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Abstract: Synthetic aperture radar is an active remote sensing approach that transmits the known wavelength
signal and measures the reflected wave from the scene. Moving target detection, imaging, and velocity
estimation using raw data are active research fields with civilian and military applications. The synthetic
aperture radar endures from the image degradation because of phase errors present in the received signal.
These phase errors give rise to poor focus quality, spurious targets, loss of resolution and erroneous velocities.
The primary objective of the paper is to produce a high-resolution image of the targets and the moving targets
motion estimation present in the scene in the presence of phase errors. The modified range-Doppler algorithm
performs the range migration correction and the focus filtering with the wavelet decomposition to improve the
resolution of the target image. The parameters extracted from the range migration correction and azimuth
filtering is used to estimate the moving target velocity. The modified RDA using Sym8 wavelet decomposition
levels with AOPM for moving target velocity estimation of SAR image have the average percentage of accuracy
is 1.99. This proposed RDA method gives the close approximation to the actual velocity value and also
improves the focus quality of the target image when compared with the conventional RDA.

Keywords : Synthetic aperture radar, Range Doppler algorithm, Wavelet decomposition.

. Introduction
Velocity estimation of moving targets is one of the important research topics in SAR imaging. The moving

target in the scene is first focused well before velocity estimation. The range Doppler algorithm [1], [2] is
used to focus the moving targets in SAR imaging. The range migration correction [5] and focus filtering [4] is
performed in RDA. For further improving the focus quality we proposed modified range Doppler algorithm.
The wavelet decomposition levels are used in the modified RDA for improvement of the focus quality after
azimuth compression.
The moving target velocity in SAR imaging is composed of two components i.e. the cross-track velocity and
the along-track velocity. The coefficient extracted from the range migration correction is used to calculate the
accurate Doppler centroid. The radial velocity of the moving target is estimated from the Doppler centroid. The
coefficient extracted from the azimuth filtering is used to calculate the moving target along-track velocity. The
adaptive order polynomial method and the phase gradient method are used for azimuth filtering. The
performance of the modified RDA is compared with the performance of the conventional RDA. The focus
quality of the moving target in the scene is measured by using the parameter entropy. The paper is organized as
follows: Section 1 deals with the introduction. Section 2 presents automatic imaging of moving target in SAR
imaging. The radial velocity and the cross-range velocity estimation is discussed in section 3. Section 4 and

section 5 contains results and conclusions respectively.

2. Automatic imaging
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Motion parameters of moving target are extracted from its automatic imaging. The flowchart of
proposed modified Range Doppler Algorithm for SAR imaging is as shown in Fig. 1.
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Fig. 1 Block diagram of Modified Range-Doppler algorithm.

First, the received echo signals from the scaterrers are resolved in fast time using their different time delays and
the range resolution is improved using matched filtering the received signals with range reference signal.
Similarly, the signals from scaterrers are resolved in slow time based on their different azimuths and the
azimuth resolution is improved using focus filter. To acquire well focused and a correct positioned image,
range migration correction before azimuth filtering, and wavelet decomposition after azimuth filtering is
required. The range migration correction, azimuth filtering and wavelet decomposition are performed
automatically during imaging of the moving target.

2.1 Range cell migration correction

The range between the target and the radar is varied because the target is moving through the azimuth antenna
beam; the echoes from the same target are not placed in the same range bin. It exhibit very poor focus quality
of the image. The range migration correction is carried out in the range-Doppler domain, the echoes returned
from the particular target are placed at corresponding range bin. The range migration correction is
accomplished by shifting the samples at a Doppler frequency in the range Doppler domain up to the amplitudes
are equal. This is referred to as automatic range migration correction.

2.2 Focus filtering

The focus filter minimizes the phase errors present in received signal and improves the focus quality of image
by matched filtering the columns of Fourier transformed RCMC signal with the azimuth reference signal in
azimuth direction. The design of the azimuth filter is based on the received echo signal from the moving target.
This is known as autofocus. The phase gradient method [12] is used to estimate the phase errors present in the
received signal. The focus filter coefficient is adjusted to design the phase response; therefore the sharpness of
the image is optimized.
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2.3 Wavelet decomposition

After azimuth compression, a de-noised azimuth compression signal is obtained by using wavelet coefficients
thresholding using global positive threshold THR [10, 28-31]. Haar, Db4, and Sym8 wavelets with 2, 4, & 6

decomposition levels are used to reduce the noise. Noise due to the phase errors are further reduced by this
process.

3. Velocity estimation
The received reflected wave from the object is represented as:

. 4mr(t)

x(t) = w exp(—j T) 1)

Where t is slow time, w is the parameter of scattering, A is the carrier wavelength and r(t) is the distance
between the detector and the object. Here r(t) is written as:

Fig. 2 Graphical representation of SAR imaging plane

r(t) = \/(yo + vyt —Vyt)" + (X, + vyt — Vit)? o

and it is derived from the SAR imaging plane shown in above Fig. 2. Let us consider the y-axis is the radar bore
sight directed towards target. The radar moves with radial velocity Vy in y-axis and cross range velocity Vy in
x-axis. Let the target also moves with radial velocity vy and with cross range velocity vy. At t=0, the target is
located at point (Xo, Yo) and the radar at point (0, 0).

After some timet = t, the radar bore sight is directed to the target, therefore:

= 3
‘ V, —-v ®

and ro be the range of the scatter to the radar at ¢, is given by:

To =Yo T Vyls - Vyts 4)

WwWWw.jst.org.in 3|
Page



Performance comparison between conventional and modified Range Doppler Algorithm in real time
applications

Then, approximating the r(t) by its second order Taylor series at ts , we obtain:

v )2
O = 1o - Wy —y) (¢ -t + V)

(t - ts ) ?
% ©)
substituting above equation (5) into equation (1) yields:
x(© = w exp{~j £ [r, = (% = v,) e — 1) + L2 e - 17} ©)

Differentiate the phase angle of x(t) will results the instantaneous Doppler frequency of that received signal
i.e.

0= 2% - v) - B - 1)) ™

An important parameter called Doppler centriod can be defined as Doppler shift of a target; it is located in
the antenna bore sight direction.

Doppler centriod is obtained by substituting t =t in above eq...(7):

4
02, ZTH (V;/_vy)

®)
b=ty = = e (= 0,) ©)
substituting equation (9) into (5) yields:
r(©) =1, + 1A (0~ 0) + S e (- ) (10

Equation (10) exhibits the relationship between the distance and the instantaneous Doppler frequency. This

gives the approximate relationship between spectral Doppler frequency and range. Therefore the shifting of the
Doppler slice in the range is given as

Aro(Vy—v 221,
=) = — 12 (0 - 0,) - AT (0, - 0,)

3212 (Vyx—vy)?

(11

Extending the equation (11) to the original interval and discretizing 1o =7, — r(t) and Q;, we get:

2 2 L M
k) = _Zi=1“i[g(k—ko)] ,OSk<k0+; .
T()_ _Zz a’[z(k—k _M)]lk+g<k<M ( )
i=1%1 M 0o , Ko P
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— Aro(Vy=vy)
4dT (Vy—vy)?

(13)

1

A%r,

T 32dT2(Vy—vy)?

a, (14)
where index of instantaneous Doppler frequency Qi is Kk, fast time sampling period is d, the shifting of the
samples at a Doppler frequency k is (k) and normalized by d. the coefficients of range cell migration are a,
and a,.

The azimuth filter phase response is properly designed to improve the sharpness of the image. For azimuth
compression, the design of the azimuth filter phase response with the parameters, that depends upon the radar
velocity, the pulse repetition frequency (PRF), and the absolute range.

The azimuth filter phase response is derived as follows,

The Fourier transform of the received echo signal x(t) is approximately equal to:

Ao . L4 . . Aty
x() = w 7570 exp [~ =5 — ity + ) gy (= 00)7) (16)

2(Vx—vyx)?

The azimuth filter phase response should be:

Arg
81 (Vy—vy)?

¢(2) = (2 — 0,)? (17)

Extending the equation (16) to the original period and discretizing ¢(Qi) , Qi and model as polynomial i.e.:

k—ko\ ! M
~Ximp (S0) 0 <k <k, +2

¢(k) = (18)

k—ko—M\" M
— Nl mp () + S <k <M

B=—gto _ (19)

The phase response ¢ (k) of azimuth filter with k as independent parameter and B is called the parameter of
azimuth filter.

Focus filter parameter B is adjusted to minimize the phase errors present in azimuth compression signal to
improve the sharpness of the focused image and it is referred to as the autofocus. Minimum entropy autofocus
using phase gradient method carried out in the following way.

Focus filtering is achieved by:

P(m,n) = T4 x- (e, m) exp(jp (k) (20)

Doppler rate, azimuth, and fast time are indexed by k, m and n, respectively. The range cell migration corrected
signal is x,(k,n) , and the phase response of azimuth filter is ®(k). P (m, n) is the complex image. The focus
quality of complex image P (m, n) is improved by reducing phase errors of focus filter. The phase response
(k) of azimuth filter is optimized until the entropy of | P(m,n)|2is minimized.
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The entropy of |P(m,n)|? is defined as:
_ _1 |P(mn)|? S
E[lP(m,n)lz] = %=% Z7I¥=01 S ln IP(m,n)IZ (21)

Where S = Y-8 ¥N_3|P(m,n)|?

In SAR imaging, the entropy can be used to measure the smoothness of a distribution function, using this
characteristic of entropy, sharpness of an image to be calculated [9-14].The entropy of | P(m, n)|?is minimized
implies phase errors of focus filter are reduced, and focus quality of complex image is improved.

Let the focus filter’s amplitude response is assumed to be a unit and S is a constant. Therefore the entropy of
image can be determined by:

E[IP(m, n)|?] = — ZRZ6 Zazs|P(m, n) [ In|P(m, n)|? (22)
Thus, the entropy of image has to be minimized by estimating the phase response of the azimuth filer
3.1 Estimation of ®(k) using phase gradient method

Estimation of ®(k) is depending upon the parameter Bi. To improve the computational efficiency, the signal is
focused using conventional focus filter and de-noised using wavelet decomposition. From the de-noised signal,
the parameter j is adjusted as follows.

Phase estimation and correction

Phase Gradient method is used to estimate phase errors present in the azimuth compression signal. The first
step in the PGM is to select strongest scatter from each range bin and shift it to the origin, to remove the
frequency offset due to the Doppler of the target. Circular shifting is used for this process. The next important
step is windowing the circularly shifted image data. The gradient of phase error estimation from circularly
shifted and windowed image data is given by:

> Im{G " ()G, (u)}
g(u)=""— (23)

>[G. W)

n=0
filter coefficient B relation with Doppler rate where g(u) is the gradient of the phase error, Gn(u) is the inverse
Fourier transform of the circularly shifted and windowed azimuth compression image data. The slope rate of
the gradient of phase errors is estimated and then the variance of Doppler rate df; is calculated. Therefore the

Doppler rate fr is equal to f, + df,and the azimuth filter coefficient g =

>~ - According to phase errors in
T2f,

azimuth compression signal, B is adjusted to get fine focused SAR target image.

3.2 Estimation of ®(k) using Adaptive-order polynomial autofocus method

Estimation of ¢ (k) depends upon the parameter f3,. The conventional focus filtering is taking place

before autofocus to improve computational efficiency. First 5, is increased step by step until entropy € [] is
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minimized. If € [.] cannot be minimized B, is varied in the opposite direction until the entropy of image € [] is
minimized. This process is repeated for 5, B, and so on until € [.] is minimized. The phase response ¢ (k) is
adjusTABLE, if further increase in order, the estimate of S; approaches to zero and therefore the higher order

terms are not considered, because the estimates of two successive g; are equal to zero.

The focus quality of image is measured by entropy. Better focus corresponds to smaller entropy. After
calculating B, the RCMC coefficient is determined by dividing equations 13 by 19:
T
a, = (Vy - vy) f—d (24)
RCMC, focus filtering and wavelet decomposition is carried out automatically until entropy is minimized.
From these coefficients the radial and cross-range velocities are estimated. The radial velocity is represented by

2da;y
BT
estimated by using the parameters cross-track velocity ‘vy’ and the along-track velocity vy’ is written as:

and the cross-range is given by v, =V, —% f%{’ . The total velocity of moving target is

vy =V, -

_ vy 12
v= [cos(@) + UXZ (25)
4, Results

The detector moves at a cross-track velocity of 0.262m/s and along-track velocity of 7125m/s. 0.56ms is the
radar pulse repetition period. The beam has an angle of 0 rad in azimuth. The wavelength of pulses has 5.67 cm
and 15.5MHz bandwidth. 1.896 MHz is the sampling frequency, and 1024 pulses with 512 fast time samples
each are recorded. When the azimuth time is 0, the detector is located at (0, 0) and the center of the object
located at (0, 1547300km). Fig. 3 shows the moving car with velocity about 5m/s at the airport [23]. The
image of the car in the scene is blurred because of its motion. The car image is isolated from the stationary
background using MATLAB command ‘roipoly’ and converted into signal. This signal is processed for

automatic image formation and for velocity estimation using modified RDA and conventional RDA.

Azimuth

Fig. 3 Moving car image at airport

TABLE-1
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Car velocity estimation using conventional RDA
True velocity of car = 5m/s

S. Method Radial Cross-range Estimated Velocity
No velocity velocity velocity error
(m/s) (m/s) (m/s) (m/s)
1 Conventional RDA PGA -1.4860 -4.3564 4.6028 0.3972
AOPM -1.4860 -4.7528 4.9796 0.0203
6
4
2
m1
Convention
0 1 — al RDA
/e m/9 | /9 | poa
-2 Radiat Estimated Velocity error| ™1 )
velocity velocity Convention
- al RDA
AOPM
-6

Fig 4 Estimation of car velocity using conventional RDA with PGA and AOPM.

TABLE-1 and Fig 4 show the car velocity estimation using conventional RDA with PGA and with
AOPM. 0.3972m/s and 0.0203m/s are the velocity errors using PGA and AOPM respectively. According to the
observations, 7.94% and 0.4% accuracy is obtained for PGA and AOPM respectively. AOPM performs better
when compared with PGA.

TABLE-2

Car velocity estimation using modified RDA with Haar de-composition
True velocity of car = 5m/s

S. Modified RDA Radial Cross-range Estimated Velocity
No velocity velocity velocity error
(mls) (m/s) (m/s) (mls)
PGA -1.4060 -5.0435 5.2518 0.2518
1 Haar-2L
decomposition AOPM -1.4660 -4.7565 4.9956 0.0043
PGA -1.4660 -5.0435 5.2522 0.2522
2 Haar-4L
decomposition AOPM -1.4060 -5.1453 5.3497 0.3497
PGA -1.4060 -5.1287 5.4371 0.4371
3 Haar-6L
decomposition AOPM -1.4660 -4.9491 5.1793 0.1793
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m Radial velocity

5  (m/s)

m Cross-range
velocity (m/s)

Estimated
velocity (m/s)

fgn m Velocity error

(m/s)

Fig 5 Estimation of car velocity using modified RDA with Haar decomposition levels

TABLE-2 and Fig 5 show the estimation of car velocity using modified RDA with Haar
decomposition levels using PGA and AOPM. 6.3% and 3.5% average accuracy is obtained from PGA and

AOPM respectively. AOPM with Haar decomposition performs better when compared with PGA.

TABLE-3
Car velocity estimation using modified RDA with Db4 de-composition
True velocity of car = 5m/s

S. Modified RDA Radial Cross-range Estimated Velocity
No velocity velocity velocity error
(m/s) (m/s) (m/s) (m/s)
PGA -1.4060 -5.1287 5.3337 0.3337
1 Db4-2L
decomposition AOPM - 1.4660 -4.6546 4.8987 0.1012
) Db4-4L PGA -1.4860 -4.4713 47316 0.2683
decomposition AOPM -1.4660 -5.2509 5.4684 0.4684
PGA -1.4060 -3.8435 4.1130 0.8869
3 Db4-6L
decomposition AOPM -1.4860 -4.0509 4.2452 0.7547
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m Velocity error
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n

Fig 6 Estimation of car velocity using modified RDA with Db4 decomposition levels.

TABLE-3 and Fig 6 show the estimation of car velocity using modified RDA with Db4 decomposition
levels using PGA and AOPM. 9.9% and 8.8% average accuracy is obtained from PGA and AOPM
respectively. AOPM with Db4 decomposition performs better when compared with PGA.

TABLE-4

Car velocity estimation using modified RDA with Sym8 de-composition
True velocity of car = 5m/s

S. Modified RDA Radial Cross-range Estimated Velocity
No velocity velocity velocity error
(m/s) (m/s) (m/s) (m/s)
PGA -1.4860 -4.7861 4.9516 0.0483
1 Syms8-2L
decomposition AOPM -1.4860 -4.7454 4.9914 0.0085
) Syms-4L PGA -1.4660 -5.0139 5.2412 0.2412
decomposition AOPM -1.4260 -4.8509 5.0732 0.0732
3 Syms-6L PGA -1.4060 -4.8713 5.0867 0.0867
decomposition AOPM -1.4060 -4.5528 4.7825 0.2174
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m Radial velocity
2 —  (m/s)

m Cross-range
velocity (m/s)

O -
A PM A PM A PM Estimated
Sym8 Sym8 Syms8 | velocity (m/s)
-2 I 2 3 I m Velocity error
(m/s)
-4
-6

Fig 7 Estimation of car velocity using modified RDA with Sym8 decomposition levels.

TABLE-4 and Fig 7 show the estimation of car velocity using modified RDA with Sym8
decomposition levels using PGA and AOPM. 2.5% and 1.99% average accuracy is obtained from PGA and
AOPM respectively. AOPM with Sym8 decomposition performs better when compared with PGA.

5. Conclusions

Modified and conventional RDA with PGA and AOPM is used for car velocity estimation in SAR
imaging. 1.99% average accuracy is obtained by using modified RDA with Sym8 decomposition levels using
AOPM. This value is less than when compared to the remaining methods. Therefore AOPM with Sym8

performs better for SAR real data when compared with the other existing methods.
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