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Abstract 
 

This presentation outlines recent advances in dynamic 

metasurfaces and their application to microwave imaging. 

Dynamic metasurface antennas are waveguide structures 

loaded with numerous subwavelength metamaterial 

elements, each leaking a portion of the guided wave to 

free-space. The resulting radiation pattern is the 

superposition of the many smaller contributions from each 

metamaterial element. By incorporating independently-

addressable tuning components into each metamaterial 

element, the overall radiation pattern can be modulated 

without relying on any moving parts or expensive, 

complicated RF components. The ability to produce 

engineered beam patterns from a lightweight, low-cost, 

and planar physical platform is particularly attractive for 

microwave imaging applications, where many systems 

currently rely on mechanical movements or phased arrays 

to synthesize desirable patterns. In this paper, we review 

the design, implementation, and operation of dynamic 

metasurfaces. We present experimental results 

demonstrating the dynamic metasurfaces' capability to 

retrieve a scene’s spatial content in real-time. We 

conclude by discussing the outlook of this structure and 

examining several potential applications. 

 

1. Introduction 
 

Microwave imaging is the backbone of many 

applications, ranging from security screening to remote 

sensing [1]. Its widespread use is due to the ability of 

microwaves to penetrate non-metallic objects while 

having no harmful effects (such as ionization). To meet 

the resolution metrics required for most applications, 

microwave and millimeter imaging systems have 

traditionally relied on mechanical motion (e.g. gimbal-

actuated antennas) or expensive, bulky RF components 

(e.g. phase shifters and amplifiers) to synthesize the 

desired electrically large apertures. While these solutions 

have yielded excellent performance, the hardware 

complexity has driven up costs and stunted development 

in cost sensitive applications. 

 

Nearly a decade ago, computational imaging and 

compressive sensing emerged as an enabling strategy to 

simplify a systems' hardware by transferring the burden of 

imaging to software [2]. This idea has been successfully 

implemented at all ranges of the electromagnetic spectrum 

as well as acoustics, exhibiting increased acquisition rates 

and lower cost, while maintaining satisfactory image 

quality [3-6]. At microwave and millimeter wave 

frequencies, a computational imaging scheme can be 

realized by using spatially-diverse patterns to multiplex 

the spatial content of a region of interest [7]. 

Computational power is then leveraged to retrieve the 

scene’s information through computational techniques. In 

this setting, a simple radiating aperture would be required 

to sequentially illuminate the scene with several 

uncorrelated radiation patterns. The backscattered signal 

is then collected and processed to obtain the scene spatial 

content.  

 

In parallel, metasurface antennas have been 

experimentally demonstrated to be a simple and low cost 

platform for generating sculpted radiation patterns [8]. 

These features make them an ideal platform for generating 

radiation patterns desired in computational imaging. 
Metasurfaces antennas are usually waveguide-fed 

structures loaded with many metamaterial radiators. By 

incorporating switchable components into each 

metamaterial radiator, and addressing them 

independently, dynamic metasurface apertures are 

realized which can modulate their radiation pattern 

without any moving parts or expensive RF components 

[9]. By changing the tuning state, a collection of random 

or deliberate radiation patterns can be generated to 

illuminate a scene [10]. The fusion of the dynamic 

metasurface antennas and computational imaging is thus 

poised to bring about revolutionary advances in the realm 

of microwave imaging. 

 

In this presentation, we review the operation of dynamic 

metasurfaces, discuss their ability to generate desired 

wavefront profiles, and demonstrate their performance in 

microwave imaging applications. In particular, we 

demonstrate that dynamic metasurfaces are an ideal 

candidate for microwave computational imaging, making 

them applicable for security screening, indoor and 

outdoor radar, and through-wall imaging.  

 

2. Dynamic Metasurface Antenna 
 

A dynamic metasurface antenna is schematically shown in 

Fig. 1. It consists of a waveguide—a microstrip in the 

case of Fig. 1 —that is loaded with numerous 

subwavelength metamaterial elements. The metamaterial 

radiators used in this configuration are complimentary 

electric inductive-capacitive elements (cELC), which 



match the waveguide configuration and are simple to 

electronically tune. Each metamaterial element leaks a 

portion of the guided wave into free space. The overall 

radiation pattern is then the superposition of each 

elements' contribution. To realize a dynamic response 

switchable components, such as diodes, are introduced 

into each metamaterial element and addressed 

independently, as shown in Fig. 1. The switchable 

component changes the amplitude and phase of the 

radiated field from each metamaterial element [9]. This 

mechanism allows us to alter the overall radiation pattern 

without using any moving part or expensive RF circuitry. 

It is important to note that this tuning scheme does not 

grant independent control over phase and amplitude, 

however, this limitation can be mitigated by placing the 

elements with subwavelength separation.  
 

A fabricated dynamic metasurface sample is shown in 

Fig. 2. This particular example is designed to operate at 

lower K-band by using two metamaterial elements, with 

resonant frequencies at 17.9 and 19.1 GHz, placed in an 

interleaving fashion [11]. Each element is loaded with two 

PIN diodes. When diodes are in conducting state, they 

render the element “off” (non radiating), i.e. the guided 

wave passes through the element without much 

perturbation. When the diodes are in capacitive state, they 

render the element “on”, allowing for it to contribute to 

the overall radiation pattern. By randomly selecting “on” 

and “off” elements, distinct radiation patterns can be 

generated. Sample radiation patterns generated by this 

structure are plotted in Fig. 3. The resulting radiation 

patterns exhibit significant variation as a function of 

stimuli signal. In the next section we illustrate how such 

radiation patterns, when uncorrelated, can be used for 

developing reliable and fast imaging systems. 

 

3. Computational Imaging 
 

Computational imaging schemes often involve 

illuminating a scene with a set of uncorrelated radiation 

patterns and multiplexing its spatial content into a set of 

backscatter measurements [11]. Therefore, the dynamic 

metasurfaces discussed in the previous section are an 

ideal aperture layer for such imaging systems. 

 

To demonstrate this idea [11], we used the dynamic 

metasurface as a transmitting antenna to interrogate a 2D 

scene—three low-gain probes were used as receivers and 

were sampled sequentially with a mechanical switch. This 

configuration, shown in Fig. 4, results in a collection of 

backscatter measurements which, assuming band limited 

and diffraction limited signals, can mathematically be 

represented by,  

 

 𝑔 = 𝐻𝑓 (1) 

where 𝑔 the measurement vector, 𝐻 is the sensing matrix, 

and 𝑓 is the scene reflectivity. The ij’th component of 

sensing matrix, 𝐻, assuming first Born approximation, is 

described as 

 

 ℎ𝑖𝑗 = �̅�𝑇𝑥
𝑖 (�̅�𝑗) ∙ �̅�𝑅𝑥

𝑖 (�̅�𝑗) (2) 

where �̅�𝑇𝑥
𝑖 (�̅�𝑗) and �̅�𝑅𝑥

𝑖 (�̅�𝑗) are the electric fields due to 

the transmitting and receiving antennas at location �̅�𝑗   in 

the scene. The rows of 𝐻 correspond to the illuminating 

wavefronts which come from altering the frequency, the 

receiving probe, or the tuning stimulus.  

 

Within this framework, reconstructing images from 

backscatter measurements involves estimating 𝑓 from (1) 

using techniques such as matched filtering or least-

squares inversion [11]. To test the proposed operation, the 

experimental configuration shown in Fig. 4 is used. In this 

configuration, cross range information is obtained from 

the diversity of the radiation patterns, while range 

information is obtained by through frequency bandwidth.  

 

4. Experimental Results 

 

Figure 1.  Schematic of a dynamic metasurface. 

 

Figure 2. Fabricated dynamic metasurface sample. 
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Measurements of different targets were taken with a VNA 

and an Arduino microcontroller provided the electrical 

stimulus to tune the elemnts. We examined the imaging 

ability of the configuration shown in Fig. 4 by 

reconstructing image of a sub-resolution scatterer. The 

reconstructed image is shown in Fig. 5. In this figure, we 

have also demonstrated how using more complex image 

reconstruction algorithms can improve image quality. In 

other words, the imaging burden has been transferred to 

the software layer. 

 

Diverse radiation patterns have an advantage compared to 

conventional SAR raster scans because they can quickly 

sample a larger portion of a scene simultaneously.  

Inspired by this idea, the system in Fig. 4 was used to 

image a scatterer as it moves throughout the scene. The 

quasi-real time imaging capability is reported in [11], 

where imaging speed is primarily limited by mechanical 

switching. This limitation can be easily overcome by 

using electronic switching or custom built radio for 

practical implementations.  

 

5. Conclusion 

 
In this work, the basic operation of a dynamic 

metasurface and its application to microwave 

computational imaging was presented. It was noted that 

the dynamic metasurface is able to generate spatially-

distinct radiation patterns that can be leveraged in a 

computational imaging setting to obtain high-quality, real-

time imaging. This aperture can be extended to 2D 

configurations, enabling 3D imaging. Furthermore, its 

tailoring capability can be further exploited to generate 

steerable, directive beams ideal for synthetic aperture 

radars [12]. Most synthetic aperture radars currently use 

mechanical rotation or expensive RF hardware to generate 

desired beam profiles. The dynamic metasurface offers 

the advantage of generating similar performance, but from 

a much simpler hardware. These exciting future directions 

poise the dynamic metasurface as a powerful aperture 

layer for a variety of microwave sensing systems.  
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