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Millimeter-wave imaging is widely applied to radar detection, personnel security inspection, environmental perception, and so on. Multipath artifact is a common phenomenon in active millimeter-wave (AMMW) imaging and is difficult to be removed. The suppression methods in image reconstruction and post-processing stage are usually complex or time-consuming. This report proposes a cross-polarization method to suppress multipath artifacts between equivalent two-cylinder structures before image reconstruction. The physical mechanisms of co-polarization and cross-polarization imaging are revealed. The suppression effectiveness is demonstrated by conducting W-band AMMW imaging simulation and measurement experiments of a typical multipath scenario at the central frequency of 100 GHz (97 ∼103 GHz). The proposed method can directly reconstruct the image with artifact suppression and reduce the pressure of post-processing.
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1 INTRODUCTION
Personnel security inspection is an important means to maintain the safety of people and society in public places. X-ray imaging is widely used to luggage security inspection, but it is improper to use to human body security screening due to privacy and security issues. At present, the most common screening system is the metal detector based on electromagnetic interactions Paulter [1], which usually has a high false alarm rate and cannot detect non-metallic hidden objects. Due to the penetration capability of many non-metallic materials, millimeter-wave sensing is widely applied to radar detection, personnel security inspection, environmental perception Bjarnason et al. [2]; Hang et al. [3]; Salmon [4]; Cheng et al. [5]. Active millimeter-wave (AMMW) imaging has become the most promising method for personnel security screening because it has no ionizing radiation compared to X-ray imaging. In recent years, many AMMW imaging systems have been developed and even commercially applied to airports, railway stations, large event venues, and other public places Wang et al. [6]; Gao et al. [7]; Liu et al. [8].
Image reconstruction is a key task for AMMW imaging. Conventional imaging algorithms regard the target as a mass of independent scattering points and so assume that the millimeter-wave scattered back received by the receiver is only scattered once by targets. This approximation can lead to simpler and faster image reconstruction. However, it cannot consider the multiple scatterings around arms and legs. Multipath artifacts from high-order scattering occur in reconstructed images Yuan et al. [9]; Meng et al. [10], which has a negative impact on the detection of hidden objects in practical security inspection applications. Performing specific postures such as spreading legs and raising hands are useful to reduce multipath artifacts. But these postures will increase the passing time of each person, and lead to great inconveniences at checkpoints with large traffic volumes. In addition, it is difficult to eliminate artifacts directly through image post-processing algorithms. To suppress multipath artifacts, some previous works have been conducted in the image reconstruction stage. Bi-static/multi-static imaging can effectively suppress high-order artifacts of concave objects Liang et al. [11]; Gonzalez-Valdes et al. [12]. For mono-static configurations, the concept of shooting and bouncing rays method is used to build a more accurate analytical forward model, which contributes to producing accurate images without strong high-order scattering Liang et al. [13]. The stationary phase method and circularly polarized measurements are used to correct the image deformation of edges for dihedral structures Si et al. [14]. The above processing methods are effective. Meanwhile, they are usually complex and time-consuming or require high hardware costs.
For practical security inspection scenarios, multipath artifacts mainly occur in the areas around the legs and arms. The equivalent structure is not a dihedral structure but two spaced cylinders or elliptical cylinders. Previous works about artifact suppression focused on AMMW imaging below Ka-band (26.5 ∼40 GHz) Sheen et al. [15]; Si et al. [14]. Few studies have been reported on W-band (75 ∼110 GHz) Existing systems usually have a co-linear polarization transceiver. Using multiple polarization imaging can obtain more information of observation scenes Guo et al. [16]; Cheng et al. [17]; Zhu et al. [18].
In this report, a cross-polarization method to suppress multipath artifacts between two spaced cylinders for W-band AMMW imaging is proposed. The generation mechanism of multipath artifacts is explained by analyzing polarized millimeter-wave reflections between two spaced cylinders. The physical mechanisms of co-polarized and cross-polarized imaging are revealed. Simulation and measurement imaging experiments at the central frequency of 100 GHz (97 ∼103 GHz) have been conducted to verify the proposed method. The rest of this article is organized as follows. The principle of the Principle of the cross-polarization method are described in Section 2. In Section 3, the experimental results are discussed. Finally, the discussion is drawn in Section 4.
2 METHOD
Holographic imaging is the main mode of AMMW imaging Sheen et al. [19]; Qiao et al. [20]; Gao et al. [21]; Wu et al. [22]. Firstly, receiving the millimeter-wave signals scattered on the objects; Then, measuring phase information through heterodyne mixing; Finally, inverting the scene image based on the intensity and phase information. The transmitting and receiving antenna (TX and RX) positions of the millimeter-wave direct holographic imaging system are adjacent. The spherical wave exp (−ikr)/r (where r is the distance) emitted by the transmitting antenna is transmitted to the human body, and then scattered back to the receiving antenna. Each point on the surface of the human body scatters the millimeter-wave signal, and the receiving antenna receives the superpositions of the scattered signals at various positions on the object surfaces. Under the assumption of Born primary scattering approximation with isotropic scattering, the backscattered millimeter-wave received by the receiving antenna can be expressed as
[image: image]
where s (x0, y0, ω) is the sampled data at point (x0, y0) with an angular frequency ω, f (x, y, z) represents the complex reflection coefficient of the observation object at the position (x, y), [image: image] represents the distance between the antennas and a certain point ((x, y)) of the human body, and k is the wavenumber. By scanning the entire aperture, a hologram of the surface information of the human body can be obtained, and then the corresponding image reconstruction algorithm can be used to invert the image of f (x, y, z).
As shown in Figure 1B, the areas around legs and arms in Figure 1A can be equivalent to two cylinders or elliptical cylinders with certain spacing. The millimeter-wave energy returned after secondary scattering produces equivalent artifacts between the two cylinders. In the expression of Eq. 1, the distance between the transceiver antenna and the object is determined by the optical path of the millimeter-wave reflection. For the primary scattering approximation, the millimeter-wave reflection after secondary scattering will be considered to be scattered once with the same optical path Sheen et al. [19]; Cheney [23]. In other words, the artifact is on a circle with the center of the transceiver antenna phase and the radius of a half optical path. In the image reconstructed by conventional algorithms, a virtual object (i.e., highlighted areas that is similar to real objects) will appear at the equivalent location of the multipath artifact.
[image: Figure 1]FIGURE 1 | (A) Schematic of millimeter-wave direct holographic imaging for human body imaging. (B) Schematic diagram of multipath artifacts. Since the transmitting and receiving antennas are approximately at the same position in actual operation, they are represented by a transceiver antenna.
Circular polarization waves have rotational orthogonality. Specifically speaking, if an antenna only has a left-hand circular polarization (LHCP), the right-hand circular polarization (RHCP) waves cannot be received by the antenna, and vice versa. As shown in Figure 2A, when an LHCP wave is reflected by a symmetrical object (plane or spherical surface), the polarization state of the reflected wave rotates in the orthogonal direction relative to the incident wave. That is, the reflected wave becomes an RHCP wave. As shown in Figure 2B, for the artifact area of two spaced objects, the circular polarization wave reaching the receiving antenna will have the same polarization direction as the incident wave after being scattered even times. Therefore, if the circular polarization directions of the transmitting and receiving antennas are orthogonal, the equivalent artifacts resulting from even-order scatterings are automatically filtered. In other words, the receiving antenna only receives the reflected waves resulting from odd-order scatterings. In practice, for two spaced cylinder structures, the energy of backscattered waves resulting from more than second-order scattering is very small. The main contribution of the multipath artifact is the secondary (second-order) scattering. If we use a cross-circular polarization transceiver, multipath artifacts will be effectively suppressed and so the image quality will be improved.
[image: Figure 2]FIGURE 2 | Schematic diagram of the reflection of a circularly polarized wave. The polarization of the reflected wave changes to the orthogonal direction relative to the incident wave. (A) Single scattering on the object. (B) Multiple scatterings between two spaced objects.
3 RESULTS AND DISCUSSION
3.1 Simulation experiments
To preliminarily verify the application of cross-circular polarization imaging, we have conducted simulation experiments based on Altair FEKO calculation. As shown in Figure 3A, two spaced aluminum cylinders were used to simulate the body, arms, and legs that produce multipath artifacts during security inspection. The radius of each cylinder is 0.05 m, the height is 0.04 m, and the center distance between the two cylinders is 0.12 m. The calculation frequency is set to 100 GHz. We have conducted two simulations to comparatively demonstrate the presented cross-polarization imaging method. One is cross-circular polarization imaging, the other one is traditional co-linear polarization imaging. The simulated antenna array is in the form of a 100 × 100 square matrix array. The side length of the antenna array is 0.5 m and the imaging distance is 1 m. The antenna array is placed along two directions (two cases) to observe for comparison. (1) The observation direction is along the y-axis, and the antenna array plane is parallel to the xoz-plane. (2) The observation direction is along the z-axis, and the antenna array plane is perpendicular to the z-axis. This case is consistent with the scenario of practical personnel security screening.
[image: Figure 3]FIGURE 3 | Simulated imaging results of two spaced aluminum cylinders. (A) 3D mesh structure diagram of two spaced aluminum cylinders for imaging simulation. (B) Co-linear polarization imaging (Conventional imaging) in the direction along y-axis. (C) Cross-circular polarization imaging in the direction along y-axis. (D) Co-linear polarization imaging (Conventional imaging) in the direction along z-axis. (E) Cross-circular polarization imaging in the direction along z-axis.
Figures 3B–E shows simulated imaging results of two spaced aluminum cylinders. Co-linear polarization imaging (conventional imaging) results are shown in Figures 3B, D. Cross-circular polarization imaging results are shown in Figures 3C, E. Because there is nearly no multiple scattering in the first case, nearly no multipath artifact appears in both Figures 3B, C. Co-linear and cross-circular polarization systems have similar reconstructed images. Note that, this case is only used to illustrate the artifact-free phenomenon of the plane object. As shown in Figures 3D, E, because the receiving antenna mainly receives the backscattered waves, two cylinder objects form two bright bands in the AMMW image. The other surfaces of the two cylinders scatter the waves in other directions. Note that there are obvious multipath artifacts between two cylinders in Figure 3D, which is the result of conventional co-liner polarization imaging. By using a cross-circular polarization transceiver, most multipath artifacts are effectively suppressed in Figure 3E. Except for the single and second scattering, much of the energy emitted by the transmitter penetrates through the space between two cylinders. In other words, the energies of backscattered waves resulting from more than second-order scattering are indeed very small due to the cylindrical structure and the certain spacing.
3.2 Measurement experiments
To further verify the effectiveness of the cross-circular polarization method, measurement experiments of two spaced aluminum cylinders have been conducted. As shown in Figure 4A, the experimental setup is mainly composed of a vector network analyzer (VNA) up to 67 GHz, millimeter-wave frequency multiplier (FM), 97–103 GHz circularly polarized antenna, and mechanical scanning platform. VNA is used for millimeter-wave generation and data acquisition. FM modules play the role of signal amplification and frequency conversion. The circularly polarized antenna consists of a circular horn, a circularly polarized waveguide, an ortho-mode transducer (OMT), a matched load, and a rectangular waveguide that connects with the radiometer Cheng et al. [24]. Due to the technological limitation of OMT, our circularly polarized antenna has a bandwidth of 6 GHz (97 ∼103 GHz). The antennas of co-linear polarization imaging are two standard square horns. To facilitate scanning imaging, two spaced aluminum cylinders are put on the scanning platform to form the relative motion with the transceiver. The plane scanning of the platform can be equivalent to that of the transceiver in Figure 1A.
[image: Figure 4]FIGURE 4 | Measured imaging results of two spaced aluminum cylinders along the observation direction. (A) Measurement experiment setup of co-polarized and cross-polarized imaging for two spaced aluminum cylinders at the working frequency of 97 ∼103 GHz. (B) Co-linear polarization imaging (Conventional imaging). (C) Cross-circular polarization imaging. (D) Co-circular polarization imaging. (E) Normalized pixel values of the yellow dashed line in (B), (C), and (D).
Figures 4B–E shows measured imaging results of two spaced aluminum cylinders. There are many clutter waves resulting from the mechanical scanning platform, which includes the scan column and the support table. As shown in Figure 4B, there are obvious multipath artifacts between two spaced cylinders. Two cylinder objects form two bright bands in the AMMW image. On the contrary, multipath artifacts are obviously suppressed by orthogonal circular polarization filtering in Figure 4C. To verify the energy distribution of the artifact suppression, a co-circular polarization imaging has been carried out and the image is shown in Figure 4D. The bright band in the middle of the image denotes equivalent artifacts resulting from even-order scatterings. In order to compare the effect of artifact suppression more intuitively, the pixels along the yellow dashed lines in Figures 4B–D have been extracted and depicted in Figure 4E. The average of a certain width of data along the yellow dotted line is calculated to reduce the misjudgment from the randomness of a single line. Each data have been normalized. From Figure 4E, the artifact peak between two spaced cylinders is clearly suppressed by cross-circular polarization filtering.
3.3 Discussion
In both simulated and measured experiments, the objects we used were pure aluminum cylinders with smooth surfaces. Radar imaging relies on backscattered echo signals. For the side of the cylinder, only a small area of the surface can reflect a strong echo signal. The backscatter of other facets is extremely weak and close to the background echo energy (almost invisible compared to the strong reflection region). Therefore, in both simulation and measured experiments, only strong reflection features like long strips can be obtained when imaging the side of the cylinder. For the variation of the platform profile in Figures 4B, C, this is caused by the co-polarization and cross-polarization differences. The vertical bar of the platform is a complex groove shape, and the rotating lead screw is installed inside. The scattering phenomenon of millimeter-wave in it is very complex, and this complex process is closely related to polarization. Due to the complexity of the structure, the image characteristics will be different for co-polarized and cross-polarized imaging.
In our experiments, we installed transmitting and receiving antennas separately. So, there are some distances between them. When the transceiver antenna has a certain spacing, it will affect the position and relative intensity of the equivalent artifact and the cylinder bright strip. Transceiver antennas that are not at the same location still satisfy the physical laws of co-polarized and cross-polarized imaging in Figure 2. Therefore, whether the transmitting and receiving antennas are at the same location does not significantly affect the effectiveness of the proposed method.
To quantitatively evaluate the effect of artifact suppression, we calculated the degree of reduction in the brightness of the artifact region by counting the data from multiple simulated and measured experiments. For the multiple simulation data in Figure 3, the brightness is reduced by about 6.7 dB after artifact suppression compared to the brightness before suppression. For the measured imaging data in Figure 4, the brightness is reduced by about 6.1 dB after artifact suppression compared to the brightness before suppression. It can be seen that the proposed method can reduce the artifact brightness by at least 6 dB. This makes the brightness of artifacts close to that of the background, thus reducing the impact of artifacts on image quality.
4 CONCLUSION
In summary, we report a cross-polarization method to suppress multipath artifacts for human body 97 ∼103 GHz AMMW imaging. Multipath artifacts around legs and arms have a negative impact on the image quality and the accuracy of object detection. Two cylinders or elliptical cylinders with certain spacing are equivalent to the areas around the legs and arms. The cylindrical structure and the certain spacing lead to the energies of backscattered waves resulting from more than second-order scattering being very small. So the cross-circular polarization transceiver can effectively suppress these artifacts due to its rotational orthogonality. Imaging experimental results demonstrate the presented method, which can suppress artifacts before image reconstruction and reduce the artifact brightness by at least 6 dB. In the near future, a miniaturized fast AMMW imaging system with cross-polarization transceivers will be developed and is expected to be commercially available in surveillance scenarios.
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