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I. Introduction

Detecting and estimating the velocity of slowly mov-
ing targets from a moving platform is difficult due to the
Doppler broadening of the ground clutter. The latest MTI
(moving target indicator) technique employs STAP (space-
time adaptive processing) to reduce the clutter’s signal and
thus, is able to detect the target’s speed [1]. This technique
has proven to be very effective for detecting high-speed
targets and also for some slower moving targets such as
helicopters. If, however, the target’s speed is small, such
as ground targets, the target’s signal is reduced along with
the clutter, again rendering the detection of target’s speed
difficult.

The techniques described in this paper utilize the sig-
nals from a multiple sensor system and are based on the
correlation of the scattered waves of the target [2-4]. The
Doppler shift of the correlation function is then used to
obtain the target’s velocity. Unlike conventional MTI ra-
dar, our technique makes use of the Doppler shifted phase
of the correlation of the scattered waves. Controlled ex-
periments were conducted with an X-band radar and good
agreement was obtained with numerical simulations.

II. Theory: Angular-Correlation Technique
(ACT)

We assume that the airborne SAR is flying in the x-
direction [4]. The platform has two radar sensors mounted
along the x-direction (along-track) and two other sensors
mounted along the y-direction (across-track). In the sim-
plest configuration, the proposed correlation function can
be obtained with only one transmitting antenna and two or
more receiving antennas. To simplify the problem, we as-
sume that both the target vehicle and SAR are on the same
x-y plane and there is no z dependence. One pair of T,
(transmitter) and R, (receiver) is located at x, and x4, and
operating at . Similarly, another pair 7, and R.’ is lo-
cated at x,” and x,’.4, and operating at ®’as shown in
Figure 1.
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We consider the generalized correlation function of
two sensors, which includes frequency and angles. The
angles are related to the location of the target with respect
to the radar sensors. Let E; be the received signal at R, due
to T} as shown in Figure 1.
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where f (6, i a)) is a scattering amplitude of the target,

R is a distance between a target and sensor, and k is a
wave-number.
Similarly, E,’ is the received signal at R.’ due to T’
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The correlation of two received signals is given by [5]
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To obtain the Doppler shift, we take the Fourier trans-
form of Eq. (3) and get
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If the target is not moving (¥ = 0), the delta function
gives a non-zero value at w=w,. However, if V #0, the
Doppler shifted frequency wy,, is given by
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Equation (7) shows that the Doppler shift is related to
both the sensor locations with respect to the target (angles)
and operating frequencies. Furthermore, the expression for
@yop1 in Eq. (8) is given by the average of the Doppler fre-
quencies measured by the two individual sensors.

III. Simulations (ACT)

For the simulation, a system resembling a ground-
based system measuring the 2-dimensional velocity of a
land vehicle is assumed. Figure 2 shows the configuration
of the four sensors and the single transmitter. In this con-
figuration, two Doppler frequencies are computed corre-
sponding to the angular-correlation of the along-track (x-
direction) and the across-track (y-direction) sensors. The
effect of ground clutter is not incorporated into the simula-
tion at this time.

In principle, the velocity vector may be obtained by a
simple matrix inversion of Eq. (8). It was observed, how-
ever, that the inversion became unstable when the height
of the platform (h,) was close to zero. As the height of the
platform increased, the inversion became more unstable,
with the worst case directly over the target vehicle.
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In order to improve stability, multiple platform loca-
tions were used to form a least-squares solution. Using
both the along-track and across-track Doppler shifts, the
expected Doppler shift predicted by Eq. (6) at the n™ plat-
form location is given as
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where @1, is the Doppler shift in the along-track di-
rection and @y, 5 is the Doppler shift in the across-track
direction. Taking N platform locations and starting at the
n™ position, the resulting least-squares problem is defined
by
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Figure 3 shows the results of the least-squares solution
using a constant viewing angle where N is dynamically
chosen such that the angle between the "target-to- n™ plat-
form location” and "target-to- (#+N-1)" platform location”
vectors is constant. In this case, the viewing angle was set
to ~8.3% at a platform height (h,) equal to zero and down-
range (h) of 1000m. The noise is white Gaussian with
standard deviation ¢ = 0.05.

IV. Modified Theory: Angular-Velocity
Technique (AVT)

While the ACT described in section 11 is expected to
have good clutter rejection [6], the inversion may become
unstable if the signal-to-noise ratio is poor. In order to
improve the inversion stability further, the ACT must be
modified. Assuming the configuration used in section II,
the signals from the two receivers are given by E, and E,
defined in Eq. (1) and (2), respectively. Let the function F
be defined as the conjugate multiplication of the two sig-
nals, observed different frequencies and angles but at the
same time.
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To determine the Doppler shift, we calculate the tem-
poral frequency spectrum (W') of F
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For a stationary target (¥ = 0), the delta function of
Eq. (14) yields a non-zero value at @ = w;. However, if
the target is moving, the Doppler shifted frequency @y is
given by
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Similar to what was found for the ACT, the AVT re-
sults of Eq. (14) show the total Doppler shift is related to
both the relative locations of the sensors to the target as
well as the operating frequencies. The dependence of the
Doppler shift on the target’s velocity however, has
changed. This velocity dependence is given by @y, in
Eq. (15) and is equal to the difference of the Doppler fre-
quencies measured by the two individual sensors as op-
posed by their average for wy,,;.

V. Modified Simulation (AVT)

In order to compare simulation results for the AVT
with the ACT, the configuration of the simulation system
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was kept the same, resembling a ground-based system
measuring the velocity of a ground vehicle. The configu-
ration of the system is shown in Figure 2 with h, = 0 for
the ground-based system.

The results for such a system using the AVT still
shows instability for h, close to zero. However, as the
height above the target vehicle increases, the inversion
stability is also observed to increase, as demonstrated by
Figure 4, where the height (h,) is equal to the distance
down-range (h). The results of Figure 4 are for the case
when the distance from the transmitter to the target is
1000m at the platform location of x = 0 and both the
across-track and along-track receiver/transmitter separa-
tions (/ and d) are 10m. The noise is white Gaussian with
a standard deviation of o = 0.05.

VI. Experimental Setup and Results

In the experimental system, a total of four X-band re-
ceiving antennas (2 across-track, 2 along-track) surround a
single transmitter as shown in Figure 5. The target is po-
sitioned at discrete locations by means of a translational
stage, driven by a stepping motor. The target scattering
data is obtained through an HP 8719D microwave network
analyzer. The data acquisition is completely controlled
through a computer as shown in Figure 6, controlling and
obtaining data from the network analyzer in coordination
with movement of the target and antenna selection. The
use of a network analyzer should not be misinterpreted as
the necessity of measuring absolute phase. Rather, accurate
relative phase measurements are required for accurate
Doppler measurements. This can be shown from either of
the two formulations of sections II and IV.

In this experiment, since time is ambiguous, it is the
target's displacement that is estimated rather than its ve-
locity. The processing of the data implements the AVT
discussed in section IV. Using two consecutive target lo-
cations (x[n] and x[n+1]), the phase difference of the tem-
poral correlation function given by Eq. (13) is obtained for
both the along-track and the across-track sensors. From
this data, the target's displacements in both the x- and y-
directions are estimated by the matrix inversion described
by Eq. (15).

The experiment considers the case of one platform lo-
cation (x = 0), analogous to being directly over a ground
target vehicle (h, = 0, h # 0 in Figure 2). The results of the
experiment are shown in Figure 7 with the distance from
the transmitter to the target being 2m and a displacement
of 1mm on the translational stage tilted at a 12° angle with
respect to the horizontal. - With this configuration, the tar-
get's displacement in the x-direction is 0.97815mm, and -
0.20791mm in the y-direction. A total of 45 target posi-
tions were used, resulting in 44 estimates for the displace-
ment. The average estimate for the displacement is
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0.95479mm in the x-direction and -0.22357mm in the y-
direction, an error of ~2.4% and 7.5% respectively.

VII. Conclusions

Simulation and experimental results have been pre-
sented demonstrating the effectiveness of the angular-
correlation technique. The simulation of the ACT shows
that the velocity vector may be obtained through simple
inversion when the SNR is large. In order to improve per-
formance of this technique, additional inversion techniques
need to be explored. Furthermore, improved inversion sta-
bility has been demonstrated to be inherent in the AVT
described in section V.

The experimental results verify the validity of the
AVT. Further development and testing of the system
however, is still required. Some of these include the test-
ing of the system at multiple platform locations. Addition-
ally, simulation and experimental testing of the perform-
ance of both methods in the presence of ground clutter are
needed.
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Diagram of the proposed correlation tech-
nique. Phases of the correlation functions for
the along-track (P;-P;) and across-track (Ps-
P,) sensors are measured as a function of po-
sition X.
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Figure 2: Simulation configuration
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Figure 4: AVT Simulation results,
Range = 1km, Angle = 45°
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Figure 7: Experimental Results
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