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ABSTRACT Reliable and convenient walk-through security scanning, which doesn’t separate people or
impede their movement, is an extremely challenging task. In this paper, a novel approach for a security
check with an overhead observation and a polarimetric target decomposition is presented. The viewing
angle of the scanner equals a side-looking airborne radar. However, it will be shown that the established
polarimetric target decomposition methods of remote-sensing are not well suited for close-range radar
imaging and need to be adapted due to the differences in the geometry of the imaging scenario. The usage
of a multiple input and multiple output (MIMO) array and the shorter distance between array and target
need a changed decomposition technique in order to distinguish between persons with or without worn threat
objects. The differences between radar remote-sensing and close-range imaging scenarios are investigated.
An optimized version of the Sato four-component polarimetric scattering decomposition is derived. The
proposed close-range adjustment is applied to the model and investigated experimentally with a 4-to-12 GHz
fully polarimetric MIMO imaging system. Polarimetric decomposition is carried out on defined test structures
with known scattering mechanisms, as well as on mannequins and persons with different threat objects like
guns or explosives. In test campaigns, promising results were achieved for a correct target decomposition in
radar-based walk-through security scanning.

INDEX TERMS MIMO radar, polarimetry, decomposition, radar imaging, security scanning.

I. INTRODUCTION
Nowadays, most terror attacks happen in easily accessible,
public, and crowded places, with the result that they cause the
greatest possible damage. Even though terrorists are equipped
with heavy guns and explosive vests, assaults cannot be pre-
vented because of a lack of missing security checks. Although
a wide variety of security radar scanners are available, they are
all poorly suited for use in public places. Nowadays, most sys-
tems require people to stand still [1] during the scanning time
to create a radar image. Whereas newer walk-through systems
can scan people as they pass by [2]. The former type of scan-
ner takes a long time to scan people and so it is not suitable for

large crowds. Walk-through scanners have a higher through-
put and hence can scan a greater number of people in a given
time, which is a property that is very useful for an application
in crowded places. However, currently, all presented walk-
through scanners are located at the height of persons. This
allows a good illumination of people passing through the scan-
ner and yields the best achievable image quality. Nevertheless,
this property comes with a disadvantage: if a group of people
passes through the scanner at the same time, it is possible
that some people are covered and, consequently, not properly
scanned. Because of such covering, there is a possibility of
unauthorized objects being brought in unnoticed. This threat
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FIGURE 1. Single, double, and volume scattering power for the applied
decomposition algorithm [9].

can be avoided, however, if the group is split and every per-
son is scanned separately. Certainly, the separation limits the
maximal throughput and in very crowded places like train
stations or football stadiums, this kind of application becomes
impossible. Furthermore, due to the mandatory separation of
people, there is a need to restrict hallways with barriers and
thus force people to walk through the scanners. However,
the barriers and the narrowness way-through of the scanners
restrict also staff and their workflows. Health care, escape
paths, maintenance, catering, etc., are impeded. Consequently,
walk-through systems have some considerable disadvantages.

In this paper, a novel approach for a security check with an
overhead observation and a polarimetric target decomposition
is presented. The viewing angle of the scanner equals a side-
looking airborne radar. The modified positioning of the radar
modules does not impact the stream of people and allows an
unchanged throughput. However, due to the changed observa-
tion location, the illumination property deteriorates, leading
to a coarse imaging result, in which reflections are hard to
interpret. To compensate for the disadvantage of the new posi-
tioning, a polarimetric target decomposition technique is used.

There are three different main approaches for target decom-
position: Mueller-Matrix based decomposition, Eigenvector
analysis, and coherent decomposition of matrices of scatter-
ing models [3]. All three techniques show good performance
in remote-sensing scenarios, but compared to Eigenvector-
and Mueller-Matrix based decomposition, the model-based
decomposition has a high computational efficiency, is phys-
ically easy to understand, and is easily adjustable [4]. A time
efficient decomposition technique is mandatory in our case
since a security application in crowded places with a high
volume of people is investigated. Decompositions based on
Eigenvector- or Mueller-Matrix seem therefore less suited
than computational efficient model-based decompositions and
hence, won’t be further investigated. Model-based decom-
position techniques assume physical scattering models with
structures like soils, buildings, or vegetation. The co- and
cross-polarized signals received from these structures are
unique and can therefore distinguish between single, double,
and volume scattering. Examples for the scattering processes
and their contribution to the corresponding scattering power
are given in Fig. 1. Started in 1993 by Freeman and Dur-
den with a simple three-component scattering model [5],
many scientists have researched this topic. Since the measured
polarimetric information is not fully evaluated in this three-
component model, new calculation procedures, or scattering

models were added to the decomposition [4]. Helix scatter-
ing [6], different models for dipole scattering [7], [8] and
dihedral structures [9], [10] have been introduced and yielded
a seven-component target decomposition model [11].

Possible reflections in security screening scenarios are sim-
ilar to remote-sensing reflections. Most terrorists wear a gun
and a heavy explosive vest to cause as much damage as pos-
sible. Additionally, explosives are combined with shrapnels
like nails or screws for an even higher impact. The human
torso acts as a big smooth surface without any edges and thus,
predominantly single-bounces can be expected from a human
body without any hidden objects. Carried guns or explosives
placed at the body form a double-bounce structure with the
skin, so creating a different reflection signature than blank
skin. A piece of shrapnel such as a screw can be thought of
as dipoles. Many arbitrarily orientated screws act like a dipole
cloud, demonstrating a volume scattering process. Since only
these three main scattering processes are of interest, the pro-
posed four-component decomposition from Sato et al. [9] will
be used. Although the fourth component (helix scattering) is
not relevant, this model has an improved detection of oriented
double-bounce structures compared to previous models [12]
and seems to be suited for an application in security screening.
With a large MIMO array and hence many different observa-
tion angles, these geometries can be expected, too.

Although scattering processes are quite similar in remote-
sensing and security controls, decomposition cannot be used
right away in close-range. This paper investigates and ex-
plains in Section II the differences in remote imaging with an
airborne and a MIMO radar in close-range. The necessary ad-
justment of the known decomposition technique to this novel
close-range application will be presented in Section III. The
new acquired decomposition model is verified in Section IV
with defined test structures, before being further tested with
realistic security scenarios. Finally, Section V gives a sum-
mary of this work.

II. DIFFERENCES OF SCATTERING PROCESSES IN
REMOTE-SENSING AND CLOSE-RANGE SCENARIOS
A. POLARIMETRIC TARGET DECOMPOSITION
The decomposition method studied here is a four-component,
model-based method by Sato et al. [9]. In this method, canon-
ical scattering processes are used as a base for modeling the
scattering matrix. These scattering processes can be described
by their scattering or Sinclair matrix [S], with

S =
[

SHH SHV

SVH SVV

]
. (1)

The copolarized reflectivity is represented by SHH and SVV

for the horizontal and vertical electric field. Whereas SVH and
SHV designate the occurring cross-polarized reflected power.
Based on the radar images obtained for every copolarized
and cross-polarized channel, the coherency matrix needs to
be calculated from the Pauli vector, which is for monostatic
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systems defined as

kp = 1√
2

⎡
⎢⎣SHH + SVV

SHH − SVV

2SHV

⎤
⎥⎦ , (2)

and leads to the ensemble average coherency matrix with

〈[T ]〉 = 〈kpk†
p〉, (3)

where † is the conjugate transpose operator and 〈〉 denotes the
ensemble average. The SVH and SHV components for monos-
tatic systems can be assumed as equal, but differ for bistatic
systems [18]. However, for our later investigated MIMO sys-
tem we assume SVH = SHV, too. The measured magnitudes
and phase information for the cross-polarized images with 16
Tx and 32 Rx antennas result in 512 bistatic antenna configu-
rations. Based on the fact, that each 512 antenna combinations
are processed to one radar image, an effective phase center for
each polarization channel can be described [13]. With a sim-
ilar array geometry for the horizontal and vertical polarized
antennas, the effective phase centers for all polarization chan-
nels are located at a similar place. Furthermore, we expect
that differences in the scattering magnitude from targets for
the bistatic configuration are in total averaged for all antenna
combinations, too. The two aforementioned considerations
lead us to the assumption, that magnitude and phase infor-
mation of SVH and SHV can be approximated as similar.

After minimization of the T33 element by the determined
rotation angle [12][14], the rotated coherency matrix 〈[T ′]〉
can be expanded into

〈[T ′]〉 = fs〈[T ]〉surface + fd〈[T ]〉double

+ fv〈[T ]〉vol + fc〈[T ]〉helix, (4)

with the corresponding submatrices for surface, double-
bounce, volume, and helix scattering, and the to-be-
determined coefficients fs, fd, fv, and fc. The last-called
scattering mechanism produces circular polarization. Due to
its low contribution to the total power [6], [12], this scattering
process is here not considered further.

Equation (4) indicates that the total power Pt of the scat-
tering matrix [S] is distributed to all scattering processes for
every pixel in the radar image as

Pt ∝ Ps + Pd + Pv + Pc = 〈|SHH|2 + |SVV|2 + 2|SHV|2〉.
(5)

As it can be seen in Equation (5), a difference for the re-
flectivity properties of each individual scattering process in
the imaging scenario leads also to a difference of the power
detected for each scattering process. This power mismatch
may lead to a distorted decomposition result, since the total
power Pt is proportional to the sum of each scattering power.
This imbalance, along with the large values of the diagonal
elements of the coherency matrix compared to the other el-
ements, were described in [15] and [16], respectively. Both
authors suggested weighting factors for a compensation. The
source for the imbalance is not further investigated in [16] and

the values for the weighting factors were calculated by the
mean values of the coherency matrix entries from six different
remote-sensing data sets. Each matrix element was then mul-
tiplied with the averaged inverse factor, putting all entries at a
similar magnitude. Even though this procedure improved the
decomposition result, the calculation is not generally valid,
since an equal distribution of all scattering processes has to be
assumed. If a data set lacks one scattering process, the corre-
sponding coherency matrix entries will be quite low and the
compensation factor will increase the values to an incorrect
level. A more general investigation for close-range scenarios
was done in [15]. The weighting factors were introduced in
the decomposition equation and a calculation procedure was
suggested. Since the calculation method is abstract, based on
simplified assumptions, and on observations made by mea-
surements, a more general solution is given here. Similar to
the idea of model-based polarimetric decomposition, where
Sinclair matrices from physical models describe their scatter-
ing behavior, the resulting differences of the coherency matrix
entries are investigated by physical scattering models.

At first, due to the changed measurement scenario and
scattering mechanisms, the differences in close-range and
remote-sensing are investigated. In remote-sensing, polari-
metric measurements are done by a side-looking radar, where
an airplane or satellite carries a mobile radar system and scans
the imaging scene under a certain elevation angle, at a great
distance. Due to the monostatic setup, rough scattering sur-
faces, and the oblique angle of incidence, only signals from
diffuse scattering targets are received. On the other hand,
close-range security scanners work with a very low power
level and hence, aim to illuminate a person as thoroughly as
possible. For this purpose, a MIMO array in these scanners is
used and detects mostly strong, specular reflections from the
human skin. The distance between the array and the person
being scanned is usually small. The effects of this specular
reflection and closer distance in the security application will
be explained in detail.

B. SPECULAR REFLECTION VS. DIFFUSE REFLECTION
The aforementioned effects of specular and diffuse reflections
can be seen in Figs. 2 and 3. The images show simulation
results for an emitted and scattered electric field, Ee and Es

for two different scattering objects. The chosen geometry,
coordinates, and frequency of the simulation correspond to the
imaging scenario and array properties of the measurements in
section IV. Based on the vector wave equation [17], the scat-
tered electric field orientated in x-direction, can be described
by

Es(�r) = −
∫

S

∂

∂z
Ee(�r′)g(�r,�r′)d�r,′ (6)

S is the surface of the scattering object and g(�r,�r′) is the
Green’s function. In the simulation, an electric field with
a frequency of f = 7.75 GHz is emitted from the position
x = −0.75 m, z = 0. At the coordinates x = 0, z = 1.6 m a
flat metal plate, and a rough dipole cloud, respectively, were
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FIGURE 2. Electric field intensity for (a) an emitted wave and scattered wave by (b) a flat metal plate, and (c) rough dipole cloud, respectively. The
dimensions of both scattering targets are equal, but their reflectivity properties differ due to their surface roughness. The value of the electric field is
normalized to each maximum field intensity and calculated in dB.

FIGURE 3. Comparison of the electric field intensity at the position of the
MIMO array. The signal received from the metal plate has a higher
intensity level than the one received from the dipole cloud.

assumed with point scatterers. The metal plate was simulated
as a perfect electric conductor. The point scatterers of the
dipole cloud have a normal distributed reflectivity between 0
and 1, simulating different orientations of dipoles in respect
to the orientation of the electric field vector [18]. Both scat-
tering objects have a width of approximately 35 cm, and the
roughness of the dipole cloud is a quarter wavelength, namely
λ/4 = 9.7 mm.

Fig. 2 shows the electric field intensity of the incident and
scattered wave. It can be seen, that the metal plate produces
a specular reflection, where the emergent angle of the main
lobe equals the incident angle. Whereas the dipole cloud has
a diffuse reflectivity property with no distinct main lobe. In
Fig. 3, it can be seen, that this fact has no negative effect
for polarimetric decomposition in remote-sensing scenarios.
As mentioned before, the monostatic setup means that Tx-
and Rx-antenna are at the same position (x = −0.75 m, z = 0)
and as shown in Fig. 3, the field intensities at this position
are very similar for both types of reflections. Hence, the

decomposition algorithm would detect single-bounce and vol-
umetric scattering similarly well. Whereas in close-range with
a MIMO array many field intensities at different positions are
measured. Fig. 3 also shows the positions of the Rx-antennas
of the imaging array. The specular reflection causes strong
field intensities around x = 0.75 m and is much greater than
the reflected field from the dipole cloud. Using the measured
signals for every Rx-antenna, the image intensity in the recon-
structed image is much greater for the metal plate and thus, a
decomposition algorithm tends to detect single-bounces rather
than volumetric scattering.

C. CLOSE-RANGE VS. LONG RANGE
As already explained in Section II II-B, imaging in close-
range is dominated by strong specular reflections, and the
same holds for double-bounce structures. In this case, geomet-
rical optics can be applied for a determination of signal paths
between Tx- and Rx-antennas (see Fig. 4). In the simulation,
a plane surface and a double-bounce structure were placed
at a 1.6 m distance from the array. The simulation yields a
path length difference between single and double-bounce rays
of �l1 = 1.4 cm and �l2 = 1.6 mm, for a antenna spacing
of d1 = 30 cm and d2 = 10 cm. The bigger the spacing d
between antenna pairs, the bigger the length difference �l
becomes. Additionally, it can also be seen, that for a greater
distance between antennas and scattering structure, �l de-
creases, and vice versa. This means for a very large distance
like in remote-sensing, the different path length can be ne-
glected. However, this affects radar imaging in close-range
scenarios if double-bounces occur. For a MIMO array with
many spatially distributed Tx- and Rx-antennas, this results
in different possible scatterer distances for one target. After
measuring, imaging can for example be done by holographic
image reconstruction [19]. Therefore, the received signal sr is
correlated with a hypothesis shyp, which assumes a reflection
from a point scatterer at a certain voxel position p(x, y, z).
This is done for every possible Tx-Rx-antenna combination
and the correlation for an investigated voxel is summed up for
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FIGURE 4. Different ray paths between Tx- and Rx-antennas for a specular
reflection from (a) a flat surface and (b) double-bounce structure. Despite
having the same target coordinate, the ray lengths for both reflection types
differ. For the sake of convenience, only one path for a Tx- and Rx-antenna
pair is plotted.

all antennas with

ψ (x, y, z) =
∑
∀tx

∑
∀rx

sr(tx, rx) · s∗
hyp(tx, rx, p). (7)

If the received signals from a double-bounce structure derive
different target coordinates, the complex values from (7) for
different antenna combinations are not in phase. This causes
all the calculated correlations to be summed up imperfectly,
so resulting in a lower processing gain (PG). PG describes the
magnitude of the coherent summation compared to a single
measurement M0 [20], with

PG =
∣∣∣∣ψ (x, y, z)

M0

∣∣∣∣ , (8)

and defines the image amplitude in the reconstructed image.
Additionally, due to the different object geometries, a different
amount of possible ray paths between Tx- and Rx-antenna
exist for single and double-bounce structures. This affects the
achievable PG, too.

Section II-B and II-C in II showed, that in close-range sce-
narios specular reflections are dominant in the reconstructed
radar images compared to the other two scattering mecha-
nisms and hence, polarimetric decomposition rather tends to
detect single bounce. Volume scattering is diffuse scattering
with a lower field intensity at the array, compared to the
specular single bounce reflection (see Fig. 3). Specular double

bounces have a path deviation for every Tx/Rx combination
compared to the focused reflection of a single bounce (see
Fig. 4) and this results in a lower image amplitude by process-
ing with (7). These mentioned issues will be compensated in
the following weighting factors since in remote sensing single
bounces and volume scattering are from diffuse scattering and
show a similar field intensity. Furthermore, with the great
distance between sensor and double bounce structure, the path
deviation from a double bounce, compared to other scattering
mechanisms, can be neglected.

The two described observations in close-range may re-
sult in a different image amplitude for dihedral structures
and single-bounce structures, which can cause two problems.
First, if both kinds of reflection take place in the same res-
olution cell, polarimetric decomposition tends to detect the
scattering process with the higher PG. Second, the calculated
double-bounce power for dihedral structures is different than
from single-bounce structures with an equal radar cross sec-
tion (RCS). This distorts the final polarimetric decomposition
result with a wrong weighting of scattering processes.

III. ADJUSTMENT OF POLARIMETRIC REMOTE-SENSING
DECOMPOSITION TO CLOSE-RANGE DECOMPOSITION
The differences explained in Section II revealed that a
straightforward application of remote-sensing target decom-
position would be incorrect. Due to the higher reflectivity
of plane surfaces compared with dipole clouds and the
path length deviations from double-bounce structures, respec-
tively, the decomposition tends to detect the wrong scattering
mechanisms. A correction of these effects can be done by in-
troducing weighting factors into the decomposition approach
from (4), which leads to a close-range adapted decomposi-
tion [15] with

〈[T ′
aSato]〉 = gs fs〈[T ]〉surface + gd fd〈[T ]〉double

+ gv fv〈[T ]〉vol + gc fv〈[T ]〉helix. (9)

With the weighting factors gs, gd, and gv for each scattering
process, the determined powers in (5) are changed and bal-
anced. Additionally, with an implementation of these factors
into the decomposition model, the criteria for deciding which
scattering process is dominating are also affected. This leads
to a changed number for each detected scattering process, in
addition to a changed power distribution [15].

A. DETERMINATION OF THE WEIGHTING FACTORS
Based on the observations in Section II, the weightings factors
have to be calculated. To do so, quantitative values for the
present errors in the close-range scenario need to be specified.
Considering that decomposition uses the reconstructed radar
images for every co- and cross-polarized combination, the
deviations in these images can be identified.

The image amplitude obtained for every pixel in a re-
constructed radar image depends on the RCS of a target
and the processing gain and has been investigated in de-
tail in [20]. The following calculations are based on this
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knowledge and compare the achievable image amplitudes for
single-bounces, double-bounces, and volume scattering in a
close-range MIMO scenario. For this, it is simulatively in-
vestigated, how all three possible target geometries (plane
surface, dihedral structure, and dipole cloud) affect the achiev-
able processing gain. Therefore, similar to the simulations
from Section II, different targets are placed at the location, and
in Section IV, the experimental verification will be done. The
simulated array geometry with Tx- and Rx-antenna also corre-
sponds to the real MIMO array. Since illumination properties
change for different target positions or array geometries, the
following calculated weighting factors are only valid for this
measurement setup, and changed array geometries also need
different weighting factors. For a more complex application
with moving targets or people, the described procedure must
be done once in advance for different coordinates. However,
since we aim to detect heavily equipped terrorists with hidden
guns or explosive vests, the region of interest can be restricted
to the torso. The torso position and target distance, respec-
tively, can be determined by the reconstructed radar images.
Based on this knowledge, the corresponding weighting factors
can be selected for a distance-adjusted decomposition.

For a comparison between the processing gain of single and
double-bounce structures, all possible ray paths between Tx-
and Rx-antennas need to be known. Therefore, each target
is placed at the position, where for the real measurement
different threat objects will be located later. Fig. 5 shows the
possible signal paths for both target structures. As it can be
seen, the dihedral structure and the plate produce reflections
that are not focused in one point. This effect has also been
described for the metal plate in [20] and it causes a phase
mismatch between the measured signal and the focusing term,
as shown in (7) for an ideal point scatterer, and results in a
reduced PG. The PGs achieved for single and double-bounce
structures in the simulation are compared against each other.
Additionally, for improved results, the dihedral structure was
rotated for 90◦ around the line of sight to the MIMO array and
the mean result for both rotation angles (0 and 90◦) was used.
The ratio between single and double-bounce PG yields

PGD,S = PGD

PGS
= 0.8 = gd. (10)

Hence, as explained in Section II II-C, reflections obtained
from single-bounce structures result in a higher image ampli-
tude compared with those obtained from dihedral structures.
Therefore, the weighting factor gd needs to increase the power
Pd for detected double-bounces and is determined by PGD,S.
This amplifies the searched double-bounce coefficient fd by

fd ∝ 1

gd〈[T ]〉double
, (11)

where 〈[T ]〉double is the measured coherency matrix with the
entries for the double-bounces.

The same evaluation is done for volume scattering. For an
ideal comparison between all scattering processes, the previ-
ous single-bounce target is compared with a diffuse scattering

FIGURE 5. All possible signal paths for every (a) horizontal and (b) vertical
polarized Tx- and Rx-antenna combination, and the different scattering
targets. The dominating specular reflection in the close-range produces
many possible ray paths with different ray lengths.

dipole cloud. Since the scattering properties for the dipole
cloud change with the surface roughness h (see Fig. 6), the
following consideration has to be taken into account: with
respect to the roughness h, an incident wave is reflected at
two possible height positions [21]. The total length difference
for the two scattered waves is 2�r and the phase difference is
therefore

�ϕ = 2π

λ
· 2�r = 4π · h

λ · sin γ
, (12)

with the wavelength λ and the incident angle γ [21]. For a
flat surface with hflat = 0, the phase difference �ϕflat = 0.
Whereas for a roughness of λ/4 and normal incidence, the
phase difference �ϕλ/4 = π and destructive interference is
present. In terms of reflected power, these are the both limiting
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FIGURE 6. Simplified illustration for possible ray paths with different
lengths for a rough surface [21].

cases for a maximal and minimal reflected field intensity, and
they have to be considered for the calculation of the weighting
factor gv.

The simulation explained in Section II II-B and shown in
Fig. 2 and Fig. 3 is used for a comparison of the difference for
the intensities in the reconstructed radar images by specular
and diffuse reflection. An electric field is emitted sequentially
by every Tx-antenna of the MIMO array and is scattered by a
perfect electric conducting plane surface, and a rough dipole
cloud, respectively. The reflectivity of the dipoles is normally
distributed between 0 and 1, and the surface roughness is
0 and λ/4, respectively. The simulated electric field intensity
and phase of every Rx-antenna are then used to calculate
and compare the achievable processing gain PGS for the flat
surface and PGV for the dipole cloud scatterer. The simulation
yields a value of

PGV,S = PGV

PGS
=

{
0.5 if h = 0.

0.017 if h = λ/4.
(13)

As can be seen in (13), there is no unique solution without
an a priori knowledge about the dipole surface roughness in
the later investigated security scenario. Since fv is non-linear
increased with a 1/gv dependency, the mean value for this is
used as a trade-off for the results in (13). The weighting factor
gv can then be calculated by

1

gv
= 1

0.5 − 0.017

∫ 0.5

0.017

1

gv
dgv = 7, (14)

and gv = 0.14, respectively.
As it was shown that single-bounce is the dominating scat-

tering process compared to the dihedral structure and dipole
cloud, the determined value for fs should not be increased
even further. This leads the related weighting factor to be

gs = 1. (15)

B. DECOMPOSITION ALGORITHM
The adapted decomposition technique is based on the decom-
position method by Sato et al. [9]. Hence, the decomposition
algorithm is very similar to the original algorithm, but with
the introduced weighting factors in (9) the calculation process
changes. A detailed explanation of the original approach can
be found in [9]. Here, a short summary of the novel approach
from [15] will be given, and a flowchart for the here described
close-range decomposition algorithm can be seen in Fig. 10.

Equation 9 for the close-range adapted decomposition
method leads to the following equations for the coherency
matrix elements:

TaSato,11 = gs fs + gd fd|α|2 + gv fva

TaSato,12 = gs fsβ
∗ + gd fdα + gv fvb

TaSato,22 = gs fs|β|2 + gd fd + gv fvc + gv
1

2
fc

TaSato,23 = ± gv j
1

2
fc

TaSato,33 = gv fvd + gv
1

2
fc. (16)

The parameters β and α describe the ratios for the horizontal
and vertical reflection coefficients for single and double-
bounces [5]. The assumed volume scattering model in the
decomposition is determined by the parameters a, b, c, and d
and chosen as described in [9].

First, the T33 rotation, as described in [12], is applied to
the calculated coherency matrix 〈[T ]〉 and yields the rotated
coherency matrix 〈[T ′]〉. After calculating the helix scattered
power Pc with

Pc = fc = 2

gv
|
(T ′

23)|, (17)

the dominating scattering process (surface or double-bounce)
has to be determined. However, since the weighting factors
are introduced, the value of C′

13 [9] used so far is changed to

C′
13 = gs fsβ + gd fdα, (18)

and can no longer be evaluated just by the sign of its real part.
With gs �= gd and the general reflection case of β = 1, α =
−1 [5], no sign conversion occurs at the limit case fd = fs, as
C′

13 is turned into

C′
13 = gs fs − gd fd. (19)

Hence, the value of C33 = gs fs + gd fd is also taken into ac-
count. For the investigated case of fs = fd , C′

13 and C′
33 can

be rewritten as

C′
13( fd = fs) = fs(gs − gd)

C′
33( fd = fs) = fs(gs + gd). (20)

By combining these equations, C0 can be obtained by

C0 = C′
13

gs − gd
− C′

33

gs + gd
= 2gsgd

g2
s − g2

d

( fs − fd). (21)

It can be seen, that the sign of �(C0) changes at fs = fd.
For a determination of the dominating scattering process, the
weighting factors gs and gd have to be considered. With refer-
ence to (21), dihedral scattering is dominating if

�(C0) < 0 ∧ gd/gs < 1 or

�(C0) > 0 ∧ gd/gs > 1, (22)
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TABLE 1. Criterion for the Determination of the Dominating Scattering
Process [15]

and leads to the dihedral volume scattering model with c =
7/15 and d = 8/15:

〈[T ]〉vol =

⎡
⎢⎣a b 0

b c 0

0 0 d

⎤
⎥⎦ = gd

gv

1

15

⎡
⎢⎣0 0 0

0 7 0

0 0 8

⎤
⎥⎦ . (23)

If dihedral scattering is not dominating, 〈[T ]〉vol is modeled
with respect to the ratio of 〈|SVV|2〉/〈|SHH|2〉 as a dipole cloud
as described in [9]. With the scattering model 〈[T ]〉vol now
defined, fv can be straightforwardly calculated by T ′

33 with

fv = T ′
33 − gv

1
2 fc

gvd
. (24)

Next, due to four unknowns fs, fd, α, and β in the re-
maining three equations from (16), one parameter has to be
set. Hence, again (21) is used for determination if single or
double-bounce is dominating. Removing the calculated volu-
metric part by subtracting it from 〈[T ′]〉, 〈[T ′′]〉 contains only
single or double-bounce information. Thus, the C0 criterion
can be rewritten as

T0 = T ′′
11 − T ′′

22

2(gs − gd)
− T ′′

11 − 2�(T ′′
12) + T ′′

22

2(gs + gd)
, (25)

and evaluated by Tab. I for the dominating scattering process.
Setting α or β to zero, fs and fd can be calculated. The
total power distribution Pt of each scattering process can be
determined by

Pt ∝ T ′
11 + T ′

22 + T ′
33 = Ps + Pd + Pv + Pc

= gs fs(1 + |β|2) + gd fd(1 + |α|2)

+ gv(a + c + d ) fv + gv fc. (26)

IV. EXPERIMENTAL VERIFICATION
The derived decomposition technique is now verified. First,
an evaluation for different test structures is analyzed and af-
terwards, scenarios with a dummy and a real human wearing
different objects on their body are investigated.

A. MIMO IMAGING SYSTEM
For the measurements, a full polarimetric MIMO array for the
frequency range from 4−12 GHz was used. The array was
built from four frontend tiles with 4 Tx- and 8 Rx-antennas per
polarization, resulting in a total of 32 Tx- and 64 Rx-antennas.
Their full width at half maximums (FWHM) are 49◦ and 48◦
in the E - and H-plane, respectively. An image of the anten-
nas, the array geometry, and position can be seen in Fig. 7.

FIGURE 7. Array geometry and position relative to a later investigated
dummy are shown in (a). Image of the tile with horizontal and vertical
polarized Tx- and Rx-antennas (b).

Additional information of the key parameters for the imaging
system can be found in Tab. II.

Imaging for every polarimetric combination
(HH,VV,V H,HV ) was done by Hilbert transforming
the sampled real pulse, backprojecting, and a weighting with
the phase coherence factor [22] for an improved side-lobe
suppression. The coherency matrix is calculated from the
reconstructed images by (3) and used for the polarimetric
target decomposition.

B. POLARIMETRY RESULTS FOR TEST STRUCTURES
For an investigation of the improvement achieved in target
decomposition, different obstacles were placed onto a metal
plate (see Fig. 8). In particular, the sphere, dihedral structures,
and bag of screws are of interest, because they represent
the targets for single-bounce, double-bounce, and volume
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TABLE 2. Key Parameters of the Used MIMO Imaging System

scattering. The other objects are different polymers and
imitate explosives. With the oblique observation angle of
the MIMO array, the metal plate reflects the incident wave
towards the ground and not back to the antennas. Hence, its
strong reflection won’t be seen in the reconstructed image.
Whereas objects placed on the metal plate reflect back to the
array due to their surface orientation or dihedral structure on
the metal plate.

A comparison of the decomposition results can be seen
in Fig. 8. The colors are assigned as follows: blue for
single-bounce, red for double-bounce, and green for volume
scattering. With the new proposed decomposition algorithm,
a significant improvement in the target classification can
be achieved. The sphere at x = 0.1 m, y = 0.4 m correctly
remains a single-bounce for both algorithms. The dihedral
structure at x = −0.1 m, y = 0.1 m is changed correctly to a
double-bounce with the new decomposition algorithm. Fur-
thermore, the screw bag at x = −0.2 m, y = −0.5 m has an
increased volume scattering rate. Whereas with the conven-
tional decomposition algorithm no volume scattering was
detected.

Merely, the 45◦ tilted dihedral structure at x = 0.2 m, y =
0.1 m has a single and double-bounce signature. This geom-
etry was not further investigated in Section III and due to the
different orientation of this object, there is a need to increase
the detection of this double-bounce structure. Setting gd to
a lower value than calculated in (10), a pure double-bounce
can be detected. Nevertheless, many voxels were assigned
with a new dominating scattering process and the total double
and volume scattering power was increased, yielding in an
improved polarimetric decomposition result.

C. POLARIMETRY RESULTS FOR SECURITY SCENARIOS
Having shown that the adapted decomposition technique im-
proves the results obtained for defined polarimetric target
structures, security scenarios are now investigated. A dummy
and a human carry different objects around their torso, such
as a knife, a gun, or a block of modeling clay covered with
screws, imitating explosives with shrapnel (see. Fig. 9(a) to
(e)). The size of screws and bolts were chosen so that they act
as dipoles or as a dipole cloud and have a diameter between

FIGURE 8. Test setup and image from test structures placed onto a metal
plate (a). Polarimetric results with decomposition method described in [9]
(b) and the new close-range adapted decomposition technique (c).

4 mm to 8 mm and a length between 3 cm to 5 cm. Addition-
ally, the objects were hidden under a layer of clothes and a
vest. The dielectric properties of human skin are εr = 25 at
10 GHz [23]. The reflectance between skin and air for nor-
mal incidence, which is the dominating specular reflection in
close-range imaging, can be calculated by Fresnel equations to

� = |
√

25−1√
25+1

|2 = 0.44. For comparison, the copolarized re-
constructed images are also shown in Fig. 9(f) to (k). They
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FIGURE 9. Photos (a) - (e), copolarized radar images (f) - (k) and polarimetric results (l) - (q) for a dummy and a human wearing different objects under
clothes. The following scenarios were investigated: a dummy without any threat objects (a), a dummy with a knife (b), and a dummy with a block of
modeling clay covered with screws (c), and a human without any threat objects (not shown), a human with a vest with metallic cans forming a suicide
vest(d), and a human with a gun (e).

represent imaging results, that can be achieved with state-of-
the-art security scanners.

The results for the dummy and human without any hidden
objects serve as a reference point for when there are no po-
tential security dangers. Since they represent persons without
any hidden objects. Due to the array position and orientation,
only few reflections can be seen in the radar images, and
an evaluation for potential security threats would appear to
be difficult. In most cases, only the specular reflections from
the body surface perpendicular to the array, namely the fore-
head, breast, and shoulder, are recognizable. The reflections
from the worn objects have small dimensions and are weak,
and the diffuse scattering from the clothes makes recognition
of the reflections difficult. With the polarimetric decompo-
sition, worn objects can clearly be detected. The knife and
screws increase the determined volume scattering power. The
gun and the cans of the suicide belt generate a dihedral struc-
ture with the human body and produce a double-bounce. The

dimensions of the gun are so large, that from the plane surface
a single-bounce is also detected, and correctly only a double-
bounce is detected at the outer edge. Taking the polarimetric
scattering information into account, hidden weapons or explo-
sives can be more easily detected.

In our measurement scenario, test structures and dummy
were static and the human test person also tried to stand
still. However, since this system tries to investigate walking
persons, further considerations on possible artifacts through
motion have to be done. Due to the measurement time of
approximately 77 ms for a full scan of all Tx-antennas, a
person with a walking speed of 2 m/s moves 15 cm during the
measurement. This shift causes motion blur in the recon-
structed radar images and deteriorates the image quality.
However, in [24] it was shown that this issue can be com-
pensated by separating the measured data into smaller data
segments and shifting the antenna positions with respect to
the detected target velocity. With this technique, an effective

VOLUME 3, NO. 1, JANUARY 2023 25



ROOT ET AL.: IMPROVED THREAT DETECTION IN WALK-THROUGH SECURITY SCANNING

FIGURE 10. Flow chart for the close-range adapted polarimetric target decomposition.

and fast motion blur suppression was applied to simulated and
real measured data. The achievable image quality for moving
persons can then be expected as good as for standing persons
shown here and hence, promising results as shown in Fig. 9
are achievable.

V. CONCLUSION
This paper presented a novel approach for security controls
with an overhead observation and a polarimetric target de-
composition. It was shown that if humans are equipped with
guns or explosives with shrapnel, three possible scattering
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mechanisms (single-bounce, double-bounce, and volume scat-
tering) are present. Whereas a person without any hidden
object almost has only a single-bounce signature, since the
skin acts as a plane surface without any edges. Double-bounce
can be detected from weapons with big dimensions such as
suicide vests or guns. Their surface and the human body create
a dihedral structure and can clearly be identified in the de-
composition. Smaller metallic objects like knives or shrapnel
increase the detected volumetric power in the image due to
their dipole-like geometry. Hence, polarimetric decomposi-
tion is well suited for application in security scenarios.

However, the usage of polarimetric target decomposition
had to be adapted to this novel use case. The differences in
close-range and remote-sensing lead to an incorrect decom-
position result if no correction is applied. Since reconstructed
radar images for every polarization combination are the ini-
tial point for the decomposition, differences in the obtained
images and scattering processes were investigated. It was
shown that strong specular reflections dominate in close-range
imaging, while double-bounce and volume scattering produce
lower image amplitudes. For that reason, an existing decom-
position algorithm was changed, so that all scattering mech-
anisms are equally represented and weighted in the decom-
position. This was done by introducing weighting factors to
the decomposition model. Their values were determined sim-
ulatively and they describe the ratios for the achievable pro-
cessing gains for each scattering mechanism. By adding these
factors to the model, improved decomposition results were
achieved for defined test structures and security scenarios.

The application of the shown security scanner in crowded
places demands for an automatic detection of threat objects
with a low false alarm rate. The obtained results in Fig. 9
showed, that polarimetric decomposition reliably detects hid-
den, carried objects and facilitates for humans a possible
threat recognition. A comparison of the benefit of the ad-
ditional information from polarimetric results compared to
copolarized radar images and how to use them in an auto-
matic detection scenario, have to be investigated in the future.
However, since with a full polarimetric array more informa-
tion is collected about a target, an additional improvement for
a more robust detection algorithm can be expected.

The application of this technology in crowded places
demands very reliable threat detection. Not investigated sce-
narios, e.g. everyday objects like keys and backpacks could
be confused with explosives or guns. Even if it was not
needed for the investigated scenarios here, the neglected helix
scattering power may contain additional, useful information,
that helps to differentiate between these objects. Additionally,
further improvements may be made by investigating other
decomposition techniques with different scattering models.
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