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This article presents a holographic metasurface antenna with stochastically distributed surface impedance, which produces randomly frequency-diverse radiation patterns. Low mutual coherence electric field patterns generated by the holographic metasurface antenna can cover the K-band from 18 to 26 GHz with 0.1 GHz intervals. By utilizing the frequency-diverse holographic metasurface (FDHM) antenna, we build a near-field microwave computational imaging system based on reflected signals in the frequency domain. A standard horn antenna is adopted to acquire frequency domain signals radiated from the proposed FDHM antenna. A detail imaging restoration process is presented, and the desired targets are correctly reconstructed using the 81 frequency-diverse patterns through full-wave simulation studies. Compressed sensing technique and iterative shrinkage/thresholding algorithms are applied for the imaging reconstruction. The achieved compressive ratio of this computational imaging system on the physical layer is 30:1.
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INTRODUCTION
Computational imaging (CI) on the physical layer based on metamaterials is an emerging research hotspot for both metamaterial applications and microwave imaging (Hunt et al., 2013). Compared with traditional microwave imaging techniques, for example, range migration, microwave holography, or synthetic aperture radar (Lopez–Sahcnez and Fortuny–Guasch, 2000; Sheen et al., 2001; Moreira et al., 2013), metamaterial apertures leveraging compressed sensing (CS) for CI possess simple structure, light weight, and low cost. Since major imaging restoration resources are recovery systems using CS theory, we could remarkably reduce the complexity and cost of imaging hardware systems (Duarte et al., 2008). The term CI is considered to describe data acquisition on the hardware layer and data post-process (imaging reconstruction) on the CS algorithm layer.
The first metamaterial aperture for CI was reported in the study by Hunt et al. (2013). By utilizing frequency-diverse leaky-wave metamaterial unit cells, randomly distributed radiation patterns, satisfying compressed sampling conditions, at the frequency domain are achieved. Through measuring the reflected frequency-diverse patterns by a horn antenna, imaging of the metallic object was properly reconstructed in the observation region. Further research studies extended this work in various aspects, for instance, high Q-factor metamaterial element (Hunt et al., 2014), feed diversity (Fromenteze et al., 2015), dynamic metasurface antenna (Sleasman et al., 2015; Pulido-Mancera et al., 2016; Sleasman et al., 2016), multi-look imaging (Yurduseven et al., 2017), and polarimetric imaging (Fromenteze et al., 2017). A review of metamaterial antennas for microwave CI is presented in the study by Imani et al. (2020).
Till now, existing literature mainly focused on leaky-wave metamaterials for microwave CI. We note that such a radiation mechanism only excites parts of the metamaterial elements at the specific frequency, reducing the aperture efficiency. Recent research works indicate that the two-dimensional planar metamaterial, metasurface, exhibits more flexible and powerful electromagnetic (EM) wave tuning abilities (Han et al., 2021a; Li et al., 2021a; Li et al., 2021b). To exploit the whole metasurface aperture for radiation, in a recent study, a 1-bit phase-shift programmable reflective metasurface was applied to implement randomly spatial patterns (Han et al., 2020). However, the spatial feed scheme results in a high-profile structure. In this article, we propose the frequency-diverse holographic metasurface (FDHM) antenna, consisting of planar surface impedance tunable elements (Fong et al., 2010), to realize measurement patterns for CI. The reasons for adopting the FDHM antenna are twofold. First, this type of metasurface antenna guides and leaks surface waves to form spatial patterns, utilizing the whole aperture for radiation. On the other hand, the frequency dispersion nature of the surface impedance element makes FDHM antenna a good candidate to fulfill the random sampling. The presented FDHM antenna shows frequency-diverse patterns within K-band from 18 to 26 GHz. A near-field microwave CI system is constructed and validated through full-wave simulations. The data acquisition and data post-process for imaging restoration are detailed.
MATERIALS AND METHODS
Frequency-Diverse Holographic Metasurface Antenna
The concept of holographic metasurface (HM) antenna was first proposed in (Fong et al., 2010), which is a new kind of metasurface antenna applying holographic theory for designing beam patterns. We mentioned that the holographic theory for HM is distinct from holographic imaging. The proposed FDHM antenna is illustrated in Figure 1A, which is composed of randomly distributed square patches printed on a substrate covered by ground plane. The substrate is a Rogers 3006, with a permittivity of 6.15, loss tangent of 0.0025, and thickness of 1.27 mm. The aperture size of the FDHM antenna is 66 mm × 66 mm. The conventional design purposes of HM antennas are beam formation and polarization control (Han et al., 2021b). By contrast, in this work, we use the frequency-diverse characteristics of HM antenna, which is the first attempt to the best of the authors’ knowledge.
[image: Figure 1]FIGURE 1 | (A) Perspective view of the proposed FDHM antenna. (B) Full-wave simulation model of the element.
According to the design principle of holographic metasurface (Patel and Grbic, 2011) (Pandi et al., 2015), the surface impedance of the element should be determined first. In this design, a commercial eigen solver based on the finite element method is utilized to figure out the operating frequency under a given phase delay. The simulation model is depicted in Figure 1B with the periodic value of L = 2.2 mm and gap g between the patch and the period. The periodic boundary condition (PBC) is set in the simulator to model infinite planar metasurfaces. Substrate parameters are described as mentioned above. Due to the symmetric property of the square patch, only phase delay ϕ on the x-axis is analyzed. We assign various phase delays in the simulator to solve the eigen frequencies. Moreover, different gaps are also studied to verify that the frequency-diverse surface impedance can be realized as random elements are applied. Once the eigen frequency fe is calculated for a given phase delay ϕ and gap, the effective surface impedance can be expressed as (Fong et al., 2010) follows:
[image: image]
where Z0 is the free space impedance, c is the light speed, and L is the period of the element.
Near-Field Microwave Computational Imaging System
Based on the proposed FDHM antenna and microwave CI technique, a near-field imaging system is established, as shown in Figure 2. As it can be observed from the scheme, the FDHM antenna as a transmitter (Tx) and a standard horn antenna working at K-band as a receiver (Rx) are the critical components of this system. A basic operation principle is first described, and the microwave CI technique using the frequency-diverse method is then detailed.
[image: Figure 2]FIGURE 2 | Near-field microwave CI system based on the FDHM antenna and CS theory.
Generally, microwave CI can be completed in two parts: data acquisition and data post-process. By using the proposed system, data acquisition for post-process is simply measured by a vector network analyzer (VNA). Port one connects the FDHM antenna, while Port two connects the horn antenna. The two antennas are located at the xoy-plane. Here, we assume Port 1 as Tx and Port 2 as Rx. Therefore, the measured S21 contains the required data for image restoration, which is labeled as y. At the inspected plane, the frequency-diverse patterns from Tx sense this area for each inspected voxel.
We detail the positions of the Tx, the Rx, and the inspected plane. As illustrated in Figure 2, the center of the Tx is located at (0, −35, 0) mm with the aperture size of 66 mm × 66 mm, the center of the Rx is located at (0, 10, 0) mm with the aperture size of 16 mm × 22 mm, and the inspected plane is located at (0, 0, 200) mm with the size of 400 mm × 400 mm. The height of the inspected plane is 200 mm, which lies in the Fresnel near field of the Tx/Rx antennas. We emphasize that the FDHM antenna has randomly distributed patterns in the three-dimensional space in the near field. Thus, the inspected plane in Figure 2 located inclined above the proposed antenna also possesses randomly sensing ability.
The reflected signals are captured by Rx and recorded by VNA. When the first born approximation and diffraction-limited imaging, denoted as x, are satisfied, the fields of Tx and Rx form the measurement matrix H. Then, a matrix representation is applied for data post-process, as follows (Imani et al., 2020) (Cossairt et al., 2013):
[image: image]
where M is the number of sensing measurements and N is the number of target voxels. As aforementioned, the sensing matrix H is built by
[image: image]
where m = 1 ... M, and n = 1 ... N. As implied by the CS theory, for a compressible image, the reconstruction can be achieved even though M < N. For this linear inverse problem, iterative shrinkage/thresholding algorithms are effective for realizing imaging restoration (Donoho, 2006) (Bioucas–Dias and Figueiredo, 2007).
Recognizing materials from background is a characterized capability of microwave imaging which is different from imaging in optics. Thereby, for the proposed imaging system, S-parameter calibration is required, that is (Amineh et al., 2011),
[image: image]
where [image: image] is the measured signal with objects and [image: image] is the measured signal without objects. We note that the S-parameter calibration should be performed within the whole operating frequency band.
RESULTS
Frequency-Diverse Radiation Patterns
Prior to conducting the imaging reconstruction, the randomly distributed patterns in the frequency domain of the FDHM antenna are examined. First, the surface impedance of the square element versus frequency for various gaps is calculated and plotted in Figure 3A. As it can be seen, within the operating band, for each frequency point, distinct gaps are related to different surface impedances. More importantly, for a given gap, the corresponding surface impedance varies with frequency. These characteristics provide the possibility of realizing frequency-diverse patterns through the surface impedance modulation. We mentioned that when the gap is zero, the element shows very high surface impedance because it only supports the guided mode in this case. Therefore, increasing the ratio of this element in an FDHM antenna would increase the surface wave modulation capability accordingly.
[image: Figure 3]FIGURE 3 | (A) Surface impedance versus frequency for various gaps. (B) Simulated return losses for the FDHM antenna and horn antenna. (C) Randomly distributed sensing patterns at different frequencies.
Without loss of generality, in this design, we use a pseudorandom number generator to construct the element distribution of the FDHM antenna. The FDHM antenna and horn antenna are simulated in Altair FEKO to obtain return losses (|S11|) and near-field radiation patterns. The simulated return losses are plotted in Figure 3B. From the results, the |S11| < −10 dB can be achieved within the working frequency band except for several frequencies at both sides of the band for the FDHM antenna. The results stated that the designed antenna and the standard horn antenna are capable of radiating EM waves effectively. Next, sensing matrix H is built with the near-field electric field (E-field) of the two antennas using (3). The sampling grid number is selected as 51 × 51, that is, N = 2,601. Randomly distributed sensing patterns at 18 GHz, 22 GHz, and 26 GHz are selected and plotted in Figure 3C. Besides, the corresponding sensing frequencies in the measurement matrix are also illustrated for better recognition. The simulated frequency points are M = 81, covering K-band from 18 to 26 GHz with 0.1 intervals. The achieved compressed ratio of this system is about 30:1, which can be calculated by N/M = 51 × 51/81 = 32.11:1 ≈ 30:1.
We further investigate the mutual coherence of the sensing matrix, which is defined as
[image: image]
where [image: image] is the sensing matrix with all columns normalized and [image: image] denotes the transposed sensing matrix. For the proposed FDHM antenna, the calculated mutual coherence is μg = 0.0736, which is sufficient for compressible image restoration (Lipworth et al., 2013).
Imaging Reconstruction
To demonstrate our near-field imaging system, we conduct theoretical imaging reconstruction to test the sensing matrix and a full-wave imaging reconstruction simulation to verify this system with a realistic metallic object. The two experiments can be applied to confirm each other. The theoretical imaging reconstruction is to build an ideal imaging for vector xideal with zero and one distribution. Element zero stands for free space, while element one stands for the perfect electric conductor (PEC) object. By using this ideal imaging, we could obtain theoretical ytheo for comparison. ytheo is obtained by multiplying the sensing matrix H by ideal imaging xtheo using (2). In the full-wave imaging reconstruction, a real PEC object located at an identical position as ideal imaging is set in the model. The simulated ysimu using (4) should agree well with ytheo. By solving (2), it is found that ytheo and ysimu are corresponding to xtheo and xsimu, respectively. The mean-squared error (MSE) is defined between the ideal image and recovered image, which is expressed as
[image: image]
where [image: image] denotes the l2-norm operator and xcalc should be replaced with xtheo and xsimu for calculating MSEs. We mentioned that all the following simulations are performed by using Altair FEKO.
A square object within the inspected plane is first calculated. The designed object has 5 × 5 voxels which are assigned at the center of the inspected plane, as shown in Figure 4A. The magnitude of the calculated ytheo and simulated ysimu are plotted in Figure 4B. As can be seen, the theoretical signals are in line with the simulated ones. The result confirms that the full-wave simulation model is correctly described by the math representation. The size of the square PEC object in the full-wave simulation model is 30 mm × 30 mm. Figure 4C and Figure 4D report the reconstructed imaging of xtheo and xsimu. The calculated MSEs of xtheo and xsimu to xideal are 0.0058 and 0.0075, respectively, which are comparable to the results of the existing literature (Lipworth et al., 2013).
[image: Figure 4]FIGURE 4 | (A) Square PEC object. (B) Comparison of the calculated ytheo and simulated ysimu. (C) The reconstructed imaging xtheo using ytheo. (D) The reconstructed imaging xsimu using ysimu.
Next, a triangle PEC object is further demonstrated, as shown in Figure 5A. Good agreement of ytheo and ysimu is obtained and plotted in Figure 5B. The reconstructed results of xtheo and xsimu are shown in Figure 5C and Figure 5D, respectively. And the MSEs of xtheo and xsimu are 0.0073 and 0.0085, respectively. From the MSEs of square and triangle objects, it is found that when the shape of the object becomes complex, the recovered errors would increase accordingly.
[image: Figure 5]FIGURE 5 | (A) Triangle PEC object. (B) Comparison of the calculated ytheo and simulated ysimu. (C) The reconstructed imaging xtheo using ytheo. (D) The reconstructed imaging xsimu using ysimu.
Finally, two square PEC objects are designed to examine the possibility of reconstructing multiple objects, as shown in Figure 6A. Also, we report the comparison of the calculated ytheo and simulated ysimu, as shown in Figure 6B. What stands out in this case is the obvious difference between theoretical and simulated signals. The recovered two objects of xtheo and xsimu are plotted in Figure 6C and Figure 6D, respectively. The corresponding MSEs of xtheo and xsimu are 0.0238 and 0.0535, respectively, which are apparently higher than those in the previous single object cases.
[image: Figure 6]FIGURE 6 | (A) Two square PEC objects (B) Comparison of the calculated ytheo and simulated ysimu. (C) The reconstructed imaging xtheo using ytheo. (D) The reconstructed imaging xsimu using ysimu.
DISCUSSION
Observing the above three experiments, basically, the desired near-field CI based on the FDHM antenna is achieved. For single PEC object recovery, excellent results can be observed, and the calculated MSEs also verify the quality of the experiments. As the shape of the weak scatter object becomes complex, it is difficult to clearly reconstruct the boundary of the object. This can be indicated by the slightly increased MSEs.
Nevertheless, in the dual object case, the high MSEs and the discrepancy of theoretical and simulated signals are found, which can be attributed to the increasing diffraction of multiple objects. When the inspected objects are not weak scatters (larger object or multiple objects), artifacts would appear, thus reducing imaging quality. Increasing sensing quantity M would be a possible solution to this issue. In addition, increasing the distance between objects and Tx/Rx antennas might make the scatter field weaker than the near distance. However, as the inspected plane moves forward, the diversity of the sensing patterns also declines. Therefore, a trade-off between compressible sampling and weak scatter condition should be considered in the CS-based microwave CI system.
The main contribution of this article is the demonstration of the feasibility of achieving CI by the FDHM antenna. Even though the demonstration is conducted by numeric analyses, various previous articles indicate that the commercial full-wave simulation software could model practical antennas with a quite high accuracy. In future work, experimental validation will be performed.
CONCLUSION
This article has successfully demonstrated the feasibility and effectiveness of the FDHM antenna for microwave CI. An FDHM antenna with randomly distributed surface impedance tunable elements is proposed and validated by full-wave simulation. Based on this antenna, a near-field CI system using frequency domain data is presented. The detailed operation principle of this system and the math representation are elaborated. Further, we show the theoretical imaging reconstruction and full-wave simulation imaging reconstruction by using this system. Good agreement is obtained between the two methods, validating our FDHM antenna and the CS theory for the CI system. A single PEC object with a square or triangle shape and two square PEC objects are properly recovered. We could conclude that microwave CI systems centered on the CS technique and the holographic metasurface can challenge conventional microwave imaging systems and produce cost-effective and high-efficient devices.
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