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Implications of SAR Ambiguities in Estimating the Motion of
Slow Targets

David A. Garren

Naval Postgraduate School, Monterey, California, USA

ABSTRACT

This paper examines the implications pertaining to the problem of attempting to invert synthetic aperture radar
(SAR) measurement data to yield unique estimates of the underlying motion of slow targets in the imaged scene.
A recent analysis has demonstrated that ambiguities exist in estimating the kinematics parameters of surface
targets for general bistatic SAR collection data. In particular, a procedure has been developed which generates
alternate target trajectories which give the same SAR measurements as that of the true target motion. The
current paper extends the earlier analysis by generating specific numeric examples of alternate target trajectories
corresponding to the motion of a given slowly moving target. This slow-target case reveals the counter-intuitive
result that a single SAR collection data set can be generated by target trajectories with significantly different,
and possibly opposing, heading directions. For example, the true motion of a given target can be moving towards
the mean radar position during the SAR collection interval, whereas a valid alternate trajectory can correspond
to a target that is moving away from the radar. The present analysis demonstrates the extent of the challenges
associated with attempting to estimate of the underlying motion of targets using SAR measurement data.

Keywords: Synthetic aperture radar, Radar theory, Moving Targets

1. INTRODUCTION

SAR processing can produce remarking remarkable imaging quality of stationary objects and terrain. However,
moving targets typically yield artifacts in SAR imagery, which are often smeared beyond recognition. A number
of researchers have attempted to understand the nature of the motion-induced target smears. One frequent goal
is to attempt to refocus' ?? the smeared artifacts so that the resulting image is similar to that of stationary
objects.

There has been research into the general properties of such moving target artifacts.!™* In addition, there have
also been other investigations of the properties of moving target smears. For example, some researchers have
attempted to improve the detection of such targets via the use of focusing methods.> 7 A number of other investi-
gators considered various methods for detecting moving targets through these signature techniques.?>2® Finally,
these moving target smear have been shown to exhibit curvature in the radar down-range direction.!8 2935
Some investigators?¢ %Y noticed that ambiguities appear to arise in attempting to estimate target motion
parameters corresponding to these smear artifacts. Some of the examples include monostatic collections in
which both the radar and target move with constant velocity during the collection of the radar measurements.
Specifically, identical phase history data sets are obtained from alternate fictitious target trajectories.

A recent investigation*! extends the formalism regarding these ambiguities to include completely arbitrary
trajectory and speed profiles for the radar transmitter, the radar receiver, and the target. In particular, this
work presents the specific equations that can be used to generate alternate fictitious target trajectory and speed
profiles which give exactly the same radar measurement data as that corresponding to the true motion of the
target. That is, the analysis shows that it is not possible to form unique estimates of target motion of based upon
general bistatic radar range measurements. These results apply even if range-rate or doppler measurements are
collected as well. This ambiguity can be broken only through the use of additional constraints, such as target
motion on the one-dimensional (1D) locus of a road. Therefore, the ability to localize a moving target based
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upon general bistatic radar range measurements depends upon the overlap of the transmission and reception
mainbeams. Throughout these discussions, the concept of a bistatic radar collection includes the degenerate
monostatic case in which the transmitter and receiver are co-located on the same platform.

In the current paper, the special case of a slowly moving target is examined in more detail. In particular,
this analysis attempts to generate an alternate target trajectory which is significantly different in terms of the
heading direction. A special emphasis is placed on the generation of alternate fictitious targets in which the
heading direction is opposite to that of the true target.

2. TRUE TRAJECTORY OF SLOW MOVING TARGET

The fundamental result of the previous ambiguity analysis*' is that a number of differing target trajectory and
speed profiles can give the same set of bistatic radar measurements. That is, one cannot use a set of bistatic
range measurement data in order to generate an accurate estimate of the underlying target motion. Additional
constraints are required, as with the assumption that the target lies along the 1D locus of a road.

A number of definitions are required in order to properly summarize the results of previous ambiguity work.*!
It is assumed that the radar transmitter and receiver are permitted to move with arbitrary trajectories and speed
profiles. It is also assumed that the instantaneous positions of the transmitter and receiver can be known with
arbitrary precision. The target is permitted with move with an arbitrary trajectory and speed profile on the
surface of a ground-plane. However, the target trajectory and speed profile is assumed to be unknown to the
radar system. In addition, the speeds of the transmitter, receiver, and target are assumed to be much less than
the speed of light, which is consistent with radar collection.

The transmitter is assumed to emanate a total of N radar waveforms during the coherent processing interval
of the SAR collection. Define 7;, to be the average value of the slow-time corresponding to the n*" waveform.
Likewise, set 7, , to be equal to the average time of waveform absorption by the receiver after scattering off of
the target. In addition, the time interval between successive waveforms is not constrained to be fixed and instead
is permitted to vary in any manner.

Next, a number of geometrical definitions are required. In general, a three-dimensional (3D) ellipsoid is
formed as a 2D ellipse of revolution about the axis connecting the locations of the transmitter at waveform
emanation and the receiver at waveform absorption. These transmitter and receiver locations correspond to
the two foci of this ellipsoid. Define x;, = {Z¢n, Yt n, 2t,n} to be the location of the transmitter phase center
corresponding to the transmission time 7 ,,. Similarly, define X, , = {®rn,Yrn, 2rn} to be the location of the
receiver phase center at the reception time 7, ,,.

This analysis is generated in terms of a local Cartesian coordinate system in which the z — y plane is tangent
to the local surface of the earth. Then, the location of the target at the waveform scattering time 7, is given
by Xs,n - {Is,nv Ys,ns O}

Define Af,, to be the temporal bandwidth of the radar, wherein the index n denotes the particular waveform
within the transmitted sequence during the synthetic aperture. It is assumed that this bandwidth is permitted to
be arbitrarily wide. Furthermore, the target is modeled as an idealized point scattering center, so that waveform
properties before scattering are preserved when absorbed into the receiver. The actual measurement of the
bistatic range of the radar system to the target is denoted by R,,. In addition, the permission of an arbitrarily
wide waveform bandwidth implies that the bistatic range error §R,, can be arbitrarily small as well.

3. ALTERNATE TARGET CONSTRUCTION

The bistatic ambiguity analysis*' continues by generating arbitrary trajectories and speed profiles for the radar
transmitter and receiver. In addition, there are N bistatic range measurements of the moving target relative
to the radar system. Next, a particular prescription provides a means for computing any number of alternate
fictitious target trajectory and speed profiles with yield the same bistatic range measurement values. As clarified
in the original development, the location and other motion parameters corresponding to a given alternate target
trajectory is not required to lies within some particular small neighborhood about the true target values. Instead,
the instantaneous position of the fictitious target trajectory needs only to lie within the overlap of the transmission
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and reception beampatterns for this waveform. For convenience of notation, this waveform index n is suppressed
until later in order to avoid cumbersome mathematical notation.

A few definitions are repeated from the earlier ambiguity analysis*' for convenience. In this vein, denote the
round-trip waveform propagation fast-time via:
2R
AT=1T —Tt = —, (1)
c
which also yields the value of the bistatic range R from the moving target to the radar system. Denote the
location of the transmitter phase center at the time of waveform emanation to be x;, which is expressed in terms
of the Cartesian ground-plane coordinate system discussed above. Similarly, denote the location of the receiver
phase center at the time of waveform absorption to be x,.. Next, the location of the center of the 3D ellipsoid is
given by:

1
oni{}(r‘kxt}. (2)
Define the actual value of the ellipsoid center to be {z,y, z} = {Xo, Yo, Zo} in terms of the selected ground-plane
coordinate system.

The previous analysis*! defines the vector between the transmitter and receiver to be:
W = X, — X;. (3)

In particular, define the Cartesian components of w along the ground-plane unit vectors {X,y,z} to be given
by {wz, wy,w,}. Next, the elevation ® and azimuthal © angles of the 3D ellipsoid relative to the ground-plane
coordinates are given by:

_T <P = arctan(wz> < z, (4)
2 /wg +w12/ 2
_ Wy
—7 < © = arctan P <. (5)

In these equations, the quadrant of © is determined by the signs of the values of w, and w,. In particular, a
value of © between zero and 7 is obtained for positive w,, and an angle that lies between —r and zero results
from a negative value of w,.

The generation of an alternate fictitious trajectory begins with the selection of a different location than that
of the true target at the time for the initial waveform. This initial location is not constrained to lie within some
small neighborhood about the true target location, but it is required to lie within the overlap of the transmission
and reception energy beampatterns. In addition, this alternate target location is constrained to lie on a 2D
ellipse within the ground-plane, which is defined according to the equation:*!

Y. papaty’=o0. (6)
0<at3<2

In this equation, the values of the p,g, are computed via:

P20 = P, (7)

Po2 = w, (8)

p11 = {¥ — n}sin(20), (9)

pro = —2Xo p — Yo{¢ — n}sin(20) — Zo{{ — n} cos(O) sin(29), (10)
po1 = —Xo{v — n}sin(20) — 2Yyw — Zp{£ — n} sin(©) sin(2P), (11)

1 .
Poo = =7+ X3 p+ Y5 w+ Z5 v+ XoYo{y — 1} sin(20)
+ X0Zo{& — n} cos(0) sin(2®) + Yo Zop{& — n} sin(O) sin(2P).
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These equations also define values for &, n, ¥, 7, p, and w according to the following:

¢={cAT}?, (13)

n={{cAr} — e =]}, (14)
Y = € cos? (@) + nsin? (D), (15)
v = Esin®(®) + 1 cos? (D), (16)
p = 1 cos?(0) + nsin?(0), (17)
w = ¢ sin®(0) + ncos?(0). (18)

The ellipse equation (6) determines the locus of possible alternate ground-plane scattering locations {x, y} of the
waveform off of the moving target.

The next step in the processing®! is to choose an alternate fictitious location within the beampattern overlap
for the first scattering event off of the moving target. One possible methodology is based upon the selection of
an alternate value for the ground-plane coordinate x with the radar beampattern overlap region. Then, (6) is
used to determine the constrained values of the y coordinate via:*! for the value of y:

_ ~P110% —poro = \/9(95). (19)

2 po20

Here, the following function is defined:

g(x) = {p1o +p010}2 — 4 po20{P200 2% + proo @ + Pooo }- (20)

In order to obtain real-valued solutions for (19), it is necessary to ensure that g(z) is non-negative. In general,
the quadratic equation of (19) implies that there exist two possible solutions. Again, it is only necessary to select
a solution that lies within the overlap region of the transmission and reception beampatterns.

The previous ambiguity analysis*' also presents a method for computing the value of the fast-time 7 which
is consistent with the alternate target position x = {z,y, 2} which is generated using (19). The value of this
particular time 7 at which the waveform scatters off of the target is obtained via:

14
=7+ —. (21)
c

In this equation, the value of the path length that the waveform traverses is going from the transmitter to the
points of scattering off of the target is obtained via:

0= ||x; — x| (22)

That is, the alternate fictitious target trajectory which is generated will have, in general, a different value for
the time of scattering off of the target relative to that of corresponding to the true target trajectory.

The discussion of the prior ambiguity investigation*' clarifies that actual value of the scatter time 7 is
itself ambiguous, since the radar measures only the total distance traversed by the waveform in going from
the transmitter to the target and then into the receiver. However, once a particular set of alternate spatial
coordinates {x,y,0} has been generated, then the corresponding value of the scattering time 7 for this fictitious
trajectory becomes determined via (21). Note that this ambiguity in the actual scattering time disappears for
monostatic collections, since its value can be assumed to be the midpoint between the transmission and reception
times.

The discussion above presents a methodology which can used to generate an alternate target location and
scattering time {x1,y1, 21, 71 }aix Which yields the same bistatic range measurement Ry for the initial waveform
as that which applies for the true space-time point {x1, 91, 21, 71 }true- This same procedure applies in generating
alternate space-time points {,, Yn, Zn, Tn }ait corresponding to waveform index n within the SAR collection
interval. Here, the waveform index is included again for clarity of presentation. Therefore, the full alternate
fictitious target trajectory and speed profile can be generated.
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4. NUMERIC EXAMPLE OF A SLOW TARGET

This section presents a particular example corresponding to a slowly moving target. This case considers a
monostatic SAR collection with a radar that is pointing broadside in the starboard direction. For this example,
the radar and target travel with constant velocity.

The radar transmits 1001 waveforms over a l-second synthetic aperture interval with a pulse repetition
frequency (PRF) of 1kHz. The values for the average location of the radar and the moving target are given by
{-0,6,0.5}km and {300, 0,0}km, respectively, with regards to the selected coordinates {z,y, z}, with units of
kilometers. The corresponding {z,y, z} components of the velocity vector are selected to be {200,0,0}m/s and
{0.5,—5,0}m/s, respectively, wherein the units are meters per second.

A fictitious target trajectory and speed profile which is consistent with the bistatic range measurements is
obtained?! is obtained by selecting an alternate set of z coordinate values for the target location corresponding
to each waveform along the synthetic aperture. A possible methodology involves the scaling and shifting of the
true target values of x is order to obtain the corresponding fictitious values. For the particular slow moving
target examined herein, a scale of —1 and a shift of —0.6 km are applied to generate the x coordinate values of
the fictitious target for each waveform along the synthetic aperture. Next, these x values are used within (19)
to solve for the corresponding y coordinates values for each waveform. Thus, these computation yield values for
the fictitious target locations {z,y,0} on the surface of the ground-plane for each transmitted waveform.

The monostatic collection geometry for this particular example is shown in Figure 1. In this figure, the
trajectories of the slow target and the generated fictitious target almost appear only as points in this figure.
Thus, it is useful to examine an image zooms of the spatial region around both the true and fictitious targets,
as is shown in Figure 2 and 3. In both of these figures, the initial 200 ms of the total 1000 ms corresponding
to the full synthetic aperture is shown with a solid line is shown with a solid line, and the remainder is given
by a dashed line. Thus, the true target is moving away from the radar that lies distant in the +y direction.
In contrast, the alternate fictitious target is moving towards the radar in a direction which is approximately
opposite to that of the true target motion.

The average speed variation for the alternate fictitious target trajectory is presented in Figure 4. The variation
in the fictitious target speed in this figure is only approximately 0.1 sec over the 1sec SAR processing interval.
Likewise, Figure 5 reveals the heading of the fictitious target varies by less than 0.1° over the SAR collection
interval. These results indicate that the speed and heading variation are very minor, so there would be relatively
little stress on the engines and tires if one were to attempt to travel according to this alternate target trajectory
and speed profile.

A comparison of the bistatic range values corresponding to the true target motion and that of the alternate
fictitious target are presented in Figure 6. This figure shows that the alternate fictitious target yields exactly the
same bistatic range profile along the synthetic aperture as that of the true target motion. Detailed examination
reveals that the differences between the two profiles lies on the order of computational machine precision.

5. CONCLUSIONS

There has been recent work in the understanding of ambiguities in the inferred target trajectory and speed
profile based upon the collection of general bistatic range measurements. In particular, specific equations have
been developed for computing alternate fictitious target trajectory and speed profiles which yield identical radar
measurement data as that obtained from the true target motion. The current paper investigates the special case
of a slowly moving target in more detail. A simulation is generated for the case of a monostatic radar collection
from a typical SAR collection system which is imaging with broadside geometry. A target is included within the
system which is moving approximately in the radar down-range direction away from the radar.

The current study reveals that it is possible to generate an alternate fictitious target trajectory and speed
profile corresponding to a target that is moving is approximately the opposite direction as that of the true target
motion. This result can appear counter-intuitive initially, but this result arises naturally from the mathematics
and can be understood by examining the rotation of the wavefronts at the scene center as the radar platform
traverses the full synthetic aperture.
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Figure 1. The monostatic collection geometry for this particular example, showing the radar trajectory. The trajectories
corresponding to the true and fictitious targets appear approximately as points in the spatial region of {z,y}={0,0} near
the lower left of the legend box.
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Figure 2. A zoomed image of the true target trajectory, wherein the initial 200 ms of the total 1000 ms corresponding to
the full synthetic aperture is shown with a solid line, and the remainder is given by a dashed line. Thus, the true target
is moving away from the radar that lies distant in the +y direction.
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Figure 3. A zoomed image of the alternate fictitious target trajectory, wherein the initial 200 ms of the total 1000 ms
corresponding to the full synthetic aperture is shown with a solid line, and the remainder is given by a dashed line. Thus,

the alternate fictitious target is moving towards the radar in a direction which is approximately opposite to that of the
true target motion.
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Figure 4. The ficititious target speed varies by approximately 1% over the SAR collection interval.

ACKNOWLEDGMENTS

The author thanks AFRL for partial support of this work. DoD Distribution Statement A: Unlimited Distri-
bution. The views expressed in this document are those of the author and do not reflect the official policy or
position of the Department of Defense or the U.S. Government.

REFERENCES

[1] Raney, R. K., “Synthetic aperture imaging radar and moving targets,” IEEE Transactions on Aerospace
and Electronic Systems 7, pp. 499-505 (May 1971).

[2] Perry, R. P., DiPietro, R. C., and Fante, R. L., “SAR imaging of moving targets,” IEEE Transactions on
Aerospace and Electronic Systems 35, pp. 188-200 (Jan 1999).

[3] Fienup, J. R., “Detecting moving targets in SAR imagery by focusing,” IEEE Transactions on Aerospace
and Electronic Systems 37, 794-809 (Jul 2001).

[4] Cristallini, D., Pastina, D., Colone, F., and Lombardo, P., “Efficient detection and imaging of moving
targets in SAR images based on chirp scaling,” IEEE Transactions on Geoscience and Reomote Sensing 51,
2403-2416 (Apr 2013).

[5] Jakowatz Jr., C. V., Wahl, D. E.; and Eichel, P. H., “Refocus of constant velocity moving targets in synthetic
aperture radar imagery,” Proc. SPIE: Algorithms for Synthetic Aperture Radar Imagery V, Edmund G.
Zelnio, Editor. 3370, 85-95 (Apr 1998).

Proc. of SPIE Vol. 10201 102010E-9

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 6/12/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



(6]

[11]

[12]

Heading (degrees)
<
Q

Fictitious Target Heading

91.92

91.915 - -

91.9 1
-0.5 0 0.5

Time (sec)

Figure 5. The ficititious target speed varies by less than 0.1° over the SAR collection interval.

Rigling, B. D., “Image-quality focusing of rotating SAR targets,” IEEE Geoscience and Remote Sensing
Letters 5, 750-754 (Oct 2008).

Vu, V. T. S., Pettersson, T. K., Gustavsson, M. 1., Ulander, A., and Lars, M. H., “Detection of moving
targets by focusing in UWB SAR - theory and experimental results,” IEEFE Transactions on Geoscience and
Remote Sensing 48(10), 3799 (2010).

Stojanovic, I. and Karl, W. C., “Imaging of moving targets with multi-static SAR using an overcomplete
dictionary,” IEEE Journal of Selected Topics in Signal Processing 4, 164-176 (Feb 2010).

Leducq, P., Ferro-Famil, L., and Pottier, E., “Matching-pursuit-based analysis of moving objects in polari-
metric SAR images,” IEEE Geoscience and Remote Sensing Letters 5, 123-127 (Apr 2008).

Fasih, A. R., Ertin, E., Ash, J. N., and Moses, R. L., “SAR focusing performance for moving objects with
random motion components,” Signals, Systems and Computers, 2008. ACSSC 08. Forty-second Asilomar
Conference on, Oct. 2008 , 1628-1632 (2008).

Zhu, S., Liao, G., Qu, Y., Zhou, Z., and Liu, X., “Ground moving targets imaging algorithm for synthetic
aperture radar,” IEEE Transactions of Geoscience and Remote Sensing 49, 462-477 (Jan 2011).

Cheney, M. and Borden, B., “Waveform-diverse moving-target spotlight SAR,” Proceedings of the 2010
International Waveform Diversity and Design Conference held 8-13 August 2010 in Niagara Falls, Canada
, 33-34 (2010).

Proc. of SPIE Vol. 10201 102010E-10

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 6/12/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Bistatic Range

6.032

\ = Truth
“ Alternate

0
-
s
|
Vg
I

Bistatic Range (km)
o
M
00
/
/

6.026 |
-0.5 0 0.5
Time (sec)

Figure 6. A comparison of the bistatic range values corresponding to the true target motion and that of the alternate
fictitious target.
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