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Abstract. Rockfall influences the safety of infrastructure and transportation lines normal 
operation, application of SAR technology to monitor the rockfall could predict rockfall disaster. 
One of the most important factors in rockfall target detection is the signal-to-clutter-plus noise 
ratio (SCNR) after clutter suppression, which should be maximized before rockfall target 
detection. Through analyzing remainder rockfall target characteristic after clutter suppression, the 
method of removing quadratic FM component introduced by platform velocity and along track 
velocity of rockfall target is proposed. After removing quadratic FM component by Dechirp 
technology, remainder rockfall target is focused in Doppler region image and the SCNR of 
remainder rockfall target is maximized. So, it has a preferable result in rockfall target detection. 
To resolve the contradiction between calculated amount and the accuracy of along track velocity, 
this paper adopts the technology of gradual approach. The effectiveness of the presented method 
is demonstrated by both theoretic analysis and simulated data. 
Keywords: rockfall target detection, dechirp, signal-to-clutter-plus noise ratio. 

1. Introduction 

Rockfall influences the safety of infrastructure and transportation lines normal operation, 
application of SAR technology to monitor the rockfall could predict rockfall disaster. To achieve 
the detection and imaging of rockfall target, two problems must be settled. One is to restrain 
ground clutter, which should maximize SCNR of the signals of remainder rockfall targets as 
possible after clutter suppression to get a preferable result in rockfall target detection; the other is 
how to estimate parameters of rockfall targets accurately, to make focused image processing of 
the rockfall targets whose motion characteristics are unknown possible. 

Currently, most used methods of rockfall target detection: Displaced Phase Center Antenna 
(DPCA), Along-track Interferometry (ATI), and Space-Time Adaptive Processing (STAP). STAP 
uses Space-Time adaptive processing method, which can restrain clutter and interfere, however, 
the computational complexity is too huge [1]. Re-STAP can solve the problem about 
computational complexity in STAP, but the algorithm is vulnerable to the effects of non-uniform 
environment [2-8]. Meanwhile, neither DPCA nor ATI can eliminate the influence of detection 
performance suffering the along track velocity of rockfall targets [9-18]. 

In order to maximize the CSNR of remainder rockfall targets signals after clutter suppression, 
and get a preferable result in rockfall target detection, this paper came out with a multichannel 
SAR rockfall detection and parameters estimation method combined with Dechirp technology to 
increase the SCNR of remainder rockfall target. The method is based on three-channel SAR 
rockfall target detection and parameters estimation. Above all, DPCA technology is used to offset 
clutter in data domain to get the remainder rockfall targets signals after two clutters offset; then 
process one of them with Dechirp, use technology of gradual approach to get remainder rockfall 
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targets signals frequencies. After removing quadratic FM component by Dechirp technology, 
remainder rockfall target is focused in Doppler region image and the SCNR of remainder rockfall 
target is maximized, so it has a preferable result in rockfall target detection.  

This paper is arranged as follows, in the second section, the model of the three channel 
SAR-GMTI system is analyzed; the third section is based on the second section, analyzing the 
characteristics of the residual rockfall target signals; in the fourth section, the principle of 
successive approximation; in the fifth section, the method of parameter estimation is given; the 
conclusion is given in the seventh section. 

2. Characteristic analysis of remainder rockfall target signal 

For the echo signal of channel 1 and channel 2, the time domain DPCA algorithm is used to 
eliminate clutter, receiving signal 𝑆ଶଵ(𝜏, 𝑛𝑇). In the same time, the DPCA algorithm is used to 
eliminate clutter in the echo signal of channel 2 and channel 3, receiving signal 𝑆ଷଶ(𝜏, 𝑛𝑇): 𝑆ଵଶ(𝜏, 𝑛𝑇) = 𝑆ଵ(𝜏, 𝑛𝑇) ⋅ 𝐺ଵ − 𝑆ଶ(𝜏, (𝑛 + 𝑚)𝑇)      = 𝐴௦ ⋅ exp ቈ−𝑗 2𝜋𝜆 ቆ2𝑅ଵ(𝑛𝑇) + 𝑑ଶ4𝑅௖ቇ቉ ൤1 − exp ൬−𝑗 2𝜋𝜆 2𝑣௥𝑚𝑇൰൨, (1)𝑆ଶଷ(𝜏, 𝑛𝑇) = 𝑆ଶ(𝜏, 𝑛𝑇) − 𝑆ଷ(𝜏, (𝑛 + 𝑚)𝑇) ⋅ 𝐺ଶ      = 𝐴௦ ⋅ exp ൤−𝑗 2𝜋𝜆 ൫𝑅ଵ(𝑛𝑇) + 𝑅ଶ(𝑛𝑇)൯൨ ൤1 − exp ൬−𝑗 2𝜋𝜆 2𝑣௥𝑚𝑇൰൨, (2)

where 𝐺ଵ and 𝐺ଶ are phase deviations caused by compensating channel spacing: 

𝐺ଵ = exp ቆ−𝑗 2𝜋𝜆 ⋅ 𝑑ଶ4𝑅௖ቇ, (3)𝐺ଶ = exp ቆ−𝑗 2𝜋𝜆 ⋅ 𝑑ଶ2𝑅௖ቇ. (4)

Substitute the Eqs. (1), (2), (3) into the Eqs. (1) and (2), and finishing: 

𝑆ଵଶ(𝜏, 𝑛𝑇) ≈ 𝐴௦ ⋅ exp ቈ−𝑗 4𝜋𝜆 ቆ𝑅௖ + 𝑥଴ଶ + 𝑑ଶ 4⁄2𝑅௖ ቇ቉ exp ቈ−𝑗 4𝜋𝜆 ቆ𝑣௥ − 2𝑥଴(𝑣௔ − 𝑣௫)2𝑅௖ ቇ 𝑛𝑇቉       · exp ቈ−𝑗𝜋 2(𝑣௔ − 𝑣௫)ଶ𝜆𝑅௖ (𝑛𝑇)ଶ቉ ൤1 − exp ൬−𝑗 2𝜋𝜆 2𝑣௥𝑚𝑇൰൨, (5)

𝑆ଶଷ(𝜏, 𝑛𝑇) ≈ 𝐴௦ ⋅ exp ቈ−𝑗 4𝜋𝜆 ቆ𝑅௖ + 𝑥଴ଶ + 𝑑ଶ 2⁄ + 𝑥଴𝑑2𝑅௖ ቇ቉       · exp ቈ−𝑗 4𝜋𝜆 ቆ𝑣௥ − (2𝑥଴ + 𝑑)(𝑣௔ − 𝑣௫)2𝑅௖ ቇ 𝑛𝑇቉ exp ቈ−𝑗𝜋 2(𝑣௔ − 𝑣௫)ଶ𝜆𝑅௖ (𝑛𝑇)ଶ቉       · ൤1 − exp ൬−𝑗 2𝜋𝜆 2𝑣௥𝑚𝑇൰൨. (6)

The radial velocity of the stationary target is zero, so the stationary target Eqs. (5) and (6) are 
equal to zero, so the DPCA algorithm can effectively suppress the clutter. 

Rockfall target residual clutter suppression of SCNR directly affects the detection performance 
of rockfall targets, so we should make the target SCNR reach the maximum residual rockfall 
before falling target detection. By Eqs. (5) and (6) we can see, 𝑆ଵଶ(𝜏, 𝑛𝑇) and 𝑆ଶଷ(𝜏, 𝑛𝑇), the 
signals of remainder rockfall targets after clutter suppression, are both LFM signals, there is only 
one Doppler frequency shift due to the channel spacing 𝑑. Their frequency modulation 𝐾 is shown 
in Eqs. (7), related to the flight speed 𝑣௔ and the along track velocity of the rockfall target: 
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𝐾 = − 2(𝑣௔ − 𝑣௫)ଶ𝜆𝑅௖ . (7)

In order to make the clutter suppression after the residual rockfall target SCNR reached the 
maximum, we could apply Dechirp technology to 𝑆ଵଶ(𝜏, 𝑛𝑇), the signal of remainder rockfall 
target after clutter suppression, therefore, the Doppler frequency modulation could be removed 
effectively due to the motion of the carrier. Reference function, 𝐶ᇱ(𝑛𝑇) = exp ቂ𝑗𝜋 ଶ௩ೌమఒோ೎ (𝑛𝑇)ଶቃ. If 
the rockfall along track velocity of the rockfall target is equal to zero, the Doppler frequency of 
the rockfall target is equal to the static one. After azimuth dechirp processing, rockfall targets in 
a synthetic aperture time can be considered a single frequency signal, so that the target energy in 
the rockfall azimuth Doppler domain focus, and the SCNR of the remainder rockfall target could 
reach maximum. However, the along track velocity tends to exist actually, making the Doppler 
frequency of rockfall target different from the static one’s, therefore, using the Doppler frequency 
of static target to carry out dechirp process couldn’t solve the problem of energy defocusing in 
along track velocity: 

𝑆ଵଶᇱ(𝜏, 𝑛𝑇) = 𝑆ଵଶ(𝜏, 𝑛𝑇) ⋅ 𝐶ᇱ(𝑛𝑇) = 𝐴௦ ⋅ exp ቈ−𝑗 4𝜋𝜆 ቆ𝑅௖ + 𝑥଴ଶ + 𝑑ଶ 4⁄2𝑅௖ ቇ቉       · exp ቈ−𝑗 4𝜋𝜆 ቆ𝑣௥ − 2𝑥଴(𝑣௔ − 𝑣௫)2𝑅௖ ቇ 𝑛𝑇቉ exp ቈ−𝑗𝜋 2((𝑣௔ − 𝑣௫)ଶ − 𝑣௔ଶ)𝜆𝑅௖ (𝑛𝑇)ଶ቉       · ൤1 − exp ൬−𝑗 2𝜋𝜆 2𝑣௥𝑚𝑇൰൨. (8)

Apply the Doppler frequency of a static target to 𝑆ଵଶᇱ(𝜏, 𝑛𝑇) to process the azimuth dechirp, 
and we could obtain 𝑆ଵଶ(𝜏, 𝑛𝑇). According to Eq. (8), the signal of remainder rockfall target is 
still LFM signal after azimuth, as frequency 𝐾ᇱ is shown in Eq. (9). Therefore, after azimuth 
dechirp processing, the root cause of the signal of remainder rockfall target defocusing is that, the 
along track velocity of rockfall target differs the Doppler frequency of rockfall target from the 
static one’s, and the Doppler frequency of static target used in the azimuth dechirp process could 
not completely remove the quadratic FM component of the remainder rockfall target: 

𝐾ᇱ = − 2((𝑣௔ − 𝑣௫)ଶ − 𝑣௔ଶ)𝜆𝑅௖ , (9)𝑆ଵଶᇱᇱ(𝜏, 𝑛𝑇) = 𝑆ଵଶ(𝜏, 𝑛𝑇) ⋅ 𝐶ᇱᇱ(𝑛𝑇) = 𝐴௦ ⋅ exp ቈ−𝑗 4𝜋𝜆 ቆ𝑅௖ + 𝑥଴ଶ + 𝑑ଶ 4⁄2𝑅௖ ቇ቉       · exp ቈ−𝑗 4𝜋𝜆 ቆ𝑣௥ − 2𝑥଴(𝑣௔ − 𝑣௫)2𝑅௖ ቇ 𝑛𝑇቉ ൤1 − exp ൬−𝑗 2𝜋𝜆 2𝑣௥𝑚𝑇൰൨, (10)

𝐼ଵଶᇱᇱ(𝜏, 𝑓௔) = 𝐴௦ ⋅ exp ቈ−𝑗 4𝜋𝜆 ቆ𝑅௖ + 𝑥଴ଶ + 𝑑ଶ 4⁄2𝑅௖ ቇ቉ ⋅ ൤1 − exp ൬−𝑗 2𝜋𝜆 2𝑣௥𝑚𝑇൰൨       · sin𝑐 ቈ𝑁𝑇 ቆ𝑓௔ − 2𝑥଴(𝑣௔ − 𝑣௫)𝜆𝑅௖ + 2𝑣௥𝜆 ቇ቉. (11)

If we make use of the Doppler frequency of rockfall target in the dechirp process, the problem 
could be solved, so the energy of the remainders could focus, maximizing the SNCR. Apply the 
Doppler frequency of the remainder rockfall target to 𝑆ଵଶᇱᇱ(𝜏, 𝑛𝑇) to process the azimuth dechirp, 
and we could obtain 𝑆ଵଶ(𝜏, 𝑛𝑇) . Reference function is 𝐶ᇱᇱ(𝑛𝑇) = exp ቂ𝑗𝜋 ଶ(௩ೌି௩ೣ)మఒோ೎ (𝑛𝑇)ଶቃ , 𝐼ଵଶᇱᇱ(𝜏, 𝑓௔) is the received Doppler domain image after processing azimuth Fourier transform to 𝑆ଵଶᇱᇱ(𝜏, 𝑛𝑇), 𝑓௔ is the Doppler frequency, 𝑁 is the pulse count. As shown in Eq. (17), rockfall in 
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Doppler domain is the target image of single frequency signal, and the energy of the target focus, 
whose Focusing frequency point is 𝑓௔_௙௢௖௨௦: 

𝑓௔_௙௢௖௨௦ = 2𝑥଴(𝑣௔ − 𝑣௫)𝜆𝑅௖ − 2𝑣௥𝜆 . (12)

Therefore, we could apply Doppler frequency of the remainder rockfall target to 𝑆ଵଶ(𝜏, 𝑛𝑇) to 
azimuth dechirp process to maximize SCNR of the rockfall target, so we can obtain a preferable 
detection effect. 

3. Successive approximation principle 

Normally, the rockfall azimuth velocity could not be accurately estimated before rockfall 

target detection, thus in this paper, a set of reference functions 𝐶௜(𝑛𝑇) = exp ൤𝑗𝜋 ଶ൫௩ೌି௩ೣ೔൯మఒோ೎ (𝑛𝑇)ଶ൨
 are formerly defined, each function 𝐶௜(𝑛𝑇)  of which corresponds a Doppler frequency  𝐾௜ = − ଶ൫௩ೌି௩ೣ೔൯మఒோ೎ , each Doppler frequency is equal to the azimuth velocity 𝑣௫௜  of the rockfall 

target 𝐾௜. Using this set of reference functions to carry out azimuth frequency dechirp processing 
for 𝑆ଵଶ(𝜏, 𝑛𝑇), by comparing the results of the processing, we can judge the correct results, then 
according to the parameters of the reference function for rockfall azimuth velocity. 

This method has the advantages of simple principle and simple processing steps, maximizing 
the SCNR of the remainder rockfall target in the process to improve the detection performance of 
rockfall target, and the along track velocity of the rockfall target could be obtained according to 
the parameters in the reference functions. However, in this paper, there is a contradiction between 
the computation precision and the along track velocity estimation precision, that we have to obtain 
a higher accuracy of Doppler frequency estimation to remainder rockfall target 𝐾෩ to obtain the 
higher accuracy of the along track velocity estimation 𝑣௫෦, which requires the Doppler frequency 
difference ∆𝐾 between the reference functions 𝐶௜(𝑛𝑇) must be low enough, thus increasing the 
computation quantity. If the probable Doppler frequency of remainder rockfall target rates in 𝐾௠௜௡ 
and 𝐾௠௔௫, the frequency of dechirpproccessing required is: 𝑀 = (𝐾௠௔௫ − 𝐾௠௜௡) ∆𝐾⁄ . (13)

In order to solve the contradiction between the computation quantity and the accuracy of the 
azimuth velocity estimation, this paper uses successive approximation principle for rockfall 
azimuth velocity. Before the successive approximation method is introduced, the influence of the 
frequency mismatch on the frequency modulation is analyzed. By using a set of reference 
functions with different frequency modulation, the ideal LFM signal is de tuned, and the power 
distribution of the LFM signal is eliminated as shown in Fig. 1. Relative frequency rate in Fig. 1 
the abscissa, the ratio of frequency is to use when the dechirp rate and LFM signal, the vertical 
axis represents the frequency of the signal, each one of said longitudinal tangent using FM and the 
corresponding rate to FM signal after power distribution. From Fig. 1 we can see that, only the 
use of FM signal is consistent with the rate of the dechirp processing, can make the FM signal 
energy in the frequency domain focus, while FM signal deviation rate, defocusing energy 
decreased rapidly with the increase of deviation. 

Fig. 2 is an ideal LFM signal to FM in the maximum normalized power after treatment, it can 
be concluded from the Fig. 4 curves, using different frequency to FM rate, maximum power signal, 
maximum power FM rate along the relatively symmetrical distribution, when using FM FM signal 
and consistent rate to FM when the maximum power signal to reach the maximum, and the 
deviation in FM FM signal rate, maximum power and rapid increase with the bias is reduced. 
Therefore, in order to reduce the amount of computation, the FM can be used the method of 
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successive approximation used to adjust the dechirp rate. 
The principle of using successive approximation to reduce the amount of computation is shown 

in Fig. 3. Step 1, determine the range of possible frequencies (𝐾୫୧୬, 𝐾୫ୟ୶); step 2, use the 
reference function of the frequency modulation rate of 𝐾୫ୟ୶, 𝐾୫୧୬, 𝐾ଷ = (𝐾୫୧୬ + 𝐾୫ୟ୶) 2⁄ , the 
chirp signal is processed; step 3, the frequency modulation rate of the ideal LFM signal is adjusted 
by the frequency modulation rate of two larger power frequency modulation frequencies of 𝐾୫୧୬ 
and 𝐾ଷ  and the average frequency modulation rate 𝐾ସ = (𝐾୫୧୬ + 𝐾ଷ) 2⁄  of 𝐾୫୧୬  and 𝐾ଷ , 
respectively; step 4, repeating step 3 can quickly approach the ideal chirp signal real frequency. 𝐾ହ = (𝐾ସ + 𝐾ଷ) 2⁄ , 𝐾଺ = (𝐾ସ + 𝐾ହ) 2⁄  in Fig. 2. 

By analyzing the principle of successive approximation, the precision of frequency modulation 
is obtained: ∆𝐾 = 𝐾௠௔௫ − 𝐾௠௜௡2(ெିଶ) . (14)

The frequency of the frequency modulation: 𝑀 = logଶ ൬𝐾௠௔௫ − 𝐾௠௜௡∆𝐾 ൰ + 2. (15)

Supposed (𝐾௠௔௫ − 𝐾௠௜௡) ∆𝐾⁄ = 500, according to the Eq. (13) to 500 times to FM, and 
according to the Eq. (15) obtained by successive approximation method after the need to 11 FM 
frequency so it can be concluded that in the condition of the same estimation accuracy, by 
successive approximation method can greatly reduce the computation quantity, so as to solve the 
computation with the azimuth estimation accuracy between the contradictions. 

 
Fig. 1. Power distribution of ideal LFM signal  

after de frequency modulation 

 
Fig. 2. The maximum normalized power of ideal  

LFM signal after de frequency modulation 

4. Simulation analysis 

In order to verify the effectiveness of this method, three experiments were done in this section. 
System parameters are as follows, carrier speed is 250 m/s, center slant distance is 30 km, 
wavelength is 0.0319m, subaperture length is 1m, channel count is 3, pulse duration is 10 us, 
transmitting bandwidth is 100 MHz, distance sampling rate is 120 MHz, pulse repetition frequency 
is 576 Hz. 

The target parameters of rockfall are shown in Table 1. 
Supposed that the input SCNR of the rockfall target is equal to –12 dB, the probable along 

track velocity range is (–30 m/s, 30 m/s) (in data processing it can be adjusted according to the 
actual situation). By using the successive approximation principle introduced in section fourth, 
the target speed range to the successive approximation of rockfall according to rockfall potential 
target along track velocity range of real. According to the principle of successive approximation, 
from the first dechirp processing to the eighth, estimation to the target along track velocity of 
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rockfall respectively is –30 m/s, 30 m/s, 0 m/s, 15 m/s, 7.5 m/s, 11.25 m/s, 9.375 m/s,  
10.3125 m/s, the along track velocity error decreases rapidly with the increase of the frequency, 
error to speed through the rockfall target azimuth to estimate the frequency treatment is 3.125 % 
after the eighth dechirp processing. Therefore, the principle of successive approximation can be 
used to solve the contradiction between the computation quantity and the accuracy of along track 
velocity estimation well. 

Fig. 4 is the frequency spectrum of target distance unit after dechirp processing, the successive 
approximation principle is used to eliminate frequency. Fig. 5 is the maximum normalized power 
to the target after dechirp processing, the horizontal axis shows the successive approximation 
principle of dechirp processing times, the vertical axis represents the maximum normalized power 
to the target after dechirp processing. As can be seen from Figs. 4 and 5, in the Doppler domain 
image, the maximum power of signal increases rapidly as the dechirp modulation times increases, 
the energy of the signal decreases rapidly with the increase of the frequency of the dechirp 
modulation. Therefore, the successive approximation principle of dechirp based on defocus energy 
can solve the problem of rockfall target along track velocity brings, so that the remainder rockfall 
target SCNR after clutter suppression as much as possible reaches the maximum. 

In the Doppler domain image, defocus signal energy with increasing dechirp number decreased 
rapidly, when the use of FM and the residual rate of the target rockfall is approximately equal to 
the FM signal processing, maximum power and maximum power maximum approximation, where 
the frequency point is approximately equal to 𝑓௔_௙௢௖௨௦ in the Eq. (12), the real goal of rockfall is 
approximately equal to the azimuthal position and radial velocity parameters according to section 
fifth of the estimation method to estimate the azimuthal position and velocity. Through eighth 
times of dechirp estimation of rockfall target azimuthal position is 40.6491 m, the radial velocity 
is 1.0109 m/s. 

 
Fig. 3. Successive approximation principle 

Table 1. The rockfall target parameters 

 Radial Azimuth Radial Along 
track 

 Position Position Velocity Velocity 
Rockfall 

target 30000 m 40 m 1 m/s 10 m/s 
 

 

 
Fig. 4. Where the distance to target spectrum  

of rockfall unit FM after treatment 

 
Fig. 5. The maximum normalized power  

to FM after rockfall target 

5. Conclusion 

SCNR clutter on the target signal after the elimination of remainder rockfall directly affects 
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the target detection performance of rockfall. In order to maximized the SCNR of the remainder 
rockfall target signal to get a preferable rockfall target detection, A novel method of dynamic 
monitoring and parameters estimation for rockfall based on multichannel SAR is proposed in this 
paper. In order to solve the contradiction between the computation quantity and the accuracy of 
the along track velocity estimation, this paper adopts the principle of successive approximation. 
Through the theoretical analysis and simulation, it can be concluded that the proposed method 
could effectively increase the SCNR of remainder rockfall target signal and make a good target 
detection effect even when the input SCNR is small. In addition, under the presence of multiple 
targets in the same range, this method still has a good target detection results and parameter 
estimation accuracy of rockfall. 
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