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1 INTRODUCTION
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In recent years, metasurfaces composed of lumped circuit components, including nonlinear Schottky diodes, have been reported to be
capable of sensing particular electromagnetic waves even at the same frequency depending on their waveforms, or more specifically,
their pulse widths. In this study, we report analogous waveform-selective phenomena using only linear circuits and linear media. Al-
though such linear metasurfaces are analytically and numerically demonstrated to exhibit variable absorption performance, it can-
not strictly be categorized as waveform-selective absorption. It is due to the fact that the waveform-selective responses in the linear
metasurfaces are originated from the dispersion behaviors of the structures rather than the frequency-conversion seen in nonlinear
waveform-selective metasurfaces. We thus refer to these linear structures as pseudo-waveform-selective metasurfaces. Additionally,
we show that the pseudo-waveform-selective metasurfaces have limited performance unless nonlinearity is introduced. These results
and findings confirm the advantages of nonlinear waveform-selective metasurfaces, which can be exploited to provide an additional
degree of freedom to address existing electromagnetic problems/challenges involving even waves at the same frequency.

1 Introduction

Artificially engineered subwavelength periodic structures, or so-called metamaterials [1, 2] and meta-
surfaces [3], are well-known to exhibit a wide range of electromagnetic properties, including negative
permittivity [4, 5], negative permeability [6], negative refractive indices [2], zero refractive indices [7],
asymmetrical responses [8], and extremely large surface impedances [3]. These artificially tailored prop-
erties have been exploited to design advanced electromagnetic devices and applications such as perfect
lenses [9, 10, 11, 12], cloaking devices [13, 14, 15, 16], wavefront shaping devices [17, 18, 19], ultrathin
absorbers [20, 21, 22, 23, 24, 25], and antennas [26, 27]. These capabilities can be further extended or
improved by introducing nonlinearity into metamaterials and metasurfaces [28, 29, 30, 31]. For exam-
ple, nonlinear metasurface absorbers [32, 33, 34, 35] permit the transmission of low-amplitude signals
used for antenna communications while effectively absorbing strong electromagnetic noise that may af-
fect sensitive electronics even at the same frequency, as opposed to linear metasurface absorbers, which
accept both types of waves. Recently, circuit-based metasurfaces containing nonlinear Schottky diodes
have been reported to discriminate particular electromagnetic waves at the same frequency depending
on their waveforms, or more specifically, their pulse widths [36, 37, 38, 39, 40]. Such waveform-selective
metasurfaces are expected to provide an additional degree of freedom to address a wide range of existing
problems/challenges involving waves at the same frequency, for example, in electromagnetic interference
[39], antenna design [40], and wireless communications [38, 41]. Although all waveform-selective meta-
surfaces reported to-date require the use of an electromagnetic nonlinear effect, here we demonstrate
that similar phenomena can be obtained using only linear circuits and linear media. This is because the
frequency content of a pulsed sinusoidal wave depends on its pulse width. In this study, we report such
simple linear metasurfaces that exhibit varying absorption performance depending on the pulse width of
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Figure 1: (a) A periodic unit cell receiving an incident pulsed wave. (b) Circuit configuration for a nonlinear waveform-
selective metasurface (Ln = 100 µH and Rn = 10 Ω). (c) Absorption performance for pulsed waves. The inset shows the
pulse width dependence of the structure at 1.25 GHz. The input power level was set to 0 dBm.

the incoming electromagnetic wave. Importantly, we both analytically and numerically show that the ob-
served absorption behaviors of the linear metasurfaces are based on a totally different mechanism, com-
pared to that of the nonlinear waveform-selective metasurfaces; thereby we refer to this kind of absorp-
tion as pseudo-waveform-selective absorption. In addition, these pseudo-waveform-selective metasurfaces
are shown to have limited performance compared to nonlinear structures.

2 Nonlinear waveform-selective metasurfaces

The conventional nonlinear waveform-selective absorption mechanism is achieved in metasurfaces by us-
ing both rectification to zero frequency and transient responses in the time domain [38, 39]. The former
frequency conversion is achieved by deploying diodes across gaps between conductor edges. In particu-
lar, if four diodes form a diode bridge, more of the incoming wave energy is converted to zero frequency
than in the case of half-wave rectification [32, 36]. In addition, if an inductor is connected to a resistor
in series within the diode bridge, a strong electromotive force appears, which prevents incoming electric
charges during its initial time period. However, this force is gradually reduced due to the zero-frequency
component of the electric charges. Consequently, a short pulse is not effectively absorbed, while the en-
ergy of a long pulse or a continuous wave (CW), even at the same frequency, is strongly dissipated by
the series resistor.
This is numerically demonstrated in Figure 1, where the depicted waveform-selective metasurface was
simulated using a co-simulation method based on ANSYS Electronic Desktop (R18.1) [36]. Note that
since eventually this simulation method produces results on a circuit simulator, transient electromagnetic
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Figure 2: Spectra of pulsed cosine waves with different pulse widths. The oscillation frequency was set to 1.25 GHz.

field distributions cannot be visualized unlike ordinary simulations. Also, this simulation modeled diodes
based on a SPICE model provided by Broadcom (specifically, the HSMS-286x series but without series
resistance or junction capacitance for simplicity). The conducting patches were designed to be 46 mm
× 46 mm with 47 mm periodicity. The substrate was set to be 5.6 mm thick (Rogers 3003 without di-
electric loss) on a ground plane. As seen from Figure 1c, the nonlinear waveform-selective metasurface
absorbed a 1-µs pulse more strongly than a 100-ns pulse at the same frequency of 1.25 GHz. The inset
of Figure 1c shows the absorption performance with respect to the pulse width. It is important to note
that the spectrum of the 1-µs pulse and that of the 100-ns pulse are almost the same, as shown in Fig-
ure 2, where each power spectrum PPLS was obtained using the following equation [42]:

EPLS(f) =
a

2

(

sin (2π(f − f0)Tpw)

π(f − f0)
+

sin (2π(f + f0)Tpw)

π(f + f0)

)

. (1)

Equation (1) assumes that the incident pulse is based on a cosine function. In addition, EPLS, a, f0, and
Tpw represent the electric field, magnitude, oscillation frequency, and pulse width of the incident pulse,
respectively. Other variables, including a phase delay and the location of the point at which the wave is
observed, are omitted for simplicity. Despite how small the difference is between the spectra of Tpw =
100 ns and 1 µs, the nonlinear waveform-selective metasurface was capable of varying absorptance.
Another important aspect in Figure 2 is that the spectrum of a shorter pulse appears totally different.
For instance, the 1-ns pulse contains nonnegligible frequency components in addition to the oscillation
frequency due to the discontinuity of the waveform at its beginning and end. Such spectral differences
are exploited below.

3 Linear pseudo-waveform-selective metasurfaces

As opposed to the above structure, which contains nonlinearity, the metasurface reported in this study
is composed of ideally linear circuits and linear media, although in practice, nonlinearity may need to
be included to some extent. More specifically, its periodic unit cell consists of a ground plane (perfect
electric conductor: PEC), a dielectric substrate (3-mm-thick Rogers 3003 but without dielectric loss for
simplicity), conducting patches (PEC, 9 mm × 9 mm), and a lumped capacitor, inductor, and resistor
with 10 mm periodicity (see Figure 3a). Similarly to other general metasurfaces [21, 22, 23], this type of
structure resonates at a designed frequency and strongly absorbs an incoming frequency within its band-
width BW , which depends on the total effective capacitive component C and the total effective induc-
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Figure 3: (a) Circuit configuration used for a linear pseudo-waveform-selective metasurface. R is fixed at ≈ 377 Ω. (b)
Absorption performance for a continuous sine wave. (c) Absorbed energy of pulsed sine waves with f0 set to 1.25 GHz.

4



3 LINEAR PSEUDO-WAVEFORM-SELECTIVE METASURFACES

tive component L, i.e.,

BW ∝
√

L/C. (2)

C and L can be adjusted not only by means of a periodically metallized pattern containing geometric
capacitive and inductive components C0 and L0 but also by lumped circuit elements [43, 44, 45]. For in-
stance, Figure 3a shows a periodic unit cell of the linear structure tested using a lumped capacitor C1

and inductor L1 that are deployed between two adjacent patches. As seen in Figure 3b, where ordinary
small-signal analysis (assuming a sine wave as the incident waveform) is performed, increasing the value
of C produces narrower BW . This is because this structure can be effectively represented by a paral-
lel circuit and C = C0 + C1, while L−1 = L−1

0 + L−1

1 (see also Equation (2)). Related to its intrinsic
absorption performance, the structure exhibits varying absorptance for pulsed sine waves with different
pulse widths. As plotted in Figure 3c, where the input waveform is changed to a pulsed sine wave (f0 =
1.25 GHz) with different pulse widths, the absorptance of the structure appears to reach 1.0 more slowly
when a larger value of capacitance is used (compare the black curve to the red curve). Note that in both
cases, the resonant frequencies are set to almost the same value (i.e., 1.25 GHz) to ensure a fair compar-
ison. More importantly, this is not a waveform-selective absorption mechanism, which is defined as an
absorption mechanism that varies in response to the waveform or pulse width of an incoming wave, even
at a ‘constant ’ frequency. Instead, in the above case, the structures see the difference in the frequency
spectrum (compare the pulse width range in Figure 3c to the spectra of the corresponding pulse widths
in Figure 2). For this reason, the vertical axis of Figure 3c is changed to APLS, which is distinct from
AMS, which is the absorptance of the metasurface itself. Although explained in detail below, AMS rep-
resents absorptance at a ‘constant ’ frequency as commonly calculated by AMS = 1 − |S11|

2, while APLS

is not necessarily a ratio at a constant frequency. Also, Figure 3c can be compared to the inset of Fig-
ure 1c, where nonlinear waveform-selective metasurfaces similarly varied absorptance but for longer pulse
widths.
To derive APLS, suppose that b+ and b− denote an incident waveform and a reflected waveform, respec-
tively. Then, the energy spectral density of a reflected pulse Er is calculated as

Er = b−(t) ·
{

b−(t)
}†

, (3)

where † represents the conjugate transpose. Based on Parseval’s theorem,

Er =

∫

|b−(f)|2df = b−(f) ·
{

b−(f)
}†

. (4)

Hence, the normalized energy spectral density of the reflected pulse, RPLS, is

RPLS =

∫

|b−(f)|2df
∫

|b+(f)|2df
=

∫

|b+(f)S11(f)|
2df

∫

|b+(f)|2df
. (5)

Since the normalized energy spectral density of the corresponding absorbed pulse, APLS, is APLS = 1 −
RPLS,

APLS = 1−

∫

|b+(f) · S11(f)|
2df

∫

|b+(f)|2df
. (6)

According to this equation, APLS varies with b+. This absorption mechanism is different from the case
of waveform-selective absorption, in which it is assumed that the incoming spectrum remains at almost
a constant value (or at least is sufficiently narrow compared to the bandwidth of the structure). Nonlin-
ear waveform-selective metasurfaces primarily exhibit variation in S11 in the time domain. In contrast,
for linear metasurfaces, it is impossible for APLS to vary because S11 remains the same unless b+ itself
changes. For this reason, we refer to the variations seen in Figure 3b as a ‘pseudo’-waveform-selective
absorption mechanism.
Additionally, we note that such linear structures have limited performance. First, there is a limit to the
variation of APLS in a small pulse width range if the thickness d of the entire structure is fixed. This
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performance is limited by the so-called Rozanov limit [46], i.e.,

∆λ <
2π2d

| lnS11|
, (7)

where ∆λ represents the operating bandwidth associated with wavelength, i.e., ∆λ = λ1 − λ2. Under the
assumptions that AMS = 1 − |S11|

2, λ = c/f , where c is the speed of light, and the operating frequency
f0 is the central value between f1 and f2 (i.e., f0 − f1 = f2 − f0), Equation (7) leads to

AMS < 1− exp

(

±
4π2d

c

f1
−

c

2f0 − f1

)

. (8)

Equation (8) indicates that AMS (i.e., the absorptance of the considered metasurface) does not have a
wider bandwidth than the right side of the equation. By equating the left side of Equation (8) to its
right side, the Rozanov limit is plotted in Figures 3b and c. As seen in these results, no linear structure
tested here exceeded the Rozanov limit.
In addition, linear structures also have poorer performance than nonlinear waveform-selective metasur-
faces in terms of controlling long pulses. The pulse energies absorbed by the above linear structures are
compared to those absorbed by nonlinear waveform-selective metasurfaces in Figure 4. Both types of
structures have the same physical dimensions and almost the same operating frequencies with slightly
different absorption strengths. However, the nonlinear waveform-selective metasurfaces tend to show
variations in absorptance over a broad pulse width range. In fact, this range depends on what circuit
values are used for the internal inductor and resistor (Ln and Rn), which determine the time constant
τ of the structure in Figure 4b approximately as follows [47]:

τ =
Ln

Rn +Rd

, (9)

where Rd = 2R0 and R0 is the effective resistive component of one of the diodes used. Note that Equa-
tion (9) is based on a simplified equivalent circuit model to predict time-domain responses [47]. In this
study, this equation is not used for our numerical simulations, where nonlinear diodes are modeled us-
ing SPICE parameters. However, this equation can be used as a design guide to see how time constant
relates to Ln, Rn, and Rd (Rd is obtained by different methods including a current-voltage curve of the
specific diode used [47]). For instance, the time constant of a nonlinear waveform-selective metasurface
varies with increasing Ln. In particular, the time constant of the nonlinear waveform-selective meta-
surface with Ln = 10 µH to 1 mH is proportionally scaled from 100 ns to 10 µs in Figure 4b. Interest-
ingly, however, such scalability of the time constant disappears as Ln decreases from 10 µH, causing the
curve of the nonlinear waveform-selective metasurface to approach that of the linear metasurface with
the same Ladd and Cadd. This is presumably because Ln and the diodes are almost short-circuited here
and the nonlinear metasurface behaves like an ordinary linear metasurface. Nonetheless, Figure 4b demon-
strates that nonlinear waveform-selective metasurfaces are readily capable of exhibiting absorptance vari-
ations even over a broad pulse range with the replacement of lumped inductor Ln.

4 Discussion

The Rozanov limit mentioned in Equations (7) and (8) and Figure 3 is known to be broken with the in-
troduction of nonlinearity. For instance, the use of non-Foster circuits, which do not conform to Foster’s
reactance theorem [48, 49], allows the intrinsic capacitive and inductive components of a metasurface,
which are strongly frequency dispersive, to be canceled out. As a result, the frequency dependence of a
metasurface can be mitigated to achieve a broadband response [50, 51]. Thus, metasurfaces loaded with
non-Foster circuits can potentially control shorter pulses than the linear metasurfaces in Figure 3.
More importantly, however, even the longest pulses that can be controlled by linear metasurfaces may
be too short as practical wireless communication signals. For instance, the APLS of our linear structures
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Figure 4: (a) Circuit configuration used for nonlinear waveform-selective metasurfaces. (b) Absorbed energy of pulsed sine
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for the linear metasurfaces in Figure 3.
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5 CONCLUSION

varied in the vicinity of 10 ns, but most Wi-Fi signals generated from commercial Wi-Fi modules have
pulse widths of 50 µs or longer, indicating that the applicability of linear metasurfaces in the field of
wireless communications is severely limited (see [41] for nonlinear waveform-selective metasurfaces con-
trolling 50-µs pulses). Also, linear metasurfaces or metamaterials are known to be integrated with sen-
sors or detectors to achieve more advanced functionalities or properties [16]. Potentially, our linear struc-
tures can be applied to this field as well. However, a switching capability usually requires a nonlinearity
and thus cannot be achieved by our linear structures unless this is a short time period as seen in Figure
3c. Even in this case, broadband response is needed and cannot be readily achieved by ordinary devices
such as antennas. We also note that our linear metasurfaces can be replaced by more complicated struc-
tures, but our metasurfaces can be effectively represented by a simple parallel circuit composed of a re-
sistor, an inductor, and a capacitor, which enables us to choose a wide range of value for wave impedance,
BW , and Q factor. Another issue with linear metasurfaces is that while their APLS can be easily in-
creased, it is relatively difficult to gradually decrease APLS. In contrast, nonlinear waveform-selective
metasurfaces offer more freedom in the design of their pulse width dependence (not only simple mono-
tonic increases and decreases but also more complicated patterns [42]) through modification of the cir-
cuit configurations in the diode bridges. Therefore, although linear pseudo-waveform-selective metasur-
faces have an advantage that ideally they are independent of the incoming power level, nonlinear waveform-
selective metasurfaces have important advantages over linear metasurfaces.
It is not impossible for nonlinear waveform-selective metasurfaces to achieve nearly 100 % absorption for
a short pulse [52, 53]. However, this also increases the absorptance for another type of waveform (i.e., a
long pulse or CW) at the same time. Potentially, the gap between the two waveforms can be more in-
creased by modifying the design of waveform-selective metasurface. To the best of our knowledge, how-
ever, so far none of studies has reported waveform-selective metasurfaces varying scattering parameters
between nearly 0.0 and 1.0, presumably because this relates to some other loss mechanisms within sub-
strate and circuit components (e.g., reduction in a parasitic resistance of diode contributes to increas-
ing the difference between two waveforms as reported in the literature [53]). Finally, the relationship
between the turn-on and breakdown voltages of the diodes used is important, since this determines the
dynamic range for applications of nonlinear waveform-selective metasurfaces. In general, it is difficult to
adjust the power level of a received signal sent from a distant antenna in wireless communications. How-
ever, the received power level can be more easily adjusted, if the metasurfaces are deployed near a trans-
mitter or a radiation source.

5 Conclusion

We have reported the absorption performance of linear metasurfaces using pulsed incident waves. We
have shown that although they behave like recently reported nonlinear waveform-selective metasurfaces,
which can exhibit absorptance variations even at the same frequency, these linear structures exhibit only
pseudo-waveform-selective absorption behavior. Moreover, such pseudo-waveform-selective metasurfaces
are found to have limited performance unless nonlinearity is introduced. This study has clarified the per-
formance of linear waveform-selective metasurfaces and confirmed the advantages of nonlinear waveform-
selective metasurfaces, which can be exploited to provide an additional degree of freedom to address a
range of electromagnetic problems/challenges involving even waves at the same frequency.
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crow. Theory Tech. 1999, 47, 11 2059.

[4] J. B. Pendry, A. J. Holden, W. J. Stewart, I. Youngs, Phys. Rev. Lett. 1996, 76, 25 4773.

[5] J. B. Pendry, A. J. Holden, W. J. Stewart, I. Youngs, J. Phys. Condens. Matter 1998, 10 4785.

[6] J. B. Pendry, A. J. Holden, D. J. Robbins, W. J. Stewart, IEEE Trans. Microw. Theory Tech.
1999, 47, 11 2075.

[7] R. W. Ziolkowski, Phys. Rev. E 2004, 70, 4 046608.

[8] S. Phang, T. M. Benson, H. Susanto, S. C. Creagh, G. Gradoni, P. D. Sewell, A. Vukovic, in Recent
Trends in Computational Photonics (Eds: A. Agrawal, T. Benson, R. M. De La Rue, G. Wurtz),
Springer, New York, NY, 2017, pp. 161–205.

[9] J. B. Pendry, Phys. Rev. Lett. 2000, 85, 18 3966.

[10] D. O. S. Melville, R. J. Blaikie, Opt. Express 2005, 13, 6 2127.

[11] N. Fang, H. Lee, C. Sun, X. Zhang, Science 2005, 308 534.
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