 
(Auger and Flandrin, 1995) can solve this problem; 
however, the computation complexity increases 
greatly. Therefore, the chirp-Fourier transform is 
designed particularly for chirp signal detection. The 
signal is multiplied by the chirp signals with a dif-
ferent FM rate and central frequency, and the results 
of the chirp-Fourier transform have no across terms. 
The discrete chirp-Fourier transform (DCFT) is the 
method for the discrete signal. However, DCFT 

achieves a good resolution only when the length of 
the signal is a prime number and both the central 
frequency and modulation frequency are integers (Xia, 
2000). MDCFT (Guo et al., 2002) has been developed 
to overcome the drawback of DCFT. The expression 
of MDCFT is  
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In our cases, xi(m) represents the signal extracted 
along each range cell, which is varying with the 
slow-time. The notations k and l are the discrete val-
ues based on all possible Ki and fd,i, which can be 
obtained by performing MDCFT. The scale of Ki can 
be calculated according to Eq. (13) based on the 
maximum velocity to reduce the complexity.  

In addition, the multi-target scenario should be 
considered especially for low resolution radars like 
PBR. For targets flying in a group, several targets may 
appear in the same range cell. The difference between 
the Doppler frequencies may not be large enough to 
separate them. MDCFT produces no cross-terms and 
is suitable for multi-target detection. The interval of 
the FM rate is usually small to improve the estimation 
precision. However, this results in high sidelobes  
(Fig. 5). Therefore, we have studied the distribution 
area of the sidelobes for better detection. The ex-
pressions about resolution are derived and the anal-
yses about the performance of the estimation are 
provided. Moreover, an estimation method is pro-
posed to estimate the speed of the targets (not the 
bistatic radial speed in the literature about PBR).  

 
 
 
 
 
 
 
 

 
 

 

 
 
Define the signal to be detected as 
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Fig. 5  The distribution area of the sidelobes using MDCFT
 



Guan et al. / J Zhejiang Univ-Sci C (Comput & Electron)   2014 15(11):1071-1085 1078

Substituting Eq. (16) into Eq. (15) leads to 
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Then the area of the sidelobes can be described as 
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MDCFT compensates for the term exp(jKitm
2) in  

Eq. (14); therefore, the Doppler shifts reduce to a 
single value determined by fd,i (the initial Doppler at 
the beginning of the integration time). 

Note that MDCFT provides more information of 
velocity, which is an important parameter for target 
classification, and helps distinguish targets from in-
terferences. However, the directly obtained speed is 
usually not the actual moving speed, but is related to 
bistatic speed vr,i and bistatic angle βi. Multistatic 
setup or more data processing is required to estimate 
the vi. In this section, the formulas of velocity esti-
mation are derived based on the compensation 
method proposed above. 

Define the angle of the baseline and the connec-
tion line of the ith target and the receiver as θr,i. Then 
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where fs is the sampling rate. Hence, 
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The notations vi, βi, and φi can be worked out using 
the measurements of the azimuth. Let vq,i=visin(φi+ 
βi/2). Then 
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Thereby, we can obtain a rough estimate of the 
moving speed of targets using a single receiver within 
the integration time using the proposed estimation 
method. 

4.2  Extended processing scheme 

The complete extended processing scheme dis-
cussed in Sections 3 and 4 is summarized in Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
The duration of one snapshot of the reference 

signal should be chosen properly to determine 
whether the ambiguity removal is necessary. The 
results are associated after parallel processing and the 
maximum value should be selected as the final result 
for each target. Moreover, the number of filter banks 
should be selected based on the real-time processing 
requirements of the system. 

 
 

5  Simulations 
 

Simulations have been carried out to verify the 
effectiveness of the extended processing scheme. The 

Fig. 6  The extended processing scheme
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carrier frequency is 674 MHz. The transmit signal is 
the digital television terrestrial broadcasting (DTTB) 
signal (National Standardization Committee of China, 
2006). The integration time is 1 s. The noise factor is 
2 dB. The bistatic setup is selected according to the 
parameters commonly used in the literature. Two 
radar geometries are simulated. In case 1, the distance 
between the transmitter and the receiver is 50 km and 
the targets are about 100 km away from the receiver 
with an azimuth of 20°. In case 2, the distance be-
tween the transmitter and the receiver is 40 km and 
the targets are about 75 km away from the receiver 
with an azimuth of 30°. 

It was proved in Section 2 that the mismatching 
and the precision of the keystone transform are af-
fected mainly by the bistatic speed vr,icos(βi/2). Mean- 
while, the Doppler expansion is determined by Ki= 
(vi

2sin2φi/RT0,i+vi
2sin2(φi+βi)/RR0,i)/λ. Therefore, the 

proposed methods are designed based on vr,icos(βi/2) 
and Ki. Hence, the simulations are carried out for 
different vr,icos(βi/2) (Ki is around zero) to analyze 
mismatching, precision of the keystone transform, 
and discretization. The Doppler expansion is ana-
lyzed for a fixed vr,icos(βi/2) and different Ki in these 
two cases. 

5.1  Mismatching 

In Section 3.1, the Doppler filter banks are de-
signed to reduce the energy loss introduced by mis-
matching. Simulations are performed in this subsec-
tion to show the performance of Doppler filter banks.  

First, simulations are carried out in case 1. The 
reference signal is divided into 6000 snapshots, and 
the length of the echo snapshot is set to 13 500 (cells) 
to provide unambiguous detection of targets with a 
maximum speed of 680 m/s. The simulated targets are 
with vr,icos(βi/2)=(299.50, 399.33, 598.99) m/s and Ki 
is around zero. Different values of the speed are se-
lected to calculate φi, and the results of Doppler filter 
banks in case 1 are depicted in Fig. 7a. The maximum 
SNR of each curve is not the same, because of the 
unavoidable factors, such as discretization and noise. 
However, it can be concluded that the highest SNR is 
achieved around vc=vr,icos(βi/2) for each curve and the 
SNR decreases with the growth of the difference 
between vc and vr,icos(βi/2). Therefore, if vc is chosen 
properly, the energy loss introduced by mismatching 
can be reduced. 

Second, we select the number of snapshots as 
2000 and the length of each echo snapshot as 16 500 
(cells). The results for case 1 are shown in Fig. 7b. 
The number of snapshots is smaller compared with 
that in Fig. 7a. Thereby, the loss of mismatching is 
more severe and Doppler ambiguity may occur. The 
ambiguity number is k=(−1, 0, 1). We use vc[220, 
600] m/s to implement Doppler filter banks this time. 
The vc is chosen corresponding to the right ambiguity 
number. If ambiguity is not removed, then the target is 
buried in noise (Fig. 7c). If ambiguity is removed, the 
target can be detected (Fig. 7d). Hence, Doppler filter 
banks also work well as long as ambiguity has been 
removed. 

Third, similar results are obtained for case 2 
(Figs. 7e and 7f). Fig. 7e shows the performance with 
vr,icos(βi/2)=(248.98, 448.17, 647.36) m/s and Ki=0, 
when the number of the snapshots is 6000. Results in 
Fig. 7f are obtained using vc[220, 650] m/s with 
ambiguity removal when the number of snapshots is 
2000. 

Finally, it can be concluded from both cases that 
the integration loss of the targets moving slower than 
600 m/s can be controlled within 1 dB with the Dop-
pler difference smaller than 1000 Hz (Figs. 7a, 7b, 7e, 
and 7f). This can be used for common cases. In our 
cases, vc=(2000, 0, 2000) Hz can be chosen to im-
plement the Doppler filter banks.  

In the above simulations, the energy loss in-
creases with the decrease of the number of snapshots, 
but the computation complexity reduces. The execu-
tion time (C program, Intel Xeon CPU X5670, 
20-core, parallel) for different numbers of snapshots 
is depicted in Table 1.  

 
 
 
 

 

5.2  Precision of the keystone transform 

Simulations have been carried out to show the 
impact of different implementation methods of the 
keystone transform on energy loss. K is fixed to zero 
for the simulated targets. The SNR reduces with the 
increase of vr,icos(βi/2) (Fig. 8), because of the mis-
matching discussed above. The results of cases 1 and 
2 are presented in Figs. 8a and 8b, respectively. 

Table 1  Execution time for different numbers of snapshots

Number of snapshots 1000 2000 3000 6000 

Execution time (s) 0.5609 0.9459 1.3922 2.7789
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Fig. 8  The SNR after the keystone transform for different implementation methods: (a) case 1; (b) case 2 
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Fig. 7  Results of the Doppler filter banks 
(a) Case 1: vc is varying from 0 to 600 m/s; (b) Case 1 with ambiguity removal when the snapshot number is 2000; (c) Result 
without ambiguity removal in case 1 for vr,icos(βi/2)=597.76 m/s; (d) Result with ambiguity removal in case 1 for vr,icos(βi/2)= 
597.76 m/s; (e) Case 2: vc is varying from 0 to 650 m/s; (f) Case 2 with ambiguity removal when the snapshot number is 2000
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The SNR fluctuates along the curve because of the 
impact of noise. Fig. 8 shows that the amount of the 
energy loss increases with the increase of vr,icos(βi/2) 
for these two cases, which means the impact of key-
stone precision is more obvious. The chirp-z method 
and sinc interpolation show stable performance 
compared with linear interpolation.  

Furthermore, the execution time of different 
approaches differs from each other. In Table 2 the 
processing time (MATLAB R2010a, no parallelism) 
is presented. The length of each echo snapshot is 
18 000 (cells). The results show that the sinc interpo-
lation method is the slowest.  

It can be concluded from the simulations that 
linear interpolation is the fastest with the worst pre-
cision, and that chirp-z achieves higher precision with 
acceptable execution time. As the timing is also in-
fluenced by factors such as the resource schedule of 
the system and memory, the timing may be slightly 
non-linear with the number of snapshots. Hence, 
chirp-z is more suitable for implementation of the 
keystone transform in passive radars. 

 
 
 
 
 
 
 
 
5.3  Discretization 

In Section 3.3, we have discussed the impact of 
discretization. The interpolation can improve the 
chance of increased performance, since the impact is 
introduced by discretization. If the sampled point is 
nearer to the real position than the previous one, the 
SNR is higher. As shown in Fig. 9, the SNR of the 
target after interpolation is sometimes higher than that 
before interpolation. Figs. 9a and 9b present the re-
sults in case 1, and Figs. 9c and 9d the results in case 2. 
The improvements for different targets are not the 
same since the energy loss introduced by discretiza-
tion varies from 0 to over 3 dB along the range or 
Doppler cells. However, it can be seen from the fig-
ures that the interpolation can reduce the loss. Note 
that the losses of different target positions between 
the nearest two bins vary from each other from 0 to 3 
dB; therefore, the improvement after interpolation 

also varies. Figs. 9e and 9f show the cross-section of 
the target with vr,icos(βi/2)=99.83 m/s in case 1.  

5.4  Doppler expansion and velocity estimation 

First, simulations are performed to analyze the 
algorithm proposed in Section 4. The target speed is 
set to 680 m/s with vr,icos(βi/2)=59.7764 m/s in case 1. 
The azimuth angle is 20°. Fig. 10a shows a serious 
Doppler expansion, which decreases the detection 
performance and the precision of speed estimation. In 
our simulations, we set the Doppler frequency at T/2 
as 269 Hz. MDCFT is exploited to compensate for the 
loss (Fig. 10a). The expansion is rectified and the 
amplitude of the peak has been improved. The Dop-
pler value after MDCFT is determined by the initial 
Doppler frequency. Thereby, the target peak in  
Fig. 10a is centered at the edge of the curve before 
compensation. With regard to the influence of the 
discretization, the compensation result after interpo-
lation is shown in Fig. 10b.  

Previous simulations have verified the effec-
tiveness of MDCFT for strong targets. Now a weak 
target affected by noise is simulated in case 1 (Figs. 
10c and 10d). The results indicate that MDCFT also 
works well for weak targets. The SNR is 11.8059 dB 
after MDCFT compared with the undetectable result 
before MDCFT. 

Moreover, simulations are performed to show 
the performance of MDCFT for targets with different 
speeds. Results before and after MDCFT of the tar-
gets with different Ki are shown in Figs. 11a and 11c 
for case 1 and case 2, respectively. The vr,icos(βi/2) is 
a constant 59.7764 m/s for case 1 and 49.7967 m/s for 
case 2. In Figs. 11b and 11d, the estimated FM rate is 
compared with the FM rate calculated according to  
Eq. (14). The estimation error is introduced mainly by 
the discretization of the FM rate and the noise when 
performing MDCFT. The fluctuation of the curve is 
introduced mainly by noise. 

In Figs. 10 and 11, the performance of MDCFT 
is tested on a single target for both cases. Now we 
simulate a multi-target scenario in case 1. The vr,i and 
vi of the three targets are (60, 60) m/s, (60, 680) m/s, 
(20, 200) m/s. The integration results before com-
pensation are illustrated in Fig. 12. Targets overlap 
each other. The MDCFT method shows good per-
formance with no need of cross-term consideration 
(Fig. 13a). Figs. 13b–13d are three cross-sections of  

Table 2  Execution time for different keystone methods 

Number of 
snapshots 

Execution time (s) 

Linear sinc Chirp-z 

1000  5.7721 213.0998 29.4695 

2000  8.3823 428.1781 61.6649 
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the results. Simulations illustrate that MDCFT is 
suitable for the multi-target scenario but we should 
pay attention to the resolution presented in Eq. (18). 
MDCFT costs 0.0391 s (MATLAB, CPU: i5-2400, no 
parallelism), when Ki is in the range of [−18, 18] Hz/s 
and the searching interval is 0.2 Hz/s. However, the 
RSPWVD-Hough transform costs 27.6706 s. The 
Doppler shifts reduce to a single value according to 
Fig. 13. It can also be found that the single Doppler 
value is equal to that of the initial Doppler during the 
integration time. This conclusion can also be drawn 
according to Eq. (14). MDCFT compensates for 
exp(jπKi(mT)2); therefore, the Doppler after the 
compensation is fd,i (the Doppler frequency at tm=0). 

In Section 4.2, a velocity (moving speed and its  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

angle) estimation method has been proposed based on 
MDCFT. The direction of the velocity is represented 
by the angle of the moving direction and the connec-
tion of the target and the transmitter. The estimation 
error of θr,i is about 2° in the simulations (the estima-
tion precision of the direction of arrival is not very 
high in passive radar, and 2° is a reasonable parameter 
for targets around 75 km and 100 km away from the 
receiver). The actual velocity of the simulated target 
is 680 m/s with φi=81.2979° in case 1, and 350 m/s 
with φi=76.6179 in case 2. It can be seen that the 
estimated velocity depends mainly on the estimation 
error of Ki (affected by SNR). The estimated velocity 
with different SNRs (the SNR of targets after 
MDCFT) are presented in Fig. 14. Results in case 1  
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Fig. 9  The SNR after interpolation 
(a) Case 1: interpolation along the Doppler cells; (b) Case 1: interpolation along the range cells; (c) Case 2: interpolation along 
the Doppler cells; (d) Case 2: interpolation along the range cells; (e) Case 1: cross-section along the Doppler cells for 
vr,icos(βi/2)=99.83 m/s; (f) Case 1: cross-section along range cells for vr,icos(βi/2)=99.83 m/s 
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Fig. 10  The results of MDCFT in case 1 
(a) Comparison of results before and after MDCFT; (b) The results of MDCFT with interpolation; (c) Weak target before 
compensation; (d) The results of MDCFT for a weak target (the target is marked in the figure) 
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are illustrated in Fig. 14a and results in case 2 in  
Fig. 14b. The estimated velocity is affected by SNR 
since the estimation precision of Ki is affected by 
SNR. The estimation results in Fig. 14 show that the 
proposed estimation method provides a rough esti-
mate of the speed and its angle. 

In this section, simulations have been carried out 
to show the performance of the proposed methods for 
different vr,icos(βi/2) (Ki is around zero) or different Ki 
with fixed vr,icos(βi/2). Two different geometries are 
discussed. However, the geometry and target param-
eters affect vr,icos(βi/2) and Ki, which has not been 
fully discussed here. Further analyses about the im-
pact of radar geometries and target parameters will be 
considered in future work. 
 
 
6  Conclusions 
 

In this paper, coherent integration based on 
matched filtering and keystone transform in passive 
radar has been investigated by analyzing the impact of 
mismatching, precision of the keystone implementa-
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Fig. 14  Velocity estimation results for different SNR 
(a) Case 1: estimated K; (b) Case 1: estimated v; (c) Case 1: 
estimated φ; (d) Case 2: estimated K; (e) Case 2: estimated v; 
(f) Case 2: estimated φ 

φ

Fig. 12  Cross-section of the multi-target scenario before 
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Fig. 13  MDCFT results for multi-target 
(a) MDCFT analysis; (b) Cross-section of target 1; (c) Cross- 
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tion method, discretization, and Doppler expansion. 
First, the mismatching phenomenon is analyzed and a 
method based on Doppler filter banks is presented to 
reduce energy loss. Second, the precision of keystone 
implementation methods is tested. The chirp-z 
method is proven to be the most effective one, and can 
be performed in real time. Third, the impact of dis-
cretization and interpolation has been discussed. In 
addition, MDCFT is used to rectify the Doppler ex-
pansion, and its performance in multi-target scenarios 
is analyzed. Finally, a moving speed estimation 
method with one receiver is proposed for passive 
bistatic radar. In total, an extended processing scheme 
is presented for matched filtering based coherent 
integration in passive radar. The processing scheme 
can reduce the energy loss to a neglectable amount 
and can help perform velocity estimation. Further 
analysis should be undertaken considering target 
fluctuation and radar geometry. 
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