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Abstract : Since the change in Doppler centroid according to moving targets brings alteration to the
phase in azimuth differential signals of synthetic aperture radar (SAR) data, one can measure the velocity of
the moving targets using this effect. In this study, we will investigate theoretically measuring the velocity of
an object from azimuth differential signals by using range compressed data which is the interim outcome of
treatment from the simulated SAR raw data of moving targets on the background of sea clutter. Also, it will
provide evaluation for the elements that affect the estimation error of velocity from a single SAR sensor. By
making RADARSAT-1 simulated image as a specific case, the research includes comparisons for the means
of velocity measurement classified by the directions of movement in the four following cases. 1. A case of a
single target without currents, 2. A case of a single target with tidal currents of 0.5 m/s, 1 m/s, and 3 m/s,
3. A case of two targets on a same azimuth fine moving in a same direction and velocity, 4. A case of a
single target contiguous to land where radar backscatter is strong.

As a result, when two moving targets exist in SAR image outside the range of approximately 256 pixels,
the velocity of the object can be measured with high accuracy. However, when other moving targets exist in
the range of approximately 128 pixels or when the target was contiguous to the land of strong backscatter
coefficient (NRCS: normalized radar cross section), the estimated velocity was in error by 10% at the
maximum. This is because in the process of assuming the target’s location, an error occurs due to the
differential signals affected by other scatterers.
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1. Introduction valuable and commercially feasible applications. In

SAR processing, scatterers are assumed to be

With a large coverage, short repeatability, day and stationary during the time of aperture synthesis in

night, and all weather observation capability, azimuth direction, and therefore, if scatterers move,

Synthetic Aperture Radar (SAR) has been proven to they cause errors in the SAR images, including

be a very effective tool for environmental monitoring, defocusing and image displacement, depending on
and is expected to result in numerous scientifically the direction of their motion [1,2, 3].
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A well-known effect of scatterers’ motion is
azimuth image shift caused by the slant-range
velocity component. Since detection, identification
and tracking of moving objects in SAR signals are
important in both civil and military applications, the
errors need to be corrected.

As an ocean application of SAR, the azimuth shift
can be used to calculate the velocity of moving
vessels. The determination of the ship velocity from
the displacement (shift) between ship and its wake is
a typical example [4, 5]. With increasing importance
in monitoring ship traffic in both coastal and open
ocean, an automatic algorithm for the detection of
ships, wakes, and cruising velocity is very desirable.
Ship wakes, which appear in a form of bright and
dark streaks in SAR images, rely on the ship speed,
type, size and so on. However, SAR images do not
always reveal ship wakes.

Several methods have been proposed to detect and
focus moving targets using a single antenna. Most of
them are based on the cross-range phase history
originated by moving targets [6,7, 8,9, 10, 11].

In this paper, a theoretical investigation for
detection of moving targets and for estimation of their
velocities is presented using simulation SAR images
by differentiating range-processed raw data in terms
of azimuth time. In the second part of the paper, the
basic theory of velocity estimation from azimuth
differential signals is described, followed by the
geveration of simulated SAR raw data in section 3. In
section 4, velocity estimation is carried out using the
simulated raw data with and without the background
currents, and the case of multiple targets is considered
in section 5. Finally, the results are summarized in

section 6.

2. Estimation Algorithm of Target Velocity
Using Azimuth Differential Signal

Fig. 1 illustrates the SAR geometry where a point
scatterer is moving in the ground-range direction with
velocity V. The return signal in the azimuth direction
can be expressed by the following equation [12].

ER(t>=Eo<R)exp<-i47”r<t» )

where E,(R) is the signal amplitude on a datum point
whose distance from the radar is R, 4 is the
wavelength of SAR, and r(r) means the slant-range
distance between the moving target and the radar at
azimuth time ¢.

If the target’s radar radial velocity is Vg, r(#) can
be expressed as the following equation.

0 = (R + Vsgt* + V22
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where V is the platform velocity, Vs is related to Vi,

by Vsgr = Vg sin 4, and 6 is the incidence angle.
Azimuth differential signals at times 7 and ¢, are as

follows when they are evaluated using equation (1)

and equation (2).

Azimuth direction

Ground-range
direction -
Fig. 1. SAR geometry for a moving target.
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where At = £, ~ ¢, and in this paper, A is defined as
the time equivalent to 1 pixel in the azimuth direction
(Ar=1/PRF).

From equation (3), the phase A¢ of azimuth
differential signals can be expressed as

]
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In equation (4), since the second and third terms on
the right hand can be calculated from SAR
parameters, the target’s slant-range velocity Vg can
be estimated from the remaining phase after
climinating the second and third terms. For example,
the differential phases can be plotted with Vg along

azimuth pixels, calculated for moving targets as
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Fig. 2. Differential phases as a function of azimuth pixels and
range velocities of target moving with -10 m/s and 10 m/s.

shown in Fig. 2. The sloped lines represent the speeds
of moving targets for the cases of Vg = -10 m/s and
10 my/s. The differential phase of y axis is a constant
proportional to the range velocity of the target.

3. Generation of SAR Raw Data

In the paper, strip-map mode that forms a
continuous strip of imagery parallel to the platform’s
flight path is applied among several SAR operation
modes according to how to obtain images. In the
simulation study, we produce two-dimensional SAR
raw data using the RADARSAT-1 strip-map mode of
which the parameters are listed in Table 1. The delay
times, 7 and ¢ denote the slant-range and azimuth
times, respectively.

The general form demodulated for received signal
from scatterers is expressed as follows (Runge and
Bamler, 1992; Raney et al., 1994; Yeo et al., 2001).

2R(é;rs) ]

ppTary) =0 - a(1§rs)s()[7 -
&)

. exp[—ii}R(t;rg)]

where, rg is the slant-range when the antenna is

Table 1. RADARSAT-1 parameters used for simulated SAR images

parameters value
Operating frequency 53 GHz
Radar wavelength 00566 m
Chirp duration time 4174 us
Pulse Repetition frequency 125698 Hz
Effective Azimuth Antenna Dimension I5m
Satellite Height 798.5 km
Pulse bandwidth 30.111 MHz
Sampling frequency 32317 MHz
Pulse center frequency 0 MHz
Satellite velocity 7062 m/s
Data window start time 6.5956 m/s
Azimuth FM rate 1733 Hz/s
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Fig. 3. Simulated SAR image of stationary target without sea
clutter background.

abeam of the target, o is RCS of the target, R(t; rg) is
the slant-range distance at azimuth time ¢. The
antenna weighting in the azimuth direction is denoted
by af(t; rs), and the received signal can be derived as a
function of such that

st 2| gl - - 2K )2}] ©

c c

Fig. 3 shows SAR image generated by supposing a
stationary vessel that has RCS(0) of 15dBsm, and the

sea clutter is not considered.

4. Application of Velocity Estimation
Algorithm to Generated SAR Raw
Data

The Doppler frequency of signal in the azimuth
direction is altered according to Doppler center
frequency fpc and Doppler rate fz, and these values

are calculated using following formula.

2 Vg .
foctr =2 ini, o) %)
7
2 Vx(ry
Jrlrs)= # . cos2[9sq(r )] ®)

where, ¢ is the squint angle, and V{ry) is the slant
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Fig. 4. Range-compressed image of a moving target (10 m/s)
without the sea clutter (left) and including the sea
clutter background (right).

range velocity changed by azimuth time, t.

Range and azimuth compression processes are
carried out by producing matched filters in the range
direction using the transmitted chirp pulse, and in the
azimuth direction using Doppler center frequency and
Doppler rate. This matched filtering process is the
standard procedure for the range-Doppler algorithm.

Fig. 4 shows the images after range compression of
a moving target at the speed of 10m/s in the range
direction whether the sea clutter background is
considered or not. Here, the target and sea clutter
have RCS(o) of 15dBsm and -10~10dBsm,
respectively.

The velocity estimation mentioned above is first
applied to the range-compressed image without the
sea clutter. Fig. 5 displays the wrapped and
unwrapped phases of azimuth differential data for the
left image of Fig. 4 from equation (4). As can be seen
from the Fig., the signal from the target extends over
approximately 600 pixels which equal As (1 pixel =
1/PRF). Therefore, the slant of phase difference in the
figure is -10.15 rad/sec, and it is figured out that the
Doppler rate from formula (8) is -2133 Hz/s.

Fig. 6 is a result of the moving target’s velocity
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Fig. 5. Wrapped {top) and unwrapped (bottom) phases for
azimuth differential data {without sea clutter).
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Fig. 6. Comparison of velocity estimations with input true
values {without sea clutter).

measurement from -20 m/s to 20 m/s as in the left
image of Fig. 4. By comparison with the input
velocity of the target, the average error of the
measured ground-range velocity was 0.0019m/s, and

Table 2. Velocity estimations for a target with 8-different
direction (flight pass = North T ). Set-up speed (down)
and estimated speed (up), (without sea clutter)

velocity TN
(mis) NE;‘:S) E(_9f)) ¢ SWK(;ZS)

0.00190.0019 | 0.0019 | 0.00190.0019 | 00019
o o O o o0

0

10
(range | 7.1349 | 99545 69576 | -7.1307 |-10,0503| -6.9535
direction | (7071)| (10) (7071 |(-7.071)] (-10) [(-7.071)
velocity)

L

the maximum error was 0.0531 m/s.

Table 2 is the result of simulation of velocity
estimation by taking into account the moving
directions. The velocity was measured when the
moving directions were NE, E, SE, SW, W, NW
under the assumption that SAR’s flight pass being
north, and the result showed that in the case in which
the target’s velocity was Om/s, there was error of
0.0019m/s regardless of the target’s moving direction,
but when the target’s velocity was 10m/s, the
maximum error was 0.36m/s (SW), and the average
error was 0.19m/s. The overestimation occurred at the
directions of NE and SW, while the velocity at SW
and SE was underestimated.

To consider the real sea conditions, range-
compressed image including sea clutter is used here.
Fig. 7 represents the wrapped and unwrapped phases,
and signal amplitudes of azimuth differential data
with sea clutter background (the right image of Fig.
4). The slant of phase difference is -8.32 rad/sec, and
the Doppler rate is -1749 Hz/s.

The source of error in the velocity estimation is in
the fact that, in the presence of noise, the SNR (signal
to noise ratio) decreases in some parts of data and
hence the accurate Doppler parameter estimation
becomes difficult.

Fig. 8 displays the intensity variation of differential
signals with and without sea clutter, The wind speed

above 10m from the sea surface was assumed as
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Fig. 8. Intensity of range-compressed differential signals with
(dashed line) and without (solid line) sea clutter.

10m/s, and the RCS of the vessel was set as 30 dBsm.
If the vessel’s RCS is lower than 30 dBsm and the
clutter is higher, difficulties in accurate presuming of
the target’s location occur due to the target’s signal
hiding effect. This contributes the errors in estimating
the Doppler parameter.

In the next, results with sea clutter will be

compared for a moving target.

5. The Case of Multiple Scatters

In the above sections, we only considered the case
of one moving target in the background of sea clutter.
In this section, we consider the case of multiple range
moving target at a same azimuth position.

Consider two targets moving toward the west (270
degree) and northward flight direction (Case 1). The
targets at the same azimuth position move with the
velocity of -10m/s. Case 2 is when a single target is
contiguous to the land which has a large RCS of
25dBsm. The movement of the target is the same as
Case (1). Case 3 is when surface currents are present.

The results of Cases 1 and 2 are shown in Tables 3
and 4, respectively. In both cases, the error increased
as compared with the case of a single target described
in the previous sections, and when it was 128 pixels,
the error was 1.0m/s or larger.

In Case 3 when ocean currents are present, the
motion of principal scatterers on the sea surface
affects the phase of the return signals, which can
become a source of errors in estimating the velocity
of targets. For example, if the surface current velocity
in the range direction is set as 3m/s, the estimated

phase shift becomes 0.25 rad/s without moving

- Table 3. Estimated velocity of two moving targets on the same

azimuth line with an identical speed and direction (Case 1)

Distance between two targets (pixel
Mean error (m/s) 016 | 021 | 0.68
Maximum error (m/s) 039 | 040 | 109

Table 4. Estimated velocity of a single moving target and land
area on the same azimuth line (Case 2)

Mean error (m/s) 037 | 051 | 0.85
Maximum error (m/s) 056 | 086 | 1.25
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Fig. 9. Phase term of azimuth differential signals with velocity

10 m/s with surface currents moving with 3 mys to the
East.

Table 5. Velocity estimation of a moving target with 10 m/s in
the presence of ocean current of 3m/s.

Flight pass: North T, Target moving direction: East —

Sea clutter moving direction
Sea clutter (range direction velocity, m/s)
moving direction w NW | NE E
Velocity estimation
error, m/s 082 | 043 | 041 | 0.79
targets.

Fig. 9 shows the differential phase of the signals
from a range moving targets with velocity 10m/s
under the current of velocity 3m/s to the east.
Compared to the phase of Fig. 7, there exist larger
variations in differential phase associated with the
background current causing the phase shift of
0.25rad’s.

Table 5 is the result of the velocity measurement of
a moving target with 10 m/s to the east in the

presence of ocean current of 3my/s.

6. Conculding Remarks

The difference of Doppler centroid frequency

caused by moving target can cause the phase

difference of azimuth differential signals in SAR
image. In this paper, the velocity estimation method
of moving target is proposed in SAR system. In order
to evaluate the estimation method, simulated moving
target signal is generated and the performance is
compared with simulated and estimated target
velocity. Azimuth difference signals of target and sea
clutter are extracted from range compressed SAR
images, and extracted wrapped phase is unwrapped
for obtaining a phase response which can be
converted to azimuth time. For considering real sea
environment, the effects of multi-target and coast
clutter to have high backscatter coefficient are
analysed in term of the error of estimation target
velocity. When other moving target or high
reflectance clutter is located in 128 pixels, the
estimated errors over 1n/s are occurred because other
scatters affect azimuth differential signal of moving
target. It is noted that estimated velocity of moving
target ranges in 1m/s when target exist independently
over 256 pixels. This technique may be useful for the
surveillance and traffic monitoring of moving ship on

the sea and close to the coast.
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