
 

Figure 1. Super cell of dual-band waveform-selective 

metasurface model. Periodic boundaries were applied 

to the directions of the incident E and H. L, R, C1, and 

C2 were set to 1 mH, 10 Ω, 0.1 pF, and 0.6 pF, 

respectively.  
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Abstract 
 

In recent years, circuit-based metasurfaces containing 

diodes were reported to be capable of sensing a difference 

in different waves even at the same frequency depending 

on their waveforms or pulse widths. In this study, we 

demonstrate that such waveform-selective metasurfaces 

can operate at more than one frequency band. 

Interestingly, a proposed structure shows not only multi-

band waveform-selective transmission but also an unusual 

response to more effectively transmit a continuous signal 

if the oscillation frequency is regularly switched. 

Potentially, our study provides a higher degree of freedom 

to design wireless communication environments.  

 

1 Introduction 
 

The advent of metamaterials made it possible to readily 

design a wide range of electromagnetic properties 

including negative refractive indices by properly tailoring 

their subwavelength periodic unit cells [1]. A planer type 

of periodic structures, or the so-called metasurfaces [2], 

has a simpler form and thus was so far widely used for 

various applications such as spatial filters [3], absorbers 

[4], and wavefront shaping [5]. The performances of 

metasurfaces are also known to be enhanced by using 

nonlinearities [6, 7]. For instance, circuit-based 

metasurfaces were recently reported using schottky diodes 

[8-10]. These metasurfaces distinguished different waves 

depending not only on the incoming frequency 

components like ordinary metasurfaces, but also on the 

waveforms, namely, on their pulse widths. Such 

waveform-selective metasurfaces thus gave us an 

additional degree of freedom to control electromagnetic 

waves even at the same frequency so that they were so far 

applied to several research fields including 

electromagnetic compatibility [10], antenna design [11], 

and signal processing [12]. However, past waveform-

selective metasurfaces were restricted to a single 

operating frequency band, which severely limited their 

potential applicability. For instance, several frequency 

bands are used for wireless communications to enhance 

communication efficiency or accommodate a larger 

number of communication devices within a single 

network. For this reason, this study develops waveform-

selective metasurfaces that are capable of operating at 

multiple frequency bands. Interestingly, a proposed 

structure shows not only multi-band waveform-selective 

transmission but also an unusual response to more 

effectively transmit a continuous signal if the oscillation 

frequency is regularly switched. Potentially, our study 

provides a higher degree of freedom to design wireless 

communication environments. 

 

2 Materials, Theory, and Method 
 

The fundamental mechanisms of single-band waveform-

selective metasurfaces are fully explained in the literature 

[8-10] but can be briefly understood as follows. First of 

all, as drawn in Fig. 1, our metasurfaces were based on 

the so-called slit structures [3], which had periodic 

rectangular apertures or slits in a conducting sheet. In 

addition, each slit was connected by a set of four diodes 

that played a role of a diode bridge. Thus, the incoming 

frequency component was converted into an infinite set of 

components. However, the energy of the rectified 

waveform (i.e., |sin|) was mostly at zero frequency as 

calculated by its Fourier expansion [8-10]. Therefore, 

transient responses widely known in classic electric 

circuits could be exploited by deploying additional circuit 

components inside the diode bridge. Specifically, this 

study used an inductor connected to a resistor in series in 

each diode bridge. In this case, the electromotive force of 

the inductor blocked incoming electric charges during an 



 

Figure 3. Measured transmittances of dual-band 

waveform-selective metasurface. The inset shows the 

measurement sample optimized for a measurement 

setup composed of a rectangular waveguide. The 

input power was set to 10 dBm. 

 

 

Figure 4. Super cell of four-band waveform-selective 

metasurface model. Periodic boundaries were applied 

to the directions of the incident E and H. L, R, C1, C2, 

C3, and C4 were set to 1 mH, 10 Ω, 0.1 pF, 0.6 pF, 0.3 

pF, and 1.1 pF, respectively.  

 

Figure 2. Simulated transmittances of the dual-band 

waveform-selective metasurface. The input power 

was set to 10 dBm.  

initial time period so that the metasurface resonated like 

an ordinary slit structure to transmit a signal. In the case 

of a continuous wave (CW), however, the electromotive 

force almost disappeared due to the zero frequency 

component of rectified electric charges. For this reason, 

the intrinsic resonant mechanism of the slit structure was 

weakened for the CW even at the same frequency.  

In addition, the waveform-selective metasurface used in 

this study was composed of two types of unit cells, each 

of which had an additional capacitor across the gap of 

each slit (see C1 and C2 of Fig. 1). Since the capacitors 

had different circuit constants, the two types of the unit 

cells were expected to operate at two different 

frequencies. Such a dual-band waveform-selective 

metasurface was simulated using a co-simulation method 

(ANSYS Electronics Desktop, 2019R3) [8-10]. To 

validate its experimental feasibility, we also used a 

measurement system that consisted of a network analyzer 

(Keysight Technologies, N5249A) connected to a 

standard rectangular waveguide (WR284) where a 

measurement sample was deployed.  

 

3 Results 
 

3.1 Waveform-Selective Metasurfaces 

Operating at Two Frequency Bands 
 

Firstly, we numerically calculated transmittances of the 

dual-band waveform-selective metasurface model for 50-

ns short pulses and CWs as plotted in Fig. 2. This figure 

shows that the waveform-selective metasurface had large 

transmittance peaks for short pulses at two different 

frequencies (2.4 and 3.8 GHz). At the same frequencies, 

however, CWs were poorly transmitted. This is because, 

as expected above, the transient mechanism of inductors 

weakened the resonances of the slits when the waveform 

became long enough.  

Secondly, this dual-band waveform selectivity was 

experimentally validated. In this case, we optimized 

several design parameters of the measurement sample (the 

inset of Fig. 3) so that waveform selectivities appeared 

within the operating frequency band of the rectangular 

waveguide used. The measurement result is plotted in Fig. 

3, which shows that our measurement sample more 

strongly transmitted short pulses near 2.6 and 3.2 GHz 

than CWs. This ensured the feasibility of dual-band 

waveform-selective metasurfaces.  

 

3.2 Waveform-Selective Metasurfaces 

Operating at More Frequency Bands 
 

Waveform-selective meatsurfaces can operate at more 

frequency bands by introducing additional cells into a 

super cell as drawn in Fig. 4. This super cell was 

composed of four types of unit cells, all of which had 

different capacitance values. As a result, the transmittance 

for a short pulse became larger than that of a CW at four 



 

Figure 5. Simulated transmittances of the four-band 

waveform-selective metasurface. The input power 

was set to 10 dBm. 

 

 

Figure 6. Transmittances of the four-band waveform-

selective metasurface for a switched signal and 

single-frequency CWs. The switched signal 

periodically changed the oscillation frequency using 

2.1, 2.8, 3.8, and 5.2 GHz. The input power was set to 

10 dBm.   

frequencies, i.e., 2.1, 2.8, 3.8, and 5.2 GHz, as seen in Fig. 

5. This figure also shows that entirely the transmittances 

for both types of the waveforms were smaller than the 

transmittances of the dual-band model simulated in Fig. 2. 

This was in part because the spatial occupancy ratios of 

the unit cells were smaller than those of the dual-band 

unit cells.  
Another important point here is that this four-band 

waveform-selective metasurface lowered the 

transmittance for a CW or a long waveform, although 

long signals are generally used for many practical 

wireless communications. However, we expected that this 

waveform-selective metasurface would potentially 

enhance its transmittance again, if the oscillation 

frequency of the incoming wave was regularly switched. 

As mentioned earlier, when a pulsed signal came in, an 

inductor exhibited an electromotive force. Importantly, 

this force related with the level of the transmittance. Also, 

the inductor needed a recovery time to fully restore its 

electric potential. We expected that this potential would 

come back to zero again, while the oscillation frequency 

was switched to other frequencies.  

Based on this concept, the transmittance of the four-band 

waveform-selective metasurface for a switched signal was 

calculated as plotted in Fig. 6, which also includes the 

transmittances for individual single-frequency CW 

signals. As seen in this figure, the transmittance 

magnitude of the switched signal periodically changed 

depending on the original transmitting profile of the 

structure. However, this transmittance was markedly 

larger than that of any single-frequency CW signal.  

 

4 Conclusion 
 

In conclusion, we have demonstrated waveform-selective 

metasurfaces operating at more than one frequency band. 

Firstly, a dual-band waveform-selective metasurface was 

both numerically and experimentally tested so that its 

transmittance for a short pulse was found to be larger than 

that for a CW at two different frequency bands. Secondly, 

the concept of multi-band waveform-selective 

metasurface was extended to four frequency bands. This 

waveform-selective metasurface showed not only multi-

band waveform-selective transmission but also an unusual 

response to more effectively transmit a continuous signal 

if the oscillation frequency was regularly switched. 

Potentially, our study is expected to provide a higher 

degree of freedom to design wireless communication 

environments. 
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