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I. INTRODUCTION 

Synthetic aperture radar (SAR) imaging technology is one of 

the most promising technologies utilized in various observation 

areas such as terrain, resource, and target searches. With the 

increasing demand for imaging technology, SAR systems have 

been developed to achieve high resolution and wide swath for 

accurate target detection, regardless of weather or environmen-

tal changes. To obtain high-resolution images, the SAR system 

can be improved in two ways. The first is a budget parameter 

optimization of the transmission and reception systems to re-

duce the ambiguity of radar signals and various interference 

problems. The second is to use diverse SAR signal processing 

algorithms for high-resolution image extraction. However, con-

sidering the cost and physical volume of the SAR system, an 

effective way to obtain high-resolution images is with diverse 

signal processing techniques. 

There are numerous signal processing algorithms such as the 

range Doppler algorithm (RDA), chirp scaling algorithm 

(CSA), omega-K algorithm (ω-k), back projection algorithm 

(BPA). The RDA is widely used for efficient and stable signal 

processing because it is simple and easy to use. However, when 

the RDA is used for image processing, the final image is not 

focused due to random environmental variables. To cope with 

environmental variables and acquire high-resolution images, 

precise estimations of the Doppler centroid frequency and chirp 

rate are required in the algorithm. Many researchers have pro-

posed algorithms to correct the received signal by removing the 

unexpected signals, using the magnitude or phase information  
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of the chirp signal based on average cross-correlation coefficient 

(ACCC), multi-look cross correlation (MLCC), and multi-

look beat frequency (MLBF) methods [1, 2]. However, the 

Doppler parameters extracted through previous algorithms still 

have uncertainty because of topographic change of interest area 

and interference of unexpected signal. Therefore, many re-

searchers have attempted to increase the accuracy of Doppler 

parameters in various SAR experiments [3–6]. This paper pro-

poses a novel method to solve the uncertainty by considering 

uncorrected Doppler parameters. In conventional SAR experi-

ments, signal processing was performed by estimating the con-

stant velocity with the lowest ambiguity error. This convention-

al method can obtain a reasonable image quality over the entire 

area if the area of interest has a nearly constant height over 

whole region. However, if the difference of altitude in the area 

and the direction of measurement is changeable, a high-quality 

SAR image cannot be obtained with only a constant velocity. 

Based on the changes of velocity in the area of interest, the 

quality of a SAR image can be improved using cross-correlation 

theory, designed for SAR. The estimated velocity is used to 

acquire a high resolution SAR image without complicated pro-

cessing techniques. To evaluate the proposed method, the raw 

data obtained from practical experiments are used. Finally, 

high-resolution SAR images are constructed, applying the pro-

posed algorithm to various environmental changes of automo-

bile-based SAR (Auto-SAR). 

II. SAR SIGNAL PROCESSING ANALYSIS OF THE RDA  

The RDA is a method of compressing raw data using a 

matched filter in the range direction and azimuth direction, re-

spectively. As shown in Fig. 1, the RDA is typically used in 

stripmap standard mode with chirp pulse signals. The basic sig-

nal processing procedure consists of range and azimuth com-

pressions and range cell migration, as shown in Fig. 2. Doppler 

centroid estimation can be applied to obtain high-resolution 

images in the SAR ground experiment. In case of the ground 

experiment, the image difference caused by the Doppler cen-

troid variation is insignificant [1]. Therefore, it is possible to 

exclude the Doppler centroid estimation in a mathematical 

mechanism for SAR signal processing. The chirp pulse signals 

in the range and azimuth directions received from the SAR sys-

tem are as follows, respectively.  
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𝑆௔௭௜௠௨௧௛ሺ𝜏, 𝜂ሻ ൌ 𝐴௔𝜔௔ሺ𝜂 െ 𝜂௖ሻ𝑒
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మ
   (2) 

 

𝜏 and 𝜂 are the time, 𝜔௥ and 𝜔௔ are the window func-

tions each chirp pulse signal, 𝐴௥ and 𝐴௔ are the amplitude  

 

Fig. 1. Stripmap SAR mode for chirp pulse radar.

 

Fig. 2. Conventional RDA.

 

constant values, 𝑓଴ and 𝑓ఎ೎ are the center frequency of chip 

pulse signal, and 𝐾௥ and 𝐾௔ are the chirp rate of the signals. 

The first and second parameters mentioned above are for the 

range and azimuth direction, respectively. 𝑅ሺ𝜂ሻ in (1) is the 

instantaneous slant range. Eqs. (1) and (2) are approximated as 

(3) through the range and azimuth compressions and range cell 

migration. After the range cell migration of SAR data, the per-

formance of resolution for the matched filter in the azimuth 

direction can be determined according to 𝐾௔  and 𝑓ఎ೎ . The 

final SAR image signal, 𝑆௙௜௡௔௟ሺ𝜏, 𝜂ሻ, is as follows. 
 

𝑆௙௜௡௔௟ሺ𝜏, 𝜂ሻ ൌ 𝐴଴𝑝௥ ൬𝜏 െ
2𝑅଴
𝑐
൰ 𝑝௔ሺ𝜂ሻ𝑒

ቀି௝
ସగ௙బோబ

௖ ቁ𝑒௝ଶగ௙ആ೎ఎ 

(3) 
 

Therefore, it is more important to estimate the exact matched 
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filter in the azimuth direction than the range direction because 

the errors of 𝐾௔ and 𝑓ఎ೎ are vulnerable by the SAR measure-

ment environment, such as the actual speed, changing rate in the 

distance to the target, and motion vibrating conditions. However, 

the matched filter in the range direction has a low error rate 

because the raw data are compressed using the system parame-

ters or loop-back chirp pulse signal. Therefore, our proposed 

algorithm estimates the accurate velocity in each range, which is 

an important parameter for the azimuth matched filter. 

III. PROPOSED SAR PROCESSING ALGORITHM 

Based on the RDA, the modified signal process of the Dop-

pler parameter is proposed in this section. To estimate the azi-

muth matched filter that fits with the actual signal, the exact 

Doppler centroid, 𝑓ఎ೎ሺ𝜏ሻ and Doppler chirp rate, 𝐾௔ሺ𝜏ሻ are 

required under variable terrain conditions [7–9]. The Doppler 

parameters are as follows. 
 

𝑓ఎ೎ሺ𝜏ሻ ൌ
ଶ௏ೞ௦௜௡ሺఏೞሻ

ఒ
                   (4) 

𝐾௔ሺ𝜏ሻ ≅
ଶ௏ೞమ௖௢௦యఏೞ
ఒோబሺఛሻ

                   (5) 
 

𝜃௦  is the squint angle for measuring the target, 𝜆 is the 

wavelength of the center frequency in the chirp pulse signal, and 

𝑅଴ሺ𝜏ሻ is the slant range along to the range time. The Doppler 

parameters are addressed as a function of the vehicle velocity, 𝑉௦. 
Therefore, the main reason for the uncorrected azimuth mat-

ched filter is the misestimated velocity. This velocity leads to the 

low quality of the SAR image. The velocity estimation of each 

range can lead to more the high-resolution quality and precise 

target classification than the conventional results of the SAR 

processing. To find the accurate velocity 𝑉௦, the proposed algo-

rithm incorporates cross-correlation technique into the estima-

tion of the Doppler parameter [10, 11]. If 𝑆ሺ𝜏, 𝜂ሻ is a 2D sig-

nal constructed in the range and azimuth, the cross-correlation 

function is defined as follows. 
 

ሺ𝑠௅௢௢௞ଵ ∗ 𝑠௅௢௢௞ଶሻሺ𝜏௡, 𝜂ሻ

≝ න 𝑠௅௢௢௞ଵ
∗ ሺ𝜏௡ሻ𝑠௅௢௢௞ଶሺ𝜏௡, 𝜂 ൅ 𝜔ሻ𝑑𝜔

ஶ

ିஶ
 

(n = 1, 2, 3, 4, ⋯, maximum range cell) 

(6) 
 

𝜏௡ is the slow time and, 𝜂 is the fast time. Based on (6), the 

chirp pulse frequency of the range-Doppler domain along the 

range is divided into two looks (Look1, Look2), having 𝑉௦ ൅
Δ𝑉௘௥௥௢௥ in phase information. A matched filter of assumed 𝑉௦ 
multiplies each look, and then inverse. 

FFT is used to generate the images of each look with a phase 

error. The cross-correlation values between two images are com-

pared until reaching the smallest correlation value, changing 𝑉௦.  

Range cell migration correction (RCMC) and azimuth com-

pression are performed, using the 𝑉௦ defined from finishing the 

cross-correlation estimation in each range cell with phase vari-

ance compensation. In the conventional SAR process, each step 

of RDA uses its own technology to compensate the phase error 

for every range cell. It is time-consuming and complicated, re-

sulting in low efficiency. However, in the proposed technique, all 

steps are performed at once without any other process using the 

estimated 𝑉௦. Unlike airborne- and spaceborne-SAR, which are 

sensitive to environmental changes, the proposed algorithm is 

suitable for Auto-SAR to make real-time processing fast and 

easy, resulting in high efficiency. 
 

(a) 

(b) 

 

(c) 

Fig. 3. Information of the proposed estimation: (a) the method 

from the raw data structure for vector velocity, (b) the chirp 

pulse in the azimuth along to the range, and (c) the differ-

ence in the ideal IRF due to the velocity variation.
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Fig. 4. Proposed RDA for high-resolution stripmap SAR.

 

From the estimated results, the defined 𝑉௦ can vary over a 

range, such as a vector. Therefore, the 𝑉௦ is defined as the vector 

velocity. The most suitable 𝑉௦ depends on the direction of the 

target. Before the practical experiment, impulse response func-

tion (IRF) analyses using the proposed algorithm are performed 

in Fig. 3. Fig. 3(a) and (b) show the analysis structure in 2D and 

the Doppler chip pulse signal according to the range, respective-

ly. Fig. 3(c) shows that estimating the correct 𝑉௦ improves the 

peak value and the 3-dB resolution of IRF of the target in the 

SAR image. Fig. 4 shows over whole signal processing of the 

proposed algorithm by organizing the process described in this 

section. 

Ⅳ. EXPERIMENT RESULTS AND PERFORMANCE 

To evaluate the performance of the proposed algorithm, the  
 

Table 1. X-band SAR system specifications 

Parameter Value 

Center frequency X-band 

Frequency bandwidth (MHz) 300 

Pulse repetition frequency (Hz) 1,000 

Measurement velocity (km/hr) 80 

 

 

Fig. 5. The picture of the SAR measurement setup in an auto-

mobile. 

Fig. 6. The measurement area for verifying proposed SAR (loca-

tion of Scenes #1 and #2, Gyeo-nam bridge; Scene #3, 

Chonchon bridge; Scenes #4 and #5, Magoksa IC).
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(a) (b) 
 

 

(c) 

 

(d) 
 

 

(e) 

Fig. 7. Signal processing results by the proposed algorithm: (a) 

Scene #1, (b) Scene #2, (c) Scene #3, (d) Scene #4, and (e) 

Scene #5. 

X-band SAR system was implemented and the practical exper-

iment was conducted. Table 1 shows the specifications of the X-

band SAR system.  

As shown in Fig. 5, two antennas are installed as the trans-

mitter and receiver, respectively. The stop-and-go method is 

applied to measure the practical SAR experiment. To prove the 

validity of the proposed SAR algorithm, five different regions 

are selected. In particular, two curved terrains are included in 

the practical experiment regions. Fig. 6 shows the practical 

measurement locations, which are taken while driving through 

an express highway. Scenes #1 and #2 are places to drive 

through curved loads, Scene #3 is a lower elevation terraced 

region as the range increases along the distance. Scenes #4 and 

#5 are rice fields measured in both directions at a height of 60 

m. Applying vector velocity estimation, the quality of the SAR 

image is significantly improved over conventional RDA in all 

regions, as shown in Fig. 7. Fig. 8 shows the difference before 

and after applying the vector velocity to Scenes #1 and #2, re-

spectively. As shown in the images in Fig. 8, we can see the per-

formance of the algorithm through the focusing improvement 

in practical experiments. In addition, as confirmed in Figs. 7 

and 8, the proposed technique can be applied to various terrain 

and experimental conditions in Auto-SAR. In Fig. 9, analysis of  
 

 

 

(a) (b) 

 

 

(c) (d) 

Fig. 8. The results of Scenes #1 and #2 when processed by the orig-

inal RDA (a), (c) and the proposed RDA (b), (d), respec-

tively.
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(a) 

(b) 

Fig. 9. IRF analysis using the proposed algorithm: (a) the loca-

tion and image of corner reflector and (b) the impulse re-

sponse function of a corner reflector according to velocity.

 

the corner reflector in Scene #5 shows that the vector estimation 

improves the 3-dB resolution of the IRF and increases the peak 

energy of the main lobe. Through the estimated velocity is clos-

er to the accurate velocity, the energy balance of the sinc-

function is addressed more clearly. These results suggest that the 

desired resolution and high-quality SAR image can be obtained 

by the correction of the vector velocity. 

Ⅴ. CONCLUSION 

The proposed algorithm is suitable for measuring the image 

in Auto-SAR. The recent technology has complex process to 

compensate for the phase error in each range cell for airborne- 

and spaceborne-SAR. It is inefficient in creating SAR images in 

Auto-SAR. However, the proposed technology is easy to handle 

and provides fast performance, allowing an immediate response 

to a variety of situations that can occur on the ground. Applying 

the precise estimation of the vector velocity can provide more 

accurate signal processing for high-quality SAR images. To 

prove the effectiveness of the proposed algorithm, high-quality 

results are acquired from practical experiments. In addition, the 

proposed technique of vector velocity is expected to be applied 

in various conditions, such as sub-aperture correction, spotlight 

mode, and autofocus. 
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