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Abstract

In this talk, we put forward the concept of metasurface
energy concentrator which can fully reflect waves inci-
dent from multiple directions into one direction. The pro-
posed structure is based on a spatiotemporally modulated
impedance sheet mounted on a grounded substrate. We
show what proper traveling-wave modulations of the sheet
impedance provide this functionality. We introduce a gen-
eral analysis and design method based on the generalized
transmission-line model. Using mathematical optimiza-
tions, we demonstrate three-port and four-port designs of
energy concentrators.

1 Introduction

Electromagnetic reciprocity imposes strong restrictions on
wave propagation: the forward and backward transmission
coefficients for waves propagating through reciprocal me-
dia are always equal. In the past years, studies of breaking
reciprocity have been mostly focused on realizing one-way
wave transmission. Most common nonreciprocal devices
are isolators and circulators, which have essential appli-
cations in microwave and optical engineering. However,
potential applications of nonreciprocal effects are not lim-
ited to unidirectional or unequal transmission between two
ports. One of possible new applications is collection of en-
ergy carried by waves from different directions to a single
spot. Obviously, such functionality cannot be achieved by
any reciprocal device. For example, for a reciprocal convex
lens [see Fig. 1(a)], plane waves from different illumination
angles always focus at separated points on the focal plane.
In other words, for a reciprocal lens, it is not possible to
collect all the energy from different spatial directions to a
single focusing point. Why? This can be explained consid-
ering the reciprocal scenario. If such an exotic effect takes
place [see Fig. 1(b)], reciprocally, a radiator positioned at
the focal point will transmit all the energy to every direc-
tion at the left side, meaning that each receiving antenna at
the left side receives all the energy from the radiator, which
is apparently impossible! Therefore, to realize energy col-
lection from multiple incident routes, the system must be
nonreciprocal, as illustrated in Fig. 1(b).

Electromagnetic reciprocity can be broken using external
magnetic bias, nonlinear or time-varying materials, and
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Figure 1. (a) Reciprocal and (b) nonreciprocal convex lens.

other means [1, 2]. In recent years, time-varying struc-
tures for nonreciprocal applications have raised significant
attention, because these systems are compact and compati-
ble with modern fabrication technologies [3]. Within this
framework, one method is to uniformly modulate mate-
rial parameters in bianisotropic structures, realizing non-
reciprocal wave amplification and attenuation [4]. Another
method is to modulate at different points with synchronized
differences of the modulation phase [5–8,10]. This method
is generally called space-time modulation. It has been
demonstrated that space-time modulation, e.g, a travelling-
wave modulation, allows unidirectional wave transmission
and creation of such nonreciprocal devices as isolators [6],
circulators [7], nonreciprocal phase-shifters and antennas
[8, 9], and even a combination these functionalities in a re-
configurable system [10].

Here, we present a new nonreciprocal device which can fo-
cus energy from multiple ports to a single collection pool.
Creation of such devices relies on space-time modulation
of material parameters of thin sheets. We present a general
theory for this functionality on a metasurface platform, and
design three- and four-port energy collectors.

2 Theory

Let us consider a space-time varying impedance sheet po-
sitioned on a grounded dielectric substrate, as shown in
Fig. 2(a). The impedance sheet is modelled as a series con-
nection of spatiotemporally modulated sheet capacitance
C(z, t) and a fixed inductance L0. The modulation of sur-
face capacitance is in a travelling-wave form with spatial
and temporal periods D and T , respectively. Due to the pe-
riodicity, the modulation function can be expanded in the
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Figure 2. (a) Scattering scenario for a space-time modu-
lated impedance sheet positioned on a grounded substrate.
(b) The corresponding circuit model.

Fourier series

C(z, t) =
+∞

∑
m=−∞

cme− jm(βMz−ωMt), (1)

where βM = 2π/D and ωM = 2π/T are the spatial and tem-
poral modulation frequencies, respectively. We consider a
TE-polarized wave incident from θ =+θi at the frequency
of ω0. The wavenumber in the surrounding space is denoted
as k0. Due to the spatial modulation, the incident wave is
scattered into infinitely many spatial harmonics with tan-
gential wavenumbers kzn = k0 sinθi + nβM including free-
space propagating and evanescent modes, and due to the
time modulation, the n-th spatial channel supports waves
at ωn = ω0 + nωM [10]. Therefore, we can write the total
tangential electric and magnetic fields on the surface as

Et
tot = Et

i +Et
s =

+∞

∑
n=−∞

Et
ne− j(kznz−ωnt)

Ht
tot = Ht

i +Ht
s =

+∞

∑
n=−∞

Ht
ne− j(kznz−ωnt).

(2)

To find the complex amplitudes of all the harmonics, we use
the boundary conditions at each material interface of the
metasurface structure. Alternatively, similarly to classical
time-invariant systems, such spatiotemporal varying struc-
tures can be analyzed using the transmission-line model,
where the current and voltage in the circuit are analogized
to electric and magnetic fields in the structure. Since the
electric/magnetic field is composed of an infinite number
of harmonics, the voltage/current in the equivalent circuit
is also a combination of all these harmonics. If we only
consider harmonic orders from−N to +N, we can consider
the voltage/current variables as arrays composed of 2N +1
scalar values that represent the complex amplitudes of all
current/voltage harmonics. The surface impedance and
characteristic impedance of the transmission line should be
written as (2N + 1) dimensional square matrices to relate
the current and voltage arrays. Reference [10] presents a
detailed method for deriving the impedance/admittance ma-
trices of all layers of space-time varying planar multilayer
structures. Here, without elaborating the derivation pro-
cess, we denote the admittance matrix of free space and
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Figure 3. A three-port metasurface energy concentrator for
incidences from (a) Port 1 and (b) Port 2.

the grounded substrate as ¯̄Y0 and ¯̄Ygs, the impedance matrix
of the fixed inductance and time-varying capacitance as ¯̄ZL,
and ¯̄ZC. Knowing the impedance/admittance matrices of all
the circuit components, we can find the reflection matrix of
the structure:

¯̄R = ( ¯̄Y0 +
¯̄Yin)
−1( ¯̄Y0− ¯̄Yin), (3)

where ¯̄Yin = ( ¯̄ZL + ¯̄ZC)
−1 + ¯̄Ygs is the input admittance ma-

trix of the whole structure. The reflection matrix relates
the amplitudes of the incident and scattering harmonics:
⇀vs = ¯̄R · ⇀vi. Knowing the array of the incident-wave har-
monics and the reflection matrix (determined by the meta-
surface properties), we can calculate the array of scattered
harmonics, which includes both propagating modes in free
space and evanescent modes, bound to the metasurface.

In practical metasurface engineering, it is usually desired
that one or several scattering modes can be excited under a
specific illumination. This is actually an optimization prob-
lem, in which, by optimizing the material parameters (cm,
ωM, L0, εd, and d), the elements in the scattering array are
engineered. Here, the optimization is done by MATLAB
Optimization Toolbox using the algorithm of ‘ f mincon’. In
the optimization process, MATLAB imposes a set of mate-
rial parameters to construct the impedance/admittance ma-
trix, and calculates the scattering coefficients. This process
is repeated until the desired harmonics appear in the calcu-
lated scattered array of voltage coefficients ⇀vs.

3 Multi-channel energy concentration

In this section, based on the developed theory, we optimize
the material parameters to design multichannel metasur-
faces for unidirectional energy concentration. Let us first
consider a three-channel metasurface. The spatial period-
icity of modulation is chosen as D = λ0/sinθi (θi = 45◦),
such that three plane-wave propagation channels θ1 = θi
(Port 1), θ2 = 0 (Port 2), and θ3 =−θi (Port 3) are open in
free space. In general, waves incident from any port (Port
1, 2, or 3) can be retro-reflected or reflected to the other two
channels. We aim to determine the modulation function and
the other material parameters that can realize full energy
transmission to Port 3 for incidences from both Port 1 and
Port 2.

To do that, we define two objective functions in the opti-
mization. The first one is |⇀vs(n =−1)|+ |⇀vs(n =−2)| = 0
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Figure 4. (a) Tangential amplitudes of scattering harmonics
for incidences from Port 1 and Port 2. The amplitude of the
tangential electric field component of the incident wave is
1 V/m. The optimized material parameters are εd = 4, d =
5 mm, ωM = 0.0561ω0 (ω0 = 2π×10 GHz), and C(z, t) =
9.83 [1−0.1741cos(βMz−ωMt)] with the unit of fF.

for incidence from Port 1. This objective ensures zero retro-
reflection and zero transmission to Port 2, meaning that all
the energy is delivered to Port 3. The second objective is
|⇀vs(n =−1)|+ |⇀vs(n =+1)|= 0 for incidence from Port 2.
This objective ensures that all the energy from Port 2 is de-
livered to Port 3. The caption of Fig. 4 lists one set of the
optimized material parameters (note that the solution is not
unique). Figure 4 shows the calculated harmonic ampli-
tudes for the optimized solution. It is easy to figure out
the device scattering matrix (only free-space propagating
modes are considered):

| ¯̄S|=

0.0002 0.0624 0.7417
0.0003 0.0388 0.3157

1 1 0.6018

 . (4)

As we can see from Eq. (4), the scattering matrix is asym-
metric, meaning that the system is nonreciprocal.

The above results show unidirectional energy flowing in a
three-port system. In principle, the method can be gener-
alized to design energy collectors with an arbitrary number
of ports. However, as the number of ports increases, the
control of port responses in the optimization will be more
difficult. In this case, one must introduce more and more
Fourier coefficients of the modulation function to increase
the possibilities of finding a solution. Here, as an example,
we consider a four-port metasurface (as shown in Fig. 5),
with the spatial periodicity D = 3λ0/(2sinθi), where θ1 =
θi is the incident angle of Port 1. The spatial orientations
of Port 2 and 3 are defined as θ2,3 = ±arcsin [1/(3sinθi)].
Similarly to the design procedures of the three-port device,
we set up three objective functions in optimization for inci-
dences from Port 1, 2, and 3, and each of them ensures full
transmission to Port 4. The caption of Fig. 5 lists one set of
optimized material parameters. In this case, we apply two
modulation harmonics,

C(z, t) = 9.81[1+0.0076cos(βMz−ωMt)

−0.1748cos(2βMz−2ωMt +0.39π)]
(5)

with the unit of fF. We can see that the total modulation
function becomes non-harmonic.
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Figure 5. Schematic of four-channel operation (θi = 45◦).
The optimized material values are εd = 4, d = 9.47 mm,
ωM = 0.0343ω0 (ω0 = 2π×10 GHz).

Following the mode matching method introduced in Sec. 2,
the scattering harmonics for incidence from each port can
be calculated and therefore the scattering matrix of this de-
vice can be obtained:

| ¯̄S|=


0.0028 0.0745 0.0775 0.5360
0.0032 0.0302 0.0067 0.0529
0.0231 0.0238 0.0424 0.8657
0.9997 0.9976 1.0000 0.0798

 . (6)

4 Conclusions

This paper presents an idea of unidirectional energy con-
centration using space-time varying metasurfaces. It is
shown that such functionality must break reciprocity. The
idea has been verified on an example of a spatiotemporally
modulated metasurface. We have demonstrated three- and
four-channel energy concentrators. We expect that similar
nonreciprocal structures can find applications in telecom-
munications, offering a possibility to effectively receive
signals coming to the receiver from different directions.
Another possibility is to use frequency conversion of waves
coming from different directions to realize arrival directions
sensors.

Acknowledgment

This work was supported in part by the Academy of
Finland, project 330260, and the European Commission
through the H2020 ARIADNE project under grant 871464.

References

[1] V. S. Asadchy, M. S. Mirmoosa, A. Díaz-Rubio, S. Fan,
and S. A. Tretyakov, “Tutorial on electromagnetic non-
reciprocity and its origins,” Proceedings of the IEEE,
vol. 108, no. 10, pp. 1684–1727, 2020.

[2] C. Caloz, A. Alù, S. A. Tretyakov, D. Sounas,
K. Achouri and Z. Deck-Léger “Electromagnetic
Nonreciprocity,” Physical Review Applied, vol. 10, p.
047001, 2018.



[3] D. L. Sounas and A. Alù, “Non-reciprocal photonics
based on time modulation,” Nature Photonics, vol. 11,
no. 12, p. 774, 2017.

[4] X. Wang, G. Ptitcyn, A. Díaz-Rubio, V. S. Asad-
chy, M. S. Mirmoosa, S. Fan, and S. A. Tretyakov,
“Nonreciprocity in bianisotropic systems with uniform
time modulation,” Physical Review Letters, vol. 12, p.
266102, Dec 2020.

[5] J. Zang, A. Alvarez-Melcon, and J. Gomez-Diaz,
“Nonreciprocal phased-array antennas,” Physical Re-
view Applied, vol. 12, p. 054008, Nov 2019.

[6] S. Taravati, “Self-biased broadband magnet-free lin-
ear isolator based on one-way space-time coherency,”
Physical Review B, vol. 96, p. 235150, Dec 2017.

[7] Y. Shi, S. Han, and S. Fan, “Optical circulation and iso-
lation based on indirect photonic transitions of guided
resonance modes,” ACS Photonics, vol. 4, no. 7, pp.
1639–1645, 2017.

[8] Y. Hadad, J. C. Soric, and A. Alù, “Breaking temporal
symmetries for emission and absorption,” Proceedings
of the National Academy of Sciences, vol. 113, no. 13,
pp. 3471–3475, 2016.

[9] D. Ramaccia, D. L. Sounas, A. Alù, and B. Filib-
erto and A. Toscano, “Nonreciprocity in antenna ra-
diation induced by space-time varying metamaterial
cloaks,” IEEE Antennas and Wireless Propagation Let-
ters, vol. 17, no. 11, pp. 1968-1972, 2018.

[10] X. Wang, A. Díaz-Rubio, H. Li, S. A. Tretyakov, and
A. Alù, “Theory and design of multifunctional space-
time metasurfaces,” Physical Review Applied, vol. 13,
no. 4, p. 044040, 2020.


