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Abstract—TIn this paper, a fast a priori knowledge-based ground
moving target indication and parameter estimation algorithm
applicable to single- as well as to multichannel synthetic aperture
airborne radar data is presented. The algorithm operates directly
on range-compressed data. Only the intersection points of the
moving vehicle signals with the a priori known road axes, which
are mapped into the range-compressed data array, are evaluated.
For moving vehicle detection and parameter estimation, basically
only a single 1-D fast Fourier transformation has to be performed
for each considered road point. Hence, the required computational
power is low, and the algorithm is well suited for real-time traffic
monitoring applications. The proposed algorithm enables the es-
timation of the position and velocity vectors of detected moving
vehicles independent of the number of channels. A single-channel
synthetic aperture radar system may be sufficient in case of fast
moving vehicles. The paper includes a detailed performance as-
sessment together with experimental results that demonstrate the
applicability in a real-world scenario.

Index Terms—Pulse Doppler radar, radar signal processing,
road vehicle detection, synthetic aperture radar (SAR).

I. INTRODUCTION

OWADAYS, a lot of motorways are equipped with sen-
sors to monitor the actual traffic situation with the aim
to ensure mobility and to increase the safety of the road users.
Unfortunately, such detailed traffic information is missing out-
side the major motorways due to the lack of sensor installations.
Radars flying at high altitudes provide an elegant solution to fill
this gap, particularly if this information is required only on a
nonregular basis as in the case of special events or catastrophes.
Such aradar system has the challenging task to acquire, process
and deliver the relevant traffic products to a dedicated traffic
management center in real time. Synthetic aperture radar (SAR)
processing and ground moving target indication (GMTI) have
to be carried out directly on-board the radar platform. Due
to bandwidth limitations, only the relevant traffic data can be
transmitted to a ground station using a conventional data link.
From the operational point of view, the use of an aircraft as
platform instead of a single spacecraft provides more flexibility
and allows for shorter revisit and longer observation times at
the cost of a reduced spatial coverage. We see, however, a great
potential for future high altitude platforms flying in the upper
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troposphere or even in the stratosphere [1]. These platforms are
not only well suited for the real-time monitoring of selected
areas, but they can also accommodate large antennas which
provide an excellent signal-to-noise ratio (SNR).

Principally already existing GMTI techniques, most of which
originated in the military field, can be used for moving vehicle
detection and parameter estimation. Examples are the algo-
rithms presented in [2]-[7]. However, most of these algorithms
require large computing power and, particularly if the compu-
tation should be performed in real time, the system complexity
and the costs will become enormous. By incorporating the
a priori known road network into the detection stage of the
GMTTI algorithm and by ignoring off-road moving vehicles,
the system complexity as well as the computational load and
the costs can be reduced significantly. Furthermore, for many
traffic monitoring applications, target tracking (which often is
necessary if space-time adaptive processing (STAP) algorithms
are used [7]) is not required, and a snapshot of the actual traffic
situation is sufficient.

The idea of using a road network is not new, but up to
now, such a road network mainly was used together with
displacement-based GMTI algorithms [8]. These algorithms
measure the azimuth displacements of moving vehicles, oc-
curring in SAR images. The required preprocessing is time
consuming since in general, SAR images have to be generated
taking into account the full bandwidth given by the pulse
repetition frequency (PRF). The across-track velocities of the
vehicles are then computed by exploiting the relationship be-
tween azimuth displacement and across-track velocity.

Our proposed algorithm is mainly designed for real-time
airborne or near-space vehicle-born traffic monitoring applica-
tions. Since SNR is in general quite large in this case, SAR fo-
cusing often is not required for GMTI. Therefore, the algorithm
operates directly on single- or multichannel range-compressed
airborne SAR data. The geocoded position of each detected
moving vehicle is obtained from the intersection of the road axis
with the range-compressed vehicle signal. Motion parameter
estimation is done by estimating the Doppler frequency of
the signal at the road intersection. The parameters absolute
velocity, heading, and geocoded position can be estimated with
high accuracy.

The algorithm in its actual form is not envisaged for space-
borne systems, which in general suffer from the low SNR values
of the range-compressed data. An extension would be possible
if the range cell migration of the moving vehicle signal is
considered during processing and a proper reference function
is used for focusing, which has the potential to increase the
SNR as well as the signal-to-clutter plus noise ratio (SCNR)
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Fig. 1. Principle of the proposed GMTI algorithm. The intersection of the

moving vehicle signal with the road corresponds to the vehicle’s beam center
position.

significantly. For this task in principle, a matched-filter bank
can be used [5], [9]. However, further investigations are neces-
sary which are beyond the scope of this paper.

The paper is organized as follows. In Section II, the proposed
algorithm is introduced and explained in detail. A comprehen-
sive discussion about the achievable performance is given in
Section III, and before the paper concludes with Section V,
experimental results are presented in Section IV.

The actual paper is a comprehensive extension of our confer-
ence papers [10], [11] presented at the European Conference
on Synthetic Aperture Radar and at the IEEE International
Geoscience and Remote Sensing Symposium in 2010.

II. ALGORITHM
A. Principle

As a first step, the a priori known road axis of interest
is mapped into the range-compressed SAR data array. The
required coordinate transformation, which is the heart of
the proposed algorithm, is performed in such a way that the
geographical coordinates of each road point are transformed
to corresponding azimuth beam center coordinates' in the
range/azimuth plane. The azimuth beam center position of
the detected moving vehicle is then directly given by the
intersection of the vehicle signal with the mapped road point
(cf. Fig. 1 left).

As a consequence of the mapping, the geographical coordi-
nates of the road point and, hence, the coordinates of the de-
tected vehicle moving on this road point at beam center time 1,
are known, so that no further geocoding is required. For moving
vehicle detection and motion parameter estimation, only a
few azimuth samples around the intersection point are taken
(cf. Fig. 1 right) and transformed into the Doppler domain using
a fast Fourier transformation (FFT). Due to the small number
of azimuth samples, the signal phase is more or less linear over
the short observation time, so that the vehicle appears as a sharp
peak in the Doppler domain. For detection, the peak amplitude
is compared to a certain threshold and for motion parameter
estimation the Doppler shift fpc of the signal peak is exploited
(cf. Section II-D).

B. Structure of the Algorithm
In Fig. 2, the flow chart of the proposed a priori knowledge-
based GMTI algorithm is shown exemplarily for a dual-channel

IWith “azimuth beam center” the center of the antenna beam in azimuth
direction is meant.
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Fig. 2. Simplified flow chart of the proposed a priori knowledge-based GMTI
algorithm for a dual-channel SAR system (the “deramping” block is optional).

system. RX1 and RX2 are the range-compressed SAR data
acquired with the two channels. After baseline estimation,
channel coregistration and digital channel balancing [12], [13],
clutter suppression is performed using the displaced phase
center antenna (DPCA) technique [14].

The geographical coordinates as well as the elevations of
the roads of interest, on which the road traffic should be
monitored, are directly obtained from a road database. Since
the coordinate transformation (cf. Section II-C) is done in a
Cartesian coordinate system, the geographical road coordinates
should be in Universal Transverse Mercator (UTM) projection
(UTM coordinates themselves are Cartesian coordinates). In
general, before performing the coordinate transformation, an
interpolation of the geographical road coordinates is necessary
for avoiding gaps in the range/azimuth plane or SAR data array,
respectively.

Around each road point in the range/azimuth plane, some
azimuth samples are taken directly from the DPCA data. De-
pending on the desired performance a deramping operation,
where the azimuth chirp of the signal is removed, can be
performed optionally before transforming the azimuth samples
into the Doppler domain using a FFT (cf. Section III-C and D).
Detection is done by applying a certain threshold directly in
the Doppler domain. Each detected signal peak has a cer-
tain Doppler shift fpc and corresponds to a certain moving
vehicle. Motion parameter estimation is then performed for
each detected vehicle by exploiting the estimated Doppler shift
and the known position parameters of the observed road point
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Fig. 3. Relation between the geographical Cartesian UTM coordinate system
{zuTM, yuTM, zuTM } and local Cartesian coordinate system {z, y, z}.

(cf. Section II-D). For each road of interest, the same procedure
has to be repeated. Before formatting and distributing the
data for example to a traffic management center, a clustering
operation is performed where multiple detections of one and
the same vehicle are merged to only one physical vehicle.

It has to be mentioned that the algorithm sketched in Fig. 2
also can be used for single-channel systems by just omitting
the stages “baseline estimation, coregistration, and channel bal-
ancing” and “DPCA.” With single-channel systems, only fast
moving vehicles falling outside the clutter band are detectable,
but for these fast vehicles, the parameters absolute velocity,
heading, and geocoded position can be estimated with high
accuracy.

Furthermore, instead of having only two channels and using
DPCA for clutter suppression, also several channels and more
sophisticated clutter suppression techniques like STAP [7] can
be used, at the cost of higher computational demands and
increased system complexity. Nevertheless, to keep the paper
clear, only the one- and two-channel cases are discussed.

In the following two subsections, the coordinate transfor-
mation and the motion parameter estimation procedure are
explained in detail.

C. Coordinate Transformation

The relation between the global Cartesian UTM coordinate
system {zyTwMm, yurM, zuTMm ; and the local Cartesian coordi-
nate system {z, y, z} relevant for GMTI processing is sketched
in Fig. 3. The z-axis of the local coordinate system is defined
by the platform velocity vector ¢j,, which is assumed to be
constant during the observation interval. If the platform moves
at constant altitude hp, the local coordinate system is more or
less a rotation and translation of the global UTM coordinate
system, and the z-axis is parallel to the zyp-axis.

In practice, it cannot be ensured that the antenna squint angle
1), and hence the Doppler centroid fpc g of the stationary scene
are negligibly small. Although the positions of the road points
in the local coordinate system shown in Fig. 3 are independent
of the actual squint angle, a squinted geometry (cf. Fig. 4 right)
has to be considered for mapping each road point from the
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Fig. 5. SAR data array containing the acquired range-compressed data of a
single road point in the nonsquinted (left) and squinted (right) case. The beam
center positions of the road point are marked with a circle.

local {x,y, z} coordinate system into the range/azimuth plane
or SAR data array (cf. Fig. 5), respectively. In the following
derivation for simplicity (but without loss of generality) only
one single, common local z-axis is used. The necessary trans-
lation between the flight path given by the local x-axis and
the azimuth axis is considered by the range and squint angle-
dependent azimuth shift x(, which is explained later in this
section.

In Fig. 5, it is shown how the received nonsquinted and
squinted data of one and the same stationary road point are
stored in the range-compressed SAR data array. Tsa denotes
the maximum illumination time or synthetic aperture time, .
is the azimuth position of the road point at minimum range 7,
2o is the azimuth offset owing to the squint angle 1, 2 is the
position of the road point if the squint angle is considered, and
r10 18 the azimuth beam center range (i.e., the range between the
antenna phase center on-board the platform and the road point
on the ground located at the azimuth center of the illuminating
antenna beam).

By decomposing the range vector 7 (pointing from the
RX/TX antenna phase center to the stationary road point on
ground) into a component parallel and a component perpendic-
ular to the flight direction, the vectors g and 77 are obtained
(note that these vectors are given in the {xyTm, yuT™m, 2UTM }
coordinate system)

Up

)
[Tl

frO(t = ts) = <6p77?(t = tS)> (1)

where ¢4 is the absolute start time of data acquisition obtained
from the radar control unit, (.) is the inner product, and ||.||
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is the Lo norm. The vectors ¥, and 7 can be computed using
the known UTM coordinates of the stationary road point and
the radar platform at any time instant (i.e., 7(t) = Troadpoint —
Tplatform (), Where Troadpoint 1S the UTM position of the road
point obtained from the road database, and 7pjatform 1S the
UTM position of the radar platform obtained from the onboard
GPS system; ¥, is the time derivative of 7pjatform (¢) Which is
assumed to be constant). The minimum range is then given by

ro = ||F(t = ts) — Tro(t =ts)]|| - (2)

The x-position of the stationary road point in the local {z, y, 2}
coordinate system can be written as

a:o:< 1713 frO(t:ts)
[Tl (|20 (t = t5)|

> o=t G

where the term (.) is necessary for determining the correct sign
(it either gives +1 or —1). The azimuth position of this station-
ary road point within the SAR data array can be computed by
the following equation:

LTpt = Tyo — LQ- “)

The azimuth offset x( caused by the squint angle ¥ can be
computed as

o = rotany )

where the squint angle is given by

1 = arcsin (AJgDCbt) = arccos (ro) . (6)

Up 10

In the previous equation, A is the radar wavelength, fpc « is the
Doppler centroid of the clutter, which can directly be estimated
from the range-compressed data of a single channel, and vy, is
the magnitude of the platform velocity vector ¥,. Please note
that both ¢ and fpc s are zero if the antenna points exactly
perpendicular to the x-axis. The positive measurement direction
of 1 is clockwise, the negative sign in front of zy in (4) is
necessary for computing the correct azimuth positions.

In general, the Doppler centroid fpc ¢ and, hence, the squint
angle v are range dependent. Ignoring this range dependence,
by considering only the average of the Doppler centroid, the
road point of interest will not be mapped at every range exactly
at the azimuth beam center position, but slightly shifted. This
fact is discussed in Section III-A.

The azimuth beam center range can then be computed as

)

The absolute beam center time (mapping time; i.e., the time
when the road point is observed by the azimuth beam center of
the antenna) of the road point or the detected vehicle moving
on this road point, respectively, is given by

Lot

the = ts + (8)

Up

4629

The values of x, and r1( can be transformed to range and
azimuth sample numbers by considering the PRF and the range
sampling frequency f; (cf. Fig. 5)

PRF
} €))

Tpt,s =round |zpy——
Up

2f.
r10, =round {(rm — 'f’f)C:|

(10)
where round[.] is a rounding operation to nearest integer, c is
the speed of light and 7¢ is the known range corresponding to
the first range bin stored in the SAR data array (cf. Fig. 5).

The road angle «, corresponding to the observed road point
can be computed considering the neighboring road points from
the road database.? The road angle with respect to the flight path
or the local x-axis, respectively, is then given by (cf. Fig. 3)

a=a —ap (11
where «, is the track angle of the platform with respect to the
zyrm-axis of the UTM coordinate system given as

1 -
Qy, = arccos 0], 1_;}, .
0 1Tl

D. Motion Parameter Estimation

12)

In the following derivation for simplicity, only a single
antenna and, thus, a single-channel moving vehicle signal is
considered. This is sufficient, because after clutter suppression,
the Doppler shift and slope (which are exploited for motion
parameter estimation) of a multichannel signal do not signifi-
cantly differ from those of a single-channel signal as long as
the observation time lag caused by the along-track baseline is
small (for typical airborne systems the time lag is in the order
of a millisecond or even smaller) [15].

The radar platform moves only along the x-axis of the local
coordinate system, so that its motion equations can be written as

zp =vp(t —1s) (13)
yp =0 (14)
Zp = hyp. (15)

Furthermore, the motion equations of a moving vehicle under
the assumption that it moves linear with constant acceleration
at constant altitude h. in a plane parallel to the x—y-plane can
then be written as

1
Ty =Tro+ 00 (t—1pc) COS av+§a~ (t—tbc)2 cosay, (16)

1
yvzy0+v0-(t—tbc)sinav—|—§a~(t—tbc)2sinav (17)

zy =hy (18)

The road angle o, is measured from the zyyTpg-axis. The positive counting
direction is counterclockwise.
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where vy is the magnitude of the vehicle velocity at beam center
time iy, a is its constant acceleration, and «, is the moving
direction with respect to the flight path. Note that the moving
direction «, is assumed to correspond to the a priori known
road angle . It either can be o, = o or ay, = @ — 180° [from
the parameter estimation point of view this ambiguity can be
resolved with (26)]. The across-track position of the target at
t = 1y is denoted as yo and given as

Yo = \/78 — Ah?

where Ah = h, — h;, is the altitude difference between the
moving vehicle on the road point of interest and the radar
platform. The distance from the transmit antenna to the vehicle
is then

19)

r(t) = /@y — 2p)2 + 2 + AR2. (20)
The range-compressed moving vehicle signal received by the
radar can be modeled as (one single TX/RX antenna assumed)

4
s(t) = A(t — toe) exp {j;r(t)} @1
where A(t — tp.) includes the two-way antenna pattern, the
target reflectivity, and propagation losses. After performing a
second-order Taylor approximation around ¢ = ¢, and some
substitutions, the range 7 (¢) given in (20) can be written as [16]
A A

r(t) =m0 = 5 foo(t = the) = Jhalt = the)? (22)
where fpc is the total Doppler shift of the received signal due
to squint and target motion, and k, is the Doppler slope. The
corresponding equations are

2
foc = — —— [xo(vo cos ay — vp) + Yovosinay| (23)

)\7‘10

2
)\7’10

2
k, = {sco a cos o, + (Vo cos iy — vp)

+ Yo a sinay, + vg sin? Oy

1

— — [zo(vo cos ay — wyp,)

1o

+10v0 sin ar|? } . (24)

The total Doppler shift fpc can be estimated by peak
detection after transforming the azimuth samples around
the intersection point with the road (cf. Fig. 1 right) into the
Doppler domain using a FFT. The optional application of the
“deramping” block shown in Fig. 2 before performing the FFT
influences the estimation accuracy (cf. Section III-C and D), but
not the estimation principle.

The absolute beam center velocity vy of the moving vehicle
can be computed using (23), (5), and (6)

Ar10(foo,st — foc)
2(xo cos oy + Yo sin )

Vg = = |'Uabs | . (25)
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Furthermore, the “true” heading of the moving vehicle is
given as (remember that the vehicle can move either in or
against the known road direction)

if sgn(vaps) = +1

if sgn(vaps) = —1 (26)

_ Ay
av,truc - { ay — 1800
where sgn(.) is the signum function.

The heading with respect to the x-axis of the UTM coordi-
nate system is then o, yTM = Q. true + 0, and the geograph-
ical heading (0° = N, 90° = F, 180° = S, 270° = W) can be
expressed as

ay geo = (90° — ay yr™m + ) mod 360° (27)

where mod is the modulo operation and /3 the meridian conver-
gence.

Assuming that also the Doppler slope k, can be estimated
by using for example a matched-filter bank [16] or “adaptive
deramping” (cf. Section III-D), the acceleration of the moving
vehicle can be computed as

1
a= "
T COS Oy true +y0 SIN Oy true

1 1
X { — —kaAr10+ —5 [1‘0 (’UO COS Oty true —vp)
2 1o

. 2
+ YoUo S111 av,true]

2.2 2
— g SIn® Ay grue — (Vo COS Qy true —Up) } (28)

IIl. PERFORMANCE ASSESSMENT

In this section, we investigate the parameter estimation per-
formance of the new GMTI algorithm. Before analyzing the
impact of different error sources, some basic assumptions shall
be clarified: in reality, the radar cross section (RCS) of a vehicle
strongly depends on the aspect angle. Even a small change
in aspect angle may result in a severe RCS change of several
dBm?, as shown by simulations in [17] and by real measure-
ments in [18]. In principle, an RCS change might also result in
a phase change of the signal, and the phase change may have
some influence on the resulting Doppler shift, although such an
effect has not been reported in the aforementioned references.
In the following theoretical investigations, it is assumed that
the moving vehicle can be considered as a point-like target with
constant and aspect angle-independent RCS. This assumption
is also justified by the fact that our algorithm only uses a few
azimuth samples corresponding to a very small aspect angle
change and, hence, to a rather small RCS change. A consid-
eration of phase changes owing to RCS fluctuations would
require a more sophisticated moving vehicle signal model and
simulations, which are beyond the scope of this paper.

The theoretical detection performance, for example as a func-
tion of line-of-sight velocity and SCNR, is also not investigated.
For assessing the detection performance from a theoretical
point of view, the methods presented in [19], [20] can be
used. It has to be pointed out that the detection performance
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of the proposed algorithm depends mainly on the preprocess-
ing used for clutter suppression (e.g., no preprocessing and
no clutter suppression of single-channel data, application of
DPCA or STAP for multichannel data) and not directly on the
proposed algorithm itself. Therefore, the error analysis given
in the following subsections should only show the performance
limits which are relevant for the proposed algorithm, under the
assumption that the vehicle already has been detected.

A. Coordinate Transformation Errors

Assuming that the geographical positions and elevations of
the radar platform as well as of the road axis are known with
high accuracy, only two potential error sources have to be
considered at the coordinate transformation:

e Inaccurate and range-dependent squint angle 1, which
is computed from the estimate of the Doppler centroid
f DC,st»

 Difference between the true vehicle position and the road

axis position.

1) Inaccurate Squint Angle: For the proposed algorithm,
the squint angle v is assumed to be constant, but in reality it
changes over range. It can be shown that due to a squint angle
change A1, the vehicle is seen at a different time ty,. + At.
The vehicle will be detected at this “new” time at its “new
and correct” position and with its “new and correct” velocity.
Thus, a squint angle change results neither in a position nor in
a velocity error. During At, the vehicle has moved to the new
positions

1
Ty new = Ty + VoAt cos oy, + §aAt2 COS (y 29)
. 1 5 .
Yv.new = Yv + VoAt sin o, + iaAt sin vy . (30)
The new velocity is then
Vo new = Vo + aAt. (31)

For small squint angle changes At and, hence, small time
differences At, the acceleration a can be neglected (for a time
difference of 1 s, an acceleration of 0.5 m/s? results in a velocity
change of 1.8 km/h and in an additional position change of
0.25 m). The time difference as a function of velocity and squint
angle change can then be approximated as

2 2
At VI FANE Ay,

Vg COS Oy — Vp

(32)

By applying different squint angle assumptions during the
coordinate transformation, one and the same vehicle might be
detected at different times and positions. This might improve
the detection probability significantly, particularly under the
viewpoint that in reality, the RCS of a vehicle strongly depends
on the aspect angle [17], [18]. Multiple detections can easily be
clustered to one physical target knowing the detected positions,
velocities, and time differences. Furthermore, a kind of vehicle
tracking is possible, but this is not a topic of this paper.
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TABLE 1
SYSTEM AND GEOMETRY PARAMETERS

Speed of light c 2.9979-10% m/s
Platform velocity Vp 90 m/s
Pulse repetition frequency PRF 5000 Hz
Range sampling frequency fr 100 MHz
Wavelength A 0.03125 m
Antenna length Ly 0.2 m
Altitude difference |AR| 2200 m

2) Road Axis Position: Each road or lane, respectively, is
represented as a single road axis in the road database. Since
the road width is in the order of a few meters, a vehicle
does not necessarily move exactly on the road axis. Thus, the
position difference between the true vehicle position and the
intersection of the moving vehicle signal with the road axis is
an inherent error of the proposed algorithm. This error is in
practice maybe in the order of 5 to 20 m, depending mainly
on the road width and on the accuracy of the geographical
positions of the road axis. As a consequence, the estimated
Doppler shift at the intersection does not correspond to
the Doppler shift at the true vehicle position. Assuming that
the road point positions x and y, are erroneous, by using the
laws of error propagation, the error of the Doppler shift can be
expressed as (again the acceleration has been neglected since
its influence on the Doppler shift for small changes of x( and
Yo 18 not significant)

~(0foc\? dfoc\’® ,
Ofpc = \/( O ) O + ayo Tyo

(33)
with
dfpc _ 2(wg cos o, — vp) L(% _ (34)
Oz AT10 1o
Ofpc _ 2vgsinay, (yé )
_ Yo _ 35
Mo AT10 1o 2

where 0,,, and o, are the position errors in - and y-direction.
The velocity error caused by the wrong Doppler shift is then
given as

—/\’1“10

(36)

O fpc-

Tvo = ‘ 2(xq cos ay + yo sin ary)

For the system whose parameters are given in Table I, the
velocity error is plotted in Fig. 6 for two different position
errors of 5 and 20 m. In case of 0, = oy, = 5 m, the velocity
error is almost below 5 km/h for a vehicle heading between 10
and 170°, whereas for 0, = oy, = 20 m, the error increases to
20 km/h in the worst case.

B. Utilizable Azimuth Samples

Since no range cell migration correction is performed, only a
limited number of azimuth samples around the road intersection
point contain information about the moving vehicle and can be
utilized for motion parameter estimation (cf. Fig. 1 right).
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The range sample spacing d7 as a function of range sampling
frequency f; is given as

-
S 2f

The maximum number of utilizable azimuth samples (i.e., the
samples which contain information about the moving vehicle)
around the beam center time ¢, can be expressed as

or (37)

Nsr max = 2 PRF|Aty| (38)

where At is the time where the range migration corresponds to
+47/2. The time Aty in case of fpc # 0 can be approximated
by using only the linear part of the range history given in (22)

or
Afpc

This equation shows clearly that with decreasing range
sampling frequency f, or decreasing Doppler shift fpc (i.e.,
decreasing velocity vg) the time At; and, hence, the number
of utilizable azimuth samples N, .y increases. In Fig. 7, it is
shown how the number of azimuth samples changes with the
heading of the vehicle o, and the velocity vg. For computation,
the system parameters listed in Table I were used. Even for
fast moving vehicles, at least 200 azimuth samples contain
information about the moving vehicle in the worst case.

The number of utilizable azimuth samples in case of fpc = 0
is limited by the quadratic part of the range history in (22). The
time At; in this case is given as

C
2 M foe

|At;| = ‘ . (39)

2c
Afrka

|At| = ‘ ) (40)
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For the envisaged application and the system given in Table I,
this time limit is less stringent than the limit given in (39) and,
thus, not further considered in the paper. For instance, if a target
moves antiparallel to the flight path (i.e., a,, = 180°) with a
velocity of vy = 180 km/h, the number of utilizable azimuth
samples is Ny max = 6900. This value is clearly above the
more stringent values shown in Fig. 7.

C. Velocity Resolution Without Deramping

For the following investigation, it is assumed that the
“deramping” block shown in Fig. 2 is omitted in the signal
processing chain. The coherent processing interval (CPI) corre-
sponding to the number of considered azimuth samples Ns, <
Nsrmaz can be written as

Nér

Tepr = 2|At1‘ = PRE’

(41)

Considering (21), (22), and (41), the range-compressed moving
vehicle signal can be modeled as

s(t) = A(t — tpe) exp {—3'4)7\T [7"10 - %ch(t - tbc):| }

. t_tbc
x kalt — the)? t
exp {jmka(t — tne)® } rec { Tomn

} (42)

where the rectangular function rect[.], defined, e.g., in [21],
is introduced for taking into account the limited number of
azimuth samples and, hence, the limited time of the signal.

Assuming that Tcpy is much smaller than the illumination
or synthetic aperture time Tsa, the time variation of A(t —
tpe) can be neglected. Furthermore, if one is not interested
in absolute amplitudes, the factor A(¢t — t.) can be ignored
before performing a Fourier transform. The Doppler spectrum
of the moving vehicle signal is then given as

o0

S(f.) = / s(t) exp{—j2r fut}dt

—00

(43)

where f, is the Doppler frequency. Since (43) has no analytical
solution, the “Principle of Stationary Phase” [21], [22] can be
applied to get an approximation of the spectrum

S(f) 2 rect [ffDC] op (O] @)
|ka| Topr
with
Ofa) =~ rio = 1-(fu = foc)? ~ 2mfutte. @49)

From (44), it can be seen that |k,|Tcpr is the Doppler
frequency spread or the Doppler bandwidth, respectively, of the
moving vehicle signal

Nér

Af, = |k, | T = ky| =—=.
fa = |ka|Tcpr = | |PRF

(46)

It has to be kept in mind, that the approximation in the
previous equation only leads to small errors for |k,| > 0.
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From the physical point of view, the minimum achievable
Doppler frequency spread (without approximations) is obtained
if the signal given in (42) is demodulated using a deramping
function before taking the FFT [21]. After demodulation, the
integral given in (43) can be solved analytically. The minimum
achievable 3-dB Doppler frequency spread is then given as

PRF

Afomin = 0.886—— .
f7 N5r

(47)

Furthermore, the sample spacing in the Doppler domain is
given by

57, — PRF

= 48
NrpT (“48)

where Nppr > Nj; is the number of samples contained in the
signal before performing the FFT.

The achievable velocity resolution can be computed by dif-
ferentiating (25) with respect to fpc and by multiplying with
the achievable frequency resolution A f, o

—ATlO

AUO =

Afa,eff- (49)

2(xo cos oy, + Yo sin )

For the performance analysis regarding Awvg, as achievable
frequency resolution A f, ., the maximum of the three “avail-
able” frequency resolutions is chosen, to obtain a kind of worst
case estimation

Afa,ef‘f = maX(Afzm Afau,minv 6fa)' (50)

Using (50) with (49), the achievable velocity resolution can
be computed for different system parameters, different vehicle
velocities, and headings. For this analysis, additionally, an up-
per limit of Ns, < Ny max in (46) and (47) has to be considered
(i.e., if Ns. becomes larger, N, max has to be used in the
relevant equations instead of Ng;.).

In Fig. 8, the achievable velocity resolutions using the system
parameters given in Table I are plotted. The best performance
is achieved if 256 azimuth samples are taken for processing
and parameter estimation [cf. Fig. 8(b)]. In case of an incidence
angle of 6; = 45°, the achievable velocity resolution for a vehi-
cle heading in the range from 18 to 162° is better than 5 km/h
(more or less the same results are obtained for vehicles moving
in opposite road direction, i.e., for vehicle headings from 198 to
342°, therefore these plots are not shown). However, for steeper
incidence angles, the velocity resolution becomes worse. In
Fig. 8(b), for #; = 20°, the achievable velocity resolution only
in the vehicle heading range from 40 to 131° is below 5 km/h.
If a velocity resolution of 10 km/h is sufficient enough to fulfill
the requirements of the traffic monitoring application, even for
0; = 20°, the vehicle heading range can be extended to values
between 19 and 152°. Outside of this vehicle heading range,
the performance of the proposed GMTI algorithm is worse,
and additional effort for detection and parameter estimation is
necessary (cf. end of Section III-D).
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Fig. 8. Velocity resolution for two different incidence angles 6; and for
different numbers of azimuth samples Ny, for the system whose parameters
are given in Table 1. (a) N5, = 128, (b) Ns, = 256, (¢) Ns, = 512, and
(d) N5y = 1024 (areas marked in gray: Velocity range from 10 to 180 km/h,
solid blue lines: vg =10 km/h, dashed blue lines: vg =180 km/h, xg=a=0
assumed for computation).

D. Velocity Resolution Using Deramping

The velocity resolution can be improved and the SNR in-
creased by performing a “deramping” operation before ap-
plying the FFT (cf. Fig. 2). The “deramping” operation is
based on the SPECAN algorithm [21]. For the proposed GMTI
algorithm, the “deramping” function can be written as

Sd(t - tbc) = exp {j”rka,st(t - tbc)2} (5D
where k, 4 is the Doppler slope of a stationary target located

at the observed road point. The stationary Doppler slope is
obtained from (24) by setting all motion parameters of the

vehicle to zero
2 2
f o 2vp 1 xg
a,st — 2 .
)\7“10 TlO

The deramping operation is a simple multiplication in time do-
main I(t) = s(t)s}(t — tvc). The obtained deramped moving
vehicle signal can then be written as

(52)

4 A
I(t) = A(t — tye) exp {—j; [7“10 - §ch(t - tbc)] }
t —the
X exp {jﬂAk‘a(t — tbc)Q} rect [ TCP]; } (53)

with

Aka = ka - ka,st~ (54)

Note that not the total ramp of each moving vehicle signal
is removed, but only the part of the ramp caused by the
motion of the platform carrying the radar. A residual ramp Ak,
remains. After deramping, the Doppler shift fpc of the moving
vehicle signal is not changed since for deramping the known
beamcenter time ¢y, is used.
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The Doppler frequency spread of the moving vehicle signal,
after deramping and application of the FFT, can be approxi-
mated as (same derivation as in Section III-C)

N5r
PRF’

Afa,d = |Aka|TCPI = ‘Akal (55)

Again, the above approximation only holds if Ns, < Ny max
and ||Ak|| > 0. In case of Ak, = 0, the exact 3-dB frequency
spread is given in (47).

In Fig. 9, the achievable velocity resolutions after “deramp-
ing” for the system given in Table I are shown. Again, (49) and
(50) were applied, but now with A f, 4 instead of A f,. As in the
previous subsection, where no “deramping” was performed, the
best performance is achieved if 256 azimuth samples are used
[cf. Fig. 9(b)]. By comparing Fig. 9(b) with Fig. 8(b) it can
be seen that the achievable velocity resolution is quite similar,
apart from the vehicle heading region from 115 to 160°, where
the velocity resolution without “deramping” is maximal 2 km/h
worse than with “deramping.” As a consequence, for very time
critical applications, the “deramping” operation can be omitted
by introducing only an insignificantly larger velocity resolution
in a limited vehicle heading region.

As can be seen in the plots in Figs. 8 and 9, the performance
(i.e., the achievable velocity resolution) of the proposed GMTI
algorithm becomes worse for vehicles moving nearly parallel
or antiparallel to the flight path. As mentioned before, for
these small vehicle headings, additional effort for detection and
parameter estimation is necessary.

E. Velocity Resolution Using Adaptive Deramping

For small vehicle headings, the range cell migration becomes
smaller and, thus, the number of utilizable azimuth samples
increases (cf. Fig. 7). The velocity resolution can be kept low
for a larger vehicle heading range if “Adaptive deramping”
is used. “Adaptive deramping” is similar to the matched-filter
bank approach, and therefore it requires more computational
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load. By “adaptive deramping,” the moving vehicle signal
is successively deramped using different assumptions of the
Doppler slope k,. The Doppler slope k., which leads after “de-
ramping” and FFT to the maximum peak in Doppler domain, is
most likely the true Doppler slope of the moving vehicle signal.
The “adaptive deramping” function can be expressed as

84(t — tpe) = exp {jﬂka(t — tbC)Q} . (56)

Under the assumption that by ‘“adaptive deramping,” the
exact Doppler slope k, can be estimated, the velocity resolution
shown in Fig. 10 for the system in Table I can be achieved.
Comparing Fig. 10 to Figs. 8 and 9, now the velocity resolution
is only worse than 5 km/h in the vehicle heading range from 0°
to 10° and from 170° to 180°.

Remember that the road angle o as well as the incidence
angle 6; are known a priori. Thus, a decision if “deramping” or
“adaptive deramping” should be used for parameter estimation
or not, can be made automatically by considering the desired
velocity resolution Awyg. For the system in Table I, for example,
the following simple decisions regarding the “right” estimation
procedure can be made, if a velocity resolution smaller than
5 km/h should be achieved for nearly all possible vehicle
heading angles:

 For road angles 40° < |a| < 140°, only Ny, = 256 az-

imuth samples are extracted, and a “deramping” using
the stationary Doppler slope £, is performed before
taking the FFT and before performing motion parameter
estimation.

¢ For road angles 10° < |a| < 40° and 140° < |a| < 170°

for each road point Ns. = 1024, azimuth samples are
extracted, and “adaptive deramping” should be performed.

For road angles 0° < || < 10° and 170° < || < 180°, nei-
ther “deramping” nor “adaptive deramping” leads to the desired
velocity resolution. Thus, for roads lying nearly parallel or an-
tiparallel to the flight direction, the performance of the proposed
a priori knowledge-based GMTI approach suffers. A short
discussion about such roads is given in the next subsection.

F. Roads Parallel to Flight Direction

For vehicles moving nearly parallel or antiparallel to the
flight path, no distinct intersection of the road axis with
the range-compressed moving vehicle signal exists. As a
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consequence, one and the same vehicle can cause several
detections. On the other hand, a larger amount of azimuth
samples can be exploited for parameter estimation. For the
system in Table I and for a vehicle heading of o, = 10°, at least
1100 azimuth samples are usable (cf. Fig. 7), for o, = 5° about
2200 samples, and for o, = 0° even 6000. These numbers of
samples correspond to observation times of 0.22, 0.44, and
1.2 s. The observation times can further be increased by reduc-
ing the range sampling frequency f; or by taking into account
the range migration. Thus, for roads lying nearly parallel or
antiparallel to the flight path, it is suggested to use the con-
ventional matched-filter bank approach [5], [16] in combination
with along-track interferometry (ATI) and a powerful cluster-
ing algorithm. In this case, velocity and position estimation
are performed by exploiting the estimated ATI phase and the
Doppler slope k. but not direcly the estimated Doppler shift
fpc. However, for an optimum incorporation of the matched-
filter bank and ATI into the proposed a priori knowledge-
based GMTI processing framework, additional comprehensive
investigations are necessary. We leave these investigations as an
open topic for the future.

G. Detectable Velocity Range

Having a single-channel system without clutter suppression
capability, only moving vehicle signals with Doppler shifts
lying outside the clutter band can be detected [23]. The clutter
bandwidth is given as [21]

2 vy, cos 1

B. = 0.886
La

(57)
where L, is the antenna length in azimuth. For computing
the minimum detectable velocity vg min (MDV), for a single-
channel system, the condition | fpc| > | fpc,st| + Be/2 has to
be fulfilled. The MDV is then given as

0.443 vy, cos 9
20 COS Oty + 1Yo Sin vy L. '

)\7’10

(58)

V0, min Z

The MDYV can be significantly decreased by using dual- and
multichannel systems and applying sophisticated clutter sup-
pression techniques like DPCA or STAP, respectively. Detailed
theoretical analyses can be found in [7], [19], [20] and should
not be repeated here.

For avoiding Doppler ambiguities, the limit for the maximum
unambiguously detectable velocity vg max is determined by
the PRE. Using the condition |fpc| < |fpc,st| + PRF/2, the
velocity v max can be expressed as

/\7”10

PRF

59
ToCosSy + yosina, 4 (59)

V0, max S

The maximum detectable velocity vg max in the classical way
only can be increased by increasing the PRF. However, Doppler
ambiguities can be resolved by taking into account the range
migration of the moving vehicle signal as shown in [9], [24],
without the need of increasing the PRF. For the proposed algo-
rithm, the linear range migration and, hence, the unambiguous
Doppler shift can be estimated from the clutter suppressed data
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Fig. 11. Principle of linear range migration estimation and Doppler ambiguity
resolution using a “Quick and Dirty Radon Transformation.”

without the need of expensive 2-D matched filtering. From (22),
the linear range migration can be expressed as
A
A’I“(t) = _§fDC(t - tbc) = kAr(t - tbc) (60)
where ka, is the slope of the linear range migration. In case of
Doppler backfolding, the estimated ambiguous Doppler shift

fpc is related to the “true” unambiguous Doppler shift in the
following way:

foc = foc +n - PRF (61)

where n is an integer number. The maximum value of n is
determined by 7max = fDC . max/PRF and known a priori
(fbc,max can be computed with (23) by considering the
expected maximum velocity of a moving vehicle). If one can
estimate the linear range migration slope ka, the integer n and,
hence, the “true” unambiguous Doppler shift can be computed

1 2kar N
n = round {_PRF ( h\ +fDC>:| .

The range migration slope ka, can be estimated by using
for example the Radon transformation [25] or the Hough trans-
formation [26], respectively. However, in practice, the range
migration slope can only adopt discrete values given by

(62)

kar = —%(fnc + n - PRF) (63)
so that only a few discrete range migration slopes (i.e., a total
number of (2 - nyax + 1) slopes) have to be evaluated. This can
be done by using a kind of “Quick and Dirty Radon Trans-
formation” (QDRT). Here, for each assumed range migration
slope, a different 2-D array is extracted around the beam center
position (cf. Fig. 11). The extracted 2-D array has to have
a larger number of azimuth samples (larger than the number
needed for vehicle detection and ambiguous Doppler shift ch
estimation), so that a range walk through several range bins is
observable. For the “true” range migration slope, the whole sig-
nal energy will be more or less concentrated along a horizontal
line in the 2-D array (cf. Fig. 11 bottom left). By comparing the
total energy in the horizontal lines of all generated 2-D arrays
with each other, the 2-D array corresponding to the correct
range migration slope and, thus, corresponding to the “true”
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tions and ambiguities (left: proposed algorithm; right: displacement-based
algorithm).

Doppler shift can be found (the correct 2-D array contains the
maximum energy in one of its horizontal lines).

The QDRT approach was verified using experimental data
(cf. Section IV-B).

H. Multicomponent Signals

Independent of the number of road lanes, for the proposed
algorithm only the center road axis is mapped into the SAR data
array but not each lane. Having several lanes, under circum-
stances, it may happen that several vehicles on the road move at
the same range. As a consequence, their range histories overlap
each other. Thus, in the azimuth samples taken for parameter
estimation, the signals of several moving vehicles are included.
Additional effort is necessary to separate these signals. In
the simplest cases, where the vehicles move with different
velocities or in different directions [cf. Fig. 12(a)—(c)], a sep-
aration directly in the Doppler domain is feasible if the velocity
difference is larger than the velocity resolution given in (49).

The most complex case occurs, if the vehicles at the same
range move into the same direction with nearly the same
velocities so that the signals have the same Doppler shift
[cf. Fig. 12(d)]. In this particular case, a vehicle separation in
the Doppler domain is impossible.

1. Ambiguities and False Detections

For the proposed algorithm, false detections and ambiguities
have principally two different sources: unsuppressed station-
ary target signals (residual clutter) and signals from vehicles
moving on adjacent roads. Signals from vehicles moving on
adjacent roads may lead to false detections and ambiguities
or wrong road assignments, respectively (cf. Fig. 13 left). As
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a result of a wrong road assignment, the expected position of
the target as well as the estimates of the motion parameters
are wrong. For the proposed algorithm, the minimum distance
in along-track direction between adjacent roads for avoiding
wrong road assignments is mainly determined by the 3-dB
beamwidth of the azimuth antenna pattern and the relative
along-track velocity between the radar and the vehicle. The
maximum observation time of the vehicle signal determined
by the azimuth antenna pattern (here range migration does not
matter) can be approximated as

/\7"10

Tsp & 0.886L (64)

a(vp — Vg cos ay) cos

The minimum distance between adjacent roads can then be
expressed as (cf. Fig. 13 left)

Tsa AT10 Up (65)
L,cosy \v, —vgcosay )

——vp = 0.443
In contrast to the proposed algorithm, the minimum road dis-
tance using displacement-based algorithms is much larger [8].
The azimuth displacement after SAR azimuth focusing using
the full bandwidth determined by the PRF can be approximated
as (it is assumed that the PRF is high enough so that no Doppler
backfolding of the signal occurs)

drl =

_ ) v .
Am%—mvp:——o(@“o oS (ry +yo Sin ary,)

66
ka,st vp ( )

and the minimum distance between adjacent roads for avoiding
ambiguities is then (cf. Fig. 13 right)
dyo = 2|Ax|. (67)

For the comparison of the road distances shown in Fig. 14,
the system parameters listed in Table I were used, and a
nonsquinted case (i.e., xp = 0) was assumed. It can be seen
that the roads can be closer together if the proposed GMTI
algorithm is used.

False detections or ambiguities, respectively, in general can-
not be resolved with a single-channel system. Having a mul-
tichannel system, the direction-of-arrival (DOA) angle can be
estimated additionally. If the DOA angle is not the same as the
squint angle 1, the detection is a false alarm or an ambiguity
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and can be discarded. Hence, using multichannel systems, the
minimum road distance can be significantly decreased. The
minimum road distance is then limited by the standard deviation
of the DOA estimator [7], [27].

For a dual-channel system, the ATI phase of the coregistered
and Fourier transformed signals, received by the fore and the
aft channel, can be approximated as (using again the “Principle
of Stationary Phase”)

2 Vg COS (ty — Vp

Zo
o o) = —da— + 27d, W —
at1(fa) N + 27 Near 1o (fa — foc)
2
Vg COS Qty — Up ds
ko ldy—————— | —27wfa— (68
+ ( )\k‘aTlo ) 7Tf QUP ( )

where d, is the physical separation of the receiving antennas in
azimuth direction. The ATI phase at the peak position f, = fpc
is then given as

2 xo d? (v cos ay —vp)? d

a
D ATI e :Tda - —7fpc—.

— 69
10 2 kar3, Up (69)

The second term in the previous equation is negligibly small
compared to the other terms and can therefore be neglected.
Substituting /719 = sin¢¥poa in the previous equation, the
DOA angle can be computed

. A A
YpoA = arcsin (M(I)ATLch + 2@pr0> . (70)

However, since in practice, ® a1 ¢, only can be measured in
fractions of 27, above equation has to be modified to

A
(CI)ATLch +m~27T)+fDC:| (71)

YDOA,m = arcsin
2vp,

27d,
where m is an integer.

By comparing all estimated DOA angles ¥poa,m Wwith the
squint angle 1), false detections can be discarded to a certain
degree. Nevertheless, particularly in the dual-channel case, the
ATT phase is contaminated by clutter so that the performance of
the DOA estimation suffers.

IV. EXPERIMENTAL DATA

In 2007, several GMTI experiments have been performed
using DLR’s new multichannel and multifrequency F-SAR sys-
tem [28]. As test sites, the former military airfield in Memmin-
gen and a region around Chiemsee, both located in Germany,
have been used. F-SAR was operated in X-band with a range
bandwidth of 100 MHz in a dual-channel mode with an ef-
fective channel PRF of 2.5 kHz [29]. The effective along-track
baseline between the receiving antennas was 10 cm. The aircraft
flew each time at an altitude of approximately 2200 m above
ground, so that the typical incidence angle range from 25° to
60° corresponds to slant ranges in the order of 2400 to 4400 m.

For the Memmingen test site, conventional passenger cars
were used as controlled moving vehicles. Some of them were
equipped with radar reflectors to enhance the RCS, as well as
with differential GPS (DGPS) receivers to retrieve reliable geo-
graphical reference positions and velocities for a sophisticated
GMTI algorithm verification. Additionally, simultaneous with
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TABLE 1II
DUAL-CHANNEL RESULTS: ACROSS-TRACK MOTION

V0,0ptical V0,DGPS o Awvg  Abs. Position Error 719

[km/h]  [km/h]  [km/h]  [knvh] [m] [m]
7.1 n/a 8.6 1.5 17.9 2881.5
80.8 n/a 84.3 35 9.9 2901.0
16.0 n/a 14.2 -1.8 17.3 2941.6
44.0 44.0 42.7 -1.3 16.5 3081.6

the radar, also optical images from the same scene were taken
to retrieve also knowledge about other road vehicles.

In the Chiemsee region, vehicles of opportunity (passenger
cars and trucks) were monitored on the autobahn AS8. Unfor-
tunately, no reliable ground truth data were available for these
vehicles. Nevertheless, the estimated velocities between 79 and
149 km/h seem reasonable.

For the practical implementation of the algorithm
(cf. Fig. 2), the freely available OpenStreetMap [30] is
used as road database. The elevations corresponding to the road
points (OpenStreetMap contains no elevation information)
are obtained from the free Shuttle Radar Topography Mission
(SRTM) digital elevation model [31]. For obtaining the exper-
imental results shown in the following subsections, the dual-
channel algorithm structure shown in Fig. 2 was used. Since we
are mainly interested in showing the parameter estimation, but
not the detection performance, the DPCA detection threshold
was fixed to a certain SCNR value. Also, the DOA angle differ-
ence for skipping false detections was set to a fixed threshold.

A. Over-Sampled Data in Azimuth

In Fig. 15, some GMTI results obtained from a dual-channel
data take acquired over the Memmingen airfield are shown. The
used PRF of 2500 Hz was high enough for avoiding Doppler
ambiguities. During the data take all controlled vehicles have
moved in across-track direction. The average clutter Doppler
centroid was 186 Hz, corresponding to a squint angle of ap-
proximately 1.8°. The estimated velocities U of the vehicles are
(cf. Table II): 8.6, 84.3, 14.2, and 42.7 km/h. Compared to the
optical reference data, the velocity estimation errors Avg are:
—1.5,3.5, —1.8, and —1.3 km/h. The corresponding absolute
position errors are: 17.9, 9.9, 17.3, and 16.5 m. The runway in
Memmingen is about 30 m broad, and as road axis for the co-
ordinate transformation, the middle of the runway was chosen,
but during the experiment, the vehicles have moved along the
edge. This fact explains a position estimation error in the order
of 15 m. Furthermore, the accuracy of the optical reference data
itself is also limited to about 4+3.5 km/h velocity accuracy and
to £5 to 15 m absolute position accuracy. Under this aspect,
the obtained accuracy of the GMTI processor is quite good.

Additionally, the velocity estimate of the vehicle moving
with 42.7 km/h was verified using the GPS reference data
as shown in Fig. 16. The GPS velocity corresponding to the
estimated beam center time ¢y (13:33:37.0 UTC) is 44 km/h.
The velocity estimation error is —1.3 km/h, which is the same
as using the optical reference data.
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Fig. 15.  Optical Google Earth image (top) and SAR image (middle, data take
rc07trmrad0101x1) of Memmingen airfield, range-compressed DPCA image of
the “detail” with overlaid runway axis and detected moving vehicles as triangles
(bottom left), and corresponding SAR image (bottom right).
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Fig. 16. Verification of the estimated beam center velocity of the vehicle no.
4 (estimated velocity of 42.7 km/h) using DGPS data as reference (left: DGPS
velocity of the vehicle, right: DPCA Doppler spectrum of the vehicle signal).

Fig. 17. Range-compressed DPCA image of data take rcO7trmrad0103x1
(left) and corresponding Google Earth image (right), both with overlaid moving
vehicle symbols. The two vehicles appearing very bright in the DPCA image
were equipped with special radar reflectors to enhance the RCS.

For smaller road angles «, the performance of the algorithm
decreases. In Fig. 17, the GMTI results for the runway at
an angle of o = 45° are shown. The average Doppler was
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Fig. 18. DPCA Doppler spectrum of the vehicle moving with about 84 km/h

in case of over-sampling with PRF = 2500 Hz (left) and under-sampling with
PRF = 1250 Hz (right).
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Fig. 19. Undersampled DPCA range/azimuth arrays (1024 azimuth X 6 range
samples) taken around the road point where the vehicle moves at beam center
time. (a) Wrong assumption of the Doppler shift. (b) Correct Doppler shift
assumption. (c) Moving vehicle signal aligned along range. (d) Range/Doppler
image of focused moving vehicle signal after application of “deramping” with
the estimated Doppler slope).

Fig. 20. GMTI results without Doppler ambiguity resolving (left) and after
applying the proposed technique (right). In the first case, the vehicle moves
with 24.2 km/h into the wrong direction (absolute velocity error of 56.6 km/h),
and in the second case, the estimated vehicle velocity is 84.6 km/h (error of
only 3.8 km/h, right direction).

abnormally large at 491 Hz (4.8° squint angle). Compared to
the optical reference data, the largest velocity error is 9.3 km/h,
and the largest position error 26.4 m. During data acquisition,
the weather was bad and windy, and so the residual motion
compensation error might influence the GMTI processor per-
formance. However, we think that an error below 10 km/h is
still good enough for many traffic monitoring applications.

In the “formatting” stage of the automatic GMTI processing
chain also Keyhole Markup Language files are produced, which
easily can be visualized using Google Earth [32], as shown in
Fig. 17, right.

B. Under-Sampled Data in Azimuth

As already mentioned in the previous sections, Doppler am-
biguities occurring due to fast moving vehicles in combination
with a low PRF can be resolved by taking into account the range
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Google Earth image overlaid with a single-channel SAR image acquired with F-SAR (image not processed with full quality, image size 2.0 x 2.8 km,

data take rcO7trmrad0302x1). The shown vehicles (color coded triangles) on the autobahn A8 near Chiemsee were automatically detected, and their parameters

were automatically estimated using the proposed GMTI algorithm.

migration. For verifying the resolution of such ambiguities
the same data as shown in Figs. 15 and 16 is used, but now
decimated by a factor of two. That means, that the signal of
the vehicle moving with about 84 km/h is already backfolded
(aliased) in Doppler as depicted in Fig. 18, right.

For resolving the Doppler ambiguity, the technique presented
in Section III-G can be used. Different Doppler shifts fpc and,
hence, range migration slopes are assumed. For each Doppler
shift assumption at each azimuth position, neighboring range
samples around the “expected” range are taken, as shown in
Fig. 19(a) and (b) for an array size of 1024 azimuth and
6 range samples. Afterward, for the obtained range/azimuth
arrays (one array for each Doppler shift assumption), the total
energy along each azimuth line is taken. The maximum energy
indicates the correct range/azimuth array and hence the correct
Doppler shift [cf. Fig. 19(b)], where the maximum energy along
a single azimuth line is larger than in (a). The knowledge of the
correct Doppler shift allows for unambiguous computation of
the vehicle velocity (cf. Fig. 20, right). Due to the decimation,
the azimuth ambiguities increase, and the clutter suppression
performance decreases. Hence, the estimated velocities differ
slightly (in this particular case about =1 km/h) from the esti-
mates in the oversampled case shown in Fig. 15.

Furthermore, the range history of the moving vehicle sig-
nal can be aligned along range (by shifting each range line
depending on its maximum; only reasonable if the vehicle
size is not larger than the resolution), and the Doppler slope

can be estimated using for example the “adaptive deramping”
procedure [cf. Fig. 19(c)]. Once the Doppler slope is known,
also the acceleration of the vehicle can be computed using (28).
The whole image patch containing the vehicle signal can be re-
focused by removing the quadratic phase error [cf. Fig. 19(d)].
By considering more than 1024 azimuth samples, the azimuth
resolution can be improved. Thus, it even might be possible to
estimate the size and the shape of the moving vehicle, so that
under circumstances, a discrimination between conventional
passenger cars and large trucks becomes feasible. However,
for a robust discrimination, more sophisticated inverse SAR
imaging algorithms should be used [33].

In Fig. 21, a larger scene acquired over the Chiemsee region
is shown. The detected moving vehicles are depicted as colored
triangles pointing in the moving direction. The considered
roads are shown in light blue. Two receiving channels were
used for data acquisition. The average Doppler centroid is
415 Hz, and the squint angle is 4.2°. Again, only a PRF of
2500 Hz was used. Thus, a lot of the vehicles moving on
the autobahn A8 are ambiguous in Doppler. Nevertheless, by
considering again the range migration, many of the ambiguities
can be resolved, and additionally, by estimating the DOA
angle using (71), some false detections can be reduced.
Unfortunately, no ground truth data were available for the
scene shown in Fig. 21. Thus, it is not possible to determine the
probability of detection, the false alarm rate, and the velocity
estimation errors for this scene. However, the estimated
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Fig. 22. Single-channel road/Doppler image (left) and clutter suppressed
dual-channel DPCA road/Doppler image (right) of a road section of the
autobahn A8. Even in the single-channel image, the fast moving vehicles falling
outside the clutter band are clearly visible and detectable.

velocities, which are in the range from 79 to 149 km/h, are
rather reasonable for a typical German autobahn.

If only a single-channel system is available, for fast moving
vehicles, a detection and, hence, a motion and position esti-
mation using the proposed algorithm is possible as shown in
Fig. 22, left. Here, a road/Doppler image of a road section of the
autobahn A8 is shown. The fast moving vehicle signals clearly
can be seen outside the clutter band. The road/Doppler image is
quite similar to a range/Doppler image, but instead of Fourier
transformed azimuth signals of different ranges, the Fourier
transformed azimuth signals around the different observed road
points are plotted.

V. CONCLUSION

A fast, real-time capable GMTI algorithm based on a priori
knowledge, suitable for single- and multichannel radar and
SAR data was presented. The algorithm was verified using
real dual-channel SAR data acquired with DLR’s F-SAR sys-
tem. The obtained performance implies that the algorithm is
suitable for real-time traffic monitoring applications. Although
only dual-channel results using DPCA as clutter suppression
technique were presented, the algorithm has the capability to
be combined with more sophisticated techniques (e.g., STAP)
for improving the overall performance. For instance, also mod-
ern multichannel airborne radar systems particularly designed
for GMTI, like AER-II [12] and PAMIR [34], could benefit
from the proposed algorithm, at least for real-time road traffic
monitoring applications where vehicles moving on open land
are not of particular interest. However, additional investigations

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 50, NO. 11, NOVEMBER 2012

are necessary to explore the full real-time traffic monitoring
capabilities that may arise from an appropriate combination of
STAP-like techniques with the proposed algorithm.
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