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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 extended the depth spectrum model employed 
in direct detection to accommodate scenarios involving multi-layered structures.  Building on this foundation， by 
obtaining multiple depth spectrums through polarization angle scanning， we propose the Polarization Angle-Depth 
Matrix to characterize target 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.
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用于宽带毫米波直接探测的极化角度扫描方法

王贺尧 1，2， 赵自然 1，2*， 乔灵博 1，2， 郭大路 1，2
（1. 清华大学 工程物理系，北京 100084；

2. 危爆物品探测技术国家工程研究中心，北京 100084）
摘要：毫米波技术因其对衣物的良好穿透能力和对人体的辐射安全性，在人体安检领域得到了广泛应用。然

而，现有技术多采用固定极化模式，忽视了目标回波随入射极化的变化中可能蕴含的潜在信息。本文从理论

上分析了线极化条件下目标交叉极化回波功率随入射极化角度的变化规律，并基于多层介质的传输特性将

直接探测中的深度谱模型拓展到多层介质情况。在此基础上，通过入射极化角度扫描获取多个深度谱，提出

了极化角度-深度矩阵，用于在直接探测中对目标极化角度和深度两个维度上的特性进行表征。仿真和实验

验证了上述分析的准确性以及在人体安检场景隐藏武器探测中的实用价值。
关 键 词：毫米波；交叉极化；极化角度扫描；隐藏武器；直接探测
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Introduction
Millimeter-wave （MMW） technology offers superior penetration through clothing while ensuring safe radiation levels， making it an excellent choice for concealed weap⁃on detection.  In recent years， MMW technology has been extensively studied and applied in human security 

screening［1］.  The polarization characteristics of electro⁃
magnetic waves contain valuable information about the 
structure and material properties of targets.  Multi-polar⁃
ization detection， which introduces additional dimen⁃
sions of information［2-3］， has become increasingly central 
to improving detection accuracy.  Furthermore， under a 
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single polarization condition， different polarization direc⁃tions result in variations in the information acquired［4-5］， 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［6］.  Image quality can be improved by averaging imag⁃es acquired from three different polarization directions［7］.  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［8］， target contour extraction［9］， and contrast improvement［10-11］.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［12］.  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［13-17］.  Furthermore， by performing H- α decomposi⁃tion on the full-polarization information of a target， mate⁃rial classification can be achieved based on its location in the H- α plane［18］.  Several studies have further explored the differences between human body and weapons in co-polarization and cross-polarization images by comparing four-channel images under horizontal and vertical polar⁃ization［19-22］.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 wide-band power information and represents the distribution of the target along the depth direction［16］.  Based on the trans⁃mission characteristics of multi-layer medium， we ex⁃tended the depth spectrum model to better align with real-world scenarios.  Building upon this， we examine the dif⁃ferences in cross-polarization responses and depth distri⁃bution between human surfaces and concealed weapons.  By scanning the incident polarization angle and obtaining multiple depth spectrums， we introduce the Polarization Angle-Depth Matrix to characterize the features in polar⁃ization response and depth distribution.  Through both simulations and experiments， the proposed analysis is validated， demonstrating its potential application value in human security screening for concealed weapon detec⁃tion.  By employing direct detection， which means only capturing power information while omitting phase acquisi⁃tion， the proposed method eliminates the mixing modules required in conventional coherent detection systems.  

This approach consequently reduces both system com⁃plexity and implementation costs in practical applica⁃tions.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 simulation and experi⁃mental 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 
Polarization Angle-Depth Matrix 
1. 1　Variation of cross-polarization power with in⁃
cident linear polarization angle　Previous study［23］ 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⁃
cident angle is defined as S = é
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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 η about the ori⁃

gin.  By transforming ER using the rotation matrix R =
é
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-sin η cos η ， the cross-polarization component can 
be obtained as E'Rv = ERv cos η - ERh sin η.  The cross-po⁃
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larization power is then defined as
Pcross(η) =  E'Rv
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then we can obtain a further simplified form
Pcross(η) = A1 cos (2η + B1 ) + A2 cos (4η + B2 ) + C# (5)

According to （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 π and π/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 θ 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 −θ.  This results in a translation of 
（4）， leading to the following equivalent expression：

Pcross(η) = A1 cos (2 (η + θ ) + B1 )+  A2 cos (4 (η + θ ) +
B2 ) + C# (6)

3） For most common weapons， such as metallic handguns， the co-polarization components of the polariza⁃tion scattering matrix are typically 1–2 orders of magni⁃tude higher than the cross-polarization components， i.e. ， shh，svv ≫ shv，svh.  Under this condition， the amplitude coefficients in （4） satisfy A2 ≫ A1.  Consequently， the 
A2 cos (4η + B2 )term in （4） becomes the dominant com⁃
ponent， while the A1 cos (2η + B1 ) term introduces only 
minor amplitude and phase modulations.
1. 2　 Depth spectrum theory of multi-layer medi⁃
um　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 expres⁃sion for a multi-scatter point model， which bears similari⁃ty to the multi-layered medium.  By utilizing only the echo power information， they derived a mathematical ex⁃pression that characterizes the separations between the scatter points， referred to as the depth spectrum［16］：
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where ai represents the scattering strength， zi denotes the distance between scatter point i and the transceiver anten⁃na， F-1 represents the inverse Fourier transform and ⊗ represents the convolution operator.However， （7） cannot intuitively represent the char⁃acteristics of the depth spectrum in a multi-layer medium model.  This limitation arises because （7） is based on the assumption that scattering points are independent of each other.  In multi-layer medium， the intensity of the inci⁃dent wave at each interface is influenced by the transmis⁃sion and attenuation effects of the preceding layers.  As a result， the scattering coefficient ai at one specific inter⁃face inherently contains an exponential attenuation term related to the material properties and thickness of all pre⁃ceding layers.  After performing the inverse Fourier trans⁃form， this attenuation term also exhibits the form of a δ
-function， which merges with the original terms in （7）.  Consequently， in multi-layer medium， the positions of the δ -functions in the depth spectrum no longer directly correspond to the actual physical distances between inter⁃faces 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 medium.Assuming that a uniform plane wave is normally in⁃cident on the surface of a multi-layered isotropic medi⁃um.  Under the assumption of single reflection at each in⁃terface， the equivalent reflection coefficient of the entire medium structure can be expressed as

Fig.  1　Plane wave incidence on a multi-layer medium
图1　平面波入射多层介质示意图
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i ≥ 2， and Q1 = r12.  Here ri i + 1 represents the reflection 
coefficient of the incident wave in the +z-direction at the interface between medium i and i + 1.  Similarly， ti i + 1 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 κi =2πf

c εi μi = βi - jαi， where αi is the attenuation factor， 
and βi is the phase factor.Assuming that within the frequency band of interest 
εi is constant， αi is negligible （i. e. ， εi ≈ Re { εi }）， and 
μi = 1， the phase factor becomes βi = 2πf

c εi .  Under 
these conditions， the reflection coefficient simplifies to 
ri i + 1 = εi - εi + 1

εi + εi + 1
， which is also constant.

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 (-
j 4πf

c z0 )， where A( f ) is the gain coefficient determined 
by the radiation patterns of the transmitting and receiving antennas.  This can be normalized using strong scatterers such as metallic plates.  Here， z0 denotes the distance be⁃tween the target and the transceiver system.  The normal⁃ized time-domain signal can be expressed as sn( t) =
F-1[ S ( f ) ] = F-1[ R ( f ) ] ⊗ δ ( t - 2z0

c ).
Using （8）， we can derive

F-1[ R ( f ) ] = Q1 + ∑
i = 2

n - 1
Qi δ ( t - 2∑q = 2

i εq dq

c ) # (9)
Substituting （9） into the time-domain signal expres⁃sion， we obtain
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At the receiver， the measured broadband power sig⁃
nal is | S ( f ) |2.  Performing the inverse Fourier transform 
on it is equivalent to computing the autocorrelation of the time-domain echo signal （ignoring constant scaling fac⁃tors of the transform）：
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û
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By combining （10） and （11）， and take incident po⁃larization angle η into account， we arrive at （negative time-axis terms are discarded）

s'X(τ,η) = ∑
i = 1

n - 1
|QXi(η) |2

δ (τ)

+∑
u = 2

n - 1∑
i = 1

n - u

Q*
Xi( )η QX i + u - 1( )η δ ( )τ - 2∑v = i + 1

i + u - 1 εv dv

c # (12)

Here， the subscript X denotes cross-polarization.  Compared to （7）， the δ -function positions in the depth spectrum of the multi-layer medium， as expressed in 
（12）， correspond to εq dq， which is referred to as the 
optical thickness， and their amplitudes are determined by the reflection and transmission coefficients of each lay⁃er.
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 η and τ， （12） can be ex⁃pressed in matrix form as：
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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 （13）.1） The column dimension of UX represents the inci⁃dent polarization angle.  The first column can be ex⁃pressed as：
s'X(0,η) = ∑

i = 1

n - 1
|QXi(η) |2

δ (0) # (14)
According to the analysis in Section A， （14） fol⁃lows the variation pattern described in （5） with respect to the incident polarization angle.  For different targets， the characteristics of their polarization scattering matri⁃ces result in significant differences in the amplitude and phase of the cosine functions.For the human body surface， since shv and svh are ap⁃proximately zero， the cross-polarization reflection coeffi⁃cient is very small， leading to minimal variation in 

s'X(0，η) with respect to η.  This implies that the ampli⁃
tude terms A1 and A2 in （5） are small.  Furthermore， for a standing human body， the rotational angle around the incident direction remains fixed， leading to a constant phase in （5）， i. e. ， B1 and B2 remain nearly unchanged.For weapons， the values of shv and svh 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 （5） increas⁃es notably.  Additionally， due to variations in the rota⁃tional angle of the weapon around the incident direction， the phase terms in （5） may differ from those of the hu⁃man body.2） The rows of UX represent the depth dimension.  Denoting the depth spectrum at a specific incident polar⁃
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ization angle η0， it can be rewritten as （12） of s'X (τ，η0 ).
For the human body surface， since there is no multi-layer structure， the Dirac delta sequence in （12） con⁃tains only the first term， meaning that there is a single peak at τ = 0.For weapons， which can be equivalently modeled as a multi-layer structure， multiple peaks corresponding to the second term in （12） will appear in addition to the first peak.  Furthermore， due to the increased cross-po⁃larization reflection coefficient， the peak at τ = 0 is sig⁃nificantly 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 verify the correctness of （4） and （5）.  We uti⁃lized a target composed of a combination of a rectangular 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 (Pcross，η ) data pairs.  These data pairs were sub⁃
sequently used for curve fitting.  The curve fitting results obtained from simulated power values in FEKO software were compared with the theoretical calculations based on the polarization scattering matrix， as shown in Fig.  3.Fig.  3 demonstrates that the cross-polarization pow⁃er 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 
（4） and （5）.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 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 obtained from these scenarios are shown in Fig.  5.As shown in Fig.  4， the fitting curve following the principle of Equation （5） maintains good agreement with 

simulated power points in practical scenario modeling， verifying the applicability of （5） in real-world condi⁃tions.  Fig.  5 demonstrates significant differences in Po⁃larization Angle-Depth Matrix between individuals carry⁃ing concealed weapons and normal individuals.In the polarization angle dimension， weapon-bear⁃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， Polarization Angle-Depth Matrix also dif⁃fers between grenade-carriers and handgun-bearers.  Gre⁃nade carriers demonstrate significantly higher amplitudes and more numerous depth spectrum peaks.  This discrep⁃ancy originates from the cross-polarization echo power ba⁃sis of Polarization Angle-Depth Matrix.  Under linear po⁃larization wave incidence， cross-polarization components primarily derive from multiple scattering.  The cylindrical geometry of grenades promotes enhanced multiple scatter⁃ing interactions within paired grenade configurations， thereby enhancing cross-polarization power and generat⁃

Fig.  2　Schematic of the simulation scenario （dihedral reflector 
and flat plate）
图2　仿真场景示意图（二面角反射器和平板）

Fig.  3　 Curve fitting and theoretical calculation results （θ1 =-50°，θ2 = 20°）
图3　曲线拟合与理论计算结果（θ1=-50°，θ2=20°）
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ing additional peaks.  Conversely， handgun surfaces pre⁃dominantly exhibit planar structures facing transceiver antennas， resulting in weaker cross-polarization compo⁃nents with consequently lower amplitudes and fewer peaks.  Furthermore， grenade models possess larger cross-sections than handguns， receiving stronger inci⁃dent power from transmitting antennas and therefore pro⁃ducing higher-power scattered echoes.

2. 2　Experiment 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.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 had 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⁃

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⁃

Fig.  4　Simulation scenario
图4　仿真场景示意图

(a)                     (b)                     (c)

（d）　

（e）　

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 Polar‐
ization Angle-Depth Matrix (e) rows corresponding to the maxi‐
mum value in the Polarization Angle-Depth Matrix
图 5　三种场景下的极化角度-深度矩阵仿真结果 (a)携带手雷
模型 (b)携带手枪模型 (c)未携带武器 (d)极化角度-深度矩阵的
第一列 (e)极化角度-深度矩阵最大值所在的行
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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 incident polarization angle and cap⁃turing multiple depth spectrums in millimeter-wave di⁃rect 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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