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1
RADAR-IMAGING OF A SCENE IN THE
FAR-FIELD OF A ONE- OR
TWO-DIMENSIONAL RADAR ARRAY

TECHNICAL FIELD

The present invention generally relates to radar-imaging a
scene located in the far-field of a radar aperture, more par-
ticularly to a method for converting a radar image from raw
radar data.

BACKGROUND

The present invention is applicable for image reconstruc-
tion from radar data acquired by a synthetic aperture radar
(SAR) or by a physical radar array. SAR is a well-known and
well-developed technique to produce high-resolution images.
A large number of imaging algorithms are operationally used
in different civilian and military application domains. A com-
mon requirement for such algorithms is that of producing
imagery with the highest possible resolution. It is well known
that the limits of the resolution in range and cross-range are,
respectively, dictated by the frequency bandwidth and the
physical dimension of the radar aperture. In practice, a crite-
rion to assess the optimality of a SAR system is to compare
the achieved cross-range resolution in the imagery with the
physical dimension of the radar’s antenna. As an example, in
strip-map SAR, the cross-range resolution cannot be finer
than a half of the physical antenna aperture size. A major part
of the radar imaging algorithms presently in use have been
conceived for SAR systems with an optimal aperture length.
To date, the interest in radar imaging systems with sub-opti-
mal aperture lengths has been very limited. The focus of this
invention is on the problem of implementing a fast and accu-
rate imaging algorithm with a highly sub-optimal aperture
length, e.g. in a radar system having an aperture length of a
few meters and illuminating an image scene spanning a few
square kilometers located within the far-field of the radar
aperture. This scenario is quite different from those of space-
borne and air-borne SAR. In particular, the imaging algo-
rithms used with optimal aperture lengths (typically a few
tens of kilometers long in case of space-borne SAR), such as
the range migration and chirp-scaling algorithms, do not sat-
isfy certain requirements encountered with a sub-optimal
radar aperture. The polar format or range-Doppler algorithm
was also discarded because of the geometric distortion caused
by it in the imagery. This algorithm can only be used with
image extents much smaller than the range to the center of the
scene and, therefore, is not appropriate for all interesting
scenarios. In, Averbuch et al. disclose a method for manipu-
lating the Fourier transform in Polar coordinates, which uses
as a central tool a so-called pseudo-polar FFT, where the
evaluation frequencies lie in an oversampled set of nonangu-
larly equispaced points. The pseudo-polar transform plays the
role of a nearly-polar system from which conversion to polar
coordinates uses processes relying only on 1D FFTs and
interpolation operations.

An example application field for a sub-optimal imaging
radar is that of ground-based SAR (GB-SAR), which is pres-
ently used to monitor the displacement of landslides with
sub-millimeter accuracy. In the last ten years, the Joint
Research Centre of the European Commission has been a
pioneer of this technology and has carried out a vast number
of field campaigns that have demonstrated its operational use.
This activity has resulted into a massive archive of GB-SAR
data with more than 300,000 sets of raw data collected in
various sites. Typically, a site monitored on a permanent basis
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2

with one of our GB-SAR instruments produces a total of
35,000-40,000 sets of raw data in an entire year. A motivation
of this work comes from the need to have a computationally
efficient and accurate GB-SAR processing chain to cope with
this huge volume of data.

BRIEF SUMMARY

The present invention provides a method of radar-imaging
a scene, which can be implemented in a computationally
efficient way.

The method according to the invention comes with two
variants, directed to the “two-dimensional” (“2D”) case and
the “three-dimensional” (“3D”) case, respectively. Both vari-
ants are comprise the computation of a radar reflectivity
image based upon an image series expansion. In the first
variant, the raw radar data stem from a one-dimensional radar
array, whereas, in the second variant, they stem from a two-
dimensional radar array. In both variants of the method, the
radar array may be a synthetic aperture radar array or a physi-
cal radar array. In both variants, the scene of interest to be
imaged lies in the far-field of the radar array. This may be
expressed mathematically as:

212 q 212 M
p>Tcm p> T

where p denotes the distance from the centre of the radar array
to an arbitrary point within the scene of interest, L the length
of the radar array along its first axis and L, the length of the
radar array along its second axis (in case of a 2D radar array),
and A the centre wavelength of the radar.

Turning to the first variant, a method of radar-imaging a
scene in the far-field of a one-dimensional radar array, com-
prises providing an array of backscatter data D({,,, x',,) of the
scene, these backscatter data being associated to a plurality of
positions x',, n=0 . . . N-1, N>1, that are regularly spaced
along an axis of the radar array. The backscatter data for each
radar array position x',, are sampled in frequency domain, at
different frequencies f,,, m=0 . . . M-1, M>1, defined by
f,=f.—-B/2+m-Af, where f, represents the center frequency, B
the bandwidth and Af the frequency step of the sampling.
According to the present variant of the invention, a radar
reflectivity image I(a.,, B,,) is computed in a pseudo-polar
coordinate system based upon the formula:

@

Pmax

1@, B = ), 1@t B,

p=0

with 3)

1 [—j2nrB,
[PICAR Bur) = ol [T

]p FFT2D[D(f, ) F 3 |-

where
] represents the imaginary unit,
1,,=—B/2+m-Af is the baseband frequency,
FFT2D denotes the 2D Fast Fourier Transform operator,
a,,,m=0...M-1,and f,,,0'=0...N-1 represent a regular
grid in the pseudo-polar coordinate system,
and P, is chosen 20 depending on a predefined accuracy
to be achieved;
or any mathematically equivalent formula.
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Those skilled will appreciate that the present invention
uses a series expansion for approximating the reflectivity
image in a pseudo-polar coordinate system, i.e. the different
terms of the series are computed up to the predefined order
P,... and these terms are then summed up (if P, ,,=1). In the
following the method is going to be referred to in brief as the
far-field pseudo-polar format algorithm, abbreviated FPFA.
In practice, a zeroth order series may be sufficient for obtain-
ing a good approximation of the reflectivity on the pseudo-
polar grid. In this case, P,,,,=0 and thus

max

I(a,,»B,)=FFT2D[D({,,.x',)] 4

In the particular case of using just the zeroth order series
expansion, the computational cost of the FPFA is O(N M
log,M), which is the lowest possible value one could expect
for such an imaging algorithm. As an example, with
n=N=M=2048, the FPFA has a computational cost three
orders of magnitude lower than that of the time-domain back-
propagation algorithm (TDBA), and six orders of magnitude
lower than that of the frequency-domain back-propagation
algorithm (FDBA). The benefit of using the FPFA is thus
evident. It shall be noted that the addition of more terms in the
series expansion, being all of them evaluated with 2-D FFT
transforms, is straightforward and does not increase the com-
putational cost significantly. The benefit of using the FPFA is
thus evident.

According to an advantageous implementation of the
FPFA, the individual terms of the image series are evaluated
concurrently and separately (e.g. using a parallel multi-pro-
cessor system).

The radar array positions are preferably defined by x',=—
L./24n-Ax', where L, represents a length of the radar array
and Ax' the spacing between the radar array positions.

The pseudo-polar coordinate system is implicitly deter-
mined by the Fourier transform, the array positions x', and the
frequencies f,,. With an appropriate choice of the origin of the
pseudo-polar coordinate system, the points ., m'=0. .. M-1
and f3,,, n'=0. .. N-1, of the regular grid in the pseudo-polar
coordinate system may, for instance, be expressed by ., =m'/
B, m'=0...M-1and B, =n/L,~(N-1)/(2L ), n'=0 . . . N-1.
More details on the concept of pseudo-polar grids can be
found in and. More recently, a technique that implements a
2-D polar FFT using a pseudo-polar grid has been presented
in and.

The order P,,,,. of the series expansion is preferably chosen
depending on the ratio of radar array length [, to range
resolution. Range resolution §, is given by 6,=c/(2B), where c
denotes the speed of light. As a rule of thumb, the larger the
ratio L /3, the more terms one preferably uses in the series to
guarantee the accuracy of the reflectivity image. An interest-
ing observation is that the number of terms does not depend
on the center frequency of the radar.

Preferably, subsequent computation steps using the reflec-
tivity image are carried out in the pseudo-polar coordinate
system, e.g. the computation of a coherence image and/or a
2D phase interferogram. Most preferably, a transformation of
the reflectivity image, the coherence image and/or the 2D
phase interferogram into a coordinate system that is more
convenient for visualizing the information, e.g. a polar or
Cartesian coordinate system, is carried out only after the
substantial computations (of the reflectivity image, the coher-
ence image and/or the 2D phase interferogram) have been
achieved in the pseudo-polar coordinate system. In this way,
errors introduced into the data through the mapping of the
computed image onto a polar or Cartesian grid by interpola-
tion or any other suitable procedure only affect the visualiza-
tion but not the substantial calculations. A further advantage
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4

of the present method is that, in contrast to previous radar
imaging methods, no computationally costly interpolation is
required before any Fourier transform. This represents an
important advantage, for instance, over the so-called range-
migration algorithm, which uses a matched filter and Stolt
interpolation to represent the radar backscatter data on a
regular grid in special frequency domain, before these are
Fourier transformed directly into a reflectivity image in a
regular grid in a Cartesian coordinate system.

Turning to the second variant of the invention, a method of
radar-imaging a scene in the far-field of a two-dimensional
radar array, comprises providing an array of backscatter data
D(f,,, x',, ¥',) of the scene, these backscatter data being asso-
ciated to a plurality of positions (x',, y',) n=0 ... N-1, N>1,
k=0...K-1,K>1, regularly spaced along a first and a second
axis of the radar array. The backscatter data for each radar
array position (X',,, y';) are sampled in frequency domain, at
different frequencies £, defined by f,,=f —B/2+m-Af, where
f_ represents again the center frequency, B the bandwidth and
Af the frequency step of the sampling. A radar reflectivity
image I(c,,,., 3,,» Y;.) is computed in a pseudo-spherical coor-
dinate system according to the formula:

®

Pmax

1@ B ¥i) = D, Ipl@ts Burs vir):
=0

with (6)

L@y, By Yi) =
—jorP -
=12

q=0

Bovp?
gllp-g!

FFT3D[D(f, % yO o),

where

] represents the imaginary unit,

1,,=—B/2+m.-Af,

FFT3D denotes a 3D Fast Fourier Transform operator,

a,,,m=0... M-1,8,,n0=0...N-landy,, k=0...K-1,

represent a regular grid in the pseudo-spherical coordi-
nate system,

and P, is chosen 20 depending on a predefined accuracy

to be achieved;
or any mathematically equivalent formula.

As in the previous variant, a series expansion is used for
approximating the reflectivity image. However, this time the
reflectivity image is computed in a pseudo-spherical coordi-
nate system. The different terms of'the series are computed up
to the predefined order P,, ., and these terms are then summed
up (if P,,,.=1). The method is going to be referred to as the
far-field pseudo-spherical format algorithm, also abbreviated
FPFA since it will be clear from the context whether a pseudo-
polar or a pseudo-spherical coordinate system is considered.
In practice, a zeroth order series may be sufficient for obtain-
ing a good approximation of the reflectivity on the pseudo-
spherical grid. In this case, P,,,,=0 and thus

max

Lp( B 1)=FFT3D[D(E,, X'y )] M

The individual terms of the image series may be evaluated
concurrently and separately (e.g. using a parallel multi-pro-
cessor system).

The radar array positions are preferably defined by x',=—
L,/2+n-Ax' along the first axis, where L, represents alength of
the radar array along the first axis and Ax' the spacing between
the radar array positions along the first axis, and by y',=-L,/
2+k-Ay' along the second axis, where L, represents a length of
the radar array along the second axis and Ay' the spacing
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between the radar array positions along the second axis. The
pseudo-spherical coordinate system is implicitly determined
by the 3D Fourier transform, the radar array positions (X', y';)
and the frequencies f,,. With an appropriate choice of the
origin of the pseudo-spherical coordinate system, the points
a,,m=0...M-1,p,,0=0...N-1,andy,. k'=0...K-1, of
the regular grid in the pseudo-spherical coordinate system
may, for instance, be expressed by c,,,~m'/B, m'=0 .. . M-1,
B,=n'/L,-(N-1)/(2L,), n=0 . . . N-1, and y,~k'/L —(K-1)/
(2L,).

The order P, ofthe series expansion is preferably chosen
depending on the ratios of the radar array lengths I, and L, to
range resolution: the larger the ratios L,/8,.and L,/9,, the more
terms one preferably uses in the series to guarantee the accu-
racy of the reflectivity image. As for the previously discussed
variant, the number of terms does not depend on the center
frequency of the radar.

Preferably, subsequent computation steps using the reflec-
tivity image are carried out in the pseudo-spherical coordinate
system, e.g. the computation of a coherence image and/or a
3D phase interferogram. Most preferably, a transformation of
the reflectivity image, the coherence image and/or the 3D
phase interferogram into a coordinate system that is more
convenient for visualizing the information, e.g. a spherical or
Cartesian coordinate system, is carried out only after the
substantial computations (of the reflectivity image, the coher-
ence image and/or the 3D phase interferogram) have been
achieved in the pseudo-spherical coordinate system. In this
way, errors introduced into the data through the mapping of
the computed image onto a spherical or Cartesian grid by
interpolation or any other suitable procedure only affect the
visualization but not the substantial calculations. No compu-
tationally costly interpolation is required before any Fourier
transform.

Both variants of the invention may be applied for comput-
ing a radar reflectivity image in or nearly in real time.

An aspect of the invention concerns a computer program
product for controlling a data processing apparatus, e.g. a
computer, a microprocessor, a parallel multiple-processor
system, and the like, comprising instructions causing the data
processing apparatus to carry out the FPGA when executed
on the data processing apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

Further details and advantages of the present invention will
be apparent from the following detailed description of not
limiting embodiments with reference to the attached draw-
ings, wherein:

FIG. 1 is a schematic side view of an SAR;

FIG. 2 is a schematic side view of a physical radar array;

FIG. 3 is a front view of a 2D SAR;

FIG. 4 is a schematic front view of a 2D physical radar
array;

FIG. 5 is a is a schematic front view of a 2D MIMO radar
array;

FIG. 6 is a top schematic view of a situation when a scene
is radar-imaged;

FIG. 7 is a schematic perspective view of a situation when
a scene is imaged with a 2D radar array;

FIG. 8 shows a comparison of images, in polar coordinates,
obtained with the TBDA and the zeroth order FPFA, respec-
tively;

FIG. 9 is a diagram showing the preferred order of the
image series expansion as a function of aperture length to
range resolution.
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DETAILED DESCRIPTION

The far-field pseudo-polar format algorithm can be used
with an short imaging radar array having an array length L.
This radar array 10, 10' can be either synthetic or physical, as
shown in FIGS. 1 and 2. The aperture synthesis can be
achieved through the controlled linear motion (indicated by
the dashed arrow 13) of a single radar element 12 comprising
a transmit antenna 14 and a receive antenna 16 (or a single
antenna for both transmission and reception) connected to a
radar transceiver 18. Alternatively, a physical radar aperture
10' can be provided in form of an array of transmit/receive
antennas 14, 16 and a multiplexer unit 17 switching electroni-
cally through these antennas 14, 16.

While FIGS. 1 and 2 show one-dimensional radar arrays,
FIGS. 3-5 illustrate the case of a two-dimensional radar array.
FIG. 3 shows a 2D-synthetic radar array 10 with a single radar
element comprising a transmit antenna 14 and a receive
antenna 16 (or a single antenna for both transmission and
reception). During operation of the radar array, the radar
element moves along a predefined path 19 and radar back-
scatter measurements are carried out at a plurality of positions
20, which are regularly distributed on the aperture area so as
to define a regular grid. These radar array positions 20 are
regularly spaced along a first axis (“x-axis™) and a second axis
(“y-axis™), which are perpendicular to one another. The spac-
ings in direction of the first axis and the second axis are Ax'
and Ay', respectively. The measurement points, i.e. the radar
array positions 20, correspond to the phase centers of the
moving transmit/receive antenna pair.

A first alternative to the synthetic 2D radar array of FIG. 3
is the physical radar array 10' of FIG. 4. A plurality of radar
elements each having a transmitting 14 and a receiving 16
antenna or a single antenna for both transmission and recep-
tion, are arranged along the first and second array axes, with
spacings Ax' and Ay', respectively. In a measurement with the
radar array of FIG. 4, one records the radar echo sequentially
with every radar array element using a multiplexer or a
switching device. Due to the number of radar elements, a
physical radar array is normally more expensive than a syn-
thetic one. However, a physical radar array has the advantage
of much shorter acquisition times.

A second alternative to the synthetic 2D radar array of FIG.
3 isthe 2D MIMO (multiple input multiple output) radar array
10" of FIG. 5. A set of S transmitting antennas 14 and a set
of Sz receiving antennas 16 are arranged so that the phase
centers of all possible combinations of transmitting and
receiving antennas are regularly distributed in the aperture
area. With a MIMO radar array, one fires sequentially with all
the transmitting antennas 14 and for each receiving antenna in
this sequence, one records the radar echo with some or all
receiving antennas 16. One thus has a total of maximally
S 7Sy measurements associated to the different phase cen-
ters (which are thus the measurement points 20, i.e. the radar
array positions) on the aperture are. This array configuration
comes at reasonable cost and complexity and offers short
acquisition times.

In the following, the FPFA is first going to be discussed for
the two-dimensional case with reference to FIG. 6 (which is
not to scale).

The scene of interest 22 to be interested is assumed to be
located within the far-field of the radar array (which is repre-
sented here, for illustration, as an SAR 10), i.e.:

212 ®

“x

A

p. e >

where p' denotes the range distance from a radar array
position x=x' to an arbitrary point P within the scene 22.
Similarly, p denotes the range distance from the center of the
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radar aperture to the same point P. The proposed imaging
technique requires the image scene to be located in the far-
field. However, provided this condition is satisfied, the extent
of the image scene (i.e. its widths W, and W, in x- and
z-directions, respectively) is only limited by the field of view
24 of the individual antenna elements. The resulting cross-
range resolution is expected to be highly sub-optimal. This is
a point that distinguishes the proposed FPFA from the polar
format or range-Doppler imaging algorithm, which can only
be used with image extents much smaller than the range to the
center of the scene.

To introduce the formulation of the FPFA algorithm the use
of a stepped-frequency radar will be assumed. Note that this
choice is made without loss of generality and the presented
formulation could also be used with a frequency-modulated
continuous wave (CW) radar. Thus, we consider a CW signal
radiated by a radar array element 12 located at array position
x=x', which has a beam-width sufficiently large to irradiate
the entire image area of interest. The backscatter signal is
received at substantially the same position. For sake of the
explanation of the algorithm, the scene is assumed to consist
of a single point scatterer located at a point P, with polar
coordinates (p, 0), as shown in FIG. 2. The point’s coordi-
nates referred to the position of the radar element are (p', 6").
The radar array acquires the backscatter signal D(f, x') as a
function of two parameters: the frequency f of the CW signal,
and the position of the radar element on the array x'. The
backscatter data are assumed to be sampled uniformly both in
the frequency domain and the space domain along the axis of
the array. Thus, a measurement with this radar will give as a
result the following two-dimensional matrix of complex val-
ues D(f,,, x',) with:

Jn=fo—=BR2AmAf (©)]

x', ==L 2+nAx’

where m=0, 1, ..., M-1,n=0, 1, .. ., N-1, {_ is the center
frequency, B is the frequency bandwidth swept in the mea-
surement, Af is the frequency step, M is the number of fre-
quencies measured, Ax' is the spacing between the radar array
positions (i.e. the spacing between the physical radar array
elements in case of a physical radar array, the phase centers of
the different transmitting/receiving antenna combinations in
case of a MIMO radar array, or the movement step used in the
linear scan in the case of a synthetic array) and N is the
number of measurement points along the radar aperture. As in
any imaging algorithm based on a 2D Fourier transform, the
steps in the frequency and radar position will have to be fine
enough in order to avoid ambiguities both in range and cross-
range directions.

The synthesis of a radar image can be achieved by coher-
ently summing the signal contributions relative to different
radar positions and CW frequencies. This technique is known
as frequency domain wavefront back-propagation. Thus, with
the imaging geometry of FIG. 6, the radar reflectivity at the
point P can be estimated as follows in the case of a exp(+j 27
ft) time dependence:

10)

M-1N-1 an
I(p, 6) = ,;) ; D(f, x;)exp[+j47;fm p,’l]

where c is the speed of light and

p',,:‘/(psine—x " P+pZcos?0 (12)

20

35

40

45

60

65

8

The synthesis of an entire reflectivity image using eq. (11)
has associated a high computational cost, which is
O(MNM'N"), where M' and N' denote the number of pixels in
the x and z directions, respectively. The algorithm of'eq. (5) is
known as the frequency-domain back-propagation algorithm
(FDBA). The back-propagation algorithm can also be formu-
lated in the time domain. The associated computational cost
of'this algorithm is O(N N' M log,M), which is significantly
lower than that of its frequency domain implementation. In
practice, the time domain implementation is that most com-
monly used with highly sub-optimal aperture lengths. The
formulation of the time-domain back-propagation algorithm
(TDBA) can be written as:

N-1 , (13)
2,
1p.0)= D,(z= %,x;]
n=0

where D,(t, x') denotes the frequency to time Fourier trans-
form of the frequency domain backscatter data D(f, x'). The
TDBA has associated a 1D interpolation prior to the azimuth
compression. Typically, an FFT with zero-padding (to
increase substantially the sampling frequency in the time
domain) and a Lagrange interpolation are used. Later we will
consider the resulting imagery obtained with the TDBA in eq.
(13) as the reference to assess the quality of the FPFA imag-
ery.

Since the point P is in the far-field of the radar aperture, we
can approximate the range distance p' using the binomial
expansion as follows:

x'2sin’6 N x3sinfcos?0 (14)

202

o ~p—x'sinf +

whose higher order terms become less significant provided p,
p>>L,. At this point, we will make use of the first-order
far-field approximation of a dipole radiator, which is well
known in antenna measurements:

p'=p-x'sin 6 (15)

Thus, the radar reflectivity at point Pineq. (11) can now be
re-written as:

M-1N-1 16)

o, 0)~ 3" > Dfns x;)exp[q@(p ~ ¥'sin6)

n=

=3

which, considering that

S o an

where

F==BAmAf (18)

is the baseband frequency term, can be re-written as:

1(p, 0) ~ a9

M-1N-1 ;
2sinf
c

2p ,2sind
c o Ac

Dl x;>exp[+j2n(fm )]exp[+j2nx;fm

3
I
=]
H
I
=]
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wherein the first exponential is the kernel of a 2D Fourier
transform. Examining the behavior of the second exponen-
tial, one finds the bounds:

5 2sinf

0)
ol =, 7

nLsing
<

206,

m

where 8,=c/(2B) denotes the range resolution. The maximum
values of Ix',| and If,| used in eq. (20) are L/2 and B/2,
respectively. Because of the presence of the sin 6 factor and
the fact that the mean values <x', > and <f, > are both null, the
effective bounds of 1), are in practice much smaller than
those given in eq. (20). A Taylor expansion of the last expo-
nential in eq. (19) yields:

@D

o A . 1P
. 1| —jénx, f,,sinf
exl-st) < 4| Lt
p! c
=0

Since v,,, is a range-independent phase modulation term,
we can predict that any truncation error in the above expan-
sion will result into a range-independent image deblurring
effect increasing with increasing 6. No deblurring is observed
at 0=0. To reformulate eq. (19) with 2D FFTs, the pseudo-
polar coordinate system determined by the kernel of the 2D
Fourier transform in eq. (19) is used. The pseudo-polar coor-
dinate system is defined with the two variables:

22

which clearly resemble a polar coordinate system with p and
0 as the radial and angular variable, respectively. The o coor-
dinate is directly proportional to the range coordinate of a
polar grid. The § coordinate is a sinusoidal function of the
polar angle 0 with amplitude 2/A_. For a narrow field of view
of the radar (i.e. if 8<<1), then p=26/A_ and becomes also
proportional to the polar coordinate 8. The reverse transfor-
mation from the pseudo-polar to the polar coordinate system
is straightforward and can be formulated as follows:

_¢ @23

and the corresponding ground-range and cross-range coordi-
nates in the Cartesian grid are, respectively:

X=p sin 0

y=p cos 0 24)

Anexample of 2D grid uniformly sampled in ccand § (A =5
cm) with the corresponding pseudo-polar and Cartesian grids
is shown in FIG. 7. As can be seen, the uniform grid in the
pseudo-polar coordinate system highly resembles a polar
grid. However, an important advantage of the suggested
pseudo-polar format is that the resulting images will show an
invariant resolution within the entire image scene. These
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resolutions are 8,=1/B and 8,=1/L,, respectively. Invariant
resolution is not given in a polar formatted image, where the
azimuth resolution is a decreasing function of 8, except when
the image is resampled by appropriate interpolation at the
price of introducing interpolation errors. Consequently, it is a
good practice to use the pseudo-polar format at all stages of
the processing chain but the last one where the image has to be
geo-located and/or displayed in a coordinate system more
convenient for visualization. Products such as the radar
reflectivity image, coherence images, and 2D phase interfero-
grams can also be computed in the pseudo-polar format.

Regarding the transformation from the pseudo-polar to
either polar or Cartesian grids, it can e.g. be implemented
using any suitable technique, e.g. a 2D Lagrange interpola-
tion. Such transformations are well known and need not be
explained. Details concerning their implementation can be
found in the relevant literature (see e.g.).

Using the above results, The radar reflectivity at the point P
of'eq. (19) expressed in the pseudo-polar coordinate system
becomes:

@5

o=

M-1N-1

D Dl 50 F i) X expl+ 2 frt = 2, B)]

n=t

3
i
=]

To simplify the notation, the following 2D Fourier trans-
form pair is introduced:

H,,(0,B,)  D(£,.x, )(Ex" P (26)

where the symbol < denotes the 2D FFT operator, with m,
m'=0,...,M-1,andn,n'=0, ..., N-1. Finally, the reflectivity
image can be expressed as a series expansion of the function
H,(a.,, B,) as follows:

& @n
L. Br) = 3 Ip(@ur s )
=0
with
L [=j27By P (28)
oo B = | P e .
Inpractice, only a limited number of terms (P, ,.+1) can be

summed, which yields equations (2) and (3). When the radar
aperture has a dimension comparable to the range resolution
(i.e. L ~),), which is quite a common scenario, a zeroth order
series expansion in eq. (27) suffices (i.e. P, =0 in eq. (2)),
and an excellent estimate of the image reflectivity in the
pseudo-polar grid can be obtained through a single 2D FFT,
yielding eq. (4):

T30~ B Y =H o QB3 ) =FE T2 D[D(f %)

The addition of more terms in the series expansion, all of
them being evaluated with 2D FFTs, is straightforward and
does not significantly increase the computational cost. Fur-
thermore, a separate and concurrent evaluation of every
single term of the image series is perfectly possible (e.g. using
parallel multi-processor systems). The rule is that the larger
the ratio L,/9, is, the more terms in the series should be used
to guarantee the convergence of the FPFA series expansion.
The diagram of FIG. 9 indicates the preferred cutoff order
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P,... of the series expansion when the image is to be evaluated
numerically, as a function of the aperture length to range
resolution ratio L.,/9,. P,, ., can be determined e.g. using FI1G.
9, a look-up table (containing the values of FIG. 9) or by
evaluating a fit function (e.g. f(x)=0.0318x%+2.554x+5.3251,
where x stands here for L,/3,) and rounding up or down to the
next integer.

For the sake of completeness, we give an alternative form
of'eq. (27) that is obtained exploiting the derivative property
of the Fourier transform:

@29

oo P

By p P Do, Br)
vy, By) ZZ[ e ] T h, (k ](—fc) e,
=0 £=0

which is not used in practice, but is useful to illustrate the fact
that the series terms [(c,,,B,,) with p=1 are partial deriva-
tives of the first term (i.e. the zeroth order term) of the series
expansion. Under the condition of having a range resolution
comparable to the aperture length, these additional terms
show in general reflectivities much lower than those of the
zeroth order term (typically 30-40 dB below) and thus do not
introduce any noticeable artifacts into the imagery. If, how-
ever, the ratio of aperture length to range resolution [../9, is
large, additional terms in the series may be needed to obtain a
more precise estimate of the reflectivity image.

The above derivation of the FPFA for a linear radar array
can mutatis mutandis be applied for the case of a 2D radar
array. A sketch of that imaging scenario is shown in FIG. 7.
The radar array lies in the xy-plane and has the lengths I, and
L, in x-direction and y-direction, respectively. The measure-
ment points 20 (radar array positions) are indicated by the
circles in the radar aperture 10. The spacings of the measure-
ment points along the x and y axes are Ax' and Ay', respec-
tively. At each measurement point 20, backscatter data are
sampled in the frequency domain with a frequency spacing of
Af. A measurement with such radar yields a 3D matrix of
complex-valued backscatter data D(f,,, x',,, ¥',) with:

Ju=femBR2AmAf
x', ==L 2+nAx’

Y=L, 2+nAy’ 30)

wherem=0,1,...,M-1,n=0,1,... ,N-1,k=0,1,...K-1,
f_ is the center frequency, B is the frequency bandwidth swept
in the measurement, M is the number of frequencies mea-
sured, and N and K are the number of radar array positions in
x and y directions, respectively. As in any imaging algorithm
based on a 3D Fourier transform, the steps in the frequency
domain and the two radar axes have to be fine enough to avoid
ambiguities in range and cross-range directions.

Under the assumption of having a 3D image scene entirely
in the far-field of the 2D radar array (i.e. p>>2L, %A, and
p>>2Ly2/7»c), the 3D reflectivity image in the pseudo-spheri-
cal coordinate system can be expressed as:

@y, By i) = B
Prnax P P ﬁﬂ p-a
-J ] ' Vi PN
—= = FFT3D|D(fn, x,, = s
DT D e eraiotn s
=0 =0

where T, =f,~f_ is the baseband sampling frequency.
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Instead of a pseudo-polar coordinate system one has here a
pseudo-spherical coordinate system, with variables defined
as

2p (32)
wz P
C
B 2x
= Ap
Y
L

Every term of the image series expansion in eq. (31) is
formatted on a 3D uniform grid along the a, p and y coordi-
nates. The transformation from this coordinate system to a
spherical or Cartesian coordinate system can be achieved
using the following expressions:

e 2. (33)
[
v=[ L)
A
=[ zp ]
t=VE R

As concerns the preferred cutoft order P,,,, of the series
expansion in equation (31), it may be determined in a similar
way as described with respect to the 2D case. P, ., depends on
the aperture length to range resolution ratios L ,/0, and L /3,.
The preferred value of P, can be determined by selecting
the largerof L. /6, and L /8, and using, e.g. FIG. 9 oralook-up
table (containing the values of FIG. 9), or by evaluating a fit
function (e.g. f(x)=0.0318x>+2.554%+5.3251, where x stands
here for the larger of L,/8, and L /8,) and rounding up or down
to the next integer.

EXAMPLES
A. Numerical Simulations

The FPFA has been validated with a series of numerically
simulated scenarios (in the 2D case). As a first example, a
scene consisting of 5x5 point scatterers uniformly distributed
in range and azimuth, with 500 m<p<1500 m and -60
deg<0<60 deg, was generated. The range distance to the
center of the scene was set to 1 km. The scatterer spacing in
range and azimuth are, 250 m and 30 deg, respectively. The
radar’s center frequency was assumed to be 17.05 GHz (i.e. in
the Ku-Band) and the bandwidth 100 MHz. The radar aper-
ture was assumed to be 2 m long (L =2 m). The aperture
length to range resolution is L,/d,~1.3. Prior to the formation
of the images, a four-terms Blackman-Harris window was
applied both along frequency and the linear coordinate of the
radar aperture dimensions. The reflectivity images were com-
puted using the FPFA and, for comparison, the TDBA. In the
FPFA, the first four terms of the image series in eq. (27), i.e.,
L (e, ) with 0=p=3. The dynamic range of the images was
100 dB. From the results, it clearly followed that the first term
of'the image series, the zeroth order expansion, is already an
excellent approximation of the true reflectivity. In fact, it was
found that the second term in the series has reflectivity values,
on a pixel by pixel basis, at least 25 dB below those of the first
term. Similarly, the third term showed values at least 41 dB
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below those of the first term, which indicates that one can
obtain an excellent imagery using the zeroth order series
expansion. Comparing these results with those from the
TDBA it was again confirmed that truncation error is negli-
gible, and the zeroth order FPFA image is extremely close to
that of the TDBA.

In a second simulated scenario the radar was assumed to
have a much larger bandwidth, here B=1 GHz. The center
frequency of the radar was chosen 5.5 GHz (i.e. in the
C-Band). The aperture length was set to 3 m. This radar has a
relative bandwidth of 20%, therefore it is fully classifiable as
ultra-wide band according to the US FCC. The image scene
this time was assumed to consist of seven point scatterers
uniformly distributed in azimuth within —45 deg<6<45 deg.
The angular distance among scatterers is 15 deg and all of
them were given the same reflectivity. The range distance to
the scatterers was fixed to 600 m for all of them. As in the
previous simulation, a four-terms Blackman-Harris window
was used both in the frequency and radar aperture domains. In
this example the aperture length to range resolution ratio is
exactly L,/8,=20. It was expected that a larger number of
terms in the image series expansion of eq. (27) would have to
be used to guarantee convergence of the series. The FPFA
reflectivity image was computed for a number of terms rang-
ing from 1 (P,,,,,=0, zeroth order expansion) to 65 (P,,,.=64).
It could be observed that the alternating series of eq. (21)
converges rapidly to a very precise reflectivity image when
the order of the expansion is above P, , ~50. With smaller
values of P, (P,,..=48), some artifacts located at large
off-boresight angles were noted but these artifacts disap-
peared as the number of terms P, was further increased. It
was noted that the zeroth order image series gives a reason-
ably good result. Images obtained with P, , =57 were found
to be in almost perfect agreement with those obtained with the
TDBA.

B. GB-SAR Measurements

A first GB-SAR (Ground-based SAR) data set was col-
lected in the framework of a field campaign at the avalanche
test site of the Swiss Federal Institute for Snow and Avalanche
Research (SLF-Davos), located in Vallee de la Sionne (Swit-
zerland). A LISA (Linear SAR) instrument of the JRC was
deployed to monitor the avalanche activity and assess the
possible operational use of the GB-SAR technology. The
center frequency used was 5.83 GHz, in the C-Band, with a
frequency bandwidth of 60 MHz. The radar was based on a
PNA network analyzer from Agilent Technologies working in
the stepped frequency mode. The radar had two separate
transmit and receive antennas and measured the VV polariza-
tion. The length of the synthetic radar aperture was 3.5 m. The
typical avalanche path length on this site is 2.5 km, starting at
an altitude of about 2650 m above sea level and ending at
about 1450 m. The LISA instrument was positioned on the
other site of the Valley at an altitude of 1800 m. The average
slope within the image scene was about 27 deg. The range
distance to the image scene went from 700 to 2100 m. The
span of the image scene in azimuth angle was 90 deg. The
aperture length to range resolution ratio in this case was
L../8,~1.4, which indicated that a zeroth order expansion of
the image series should suffice for obtaining decent accuracy.
The number of frequency points and radar positions along the
aperture fixed to guarantee an image scene free of any ambi-
guity are, respectively, M=1601 and N=251. In this cam-
paign, the total measurement time needed for a single image
acquisition was 9 minutes. The backscatter data were con-
verted into reflectivitiy images using the FPFA and, for com-
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parison, the TBDA. A four-terms Blackman-Harris window
both in the frequency and radar’s aperture domains was used.
FIG. 8 shows the image resulting from the TBDA (left-hand
side) and from the zeroth order FPFA (right-hand side) in
polar coordinates. As can be seen, the image obtained with the
zeroth order FPFA is indistinguishable from that obtained
using the TBDA. The second term of the image series has also
been evaluated. It was found that it has, on a pixel by pixel
basis, a reflectivity at least 39 dB below those of the first term.

A second field campaign was carried out with a GB-SAR
instrument deployed in a ski resort located in Alagna Valsesia
(Italy, Piedmont Region). The area monitored was a very
steep slope with 30 to 50 degrees of inclination, at an altitude
ranging from 2300 to 2700 m. The bottom part of the image
scene corresponds to the Olen Valley, where a ski track passes
through putting under risk skiers when snow avalanches fall
down. The goal of this campaign was that of automatically
detecting any avalanche event occurring within the field of
view of the GB-SAR instrument. The extent of the image
scene was about one square km, and was located at range
distances ranging from 750 to 1500 m from the radar array.
The radar used was again based on a PNA network analyzer
from Agilent Technologies working in the stepped frequency
mode. The radar bandwidth used in this field campaign was
250 MHz, with a center frequency of 13.25 GHz (i.e. in the
Ku-Band). The radar had two separate transmit and receive
antennas and measured the VV polarization. The length of the
aperture was 1.9 m. The aperture length to range resolution
ratio is in this case [./8,~3.1, which is larger than in the
previous example. The number of frequency points and radar
positions along the aperture are, respectively, M=3201 and
N=301. In this campaign, the total measurement time needed
for a single image acquisition was 6 minutes. It was observed
again that the zeroth order FPFA gave basically the same
reflectivity image as the TBDA. This was because from the
second term onwards the FPFA images in the series showed a
very low reflectivity. On a pixel by pixel basis, the second
term in the image series showed reflectivities at least 28 dB
below those of the first term. This value is smaller than in the
previous example, as was expected because of the larger
aperture length to range resolution ratio.

It is worthwhile noting that the FPFA images computed in
pseudo-polar or pseudo-spherical format can be interpolated
onto a digital terrain model (DTM) of the image area of
interest. For instance, two images collected immediately
before and after an event (e.g. an avalanche) may be com-
bined in the pseudo-polar or pseudo-spherical format into a
coherence image, which may thereafter be interpolated onto a
DTM with texture (e.g. an orthophoto) using the coordinates
transformation given in egs. (23) and (24). Such coherence
image allows to readily identify changes caused by the event
(e.g. the extent of an avalanche) because of the low coherence
values in the affected area or areas.

Regarding practical use of the technique of the present
invention, the FPFA may be implemented using any suitable
software or hardware. So far the inventor has implemented
and tested it using a number of commercial software packages
including Matlab™ (The Mathworks, MA, USA), Lab-
View™ (National Instruments, TX, USA), and IDL™ (ITT
Visual Solutions, Boulder, Colo., USA), all of them giving
excellent results. Of particular interest is the combination of
these implementations and the FFTW library (i.e. the “fastest
Fourier transform in the west” package developed at MIT by
Frigo and Johnson). During tests with massive amounts of
images it was concluded that the disk read (raw data) and
write (radar image) operations were more time-consuming
than the FPFA itself. Typical processing times for a single
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image (excluding read and write operations) were found to be
in the order of a few tens of ms on an Intel Xeon™ 5160-3
GHz workstation.

The invention claimed is:
1. Method of radar-imaging a scene in a far-field of a
one-dimensional radar array, comprising
providing an array of backscatter data of said scene, said
backscatter data being herein denoted by D({,,, X',,),
said backscatter data being associated to a plurality of
radar array positions, herein denoted by x',, n=0 . . .
N-1,N>1, regularly spaced along an axis of said radar
array;
the backscatter data being sampled, for each radar array
position x',,, at different frequencies, herein denoted
by f,, m=0 . .. M-1, M>1, defined by f,,=f.-B/2+
m-Af, where f_ represents a center frequency, B a
bandwidth and Af a frequency step;
computing a radar reflectivity image, herein denoted by
I(c,,» B,)), in a pseudo-polar coordinate system, in
which coordinates of a point of said scene are express-
ible by equations:

_%
- C
2x
= Acp
where

a and f denote coordinates of said point in said pseudo-
polar coordinate system;

p denotes a range distance from a center of the radar
array to said point,

x denotes a coordinate, with respect to said axis, of an
orthogonal projection of said point onto said one-
dimensional radar array,

¢ denotes speed of light, and

A a centre wavelength,

said computing of said radar reflectivity image being
effected on the basis of the following formula:

Prmax

ey B) = 3 Iolan . Bo).
=0

with

| [=oxBy o
L@ B) = F[T] FFT2D[D e )7 o)

c

where
] represents an imaginary unit,
f =-B/2+m-Af,
FFT2D denotes a 2D Fast Fourier Transform operator,
a,,, m=0...M-1,and f,, n'=0. . . N-1 represent a
regular grid in said pseudo-polar coordinate system,
and P, _is chosen 20 depending on an accuracy to be
achieved;
wherein said providing an array of backscatter data of said
scene and said computing a radar reflectivity image are
carried out by an electronic computer processor device.
2. The method as claimed in claim 1, wherein said radar
array positions are defined by x',=-L /24n'Ax', where L
represents a length of the radar array and AX' a spacing
between said radar array positions.
3. The method as claimed in claim 1, wherein P, is
chosen depending on a ratio of radar array length to range
resolution.
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4. The method as claimed in claim 1, wherein said radar
reflectivity image in said pseudo-polar coordinate system is
mapped into at least one of a polar coordinate system and a
Cartesian coordinate system.

5. The method as claimed in claim 1, wherein at least one of
acoherence image and a 2D-phase interferogram is computed
based upon said radar reflectivity image in said pseudo-polar
coordinate system.

6. The method as claimed in claim 5, wherein said at least
one of a coherence image and a 2D-phase interferogram is
mapped into at least one of a polar coordinate system and a
Cartesian coordinate system.

7. Method of radar-imaging a scene in a far-field of a
two-dimensional radar array, comprising

providing an array of backscatter data of said scene, said

backscatter data being herein denoted by D(f,, X', v'4),

said backscatter data being associated to a plurality of
radar array positions, herein denoted by (X',, ¥'2)
n=0...N-1, N>1, k=0 . . . K-1, K>1, regularly
spaced along a first and a second axis of said radar
array;

the backscatter data being sampled, for each radar array
position (x',,y",) at different frequencies, herein
denoted by f,,, m=0...M-1, M>1, defined by f, =t _—
B/2+m-Af, where f_ represents a center frequency, B a
bandwidth and Af a frequency step;

computing a radar reflectivity image, herein denoted by

I(c,,, B,,» Y5'), in a pseudo-spherical coordinate system,
in which coordinates of a point of said scene are express-
ible by equations:

2p
o= —
C
B 2x
T Aep
2y
T Ap
where

a, B and y denote coordinates of said point in said
pseudo-spherical coordinate system;

p denotes a range distance from a center of the radar
array to said point,

x denotes a coordinate, with respect to said first axis, of
an orthogonal projection of said point onto said two-
dimensional radar array,

y denotes a coordinate, with respect to said second axis,
of said orthogonal projection of said point onto said
two-dimensional radar array,

¢ denotes speed of light, and

A a centre wavelength,

said computing of said radar reflectivity image being
effected on the basis of the following formula:

Ly max

1@ s Bets i) = ) (@, Bty 0,
p=0

with

(@ s By s yu) =

2Ty

g=

By ®
gllp-g)!

» g
FFT3D[D(fr X y) F Xy

where
] represents an imaginary unit,
£, =-B/2+m-Af,
FFT3D denotes a 3D Fast Fourier Transform operator,
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a,,m=0...M-1,p,,0=0.. . N-landy,,k=0...K~1,
represent a regular grid in said pseudo-spherical coor-
dinate system,
and P, is chosen =0 depending on an accuracy to be
achieved;
wherein said providing an array of backscatter data of said
scene and said computing a radar reflectivity image are
carried out by an electronic computer processor device.

8. The method as claimed in claim 7, wherein said radar
array positions are defined by x',=-1../2+n-Ax'along said first
axis, where L_represents a length of the radar array along said
first axis and Ax' a spacing between said radar array positions
along said first axis, and by y',=-L /2+k-Ay" along said sec-
ond axis, where L, represents a length of the radar array along
said second axis and Ay' a spacing between said radar array
positions along said second axis.

9. The method as claimed in claim 7, wherein P, is
chosen depending on ratios of radar array lengths along said
first and said second axis to range resolution.

10. The method as claimed in claim 7, wherein said radar
reflectivity image in said pseudo-spherical coordinate system
is mapped into at least one of a spherical coordinate system
and a Cartesian coordinate system.

11. The method as claimed in claim 7, wherein at least one
of'a coherence image and a 3D-phase interferogram is com-
puted based upon said radar reflectivity image in said pseudo-
spherical coordinate system.

12. The method as claimed in claim 11, wherein said at
least one of a coherence image and a 3D-phase interferogram
is mapped into at least one of a spherical coordinate system
and a Cartesian coordinate system.

13. The method as claimed in claim 1, wherein said reflec-
tivity image is computed in or nearly in real time.

14. The method as claimed in claim 7, wherein said reflec-
tivity image is computed in or nearly in real time.

15. A computer program product for controlling a data
processing apparatus, the computer program product embod-
ied in a non-transitory computer-readable medium and com-
prising instructions causing said data processing apparatus to
carry out a method of radar-imaging a scene in a far-field of a
one-dimensional radar array when executed on said data pro-
cessing apparatus, said method comprising:

providing an array of backscatter data of said scene, said

backscatter data being herein denoted by D({,,, X',,),

said backscatter data being associated to a plurality of
radar array positions, herein denoted x',,, n=0.. . N-1,
N>1, regularly spaced along an axis of said radar
array;

the backscatter data being sampled for each radar array
position X', at different frequencies, herein denoted by
f,, m=0...M-1, M>1, defined by f,=f -B/2+m-Af,
where f_ represents a center frequency, B a bandwidth
and Af a frequency step;

computing a radar reflectivity image, herein denoted by

I(c,,, B,), in a pseudo-polar coordinate system, in
which coordinates of a point of said scene are express-
ible by equations:

where
a and f denote coordinates of said point in said pseudo-
polar coordinate system;
p denotes a range distance from a center of the radar
array to said point,
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x denotes a coordinate, with respect to said axis, of an
orthogonal projection of said point onto said one-
dimensional radar array,

¢ denotes speed of light, and

A a centre wavelength,

said computing of said radar reflectivity image being
effected on the basis of the following formula:

Pmax
@y, B = Y Ip(@y, ), with
=0

—J27B,
I

c

1 v e e
g £or) = 51| 2| PTG (7,5 )
where
] represents an imaginary unit,
£, =-B/2+m-Af,
FFT2D denotes a 2D Fast Fourier Transform operator,
a,,, m=0...M-1, and p,,, n'=0 . . . N-1 represent a
regular grid in said pseudo-polar coordinate system,
and P, is chosen 20 depending on an accuracy to be
achieved;
wherein said providing an array of backscatter data of said
scene and said computing a radar reflectivity image are
carried out by an electronic computer processor device.
16. A computer program product for controlling a data
processing apparatus, the computer program product embod-
ied in a non-transitory computer-readable medium and com-
prising instructions causing said data processing apparatus to
carry out a method of radar-imaging a scene in a far-field of a
two-dimensional radar array when executed on said data pro-
cessing apparatus, said method comprising:
providing an array of backscatter data of said scene said
backscatter data being herein denoted by D(f,, X', v'4),
said backscatter data being associated to a plurality of
radar array positions, herein denoted by (x',, ')
n=0...N-1IN>1,k=0...K-1K>1, regularly spaced
along a first and a second axis of said radar array;
the backscatter data being sampled, for each radar array
position (x',y',) at different frequencies, herein
denoted by f,,, m=0...M-1, M>1, defined by f, =t _—
B/2+m-Af, where f_ represents a center frequency, B a
bandwidth and Af a frequency step;
computing a radar reflectivity image herein denoted by
I(ct,,» B,» Vi), in @ pseudo-spherical coordinate system,
in which coordinates of a point of said scene are express-
ible by equations:

where

a, B and y denote coordinates of said point in said
pseudo-spherical coordinate system;

p denotes a range distance from a center of the radar
array to said point,

x denotes a coordinate, with respect to said first axis, of
an orthogonal projection of said point onto said two-
dimensional radar array,

y denotes a coordinate, with respect to said second axis,
of said orthogonal projection of said point onto said
two-dimensional radar array,

¢ denotes speed of light, and

A a centre wavelength,
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said computing of said radar reflectivity image being
effected on the basis of the following formula:

Pmax 5
U@, B Vi) = 3, 1@t » B W), with
p=0
L@t s B i) =

P

-j2x P\ B v’ 2P g 10
[ 7 ] E q,(p_kq),FFBD[D(fm,xn,yk)fmx;’yk” .

=0

where
] represents an imaginary unit, 15
f, =—B/2+m-Af,
FFT3D denotes a 3D Fast Fourier Transform operator,
a,,m=0...M-1,8,.n=0...N-landy,, k=0...K-1,
represent a regular grid in said pseudo-spherical coor-
dinate system, 20
and P, is chosen =0 depending on an accuracy to be
achieved;
wherein said providing an array of backscatter data of said
scene and said computing a radar reflectivity image are
carried out by an electronic computer processor device. 25
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