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Abstract: In this paper, we use a pair of self-resonating subwavelength spoof plasmonic
structures to achieve remote non-radiative terahertz wireless power transfer, while nearly without
affecting the electromagnetic environment of free space around the structure. The resonating
frequency and quality factor of the magnetic dipole mode supported by the spoof plasmonic
structures can be freely tuned by tailoring the geometric structure. By putting the weak source and
detector into the self-resonating structures, we can find that the effective non-radiative terahertz
power transferring distance can reach several hundred times the radius of the structures. Finally,
we also demonstrate the efficient wireless power transfer capability for the multi-target receiving
system. These results may provide a novel approach to the design of non-radiative terahertz
wireless power transfer and communications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Wireless power transfer (WPT) is a kind of noncontact power transmission system, which is
experimentally investigated by Nikola Tesla in the early 20th century [1]. The approach of power
transfer provides an ideal solution for most critical electronic devices installed in hard-to-reach
places, such as artificial cardiac pacemaker, biosensor and so on. Since the concept of the
WPT was proposed, different WPT systems have been widely explored and demonstrated [2-9].
According to the transferring mechanism, the WPT can be divided into two categories, one is
radiative WPT [10] and the other is non-radiative WPT [11]. Comparing to radiative WPT,
the non-radiative WPT based on near-field coupling is more proper for most daily devices by
considering power transfer efficiency and the safety issue. In 2007 years, an improved inductive
power transfer system is proposed to achieve high efficiency and long transmission distance
based on magnetic resonance coupling between the transmitter and the receiver [12]. Based on
the near-field coupling, the quality factor (Q-factor) of self-resonating structures and coupling
coeflicient between the structures play important roles in the WPT performance. For increasing
the Q-factor, various novel resonators have been designed, such as metallic-coil based resonators
[13—15], dielectric resonators [16,17], and cavity mode resonators [18,19]. For enhancing the
coupling efficiency and controlling the power transfer route, the metamaterials and metasurfaces
also been introduced to tailor the near-field and manipulate the coupling between the transmitter
and the receiver ends [20-23]. Terahertz (THz) wave, as information carrier of new generation
communication, recently has been widely investigated, and various THz functional devices have
been designed to manipulate THz wave for communication, sensing and bio-imaging. Thus,
terahertz WPT also has vital significance for these THz functional devices.
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In THz wave range, the concept of spoof localized surface plasmons (LSPs) has been proposed
based on the textured perfect electric conductor (PEC) cylinder for simulating the LSPs in
optical band supporting on metallic nanoparticles [24]. Particularly, the three-dimensional spoof
localized surface plasmonic structure is found that not only supports electric spoof LSPs, but
also supports magnetic spoof LSPs at deep subwavelength scale [25]. However, the maximum
magnetic field of magnetic LSPs is confined inside the whole structure and hard to focus the
field. To avoid the disadvantage, we recently design and demonstrate that a hollow spoof surface
plasmonic structure can supports electric and magnetic multipole resonances in two-dimensional
and three-dimensional structure similar to the Mie-resonances in all-dielectric particles [26-28],
simultaneously. The hollow structures can focus the magnetic field in the center of structure
and interact with the magnetic dipole to enhance emission [29]. Comparing with all-dielectric
structure with high index, the spoof surface plasmonic structure has a greater freedom degree
for tuning resonant strength and frequency by tailoring the geometry parameters. To have high
Q-factor, we also design spiral structure to increase the Q-factor by increasing the spiral degree
[30]. The tunable hollow spoof surface plasmonic structure, which can focus the magnetic
resonance in structure center interacted with the transmitter and receiver, may provide a versatile
platform to achieve THz wireless power transfer.

In this paper, we design a pair of self-resonating hollow spoof plasmonic structures to achieve
remote non-radiative THz wireless power transfer. We numerically demonstrate that spoof
plasmonic structure not only support magnetic dipole mode with high Q-factor, but also can
freely tuning the resonating frequency of magnetic mode by changing the structure parameters.
Based on these the advantages, we investigate the THz wireless power transfer by putting a pair
of the magnetic dipole source and detector into the center of two self-resonating spoof plasmonic
structures, and find that the power of the THz source is efficiently transferred to the receiver end
crossed a long distance comparing with a pair bare THz source and detector. Simultaneously, it is
nearly without affecting the electromagnetic environment of free space. Moreover, we also show
that the efficient WPT capability can be achieved from one source to the multi-target receiving
system. These results maybe provide a novel approach to design the non-radiative terahertz
wireless power transfer and communications.

2. Results and discussion

By periodically inserting the metallic strips made with perfect electrical conductor (PEC) as the
yellow part into the hollow silicon cylinder as the green region, a subwavelength spoof plasmonic
structure with outer radius of R and inner radius of r is formed, as shown as Fig. 1(a). The length
and width of PEC strip are denoted as R - r and a, and the number of PEC strips are N, thus the
period of subwavelength structure can be expressed as d = 2mR/N. Based on the finite element
analysis with the commercial software COMSOL Multiphysics, we simulate the electromagnetic
response and field distribution of two-dimensional (2D) structures by considering the excitation of
incident plane waves with transverse magnetic field (H,) polarization, and use the scattering cross
section (SCS) normalized to 2R to represent the electromagnetic response of hollow structures
with negligible absorption. Without loss of generality, we choose the structure parameters as
follows: the number of PEC strips N =30, the width of PEC strips a = 8.373um, outer radius
R =50um, inner radius r = 10um, and the ratio a / d = 0.8 in the azimuthal direction. As shown
in Fig. 1(b), we can find that the normalized SCS presents a magnetic dipole (MD) resonating
peak at 0.514THz. In order to further verify the origin of the resonating peak, the near field
distribution |Hgc,| of structure at resonating frequency f =0.514THz is given in inset of Fig. 1(b).
It is not difficult to find that the mode distribution of the magnetic field appears as a circular
spot pattern and the maximum magnetic field intensity is located in the hollow of the structure
corresponding to magnetic dipole resonating mode.
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Fig. 1. (a) Schematic of subwavelength hollow spoof plasmonic structure. (b) Normalized
SCS and near field distribution of the MD mode. (c) The relationship between Q factor of
the MD mode and a/d. The points with f, = 0.6328, 0.6063, 0.51217Hz corresponding
to the resonating frequencies of the MD modes for the ratio a /d =0.2, 0.5, 0.8. (d) The
influence of changing the number of metal strips N on Q factor. The resonating frequency
fr =0.6399, 0.6177, 0.5121THz corresponding to the MD modes for metallic strip number
as 0, 15, 30.

To obtain high-Q factor of the MD mode for realizing efficient terahertz WPT, we firstly
investigated the influence of the ratio a / d on the Q factor of MD mode in Fig. 1(c). The
results show that the Q factor will increases with the increase of the ratio a / d, which indicates
that the structure has stronger field confined capability. While the resonating frequency of
the MD mode also vary with changing the ratio a / d. We denote the resonating frequency
fr =0.6328, 0.6063, 0.5121THz by red, dark blue and cyan points corresponding to the ratio
a/d=0.2,0.5, 0.8 in Fig. 1(c). We can find that the resonating frequency will decrease with
increasing the ratio. Similarly, we also calculate the Q-factor and resonating frequency of the
MD modes varying with changing metallic strip number N in Fig. 1(d). Obviously, with the
increase of the number of PEC strips N, the Q-factor increases and the resonance frequency
decreases. In fact, for practical metallic strips (such as gold, silver and copper) in THz frequency
regime, the material absorption loss is obvious for increasing the metallic parts (increasing a /
d and strip number N), thus the Q factors in Figs. 1(c) and (d) will have a maximum value as
discussed in our previous work [31]. Here, we main focus the Q factor varying with the structure
parameters, the practical metal will be discussed in Fig. 4. It is well known that the larger the Q
factor is, the stronger the non-radiative characteristics of the structure will be. Thus, the spoof
plasmonic structures supported MD modes with high Q factor provide a versatile platform to
realize remote non-radiative terahertz WPTs.

Next, we will use two spoof plasmonic structures with the same parameters which support the
strong magnetic dipole resonance to realize the remote non-radiative terahertz WPT system, as
shown in Fig. 2(a). The distance between the two subwavelength structures is L. The transmitter
(denoted by “T”) is excited by an internal weak MD source represented by a purple solid dot;
the red solid dot is used to detect the magnetic field at the receiver (denoted by subscript “D”).
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For the terahertz MD emitter, it can be fabricated in the materials which have the strong MD
transitions (such as TmFeO3 and ErFeOs3) by filling the structural hollow as quantum dots in
the specific solution [32]. The distance between the transmitter (“T””) and the receiver (“D”) is
L=32R=1600um. We conduct full-wave simulations for the MD source excitation in the 2D
scenario based on finite element analysis with COMSOL Multiphysics. To verify the system’s
remote terahertz WPT capability, we firstly detect the magnetic field intensity |Hy| for direct
transfer from source to detector in free space shown in left panel of Fig. 2(b). As shown in
left panel of Figs. 2(c)-(e), we calculated the enhancement of magnetic field detected at the
receiver |Hp|/|Hyl, |Ht|/|Ho| and |HTp|/|Hy| transferred for three cases: placing the structure
only at the receiver as Fig. 2(c), placing the structure only at the transmitter as Fig. 2(d), and
placing the structure both at the transmitter and the receiver as Fig. 2(e). It is clearly observed
that the enhancement magnetic field |Hp|/|Hy| and |Ht|/|Ho| at the MD resonance frequency
of 0.511THz can be nearly up to a factor of 50 when the designed structure is placed only at
the receiver or transmitter. More importantly, in our design of the transfer system consisting
of the same subwavelength structures simultaneously placed at both the transmitter and the
receiver, the enhancement magnetic field |Htp|/|Ho| can reach nearly 2500. The right panel in
Figs. 2(b)-(e) shows the magnetic field distributions at the MD resonance frequency of 0.511THz.
By comparison, we can see that the detected magnetic field at the receiver is significantly
enhanced for using the spoof plasmonic structures, while keeping the magnetic field intensity
along the transfer path much lower than the receiver. In the near-field region, when L < 12R, we
find that the magnetic field intensity with the structure placed at both the transmitter and the
receiver is greater than the product of the magnetic field intensity with the structure placed at
only one end |Htp||Ho|>|HT1||Hp|, the reason is that the strong MD-MD interaction between
the two resonators. For the far-field region, when L > 12R, the transfer process can be divided
into two cascaded processes: transmitting and receiving power, which can be regarded as
|Hrp||Ho|~|Ht||Hp|. Here, the near field extends by less than one wavelength. The far field
occurs where the distance from the dipole is much greater than one wavelength. Thus, we define
the near field region when the distance L between two structures is less than twelve times the
outer radius R, and similarly, the far field region for the distance L between two structures is
greater than twelve times the outer radius R.

Furthermore, we study the effect of changing the parameters of the structure on the magnetic
field enhancement factor |[Htp|/|Hy| of the terahertz wireless power transfer system. As shown
in Fig. 3(a), we study the influence of ratio a / d on the magnetic field enhancement |Hrp|/|Hy|.
It is obvious that the magnetic field enhancement |Htp|/|Ho| increases with the increase of ratio
a/ d, and the resonant frequency is red-shifted. Furthermore, the half-peak width corresponding
to the MD mode decreases with the increase of a / d, i.e., the Q factor of the MD mode increase
as discussion as Fig. 1(c). It indicates that the structure with large a / d has stronger capability
of confined field to achieve a non-radiative effect. In Fig. 3(b), we vary the outer radius R of
the subwavelength structure from 35um to 65um, and keep others parameters as: the number of
PEC strips N = 30, the width of PEC strips a = 8.373um, inner radius = 10um, and the ratio a /
d =0.8, the distance between the transmitter (“T”’) and the receiver (“D”) is L =32R = 1600um.
We can observe that the magnetic field enhancement |Htp|/|Hy| increases first and then slightly
decreases with the increase of the outer radius R, and the resonance frequency red-shifts with the
increase of the outer radius R. Similarly, we vary the inner radius r of the subwavelength structure
from 4um to 16um and keep the other parameters constant in Fig. 3(c). It can be seen from the
results that the magnetic field enhancement |Htp|/|Ho| also shows a trend of first increasing
and then decreasing with the increase of the inner radius r, and the resonance frequency also
is red shifted with the increase of the inner radius ». Moreover, we investigate the variation
of the magnetic field enhancement efficiency |Hrp|/|Ho| when changing the transfer distance
L from 10R to 400R in Fig. 3(d). It is intuitively found that the magnetic field enhancement
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Fig. 2. (a) The schematic of remote non-radiative terahertz WPT system. “T” and “D”
represent the resonators of transmitter and receiver. The purple solid dot in the center of
the transmitter indicates the magnetic dipole source used for excitation, and the red solid
dot is used to detect the magnetic field at the receiver. The left panel of (b) is the detected
magnetic field intensity |Hg| without structure placed in transmitter or receiver. The left
panel of (c)-(e) are the magnetic field enhancement for three cases: the structure placed in
receiver, the structure placed in transmitter and the structure placed in both transmitter and
receiver. The insert of left panel is the schematic of three transfer system. The right panel of
(b)-(e) are the magnetic field distribution at resonant frequency of 0.511THz.
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efficiency |Htp|/|Hop| oscillates near the near-field when L < 12R due to the strong MD-MD
resonance interaction between the transmitter and receiver, and tends to be stable in the far-field
when L > 12R. When the transmitter and receiver are placed close together, the spectrum of the
transmitter overlaps with that of the receiver, which is analogous to the short-range dipole-dipole
interaction between fluorescent emitters, i.e., Forster resonant energy transfer [33].
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Fig. 3. (a)-(c) The influence of structural parameters on magnetic field enhancement
|Htp|/|Hy| for different the outer radius R, different the inner radius r and different the
ratio a / d. (d) The variation of the magnetic field enhancement efficiency |Htp|/|H| when
changing the transfer distance L.

Next, we investigate the terahertz wireless power transfer in three-dimensional (3D) case.
As shown in the inset of the Fig. 4(a), we consider a pair of finite-height subwavelength 3D
structures with the height 7 = 50um, the number of PEC strips N = 30, the width of PEC strips
a = 8.373um, outer radius R = 50um, inner radius r = 10um, the ratio a / d = 0.8, and the distance
between the two subwavelength structures L =32R = 1600um as the transmitter and receiver of
the transfer systems. Surprisingly, we found that the magnetic field enhancement |Hp|/|Hp| in
the 3D case can reach nearly four orders of magnitude. Then, we plot the magnetic field intensity
|H| along the center line from the transmitter to the receiver to demonstrate the non-radiative
properties of the system in the Fig. 4(b). The solid purple line represents the detected magnetic
field intensity |H| with the magnetic dipole moment of the source M = 1 x 107'% m?/A in the
center of transmitter; solid red and green lines represent the magnetic field intensity |H| detected
in free space with the magnetic dipole moment M =9 x 107 m?/A, 1 x 10~'° m?/A of the source,
respectively. By comparison, the system composed of the subwavelength structure designed
shows obvious enhancement of the magnetic field intensity at the receiver and reduction of
the magnetic leakage around the structure. The magnetic field distribution of terahertz WPT
system is shown in the inset in Fig. 4(b), which further demonstrates that the system has the
remote non-radiative transfer capability. In addition, the effect of the height & variation of the 3D
structure on the magnetic field enhancement is studied shown in Fig. 4(c). The results show that
the magnetic field enhancement |Hp|/|Hy| first increases with the increase of height / from
20um to 80um, and the frequency of the MD resonance is red shifted. In the above investigations,
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the metallic material is usually assumed as the PEC in our designed structure. In Fig. 4(d), we
calculate the magnetic field enhancement |Htp|/|Hy| when the PEC is replaced by the actual
metal, the black line represents Ag, the red line represents Cu, and the blue line represents Al.
Due to the inherent Ohmic loss of the metal, the magnetic field enhancement is reduced, but it can
still reach nearly three orders of magnitude enhancement at the lowest in resonance frequency.
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Fig. 4. (a) Magnetic field enhancement |HTp|/|Hg| in 3-D case. T and D represent the
resonator at the transmitter and the resonator at the receiver, respectively. The insert of (a)
is the transfer system in 3-D case. (b) The magnetic field intensity |H| along the center
line for y =0 and z =0 from the transmitter to the receiver in 3 case: a strong MD source
M=9x10"7 m?/A placed in free space (shown by solid red line), a weak MD source
M=1x10"10m%/A placed in the center of transmitter (shown by solid purple line), a weak
MD source M =1 x 10719 m?/A placed in free space (shown by solid green line). The inset
of (b) is the magnetic field distribution correspond to the solid purple line. (c) The magnetic
field enhancement |Hrp|/|H| varies with height 4 from 20um to 80um. (d) The magnetic
field enhancement |Htp|/|Hy| for three actual metal.

Finally, we investigate the remote non-radiative terahertz WPT system with multiple receivers
(marked by “D1”, “D2” and “D3”). As shown in the inset of the Fig. 5(a), the structural parameters
of the transmitter and receiver are as follows: the height 7 = 50um, outer radius R = 50um, inner
radius r = 10um, the number of PEC strips N = 30, the width of PEC strips a = 8.373um, the ratio
a/d=0.8, and the distance between the transmitter and receiver is L1 = 1600um, L2 = 824.62um,
L3 =916.51um, respectively. We place a MD source inside the center of the transmitter for
excitation, and the magnetic field enhancement |Hrp|/|Hy| detected inside the three receivers is
shown in Fig. 5(a). The magnetic field enhancement |Htp|/|Ho| detected at all three receivers
can reach nearly 10*. Figure 5(b) shows the magnetic field distribution obtained at the magnetic
dipole resonance position, and the coordinates of the three receivers are given in red letters. We
can clearly see that the magnetic field at the three receivers is enhanced and much higher than
the surrounding environment. Therefore, the system designed by us can realize the multi-target
remote non-radiative terahertz wireless power transfer.



Research Article Vol. 31, No. 20/25 Sep 2023/ Optics Express 32907

Optics EXPRESS

Q
—

(=)
—

15000

D3 — D1 .
o ziéiﬁ — D3 [H.e.1=7821 Aim

0.5

(078,00
-002"5}[’ (um)
5000

R . P
0.54 0.56 0.58 0.60 0.62

Frequency(THz) -1

Enhanced |H,,|/ [H.]

-0.5
|Hro:=13289 A/m
-1

Fig. 5. (a) Magnetic field enhancement |Hp |/|Hg| corresponding to the three receivers. The
insert of (a) is the schematic diagram of multi-target remote non-radiative terahertz wireless
power transfer system. The distance between transmitter and receiver are L1 = 1600um,
L2 =824.62um, L3 =916.51um. (b) The magnetic field distribution at magnetic dipole
resonance frequencies. The coordinates of three detector are D1(x, y, z) = (0.8, 0, 0), D2(x,
y, z)=(0.4, -0.2, 0), D3(x, y, z) =(0, 0.2, 0.4). The coordinate of transmitter is T(X, y,
z)=(-0.8, 0, 0).

3. Conclusion

In summary, we have presented a system formed by a pair of subwavelength spoof plasmonic
structures for remote non-radiative terahertz wireless power transfer. The results show that the
effective non-radiative terahertz wireless power transfer distance is several hundred times the
radius of the structure, and the surrounding electromagnetic environment is basically unaffected.
In addition, we also investigate the effect of geometric parameters of self-resonant artificial
plasmonic structures on resonance frequency and transfer efficiency, which provides a great
degree of freedom for structure design. Finally, we also verify the high efficiency wireless power
transfer capability of the multi-target transfer system in the three-dimensional case. Our work
may provide a new way for the design of wireless power transfer devices and communication
devices.
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