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A super-resolution polarimetric wavefront
extraction algorithm for UWB-radar under
massive interference conditions

DILYAN DAMYANOV', RAHMI SALMAN~, THORSTEN SCHULTZE' AND INGOLF WILLMS"

To provide short-range super-resolution ultra-wideband (UWB) radar under multi-scattering conditions, a superior wave-
front extraction algorithm is proposed in this paper. Conventional correlation-based pulse separation methods based on
SAGE, CLEAN or the previously introduced superior dynamic correlation method (DCM) are revised, validated, and com-
pared. In this paper, the DCM is improved significantly by applying the Pauli scattering matrix decomposition onto the radar
data. This novel wavefront extraction algorithm is called polarimetric dynamic correlation method (PDCM) and is suitable to
resolve several overlapping pulses, which consist of both strong echoes and weak echoes which are masked by the strong ones.
The performance of the PDCM and the comparison with alternative algorithms is carried out by a subsequent feature extrac-
tion algorithm for visual verification. Experimental validations are performed with two complex test objects, a maximum
length sequence radar device (4.5-13.5 GHz) and compact dual-polarized UWB antennas.
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. INTRODUCTION

Radar systems equipped with ultra-wideband (UWB) sensors
are attractive for detection and imaging applications in emer-
gency situations. Compared with other sensing technologies
such as continuous wave (CW)-radar, optical or infrared
systems UWB radar does not need a visual line-of-sight
(LOS) making it suitable for smoke and dust-filled emergency
scenarios. The fine time resolution due to the huge bandwidth
provides accuracy and resolution in the millimeter range.
Thus, a certain degree of multipath immunity is provided.
However, the separation of multiple wavefronts under
severe interference conditions with no a priori information
still keeps a challenging issue in the field of super-resolution
applications. Classical correlation-based algorithms which
are based on iterative cancellation of extracted wavefronts
[1] show a poor performance when the pulses overlap
almost the whole pulse duration. In [2] the superior
dynamic correlation method (DCM) algorithm has been pro-
posed which performs the correlation operation with a set of
synthetic waveform patterns. However, in scenarios where
strong echoes (e.g. induced by double-bounce reflection)
interfere with weak diffuse scattering contributions also, the
DCM performs not so well. In this case, weak echoes are
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masked by the strong ones and the original evolution of the
signal cannot be recovered anymore.

In this paper, the DCM is drastically improved by the
exploitation of polarimetric diversity gain. This is foremost
achieved by applying the Pauli scattering matrix decompos-
ition onto the polarimetric radar data. Hence, the data are
separated in a double-bounce and a single-bounce signature.
A concluding optimization algorithm is proposed which
exploits the time evolution history in slow time domain.

. HARDWARE SETUP AND
OBJECT UNDER TEST

Several methods exist for the generation of UWB-pulses. The
radar system used for this paper consists of a UWB maximum
length sequence (M-sequence) generator [3] with an operating
band of DC-4.5 GHz. Higher time resolution is achieved by an
additional quadrature modulator, which operates with a
carrier frequency of 9 GHz and doubles the bandwidth to 4.5-
13.5 GHz. Two dual-polarized antennas are mounted in a
bistatic configuration where the Tx and Rx are separated by a
25 cm distance. The antennas are dual-polarized antennas and
hence consist of two substrates which are connected orthogon-
ally to each other. On each substrate an array of two vivaldi
antennas are designed and the whole construction is embedded
in Teflon [4]. Two objects are considered for the experimental
investigation of the described wavefront extraction algorithms
from Section III. The objects are 1 m high and photographs of
the objects and their cross-section are shown in Fig. 1.
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Fig. 1. Objects under test.

The object under test is positioned on a rotatable table
driven by an accurate step motor. The objects exhibit a high
number of dihedrals and edges resulting in richly interfering
conditions. For the measurement scenario the object under
test is placed in front of the sensors at a distance of 1 m, simu-
lating an indoor scenario, where space is limited and the
objects are positioned in the near-field of the antennas. In
Fig. 2, a schematic of the measurement setup is shown. A
measurement of the object under test is then performed
using a 0.5° grid resulting in 720 impulse responses m(t).
The pulses are then combined to a set of measurements
which are widely known as B-scan or a radargram. The radar-
grams are gray scale coded where the intensity describes the
strength of the electromagnetic field.

. WAVEFRONT EXTRACTION

A major topic in super-resolution radars is the correct extrac-
tion of wavefronts from the object’s radargram. For objects
which exhibit a single reflection per impulse response wave-
front extraction can be performed quite straightforward. But
for the case when multiple scatterers are observed things
become challenging. Multiple reflections are obtained which
are often overlapped making the correct detection of the
reflected echoes more complex.

In the following, two wavefront extraction algorithms
based on the matched filter correlation principle are briefly
discussed and compared. Afterwards, a more efficient and
higher performing algorithm is derived. All algorithms are
applied to the same radar data of the object under test.

The results are verified with an imaging algorithm based on
[5]. The algorithm uses fuzzy-logic principles for an accurate
estimation of the angle-of-arrival and maps the observed
range to a target point. Experimental validation of the algo-
rithm in [5] has proven the capability of the algorithm for
multi-scattering conditions.

A) Classical correlation method (CCM)

The algorithm discussed here is based on the algorithm pro-
posed in [1]. The idea of this algorithm is to extract echoes itera-
tively by the evaluation of the normalized cross-correlation

Rx <.
0.25 mI )Rotating Table
tS

Fig. 2. Measurement setup.
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function with an a priori obtained reference pulse using a
metal plate as described in [1]. After the wavefront is
extracted, a subtraction between the measurement under
test (MUT) and the scaled reference pulse is performed that
provides the remaining part of the MUT for the next itera-
tions. These steps are repeated until a fixed termination con-
dition is fulfilled. Typical termination conditions are:

e Fixed number of found reflections or iterations;

e Minimum value for the maximum cross-correlation
coefficient;

e Evaluation of the remaining energy of the MUT after
subtraction.

These fixed termination conditions do not adapt to scenarios
which exhibit various energy levels due to strong and weak
echoes. Furthermore, the subtraction of a reference pulse from
a MUT that exhibits a superposition of several pulses also
removes information which is needed for the next iterations.
Finally, the cross-correlation between a single reference pulse
and a superposition of two or more pulses has marginal values
due to the constructive or destructive interference of the
pulses. Hence, the CCM cannot resolve richly interfered pulses.

The results of the CCM applied to the radargrams of the
objects under test are shown in Fig. 3 and the extracted fea-
tures in Fig. 4.

B) DCM

The second wavefront extraction algorithm discussed in this
paper is the DCM proposed in [2]. The algorithm is based
on the CCM where a cross-correlation between a reference
pulse and the MUT is performed. However, in the DCM a
set of synthetic wavefront patterns consisting of a superpos-
ition of two differently delayed reference pulses is used as a
new synthetic reference for the correlation with the MUT.
From the correlation between the MUT and the synthetic ref-
erence two wavefronts are extracted, instead of a single wave-
front as with the CCM. Subsequently, the relative distance
between the two wavefronts is compared with a given con-
stant. The constant used here is A, where A, is the wavelength
at the center frequency. Afterwards, a decision for the discard-
ing of the second wavefront is made. The extracted wavefronts
are then windowed from the MUT. The method is iterated
until a termination condition is fulfilled. As a termination
condition in the DCM a dynamic power detector is employed
as described in [2].

Due to the dynamic termination condition and the new
synthetic reference pulse the DCM proved to be a powerful
tool for the extraction of wavefronts from richly interfered
pulses. However, due to the complexity of the investigated
objects some of the echoes can not be precisely detected
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Fig. 3. Extracted wavefronts of objects o1 (left) and o2 (right) by the CCM.

because of the interference of multiple echoes with very differ-
ent energy levels.

In Fig. 5, the output of the DCM applied to the same radar
data of both objects is highlighted, the processed image is
shown in Fig. 6.

C) Proposed polarimetric dynamic correlation
method (PDCM)

The new proposed wavefront extraction algorithm is designed
to merge the following advantages of the previously men-
tioned DCM and the theory of radar polarimetry:

e Cross-correlation with a set of a synthetic reference pattern;

e Dynamic termination condition;

e Separation of weak single-bounce scattering and strong
double-bounce scattering.

According to [6] the fully polarimetric scattering behavior can
be expressed by the 2 x 2 scattering matrix

SHV}, (1)

()] = IS¢ [;HH .
VH Svv

where |S(f)| is a weighting factor, Sgyv, Sym the cross-

polarization coefficients, and Sgz, Syv the co-polarization

coefficients, respectively. Furthermore, the single- and double-

bounce calibration targets (flat plate and dihedral, respective-

ly) exhibit the following simplified scattering matrices:

S S
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where [Sging(f)] is the scattering matrix for single bounce and
[Saoumie(f)] for double bounce. Although the contribution
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from the cross-polarization is not zero in real life measure-
ments, here they are neglected as only the co-polarization con-
tribution is measured. Furthermore, the ratio between Sy/
Syy can be determined by calibration measurements of
metal plate and perfect dihedral. Thus, the scattering matrix
from (2) can be rewritten as,

1 0
[Ssingle(f)] = |Ssingle(f)| |:O 1 iI,
(3)
1 (0]
[Sdouble(f)] = |Sdouble(f)| [ ] .
o —1

From equation (3) two new radargrams can be obtained by
combination of the two scattering matrices as

myor,s(t) = myor,aa(E) + myur, vv(E), A

myur,p(t) = myur, ga(t) — myur,vv (D),

where myur, uu(t) is the MUT obtained from a horizontally
polarized wave and myyr, vy (t) is the MUT obtained from a
vertically polarized wave for the same position of the transmit-
ter and receiver antennas. Thus, two new measurements of the
object under test are obtained, where my 7 s(t) exhibits only
the contributions from single-bounce scatterers and
mpyur,p(t) exhibits reflections only from double-bounce scat-
terers. In Fig. 7, two sample measurements from object o1
mpyor.au(t) and mpyur vy (t), the resulting single bounce
mpyur.s(t), and double bounce myyr p(t) measurements
and the positions of the reflections for the four measurements
are shown.

From the figure, it can be seen that in this example after
combining the impulse responses mpyyr vv(f) and
myur.aa(t) to mypr.s(t) and myr p(t), three echoes can
be extracted for the single-bounce scatterers and two echoes
from the impulse response for the double-bounce scatterers
so altogether five echoes can be extracted. This is not the

Fig. 4. Extracted features of objects o1 (left) and o2 (right) by the CCM.
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Fig. 5. Extracted wavefronts of objects o1 (left) and o2 (right) by the DCM.

P "3-

Fig. 6. Extracted features of objects o1 (left) and o2 (right) by the DCM.

case if the two impulse responses myur, vy (¢) and myur g (t)
are examined separately. Owing to interference from the
single-bounce and the double-bounce scatterers, a maximum
of four reflections can be extracted for either two impulse
responses myyr, vy (t) and myur gu(t). Thus, equation (4) is
performed for each MUT resulting in two separate radar-
grams. The first radargram is obtained for the single-bounce
contributions only and for the second radargram only the
double-bounce contributions are taken into account as
shown in Fig. 8. The wavefronts from the two radargrams
can then be extracted separately by applying the following
algorithm to the two radargrams.

Let m,.At) be an a priori measured reference pulse. The
point in time of the maximal absolute amplitude is found as

(5)

tref max = arg mtax(|mref(t)|)~
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Fig. 7. Sample measurements and the positions of the echoes.
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The reference pulse is then circularly shifted with Z..f .
resulting in

mref,shiﬁ(t) = mref(t + tref,max)~ (6)

The shifted reference pulse 7, () is then windowed as

t
Myt i (1) = mref,shift(t)reCt(T_)a (7)

where T,, = 1, 5A,, with A, the wavelength at the carrier fre-
quency. The reference pulse of equation (7) is further used for
the design of a new set of synthetic reference pulses as

(8)
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Fig. 8. Single- and double-bounce radargrams of objects 01 and o02.
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Fig. 9. Extracted wavefronts of objects o1 (left) and o2 (right) by the PDCM.

where T, is the delay time of the second reference pulse. The
new set of synthetic reference pulses exhibits every possible
interference of two pulses, thus interference effects are
respected. For the wavefront extraction with the set of synthet-
ic reference pulses a two-dimensional normalized cross-
correlation operation

00
f—oo mMUT(t)mref,syn(t -7 Tsyn)dt
” mMUT(t)”z ” mref,syn(t’ Tsyn)”z

(9)

RmMurm,ef,Syn (t, Tsyn) =

is performed, where myyr is the impulse response of the
MUT for the single- or double-bounce scatterers. The cross-
correlation from (9) depends both on the delay parameter 7
and the delay time 7., of the synthetic reference pulses.
Thus, the highest degree of similarity is obtained from the
absolute maximum of the correlation matrix Ryspm,,.,,
which yields

(10)

Tmax> Tsyn,e — aIg I;_I‘ITaX(RmMU—[mﬂf'syn(t? Tsyn))~
s Tsyn

The positions in time of the two extracted wavefronts are
respectively,

o First wavefront at 7,,,,.
e Second wavefront at Tyax + Ty, -
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Furthermore, if the value of 7, . is smaller than A. the
second wavefront is discarded. In the next step, a recovered
pulse is obtained as

mrec(t) = mref,shxft(t - Tmax) + mref,shtft(t — Tmax — Tsynm,n)~ (1 1)

The recovered pulse is designed to exhibit two wavefronts
at the extracted time positions from the MUT. The energy
levels of the wavefronts from the recovered pulse are then nor-
malized with the energy levels of the wavefronts from the
MUT as

I myur(Ow®)|l

t) = t) - s
mrec,narm( ) mrec( ) || mrec(t)w(t)llz (12)
where w(t) is a windowing function according to
1 if m;“;f,shiﬁ(t — Tmax) 7 O,
w(t) =y 1 if my g0 (E— Tax — Tym,,) # 0. (13)

o else.

The normalized recovered pulse is then used in an energy
comparator. If the energy of the MUT is greater than the
energy of the recovered pulse, the algorithm is iterated with
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Fig. 10. Extracted wavefronts of objects o1 (left) and o2 (right) by the PDCM after optimization.

Fig. 11. Extracted features of objects o1 (left) and o2 (right) by the PDCM.

the new MUT pulse

myur(t) = myur(H(1 — w(b)). (14)

The algorithm results in two sets of wavefronts for the
strong double-bounce scatterers and for the weak single-
bounce scatterers. The extracted wavefronts from the single-
and double-bounce impulse responses are then merged
together for each antennas position. In Fig. 9, the results for
objects 01 and o2 are shown.

The merged wavefronts then are optimized using a post-
processing algorithm in four steps:

1. Wavefronts are clustered depending on their relative dis-
tance in both slow and fast times.

2. The resulting clusters are approximated using a polynomial
curve-fitting algorithm.

3. Gaps in the wavefronts clusters are detected and compen-
sated using the approximated polynomials.

4. Clusters with less than a minimum number of wavefront
points are discarded.

In Fig. 10, the output of the new proposed PDCM applied to
the two objects under test are shown, the processed images are
shown in Fig. 11.

V. EVALUATION

A numerical accuracy evaluation of the wavefront extraction
algorithms shall be provided in this section. An iso-artifact

——— CCM, 1048 wf
— — = DCM, 946 wf
PDCM, 1342 wf

(@n)

[
=]
(=

o)

Fs

f‘ir:frAc

Fig. 12. Evaluation using objects o1 (left) and o2 (right).
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is defined, where _P:c are the approximated target-scattering
centers coordinates, calculated using [5] and the wg/)efronts
extracted from presented algorithms. Furthermore, P ¢y are
the true target-scattering centers coordinates. In Fig. 12, the
cumulative distribution function F; (d,) for the three wave-
front extraction algorithms are shown for objects 01 and o2,
respectively.

From the figure, it can be seen that in the case of object o1
the proposed algorithm exhibits 99% of all target points with a
translative error a of less than or equal to 0.6\, whereas the
value falls to 94% for the DCM and 92% for the classical cor-
relation algorithm. Furthermore, the number of extracted
wavefronts (wf) with the proposed algorithm is 1342, where
946 are extracted using the DCM and 1048 with the classical
correlation algorithm resulting in an 30% increase of the
extracted wavefronts by employing the proposed method. In
the case of object 02, the percentage of the target points
with a translative error of less than a@ = 0.6\, is 100% for
the proposed method, 90% for the DCM and 89% for the clas-
sical correlation. Moreover, the number of extracted wave-
fronts for object 02 using PDCM is double the number of
extracted wavefronts with the DCM and 90% more extracted
wavefronts with the CCM.

V. CONCLUSION

In this paper, two wavefront extraction algorithms based on
the matched filter correlation principle are briefly described.
Their performance was analyzed using the radar data from
two complex objects. From the gathered information the
drawbacks of DCM are analyzed and a new optimized wave-
front extraction method called PDCM is proposed. The new
method exhibits the advantages of the DCM and compensates
its drawbacks by employing the theory of radar polarimetry

‘:;‘ —— CCM, 1453 wf
= 0.5 - — = DCM, 1253 wf
_,__-:‘ = PDCM, 2588 wf
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and a post-processing algorithm based on polynomial fitting.
The PDCM separates the information of single- and double-
bounce contributions in two different radargrams, which
enables the detection of weak reflections previously masked
by the strong ones. The PDCM terminates adaptively and
exploits the time evolution history in slow time domain.
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