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Abstract

:

Due to the fact that a millimeter-wave (MMW) has a strong ability to penetrate clothing, MMW holographic imaging technology can conduct a non-contact inspection of the human body’s surface. In recent years, personnel surveillance systems utilizing MMW holographic imaging technology has achieved rapid progress. However, limited by MMW holographic imaging’s image quality, the existing imaging technology cannot accurately detect whether the human body carries hidden objects. Additionally, real-time inspection requirements cannot be practically satisfied, and the system cost is relatively high. In this paper, a reconstruction algorithm with enhanced imaging quality, which can solve the problem of spherical wave attenuation with distance, making imaging results more accurate. The sampling conditions and imaging resolution are simulated and analyzed, which verify the azimuth resolution. Furthermore, the antenna beam’s holographic imaging simulation is optimized, effectively improving the quality of the reconstructed image. The proposed scheme provides theoretical support for determining antenna step and scanning aperture size in engineering and have theoretical guiding significance for improving the image quality of millimeter-wave holography and reducing system cost.
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1. Introduction


Millimeter-wave imaging has various advantages, including with no risk of ionizing radiation, strong penetrating power on clothing, high imaging resolution, etc. Millimeter-wave imaging can effectively detect metal or plastic guns, explosives and other threats that are hidden under people’s clothes [1], which is suitable to be utilized in human security. Therefore, the exploration of security equipment based on millimeter-wave technology has great potential applications in the future. In 2013, Sheen and his colleagues discussed the effect of a wide beam on resolution [2]. In 2015, Baccouche proposed the 12 transmitting and 12 receiving sparse array imaging system that works in 75–110 GHz; the holographic reconstruction algorithm relies on increasing the system bandwidth, which increases the system cost [3]. In 2015, Qiao presented an exact reconstruction formula for near-field three-dimensional (3D) planar millimeter-wave (MMW) holographic imaging based on scalar diffraction theory [4], the proposed reconstruction formula cannot avoid the propagation loss of the source for the near-field imaging configuration. In 2017, Yurduseven explored the concept in the context of millimeter-wave imaging, presenting the design and simulation of a single frequency (75 GHz), multistatic, holographic spotlight aperture integrated into a K-band (17.5–26.5 GHz) frequency-diverse imager [5]. However, obtaining full resolution images across a large field-of-view (FOV) can lead to slow reconstruction times and limits the system performance. In 2019, Amineh examined novel holographic techniques to gain super-resolution or quantitative images. The author also discussed the capabilities and limitations of holographic reconstruction techniques [6]. In 2021, Tan proposed a range algorithm for near-range 3D image reconstruction, where phase decoupling is achieved with 2D Stolt mapping [7]. However, there is no way to recover three-dimensional distribution less than the range resolution. The algorithm shown in [7] lacks the matched filter to effectively compensate its phase. Jing presented an image fusion method with a single-frequency imaging method [8], but this too cannot obtain the required resolutions. Furthermore, Qiao demonstrated the AMMW 3D scan real-time imaging mechanism by using beam control techniques and fast post-processing algorithms, but the imaging systems need the targets to keep still and hold a special posture while screening, limiting the throughput [9].



Existing imaging products have a weak ability to penetrate clothes, slow imaging speed, serious artifacts and also produce ionizing radiation to the human body. The traditional two-dimensional plane holographic algorithm based on spherical wave expansion ignores the attenuation of a spherical wave with distance. To solve these problems, this paper proposes a two-dimensional planar accurate holographic reconstruction algorithm based on angular spectrum theory, which solves the problem of spherical wave attenuation with distance. In this paper, the accurate reconstruction algorithm of millimeter-wave holographic imaging is used to verify the azimuth resolution. Point target simulation with different spacing is used to verify the resolution. Additionally, to simulate the plus sign graph, the simulation results can effectively verify the theoretical feasibility of the proposed algorithm. The main research contents include the following aspects: first, two-dimensional holographic algorithms based on spherical wave expansion are proposed; and second, two-dimensional exact holographic reconstructions based on angular spectrum theory are derived. The azimuth resolution is verified by simulation, and the best sampling plane range is determined. Based on the prior beam and imaging distance, the diffraction hologram and inversion reconstruction image of the metal target with a complex reflectivity of one are observed by using an extremely narrow beam, an ordinary beam and an ultra-wide beam, respectively. The main lobe of the antenna beam in the holographic simulation was optimized from 8.8° to 57.0°, effectively improving the reconstructed image quality. In the single sending and receiving mode, the reconstruction effect of the transmitting antenna with a wide-beam half-wave oscillator is better than that of a narrow-beam horn antenna, and the minimum relative error of reconstructed data is as low as 6%.



The proposed algorithm can determine the size of the optimal sampling plane, taking into account the image quality and operation time, and provide basic theoretical support for determining antenna stepping and scanning aperture in engineering. Meanwhile, this paper provides a theoretical basis for the optimization of a transmitting antenna beam and an obtained high resolution reconstruction image in the practical engineering application. The research on millimeter-wave accurate holographic reconstruction algorithms in this paper provides a theoretical support for applying millimeter-wave imaging systems in human security.




2. Accurate Millimeter-Wave Reconstruction Algorithm Based on Spherical Wave Expansion


The imaging system is a single transmitting and single receiving mode, which includes a transmitting antenna and a receiving antenna. The receiving antenna RX and transmitting antenna TX of the millimeter-wave direct holographic imaging system are placed next to each other, which is approximately considered to be in the same position. The transmitting antenna TX emits spherical waves to irradiate the imaging object, and each point on the object scatters millimeter-wave signals. Then, the scattered signals received by the receiving antenna will be the superposition of the scattered signals from various positions on the object surface.



The millimeter-wave signal from the transmitting antenna irradiates on the target object, each point on the object scatters millimeter-wave signals, which are then received by a receiving antenna, after scattering once, and move a step to the next position. Complete the horizontal and vertical scanning in turn, forming a scanning aperture.



The whole system only has one transmitter and one receiver, and both of them are in the same position, horizontal and vertical scanning is completed by mechanical movement; therefore, there is no interference between multiple transmitters or receivers opened at the same time. The scattering data (including field intensity and phase) received by the receiving antenna at each position can be substituted into the algorithm described in this paper to reconstruct the object image.



Millimeter-wave direct holographic imaging relies on heterodyne mixing technology, which measures complex signals containing amplitude and phase information rather than millimeter-wave intensity. The millimeter-wave signal from the millimeter-wave source is divided into two channels through the coupler, one of which is irradiated on the object through the transmitting antenna. The other signal is input to the I/Q modem as a reference signal.



The millimeter-wave signal scattered by the object is received by the receiving antenna and input to the I/Q demodulator as the measurement signal after passing through the power amplifier. The I/Q demodulator uses the reference signal to extract the phase of the measured signal. Without considering the signal amplitude, it is assumed that the millimeter-wave signal from the millimeter-wave source is cos ωt, where ω is the angular frequency of the millimeter-wave signal, and t is the time. The millimeter-wave signal received by the receiving antenna introduces the phase φ to be measured because it goes through the process of incident on the surface of the object and reflects back; therefore, the signal can be expressed as cos (ωt + φ).



Mixers mainly contain a multiplier and a band pass filter. The product of the two signals input to mixer one is calculated, and the real part I of the complex signal to be measured is obtained by the low pass filtering of the signal. The reference signal input to mixer two is first carried out in a 90 degrees phase shift, and the imaginary part Q of the complex signal to be measured can be obtained by low pass filtering. In actual measurement, the output signal of the I/Q demodulator also contains amplitude information, and the phase information can be directly extracted by using the above-mentioned measurement circuit for millimeter-wave direct holographic imaging, without the irradiation of the reference wave. This greatly simplifies the imaging device and facilitates the imaging of any field of view.



Firstly, taking single-frequency holography as an example, the millimeter-wave wavelength is λ, the wave number k = 2π/λ and the target complex reflectivity is f (x, y) [10,11]. Based on plane scanning, Rx is the omnidirectional antenna, transceiver antenna Tx, Rx are in the same position (x0, y0), the vertical distance between the target plane and the scanning plane is set as z0, the distance between the object point (x, y) and the transceiver antenna position (x0, y0) is as follows:


  r =     ( x −  x 0  )  2  +   ( y −  y 0  )  2  +  z 0    2     



(1)







The two-dimensional imaging model is shown in Figure 1. The transmitting antenna TX emits a spherical wave exp(−jkr)/r (r is the distance) to irradiate on the imaging object, and each point on the object scatters millimeter-wave signals. Then, the scattered signals received by the receiving antenna will be the superposition of scattered signals from each position on the object surface. Under the assumption of the Born primary scattering approximation and isotropic scattering, the complex signal s (x0, y0) collected by heterodyne-mixing technology is the superposition of the scattered echo signals of all the sampling points in the target plane, which can be expressed as follows [12,13,14,15]:


  s  (   x 0  ,  y 0   )  =   ∬  f  (  x , y  )       exp  (  − j 2 k r  )     r 2    d x d y  



(2)




where s (x0, y0) is the complex signal measured using heterodyne mixing technology. Ignoring the attenuation of the spherical wave with distance, the spherical wave is developed into a plane wave, and the Fourier transform is used here [16,17]. When the Fourier variables of x0 and y0 are denoted as kx0 and ky0, the complex signal s (x0, y0) can be described as follows:


  s  (   x 0  ,  y 0   )  ≈   ∬   [    ∬  f  (  x , y  )  exp  (  − j  k   x 0    − j  k   y 0     )  d x d y     ]     ⋅ exp  (  j  k   x 0     x 0  + j  k   y 0     y 0  − j  k   Z 0     Z 0   )  d  k   x 0    d  k   y 0     



(3)







Through substituting kZ0 into (3), the reconstruction formula is obtained by the following:


  f ( x , y ) = F  T  2 D   − 1    [  F  T  2 D    [  s  (   x 0  ,  y 0   )   ]  exp  (  j  Z 0    4  k 2  −  k   x 0   2  −  k   y 0   2     )   ]   



(4)







The distribution of “spatial spectrum” can be obtained by FT in space. If the light field distribution of the plane z = 0 is U0 (x, y, 0), the angular spectrum distribution of the light field U0 (x, y, 0) will be obtained through FT, and the expression is as follows:


  A  (   f x  ,  f y  , 0  )  =   ∬  U  (  x , y , 0  )     exp  [  − j 2 π  (  x  f x  + y  f y   )   ]  d x d y  



(5)







Through IFT, the light field distribution at z = Z0 can be obtained as follows:


   U z   (  x , y ,  Z 0   )  =   ∬   A z      (   f x  ,  f y  ,  Z 0   )  exp  [  j 2 π  (  x  f x  + y  f y   )   ]  d  f x  d  f y   



(6)







The angle spectral distribution of the target plane is obtained by using the known angle spectral distribution of the light field as follows:


   U z   (   x 0  ,  y 0  ,  Z 0   )  =   ∬  A  (   f x  ,  f y   )     exp  (  j k  Z 0    1 −  λ 2   f x 2  −  λ 2   f y 2     )  ⋅ exp  (  j 2 π  (   f x   x 0  +  f y   y 0   )   )  d  f x  d  f y   



(7)







Substitute Equation (2) in accordance with the angular spectrum propagation formula (7), when component k is simplified and substituted as kx = 2πfx, ky = 2πfy, the reconstruction formula is shown as follows:


  f  (  x , y  )  =    {    2  Z 0    j λ   F  T  2 D   − 1    {    F  T  2 D    [   s ∗   (   x 0  ,  y 0   )   ]      exp  (  − j  Z 0    4  k 2  −  k x 2  −  k y 2     )     }   }   ∗   



(8)







The image resolution reflects the quality of the reconstructed image. Millimeter-wave holographic imaging uses the basic principle of synthetic aperture radar (SAR) for reference. In order to meet the requirements of the security inspection imaging system, the focusing plane (imaging distance) of this paper is set as 3 m. The expression of azimuth resolution is related to the millimeter-wave wavelength, target distance and scanning aperture size [18], which is expressed as follows:


   δ y  =    λ c   z 0    2  L y     



(9)




where δy is the Y-resolution, λc is the wavelength corresponding to the center frequency, z0 is the spacing between the target plane and the imaging plane and Ly is the aperture size of the antenna synthesis. It can be seen from Equation (9) that the resolution depends mainly on the synthetic aperture. The larger the aperture is, the stronger the resolution is.



The optimal sampling plane mentioned in this paper is determined by sampling points and scanning aperture size, the sampling range formula is as follows:


   L  p r   =  L 0  +   λ  z 0    2 Δ  y ′     



(10)




where Δy’ is the sampling interval and L0 is the horizontal dimension of the target. Lpr is the suggested value of the sampling plane side length. Lre is the size of the receiving plane. Lpr is obtained according to the highest frequency of the image, which can be approximately satisfied. However, when Lpr/Lre is too large, the receiving plane will be too small and a large number of high-frequency components will be lost in the reconstructed image, resulting in image blur. In this paper, the plus sign graphic simulation is used to obtain the optimal sampling plane, and the optimal focusing range of the system is jointly determined by the operating frequency of the system, the beam width of the antenna and the size of the scanning aperture. The imaging system proposed in this paper is mainly applied in the security check system; therefore, the imaging distance is set as 3 m. The operating frequency of the system, the beam width of the antenna and the size of the scanning aperture are also set according to this index.



In optics, Fresnel diffraction refers to the diffraction of light waves in the near field region. The Fresnel diffraction integral formula can be used to calculate the propagation of light waves in the near field region. The Fresnel diffraction reconstruction algorithm can extract the amplitude and phase information of the measured sample from a hologram and reconstruct the original object image in real time.



The antenna has a narrow beam and a weak diffraction effect. The reason is that the reflection and scattering intensity of the other lattice in the target image outside the beam is almost not received when the beam is very narrow. In millimeter-wave holography, when the half-power beam width is small, the beam sent by the antenna cannot cover the whole imaging object, and the object will not be irradiated by the beam of a large angle at all. Therefore, the resolution of synthetic aperture holographic imaging will be limited. When the beam of the receiving antenna is very narrow, the electromagnetic wave propagates in a straight line almost without diffraction. When the diffraction effect is weak, the Fresnel diffraction inversion is no longer suitable for imaging because the reconstructed image produced by the algorithm is not as sharp as the diffraction image. For wide-beam antennas, the direction pattern has little effect on the imaging effect and can often be ignored. In the actual millimeter-wave imaging system, the actual scene, the size of transceiver array unit and the spacing of unit center should be considered comprehensively. As the ideal extremely narrow beam and ultra-wide beam are difficult to achieve, the beam of the transmitting antenna is optimized in this paper to obtain the highest resolution and best millimeter-wave holographic inversion of the reconstruction image.




3. Results and Analysis


3.1. Point Target Simulation Verifies Resolution


In this simulation, the reconstructed image’s resolution is considered as the minimum distance that the system can distinguish the two points clearly. Here, two close point sources are taken as an example, the reconstruction algorithm is applied here to image the target. The point target simulation diagram is shown in Figure 2. The target points are set 15 mm apart from each other in the center, and the diameter of the points was 3 mm.



The simulation models are established and shown in Figure 2a. In order to verify that the reconstructed image could exactly distinguish the minimum distance between two points, the distances between the two-point targets were set as 12, 15, 18 and 21 mm, respectively, whose models are shown in (i), (ii), (iii) and (iv). The corresponding hologram images are calculated and shown in Figure 2b. Based on the proposed millimeter-wave holographic accurate reconstruction algorithm, the reconstruction imaging results of the different point-target models are shown in Figure 2c.



By comparing Figure 2(ci–civ), it can be found that when the distance between two-point targets is 12 mm, the two-point targets are difficult to distinguish. As the distance increases to 15 mm, the two-point targets can be exactly distinguished. When the distances are set as 18 and 21 mm, the reconstruction results of the point targets can be clearly observed. In order to make a further numerical analysis, the data along the longitudinal profile of the imaging target are abstracted, as the curves show in Figure 2d,e, exhibiting the clear tendency of the peak values. As shown in Figure 2d, when the distance between the two targets is 12 mm, there is only one peak in the curve, and it is impossible to distinguish the two targets. When the distance is 15 mm, there exists a flat peak curve, which means that the two strong peaks are very close together. Considering the surrounding image, it can be observed that the two points are closely parallel. When the distance is 18 or 21 mm, two separate peaks can be clearly seen in the contour line, indicating that the reconstruction results can be achieved with high quality. The resolution calculated using Equation (7) is 14.6 mm. In the experiment, when the distance between the two points is 15 mm, the point targets can be precisely distinguished. The theoretical results are consistent with the simulation results.




3.2. The Optimal Sampling Plane Simulation


The plus-model simulation is adopted to observe the internal fluctuation of the reconstructed image, and the reconstruction effect of the model is shown in Figure 3. The corresponding parameters of the model are shown in Table 1.



When we set N = 128, λ = 3.75 mm, z0 = 3 m, the condition of sampling interval can be calculated as   Δ  y ′  ≤ 4.73   mm  . In order to compare the influence produced by different sampling intervals, here we choose 3 and 4.5 mm as the sampling intervals in the simulations, and the corresponding results are shown in Figure 3a,b. According to the calculation formula, 4.5 mm is the best sampling interval. The corresponding hologram result is shown in Figure 3(ai), and the reconstructed result shown in Figure 3(aii). It can be seen that the image of the plus model is successfully proposed.



Figure 3b presents the hologram and reconstruction results with a 3-millimeter sampling interval. It can be seen that, although the 3-millimeter sampling interval meets the requirements of ∆y’, the scanning aperture is too small to reconstruct the imaging with high quality, where the reconstructed image is blurred, and the edge of the plus sign pattern appears obvious strip artifact.



It can be considered as that, when the antenna aperture and target plane are the same size, the received data would be incomplete due to the divergence characteristics of wave propagating, where the high frequency information would be lost.



Comparing Figure 3a,b, it can be seen that when the dimension of the model is fixed, the size of the detected plane would be changed with the variable sampling intervals. Under the same size, the reconstruction result with a sampling interval of 4.5 mm is better than the reconstruction result with a sampling interval of 3 mm.



Furthermore, in order to compare the influence of different sampling numbers on the imaging results, the sampling interval is set as 3 mm, while the number of sampling points is 256. The corresponding hologram and reconstructed imaging are shown in Figure 3c. Comparing the results in Figure 3(bii,cii) it can be seen that when the sampling points are increased, the reconstructed imaging is clearer. It is attributed to that with a larger imaging plane, as the receiving antenna can obtain more high-frequency components to solve the edge blur. This experiment provides theoretical support for determining the antenna step and scanning aperture in an engineering situation. Figure 3d is the imaging intensity of the longitudinal profile line in the corresponding reconstructed image.



It can be observed from comparing Figure 3(di,dii) that, when the aperture size is small, the edge of the curve peak becomes rounded, meaning that the reconstruction image edge is blurred. Figure 3(diii) illustrates the reconstruction effect with sampling condition 3 mm × 256, which is are the best results in the current simulation.




3.3. Line Pair Model Simulation


The actual electromagnetic waves radiated by the antenna are not ideal spherical waves, and their radiation characteristics are described by the antenna pattern. Antennas usually have a main lobe and a side lobe, and the width of the main lobe can be described by the half-power beam width. In millimeter-wave holography, when the half-power beam width is small, the beam sent by the antenna cannot cover the whole imaging object, and the object will not be irradiated by the beam of large angle at all. Therefore, the resolution of synthetic aperture holographic imaging will be limited. On the other hand, due to the existence of the main lobe and the sidelobe in the antenna direction diagram, the MMW image obtained under ideal conditions will be blurred. For wide-beam antennas, the pattern has little effect on the imaging effect and can often be ignored.



Line-pair simulation is conducted with the prior beam and imaging distance of the accurate holographic reconstruction algorithm. The influence of the beam width of the receiving antenna on the imaging results are analyzed and studied in Figure 4.



Figure 4a is the schematic diagram of the target line pair model with beam scanning. The simulation target is a line-pair model, in which the complex reflectivity of the target lattice and line pair is one, the center frequency is 80 GHz and the wavelength is 3.75 mm. The vertical distance between the target plane and the imaging plane is set as z0, the antenna half-angle is θb and the scanning radius r covered by the beam is obtained through the following calculation:   r =  z 0  tan  θ b   .



In this paper, the vertical distance between the target plane and the receiving antenna z0 = 1000 mm, and the beam width of the receiving antenna is set with three different beam widths, including the extremely narrow beam (the half-angle of the antenna θb = 0.73°), ordinary beam (the half-angle of the antenna θb = 4.42°) and ultra-wide beam (the omnidirectional antenna).



The model and detailed size labeling of the line-target are shown in Figure 4b. Three groups of dot matrices are set up in upper left corner, upper right corner and lower right corner. The width of each pixel in the image was set to 3 mm. The similarity of these three groups is that each unit point’s center interval is equal to six pixels, and the length is 18 mm. The difference lies in that the width of each unit point of these three groups is one-, two- and three-pixel points in turn, that is, the widths of the pixel points were 3, 6 and 9 mm, respectively. The line pair model is set up in the bottom left corner.



Figure 4c–e are holographic diffraction patterns with different beam widths. It can be observed that, with the increase in the antenna beam width, the diffraction pattern becomes less clear, and the diffraction effect becomes stronger.



The holographic diffraction Figure 4c is clearest when the very narrow beam is applied. When the receiving antenna beam is extremely narrow, the electromagnetic wave propagates approximately in a straight line, there is almost no diffraction, and the diffraction pattern is the closest to the original target image. The reason for this result is that when the receiving antenna uses a very narrow beam, there is almost no reflection and scattering intensity of the other lattice in the target image outside the received beam.



In Figure 4d, it is found that when the receiving antenna is a general beam, the electromagnetic wave follows the Fresnel diffraction theorem. The antenna gain is higher in the main lobe with an obvious diffraction phenomenon. For the part beyond the antenna’s main lobe, the diffraction of the target becomes weak due to the low gain. Figure 4e shows the reconstructed results with the receiving antenna as an omnidirectional antenna, where all the pixel intensity of the target plane is the superposition of the distance and the phase. It presents a very strong diffraction phenomenon, and the wide beam scanning covers the horizontal and vertical direction of the target, reducing the interference caused by specular reflection. Figure 4f–h are the corresponding reconstruction patterns. It can be found that the definition of the holographic diffraction image with an extremely narrow beam is even higher than the reconstructed image calculated using the inversion algorism. Fresnel diffraction inversion is no longer suitable for computational holographic imaging because of the weak diffraction effect, which means that the image reconstructed using the algorithm is not as sharp as the diffraction image. In practice, such a very narrow antenna beam is extremely difficult to achieve in engineering and physical production.



It can be found from Figure 4g that when the half angle of the antenna is 4.22° (general beam), although the electromagnetic wave follows the Fresnel diffraction theorem and the corresponding imaging result is slightly better than that in Figure 4f, it is still not ideal.



Comparing Figure 4f,g, the small units of three lattice groups can be clearly seen in Figure 4h, which is the best reconstruction result. Based on the calculation of the formula, the 3 dB half-power beam width of the receiving antenna is 57.01°, which can cover the whole target plane and meet the requirements of receiving each pixel point in the target plane. As it is difficult to realize the extremely narrow beam and ultra-wide beam that are ideal in practical applications, reconstruction images with the high-resolution quality can be obtained by rationally optimizing the beam of the transmitting antenna and controlling the beam width within a certain range.




3.4. FEKO Modeling and Simulation


The purpose of this simulation is to analyze the effects of holographic diffraction images and inversion reconstruction images under the conditions of different types of transmitting antennas and different beam widths, and to compare the quality of the reconstruction images of normal sampling and sparse sampling.



Transmitting antennas adopt a Y-polarized half-wave oscillator and an X-polarized horn antenna, respectively. The receiving antenna can be regarded as an omnidirectional antenna to obtain all the directional components of the electric field at the receiving antenna in the scene. The simulation diagram of the metal strip is shown in Figure 5a, where the metal strip’s length and width are set as 20 and 5 mm. The center frequency of the transmitting antenna is 94 GHz, and the wavelength is 3.19 mm. The step of the antenna is ∆x and the vertical distance between the target plane and the transmitting antenna is 100 mm. The imaging system adopts a single sending and single receiving mode, and the transmitting and receiving antennas are located in the same position. Figure 5b shows a metal band hologram image when the transmitting antenna is a dipole and the sampling interval is set as 1.5 mm, and the reconstruction imaging result in Figure 5c is calculated based on precise reconstruction algorithm of millimeter-wave holography. It can be seen that the reconstruction effect is in agreement with the pre-setting model. The simulated length and width of the reconstructed metal strip image are 18.5 and 5.3 mm, respectively. Compared to the pre-setting model size, the minimum error of the reconstructed image data is as low as 6%.



The corresponding hologram and reconstructed imaging results shown in Figure 5d,e are for when the transmitting antenna is still set as a dipole and the sampling interval is changed to 3 mm. Compared with the reconstruction images with sampling interval of one wavelength and half wavelength, the reconstruction results are obviously different. The width of the reconstructed metal strip in Figure 5e has a large distortion. This is because the sampling interval cannot meet the Nyquist sampling theorem, resulting in the array antenna’s step being too sparse to create an image with high quality.



Next, the reconstruction results based on the horn antenna with a half angle of 11.5° is discussed, and the sampling interval is set as 1.5 mm. The hologram and reconstruction results are shown in Figure 5f,g, respectively. It can be found that the diffraction effect of the hologram is improved, and the pattern of the corresponding reconstructed band is more consistent with the preset model.



By comparing the reconstruction results of the transmitting antenna with a narrow beam and a wide beam, the image reconstructed with a wide beam antenna can be clearer, while the edge of the reconstructed image with a narrow beam is blurrier. In contrast, increasing the antenna beam width and optimizing the sampling interval can effectively improve the quality of reconstructed images.





4. Discussion


To summarize, the two-dimensional plane holographic algorithm based on spherical wave expansion and the two-dimensional plane accurate holographic reconstruction algorithm based on angular spectrum theory are derived. The accurate holographic reconstruction algorithm is used to determine the resolution and the best sampling plane range. With the fixed prior beam and imaging distance, the diffraction hologram and inversion reconstruction image of the target line pair with a complex reflectivity of one can be observed under the extremely narrow beam, ordinary beam and ultra-wide beam. The antenna beam in holographic simulation is optimized. Additionally, in the single-shot and single-receive mode, the reconstruction effect of the transmitting antenna as a wide-beam half-wave oscillator is better than the narrow-beam horn antenna, and the minimum relative error of reconstruction data is as low as 6%. The methods and principles proposed in this paper provide theoretical support for determining the antenna step and scanning aperture size in engineering and have theoretical guiding significance for improving the image quality of millimeter-wave holography and reducing the system cost.
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Figure 1. Schematic diagram of millimeter-wave plane scanning. Rx is the omnidirectional antenna. The transmitting antenna Tx and the receiving antenna Rx are at the same position. The vertical distance between the target plane and the scanning plane is z0. 
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Figure 2. Point target holographic imaging results, (a) is the model with the spacing between two points of 12, 15, 18 and 21 mm, (b) is the hologram corresponding to each model in (a), (c) is the reconstruction imaging of point target corresponding to each model in (a). In (d) and (e), curves are drawn with a column of data of the imaging target’s longitudinal profile to observe the resolution effect of the point target at different distances. 
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Figure 3. Holograms and reconstructions of the plus model. (a) (i) is the hologram when the sampling interval is 4.5 mm and the sampling points are 128. (b) (i) is the hologram when the sampling interval is 3 mm and the sampling points are 128. (c) (i) is the hologram when the sampling interval is 3 mm and the sampling points is 256. (aii–cii) are the corresponding reconstructed images, and (d) (i–iii) is the imaging intensity of the longitudinal profile line in the corresponding reconstructed image. 
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Figure 4. Simulation results of the line-model. (a) is the line simulation diagram. The distance between the transmitting and receiving plane is 1 m. The target plane is a square the same size as the imaging plane. The sampling points are 128 × 128, the sampling interval of the antenna array, the length and width of the scanning aperture are both 384 mm, (b) is the line-pair target model and detailed dimension marking. (c–e) are the holographic diffraction patterns of an extremely narrow beam, ordinary beam and ultra-wide beam, respectively, and (f–h) are the corresponding reconstruction patterns. 
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Figure 5. Simulation results of metal strip model. The scanning schematic diagram of receiving and transmitting antenna is shown in (a). The transmitting antenna adopts a half-wave dipole antenna with a working frequency of 94 GHz and the length of the antenna’s single arm is λ/4. The polarization mode of the antenna is Y polarization. (b,c) are hologram and reconstructed image of the metal strip when the transmitting antenna is a half-wave pole, and the sampling interval is 1.5 mm. (d,e) are hologram and reconstructed images when the transmitting antenna is a dipole, and the sampling interval is 3 mm. (f,g) are hologram and reconstructed images when the transmitting antenna is a horn antenna of 11.5° half angle and the sampling interval is 1.5 mm. 
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Table 1. Plus-graphic simulation parameters.
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	Parameter Name
	Parameter Value
	Parameter Name
	Parameter Value





	Center frequency
	80 GHz
	Horizontal bar pixels
	20~108



	Wavelength
	3.75 mm
	Horizontal bar vertical pixel point
	54~74



	Imaging distance
	3 m
	The length and width of the bar
	264 mm × 60 mm



	Pixels of the original image
	128 × 128
	Actual sampling points
	128 × 128



	Pixel interval
	3 mm × 3 mm
	Actual sampling interval
	4.5 mm × 4.5 mm
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