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Abstract – Here, we study the interference phenomena produced in time-modulated metasur-
faces when they are illuminated by multiple harmonics opening a new paradigm of coherent
time-modulated metasurfaces. In particular, we obtain perfect absorption at multiple frequen-
cies by inducing slow time modulation of a resistive sheet. Also, it will be shown that it is possible
to fully tune the absorption by properly designing the modulation parameters.

I. INTRODUCTION

The design of electrically thin absorbers is an active research field with practical applications, such as commu-
nication systems, solar cells, stealth technologies, and optical sensors. The main target has been to design more
compact structures and increase the frequency range of full absorption [1].

(a) (b) (c)

Fig. 1: (a) Schematic representation of a time-varying reflective metasurface. (b) Equivalent circuit model of the
proposed structure for normal incidence. (c) Simplified version of the equivalent model and current distribution.

Recently, a new type of ultrathin absorbers has been proposed based on the coherent illumination of two sides
using a splitter or an independent phase-locked generator [2–4]. The concept of coherent metasurfaces have been
recently extended to surface-inhomogeneous coherent metasurfaces capable of locally controlling the interference
of the illuminating waves along the surface [5]. Here, we go one step further and explore the possibilities offered
by slow and coherent time modulation of the metasurface. This approach allows engineering the interchange of
energy between several harmonics of incident illumination, boosting the possibilities of perfect absorption. For
example, as we will show in this abstract, one can obtain perfect absorption at different frequencies in ultrathin
structures by slowly modulating the resistance of the absorbing sheet in time. Additionally, we will evaluate a
possibility to dynamically control the level of absorption, for realization of tunable multi-frequency absorbers.

II. COHERENT ABSORPTION IN TIME-MODULATED METASURFACES

To understand the possibilities offered by coherent illumination in time-modulated surfaces, let us consider the
metasurface structure shown in Fig. 1(a). This reflective metasurface consists of a grounded dielectric with the rel-
ative permittivity εd and thickness d. A periodic array of thin metal patches (electrically small period) is positioned
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on top of the substrate and, over the patches, a time-varying resistive sheet is placed. This metasurface can be mod-
elled by the equivalent circuit in Fig. 1(b). The grounded substrate is represented by a shorted transmission line
with the characteristic impedance ηd =

√
µ0/(ε0εd). Considering normal incidence, the shorted transmission line

can be viewed as a reactance whose impedance equals Zd = jηd tan(kdd), where kd = ω
√
µ0ε0εd. The patch ar-

ray has a capacitive behaviour and it can be modelled by the sheet capacitance Cm = 2εeffε0D ln
(
csc π

2(p+1)

)
/π

where εeff = (εd + 1)/2 and p = (D − `)/`. Finally, with the presence of the patch array, the resistive layer is
partially shorted and has an effective resistance reff(t) = r(t)`/(D − `) [6].

The metasurface is illuminated by a periodical input signal defined by vin(t) =
∑N
n=−N an cos(ωnt) where

2N+1 is the number of input harmonics. We consider spectra formed by several harmonics symmetrically located
at the two sides of the central harmonic a0 = ac, whose frequency satisfies ω0 = (ωn + ω−n)/2. Below we
will show that this harmonic can be used as a control wave for tuning absorption at other harmonics. In this
paper, we will analyze the response of the structure when the effective conductance of the lossy layer varies
according to geff(t) = 1/reff(t) = g0 +

∑N
k=1 g0mk cos(ωmkt + φmk) where mk are the modulation depths

and ωmk = |ωn − ω0| are the frequencies of the modulating harmonics. We show that by properly tuning such
modulation, perfect absorption at all input frequencies can be achieved.

Let us assume that there is no reflection at all incident frequencies. In this case, the current in the resistive sheet
can be written in terms of the time-varying effective conductance as

iR(t) =

[ T1︷ ︸︸ ︷
N∑

n=−N
ang0 cos(ωnt)

]
+

[ T2︷ ︸︸ ︷
N∑

n=−N
an cos(ωnt)

N∑
k=1

g0mk cos(ωmkt+ φmk)

]
. (1)

Here, T1 is the current produced in the resistive element in case of no modulation applied, and T2 is the current
produced due to modulation. Notice that this expression is only valid when the amplitude of the spurious harmonics
is small, otherwise additional harmonics can be created and should be taken into account in the derivations. To
meet this condition, mk has to be relatively small. Then, we need to calculate other currents flowing in the system
to analyze the response. If we consider the grounded substrate to be electrically thin, we get Zd ≈ jωLd where
Ld = µ0d. The current in the inductor and the capacitive layer generated by the metallic patches can be written as

iL(t) + iC(t) =

N∑
n=−N

[
1

Ldωn
− Cmωn

]
an sin(ωnt). (2)

Then the total current reads it(t) = T1 + T2 + iL(t) + iC(t). Assuming that g0 = 1/η0 and spurious harmonics
are negligible, the condition for total absorption is met when iL(t) + iC(t) = −T2, which is satisfied when we set
φmk = 3π

2 and |0.5acg0mk| = |[ 1
Ldωn

− Cmωn]an|. As a result, perfect absorption at multiple frequencies of a
given spectrum can be obtained by engineering the modulation parameters. Note that there is no limit for improving
the absorption at side bands if one can increase the amplitude of the central harmonic ac. Importantly, these
results are obtained assuming slow modulation, where the modulation frequency is much smaller than the input
frequencies, which is more practical than the double frequency modulation usually used in parametric devices.

III. RESULTS

To validate the results obtained above, we consider an input signal with four harmonics at 0.95 GHz, 0.97
GHz, 1.03 GHz, and 1.05 GHz, while the central harmonic is at 1 GHz. Those harmonics give rise to modulation
frequencies 30 MHz and 50 MHz. The array of patches is designed to produce a resonance with the shorted
transmission line at 1 GHz with Ld = 3 nH, Cm = 8.44 pF, and g0 = 1/η0. For simplicity, we assume a±2 =
a±1 = 1. Perfect absorption of all harmonics is realized with φm1,2 = 3π/2, ac = 10, m1 = 0.245, and
m2 = 0.38. Note that we can decrease mk even more by increasing ac.

Now, we will discuss numerical results obtained from SIMULINK. Figure 2(a) shows the time modulated effec-
tive resistance, and the absorption spectrum is shown in Fig. 2(b) (bottom panel). In the absence of modulation, the
metasurface provides narrowband absorption, however, when modulation is present, absorption is boosted nearly
to perfection for all harmonics. For example, at 0.95 GHz, we increase the absorption from less than 50% to 99%.
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The reflected voltage amplitude is shown in the top panel where we can see that the reflected harmonics have neg-
ligibly small amplitudes compared to the input signal amplitudes (a±2 = a±1 = 1). As expected, due to the small
amplitude of the modulation function, the amplitude of the high-order harmonics is small, validating the model
assumption. In addition to boosting absorption to the maximum, it is also possible to tune the absorption to any
value by varying ac. Figure 2(c) shows the absorption as a function of ac. Circular symbols are for φm1,2 = 3π/2
where absorption is enhanced, while star symbols are for φm1,2 = π/2 where absorption is reduced. It is important
to notice that every harmonic can be controlled individually by assigning different values for φm1 and φm2. As a
result, the absorption becomes fully tunable by properly engineering the control and modulation parameters. No-
tice that the modulation does not reduce the absorption at the central frequency as the terms expressing coupling to
this frequency cancel out due to the symmetry. Finally, it is important to note that the metasurface does not pump
energy to the fields, meaning that the total energy scattered by the metasurface is smaller than the illumination
energy. In practice, this ensures that the energy used to generate and maintain the modulation will not be trans-
ferred to the scattered fields. In general, the amount of energy consumed to modulate the resistive layer depends
on the actual implementation being impossible to have an estimation at this stage of the work. During our talk, we
will extend these results and present a comprehensive study of the absorption properties of time-varying resistive
sheets and their applications to different types of metasurfaces.

(a) (b) (c)

Fig. 2: Simulation at f0 = 1 GHz when Cm = 8.44 pF and Ld = 3 nH. As a practical example, εd = 12,
D = λ0/10 = 30 mm, g = 298 µm, and d = 2.38 mm ≈ λ/125. (a) The effective resistance required to obtain
perfect absorption at 0.95 GHz, 0.97 GHz, 1 GHz, 1.03GHz, and 1.05 GHz when ac = 10 and a±2 = a±1 = 1.
(b) Amplitude of the reflected harmonic (top panel) and absorption spectra (bottom panel). (c) Tunable absorption
by controlling the amplitude of the central harmonic and the phase of the modulating signal. Values with circular
symbols are obtained with a modulation phase φm1,2 = 3π

2 and star symbols are for modulation phase φm1,2 = π
2 .
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