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Polarization angle scanning for wide-band millimeter-wave direct detection
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Abstract: Millimeter-wave (MMW ) technology has been widely utilized in human security screening applica-
tions due to its superior penetration capabilities through clothing and safety for human exposure. However, exist-
ing methods largely rely on fixed polarization modes, neglecting the potential insights from variations in target
echoes with respect to incident polarization. This study provides a theoretical analysis of the cross-polarization
echo power as a function of the incident polarization angle under linear polarization conditions. Additionally,
based on the transmission characteristics of multi-layer medium, we extend the depth spectrum model employed
in direct detection to accommodate scenarios involving multi-layered structures. Building on this foundation, by
obtaining multiple depth spectra through polarization angle scanning, we propose the Polarization Angle-Depth
Matrix to characterize targets across both the polarization angle and depth dimensions in direct detection. Simula-
tions and experimental validations confirm its accuracy and practical value in detecting concealed weapons in hu-
man security screening scenarios.

Key words: millimeter-wave, cross-polarization, polarization angle scanning, concealed weapon, direct
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Introduction been extensively studied and applied in human security

screening . The polarization characteristics of electro-

Millimeter-wave (MMW ) technology offers superior magnetic waves contain valuable information about the

penetration through clothing while ensuring safe radiation structure and material properties of targets. Multi-polar-
levels, making it an excellent choice for concealed weap- ization detection, which introduces additional dimen-
on detection. In recent years, MMW technology has sions of information™, has become increasingly central
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in improving detection accuracy. Furthermore, under a
single polarization condition, different polarization direc-
tions result in variations in the information acquired“’5J s
making multi-polarization detection an increasingly im-
portant research focus.

In passive MMW detection, two-dimensional Stokes
vector images obtained through fully polarized radar have
been employed for analyzing target clustering characteris-
tics'®. Image quality can be improved by averaging imag-
es acquired from three different polarization directions'”.
Additionally, by collecting images under different linear
polarization directions and calculating specific parame-
ters, previous studies have explored various applica-
tions, including imaging quality enhancement™ , target
contour extraction™” , and contrast improvementm"”.

In active MMW detection, dual-polarization imag-
ing systems have been integrated into holographic imag-
ing systems for human security screening, effectively im-
proving detection accuracy’'”. Since concealed objects
exhibit significantly different polarization characteristics
compared to the human body, their co-polarization and
cross-polarization echoes vary accordingly. By extracting
co-polarization and cross-polarization echo information
and computing polarization-related parameters such as
the polarization ratio, concealed objects can be identi-
fied"™"”. Furthermore, by performing H- a decomposi-
tion on the full-polarization information of a target, mate-
rial classification can be achieved based on its location in
the H-a plane'™. Several studies have further explored
the differences between human bodies and weapons in co-
polarization and cross-polarization images by comparing
four-channel images under horizontal and vertical polar-
izations'"?*,

However, most of the mentioned studies rely on
fixed polarization modes (e. g. , horizontal, vertical, or
+45°) and have not thoroughly investigated the variations
in target echoes with respect to the incident polarization
angle. To address this limitation, this study analyzes the
variation in cross-polarization echo power as a function of
the incident polarization angle and derives its theoretical
expression. The depth spectrum utilized in millimeter-
wave (MMW ) direct detection is based on the wide-band
power information and represents the distribution of the
target along the depth direction'®. Based on the trans-
mission characteristics of multi-layer medium, we extend
the depth spectrum model to better align with real-world
scenarios. Building upon this, we examine the differenc-
es in cross-polarization responses and depth distribution
between human surfaces and concealed weapons. By
scanning the incident polarization angle and obtaining
multiple depth spectra, we introduce the Polarization An-
gle-Depth Matrix to characterize the features in polariza-
tion response and depth distribution. Through both simu-
lations and experiments, the proposed analysis is validat-
ed, demonstrating its potential application value in hu-
man security screening for concealed weapon detection.
By employing direct detection, which means only captur-
ing power information while omitting phase acquisition,
the proposed method eliminates the mixing modules re-

quired in conventional coherent detection systems. This
approach consequently reduces both system complexity
and implementation costs in practical applications.

The remainder of this paper is structured as follows :
Section 1 investigates the variation in cross-polarization
echo power with incident polarization angle and explores
the depth-wise distribution characteristics of multi-layer
targets, providing corresponding theoretical formula-
tions. The differences between human bodies and weap-
ons in these two dimensions are further analyzed, and the
Polarization Angle-Depth Matrix is introduced for feature
representation. Section 2 presents the simulation and ex-
perimental results, verifying the theoretical analysis and
demonstrating the potential application value of the pro-
posed matrix in human security screening. Section 3 con-
cludes the paper with a summary of key findings.

1 Theory and characteristic analysis of
the Polarization Angle—Depth Matrix

1.1 Variation of cross—polarization power with in-
cident linear polarization angle

Previous study'™ has shown that the human body
surface can be approximately modeled as a planar or cy-
lindrical surface. When linearly polarized waves are inci-
dent on the human body surface, the scattered echoes
predominantly exhibit co-polarized components, while
cross-polarized components are generally weak. Howev-
er, for weapons, due to their relatively complex struc-
tures, the cross-polarized components in the scattered
echoes are significantly stronger. Based on this observa-
tion, individuals carrying concealed weapons exhibit no-
table differences in cross-polarized echo power compared
to ordinary individuals. Meanwhile, due to the differenc-
es in the polarization scattering matrices of weapons and
the human body surface, the variation of cross-polariza-
tion echo power with incident polarization angle also dif-
fers. This section will theoretically derive this variation
pattern.

In the horizontal-vertical coordinate system h — v,
the polarization scattering matrix of a target at a given in-
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cident angle is defined as S = , where the inci-
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dent wave is expressed as E, = = . , here 1
E. | sinm

is the polarization angle. The scattered echo can then be
written as:
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To analyze the cross-polarization, a new orthogonal
polarization basis, denoted as h' - v’, is introduced.
Here, h'represents the polarization direction of the inci-
dent wave. This basis is equivalent to rotating the origi-
nal h — v coordinate system by an angle 1 about the ori-
gin. By transforming K, using the rotation matrix R =

cosm sinm

, the cross-polarization component can

—sinm  cosm

be obtained as E}, = Ey, cosn — Ey, sinn. The cross-po-
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larization power is then defined as:
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~(Ep Ey, + EnEy )sinncos .2

Define coefficients as:
2
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then we can obtain a further simplified form:

P“,m(n) =A, 005(277 + Bl) + A, 005(47; + Bz) + C.(5)

According to Eq. (4), the following properties can
be derived:

1) The variation of the target’ s cross-polarization
power with incident polarization angle is expressed as the
sum of two cosine functions with periodicities of  and /
2, respectively. The amplitudes and phase shifts of these
cosine functions are determined by the polarization scat-
tering matrix of the target.

2) If the target is rotated by an angle # around the
incident direction (i. e. , the z-axis) , it is equivalent to
keeping the target fixed while rotating the incident wave
polarization angle by —6. This results in a translation of
Eq. (4), leading to the following equivalent expression :

P(n) =A, cos(2(n + 0) + Bl)
+Azcos(4(n+a)+32)+c C(6)

For most common weapons, such as metallic hand-
guns, the co-polarization components of the polarization
scattering matrix are typically 1 — 2 orders of magnitude
higher than the cross-polarization components, i. e.,
Sins S > S» 8. Under this condition, the amplitude co-
efficients in Eq. (4) satisfyd, > A,. Consequently, the
A, 005(41) + Bz)term in Eq. (4) becomes the dominant
component, while the A, 005(27) + B,) term introduces
only minor amplitude and phase modulations.

1.2 Depth spectrum theory of the multi-layer me-
dium

For scenarios where dangerous items are carried on

the human body, the situation can be equivalently mod-
eled as a multi-layered medium placed in front of a semi-
infinite medium (the human body) , as illustrated in
Fig. 1. Stuart W. Harmer et al. provided a theoretical
expression for a multi-scattering point model, which bore
similarity to the multi-layered medium. By utilizing only
the echo power information, they derived a mathematical
expression that characterized the separations between the
scattering points, referred to as the depth spectrum'' ;

s'(7) = ZZF'I{a(f)a(f)} & 8(7‘ - %(zi - z))
_ ZF"{‘ai(f) 18(2)

+2:i:;2?:;lF—1{af(f)aiwI(f)}S(T _%(ZHWI _Zi+l))
(7

where a, represents the scattering strength, z; denotes the
distance between scattering point i and the transceiver an-
tenna, F~' represents the inverse Fourier transform and
& represents the convolution operator.

n—1
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Fig. 1 Plane wave incidence on a multi-layer medium
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However, Eq. (7) cannot intuitively represent the
characteristics of the depth spectrum in a multi-layer me-
dium model. This limitation arises because Eq. (7) is
based on the assumption that scattering points are inde-
pendent of each other. In multi-layer medium, the inten-
sity of the incident wave at each interface is influenced
by the transmission and attenuation effects of the preced-
ing layers. As a result, the scatlering coefficient a; at
one specific interface inherently contains an exponential
attenuation term related to the material properties and
thickness of all preceding layers. After performing the in-
verse Fourier transform, this attenuation term also exhib-
its the form of a 8-function, which merges with the origi-
nal terms in Eq. (7). Consequently, in multi-layer me-
dium, the positions of the d-functions in the depth spec-
trum no longer directly correspond to the actual physical
distances between interfaces but rather to the optical
depth.

S. W. Harmer et al. theoretically derived the depth
spectrum form for a single wax layer placed on the sur-
face of the human body in Ref. [15]. This paper further
derives the depth spectrum form for multi-layer mediums.

Assuming that a uniform plane wave is normally in-
cident on the surface of a multi-layer isotropic medium.
Under the assumption of single reflection at each inter-
face, the equivalent reflection coefficient of the entire
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medium structure can be expressed as:

R=0Q+ 3 023 _Bd,) . ®
where (Q, = H . Tiiiaty, 1ty 1,exp (= 22 _,ae,d, ) for

i =22, andQ, = r,. Here r,,,, represents the reﬂectlon
coefficient of the incident wave in the +z-direction at the
interface between medium ¢ and i + 1. Similarly, ¢,,,,
represents the transmission coefficient of the incident
wave in the +z-direction at the same interface. The com-
plex wavenumber in medium i is defined as «; =

2m . . .
2nf J €M =B, — ja,, where «; is the attenuation factor,
c

and B3, is the phase factor.
Assuming that within the frequency band of interest
&, is constant, a, is negligible (i. e. , &, ~ Re{&,}), and

ﬂﬁ Under
c

i

m; =1, the phase factor becomes B; =

these conditions, the reflection coefficient simplifies to
Fijv1 = f
«/;i WV Ein
In a monostatic transceiver configuration, the fre-
quency-domain representation of the target’s scattered
echo can be expressed as S(f) =A(f)R(f )exp (-
4

J—2z,), where A(f) is the gain coefficient determined
c

, which is also constant.

by the radiation patterns of the transmitting and receiving
antennas. This can be normalized using strong scatterers
such as metallic plates. Here, z, denotes the distance be-
tween the target and the transceiver system. The normal-
ized time-domain signal can be expressed ass, ()=

Fs(f)]=F[R(S)]® 8(t - 2z)

Using Eq. (8), we can derive:

2> d,
FR()] =00+ 3000 z—Eq‘;/‘;

Substituting Eq. (9) into the time-domain signal ex-
pression, we obtain:

s.(t) = Q,B(t - 2cz°)
oS fera)| - 0O

+2:;Qi8 =

At the receiver, the measured broadband power sig-
nal is‘ S ( f )
on it is equivalent to computing the autocorrelation of the

time-domain echo signal (ignoring constant scaling fac-
tors of the transform) :

2 *
J(z) = F"[‘S(f)‘ }=s"( 0 ® s (1) . (1)
By combining Eq. (10) and Eq. (11), and taking

incident polarization angle 7 into account, we arrive at

2
‘ . Performing the inverse Fourier transform

(negative time-axis terms are discarded ) :

n

= E:\Qu(n)

i=

"3 ()

L+u—1
W) O (1) 7 - Z e
(12)

Here, the subscript X denotes the cross-polariza-
tion. Compared to Eq. (7), the 3-function positions in
the depth spectrum of the multi-layer medium, as ex-

pressed in Eq. (12), correspond to /&, d,, which is re-

ferred to as the optical thickness, and their amplitudes
are determined by the reflection and transmission coeffi-
cients of each layer.
1.3  Characteristics of the Polarization Angle—
Depth Matrix

Based on the previous analysis, to characterize the
differences between the human body surface and weapons
in both polarization response and depth dimensions, we
propose the Polarization Angle-Depth Matrix as a data
representation. By discretizing 7 and 7, Eq. (12) can
be expressed in matrix form as:

9;( TusT )

S}(T]ﬂ?])
Uy = : : . (13)
S;((Tlvn.w") S;((TM’T’N)

Equation (13) is referred to as the Polarization An-
gle-Depth Matrix of the target. Further analysis will be
conducted on the two-dimensional characteristics of
Eq. (13).

1) The column dimension of U, represents the inci-
dent polarization angle. The first column can be ex-
pressed as:

S(0m) =S oum)]30) L (14)

According to the analysis in Section 1, Eq. (14)
follows the variation pattern described in Eq. (5) with
respect to the incident polarization angle. For different
targets, the characteristics of their polarization scattering
matrices result in significant differences in the amplitude
and phase of the cosine functions.

For the human body surface, since s,, and s, are ap-
proximately zero, the cross-polarization reflection coeffi-
cient is very small, leading to minimal variation in
s;(O, ’r)) with respect to 1. This implies that the ampli-
tude terms A, and A, in Eq. (5) are small. Furthermore,
for a standing human body, the rotational angle around
the incident direction remains fixed, leading to a con-
stant phase in Eq. (5), i. e., B, and B, remain nearly
unchanged.

For weapons, the values of s, and s, increase signif-
icantly, leading to a much higher overall cross-polariza-
tion power compared to the human body surface. As a re-
sult, the amplitude of the cosine functions in Eq. (5) in-
creases notably. Additionally, due to variations in the ro-
tational angle of the weapon around the incident direc-
tion, the phase terms in Eq. (5) may differ from those of
the human body.
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2) The rows of U, represent the depth dimension.
Denoting the depth spectrum at a specific incident polar-
ization angle 7,, it can be rewritten as Eq. (12) of
si(z,m,).

For the human body surface, since there is no multi-
layer structure, the Dirac delta sequence in Eq. (12)
contains only the first term, meaning that there is a sin-
gle peak at 7 = 0.

For weapons, which can be equivalently modeled as
a multi-layer structure, multiple peaks corresponding to
the second term in Eq. (12) will appear in addition to
the first peak. Furthermore, due to the increased cross-
polarization reflection coefficient, the peak at 7 =0 is
significantly higher than that of the human body surface.

Based on the above analysis, the Polarization Angle-
Depth Matrix exhibits distinct characteristics along both
its column and row dimensions. The human body surface
shows a smooth polarization response with a single peak
in the depth spectrum. Weapons, on the other hand, ex-
hibit a higher polarization response amplitude and con-
tain multiple peaks in the depth spectrum. These charac-
teristics provide a reliable basis for the effective detec-
tion of concealed weapons.

2 Simulations and experiments

2.1 Simulation results

To validate the effectiveness of the proposed analy-
sis, we conducted a simulation using FEKO software.
First, we verified the correctness of Eqs. (4) and (5).
We utilized a target composed of a combination of a rect-
angular dihedral reflector and a flat plate, as shown in
Fig. 2. During the simulation, the dihedral reflector was
rotated by certain angles around both the z-axis and the y-
axis. A uniform plane wave was used as the incident
wave to obtain the polarization scattering matrix S of the
target. By scanning the incident polarization angle, we
obtained multiple (P, n) data pairs. These data pairs
were subsequently used for curve fitting. The curve fit-
ting results obtained from simulated power values in
FEKO software were compared with the theoretical calcu-
lations based on the polarization scattering matrix, as
shown in Fig. 3.

<
<

X & 92
incident wave

Fig. 2 Schematic of the simulation scenario (dihedral reflector
and flat plate)
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Fig. 3 Curve fitting and theoretical calculation results (6, =
-50°, 6, = 20°)
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Figure 3 demonstrates that the cross-polarization
power curve obtained from theoretical calculations aligns
closely with the results of cosine fitting based on the col-
lected power data points. This confirms the validity of

Eqs. (4) and (5).

Fig. 4 Schematic of the simulation scenario
K4 (i FRER

Next, we conducted a simulation analysis of the Po-
larization Angle-Depth Matrix. In FEKO software, we
modeled two metallic grenades, a metallic handgun, and
a human body, and performed simulations where the gre-
nades and handgun were placed on the human body sur-
face. These cases were compared with the scenario of a
standalone human body, as illustrated in Fig. 4. In the
simulation, the frequency range was configured from 75
GHz to 110 GHz with a 1 GHz sampling interval, where
the signal was generated through a point-by-point sweep
of discrete frequency points. The polarization angle
range was set from 0° to 180°, with a sampling interval of
10°. The simulated Polarization Angle-Depth Matrix ob-
tained from these scenarios is shown in Fig. 5.

As shown in Fig. 4, the fitting curve following the
principle of Eq. (5) maintains good agreement with sim-
ulated power points in practical scenario modeling, veri-
fying the applicability of Eq. (5) in real-world condi-
tions. Figure 5 demonstrates significant differences in
the Polarization Angle-Depth Matrix between individuals
carrying concealed weapons and normal individuals.

In the polarization angle dimension, weapon-bear-
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Fig. 5 Simulation Results of the Polarization Angle-Depth Ma-
trix in three scenarios: (a) carrying grenade model; (b) carrying
handgun model; (c) without weapons; (d) first column of the Po-
larization Angle-Depth Matrix; (e) rows corresponding to the
maximum value in the Polarization Angle-Depth Matrix
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ing individuals exhibit higher amplitude values, while
their phase characteristics vary depending on weapon
types and rotation angles. In the depth dimension, multi-
ple peaks emerge in the depth spectrum of armed individ-
uals due to multiple scattering from concealed weapons,
with higher peak values resulting from the superior scat-
tering coefficients of metallic materials. These distinct
features enable effective differentiation between individu-
als with and without concealed weapons.

Notably, the Polarization Angle-Depth Matrix also
differs between grenade-carriers and handgun-bearers.
Grenade carriers demonstrate significantly higher ampli-
tudes and more numerous depth spectrum peaks. This
discrepancy originates from the cross-polarization echo
power basis of the Polarization Angle-Depth Matrix. Un-

der the linear polarization wave incidence, cross-polar-
ization components primarily derive from multiple scatter-
ings. The cylindrical geometry of grenades promotes en-
hanced multiple scattering interactions within paired gre-
nade configurations, thereby enhancing cross-polariza-
tion power and generating additional peaks. Conversely,
handgun surfaces predominantly exhibit planar structures
facing transceiver antennas, resulting in weaker cross-po-
larization components with consequently lower ampli-
tudes and fewer peaks. Furthermore, grenade models
possess larger cross-sections than handguns, receiving
stronger incident power from transmitting antennas and
therefore producing higher-power scattered echoes.
2.2 Experimental results

We conducted experiments using a self-built experi-
mental platform and a dummy model. The transmitting
and receiving antennas were each fixed on two perpendic-
ular rotary stages, allowing for the adjustment of the po-
larization angle via the rotation of the stages. In the ex-
periments, grenade and metallic handgun models were
selected as target objects. The measurement equipment
included a vector network analyzer (VNA) and frequen-
cy extension modules, covering a frequency range of 75-
110 GHz with a frequency step size of 0.175 GHz,
where signals were generated via discrete frequency-
stepped point-by-point scanning. The polarization angle
range was set from 0° to 180°, with a sampling interval of
10°. The distance between the dummy and the antennas
was 1.2 meters. The experimental platform as well as the
weapons and clothing used in the experiment are shown

in Fig. 6.

(c) (d)
Fig. 6 Photos of the experimental scenario: (a) handgun model,;
(b) grenade model; (c) clothing; (d) experimental platform
El6 Simigscli () TR (b) FHBA; (o) HEK
Y15 (d) S8 F- 5
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It is important to note that in the experiment, the
transmitting and receiving antennas were placed side by
side, rather than using a beam splitter to simulate a qua-
si-monostatic configuration. This was because the experi-
ment only required power information and did not need
phase information. By placing the two antennas in paral-
lel, coupling between the transmitter and receiver was re-
duced, simplifying the experimental design and improv-
ing measurement stability.

The Polarization Angle-Depth Matrix obtained from
the experiment is shown in Fig. 7, where the cross-polar-
ization echo power has been normalized according to the
frequency response of the transmitted power.

Compared with the simulation results in Fig. 5, the
experimental results presented in Fig. 7 exhibit discrep-
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Fig. 7 Experimental results of the Polarization Angle-Depth Ma-
trix in three scenarios: (a) carrying grenade model; (b) carrying
handgun model; (c) without weapons; (d) first column of the Po-
larization Angle-Depth Matrix; (e) rows corresponding to the
maximum value in the Polarization Angle-Depth Matrix
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ancies in detail, primarily attributed to simulation model-
ing errors and environmental interference. For instance,
in Fig. 7(d), the peak position in the handgun model’s
fitting results deviates from Fig. 5(d) , mainly due to
variations in handgun rotation angles. Similarly, the
depth spectrum peaks of grenades in Fig. 7 (e) differ
from those in Fig. 5(e), caused by discrepancies be-
tween simulated and actual grenade geometries.

Nevertheless, experimental results of the Polariza-
tion Angle-Depth Matrix between armed and unarmed in-
dividuals exhibit statistically significant differences in
both polarization angle and depth dimensions, including
amplitude, peak distribution patterns, and peak values,
which demonstrate consistency with simulation-derived
statistical characteristics. These results indicate that the
Polarization Angle-Depth Matrix can effectively charac-
terize the differences in polarization response and depth
distribution between individuals carrying weapons and
normal individuals. This validates its potential applica-
tion for concealed weapon detection.

3 Conclusion

This study introduces the Polarization Angle-Depth
Matrix by scanning the incident polarization angle and
capturing multiple depth spectrums in millimeter-wave
direct detection. Through the theoretical analysis of the
variation of cross-polarization power with the incident po-
larization angle and the depth spectrum representation of
multi-layer medium, it is observed that the human body
surface and concealed weapons exhibit significant differ-
ences in polarization response and depth distribution.
Simulation and experimental results validate that these
features exhibit strong potential for detecting concealed
weapons on individuals, highlighting its applicability in
human security screening.
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