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Abstract: Propagating electromagnetic waves in free space cannot directly couple to guided
waves in waveguides due to momentum mismatch. Here, we propose a method to design a
metacoupler that can convert propagating waves into guided waves along wire waveguides
in a noninvasive way. The metacoupler is attached to the wire waveguide and imposes an
additional wave vector to the scattered waves, thus, filling the momentum gap between the
propagating waves and guided waves. Numerical simulations have confirmed the conversion
effect in corrugated metal wire and silicon wire waveguides.

Index Terms: Electromagnetic metamaterials, optical waveguides, surface waves.

1. Introduction
Recently, metasurfaces [1]–[21], as a unique type of planar metamaterial [22]–[25] consisting of
designed electromagnetic units, have been proposed and shown to exhibit an unprecedented
ability to manipulate the phase, polarization and amplitude of electromagnetic waves, leading
to interesting phenomena like abnormal reflection and refraction [1]–[6], flat lens [7]–[9], cloaking
[10]–[16], enhancement of holography and imaging [17], [18], and polarization control [19]–[21], etc.
In particular, it has been theoretically and experimentally demonstrated that gradient metasurfaces
are capable of converting propagating waves into surface waves (SWs) with nearly 100% efficiency
[4], [5]. In the conversion process, an additional wave vector induced by gradient metasurfaces is
imposed to the reflected or transmitted waves, which is beyond the wave number in the background
medium [4]–[6]. As a result, the propagating waves are transformed into evanescent waves that
propagate along the surface. Based on this concept, surface plasmon polariton (SPP) meta-couplers
with high efficiency have been proposed [6].

However, the previous works on gradient metasurfaces as quasi-two-dimensional structures are
mostly limited to incident plane waves. For quasi-one-dimensional wire waveguides and sensors,
such as optical fiber and plasmonic nanowires [26], [27], new types of coupler are required. Very re-
cently, gradient tip structures have been proposed to convert cylindrical propagating waves (CPWs)
into guided waves (GWs) that propagate along a quasi-one-dimensional structure geometry [28].
However, the previous design requires the existence of a tip. This indicates that the geometry
shape of waveguide has to be changed and the conversion process only happens at the end of the
waveguide.
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Fig. 1. (a) Schematic graph of a gradient meta-coupler that converts incident CPWs to GWs propagating
upwards along a wire waveguide. (b) Top view of the model.

In this work, instead of designing tip structures, we design a type of meta-couplers to convert
the propagating waves in free space to guided waves in wire waveguides in a noninvasive manner.
The meta-coupler is simply attached to the waveguide and therefore the conversion process can
happen in the middle part of the waveguide. The mechanism of such meta-couplers contains two
steps. First, when CPWs are impinging onto the meta-coupler, the scattered waves will be adjusted
to exhibit a linearly varying phase along the waveguide, i.e., an additional wave vector is imposed to
the scattered waves. If the additional wave vector is larger than the wave number in the background
medium, the scattered waves will turn into SWs propagating along the meta-coupler. Second, the
SWs on the meta-coupler resonantly couple to waveguide modes in the wire waveguides when the
momentum is matched. For demonstration, we have designed different meta-couplers for corrugated
metal wire and silicon wire waveguides. The numerical results confirmed the conversion effect.

2. Descriptions of Model
The model we studied is composed of a gradient meta-coupler and a wire waveguide in the center,
as illustrated in Fig. 1(a). Fig. 1(b) shows the top view of the model. The core (region I) and
shell (region II) correspond to the wire waveguide and the meta-coupler, respectively, which are
characterized by relative permittivity, relative permeability, radius of ε1, μ1, R1 and ε2, μ2, R2,
respectively. And the relative permittivity (permeability) of the background medium is εb (μb).

Now, we assume that the incident CPWs are of transverse electric (TE) polarization (with electric
fields in the z direction). Then, the electric fields in the background medium can be expressed as,

Eb =
∞∑

n=−∞

[
anH (2)

n (kbr ) einθ + bnH (1)
n (kbr ) einθ

]
ẑ (1)

where H (1)
n and H (2)

n are the first and second kinds of n -th Hankel function. kb are the wave number
in the background medium. an and bn are the coefficients corresponding to incident and scattered
waves, respectively. Thus, the scattering coefficient is defined as Sn= bn/an for the core-shell model
illustrated in Fig. 1(b). Taking the fields inside the core and shell, as well as the boundary conditions
into consideration, the scattering coefficient Sn can be derived as [29],
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with
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Here, Jn is the n-th Bessel function. k1 (k2) is the wave number in the core (shell). From the scattering
coefficient Sn , the phase of the scattered waves ϕ can be obtained as ϕ = arg(Sn ).

In the CPW-GW conversion process, the crucial functionality of the gradient meta-coupler is to
generate scattered waves with a linearly varying phase along the meta-coupler. When there exists a
phase difference of �ϕ within a distance of L in the z direction, an additional wave vector ka = �ϕ/L
along the z direction will be imposed on the scattered waves. Interestingly, if ka is larger than the
wave number in the background medium, i.e., ka > kb, the scattered waves will be evanescent in
the radial direction in the background medium and be confined on the surface of the meta-coupler.
Then, the driven SWs can resonantly couple to the eigenmodes in wire waveguides when the
momentum is matched.

3. Metacoupler Design and Numerical Simulations
In the following, we consider two cases of corrugated metal wire and silicon wire waveguides. By
designing appropriate meta-coupler, we numerically demonstrate the CPW-GW conversion effect.

In the first example, we design a meta-coupler for metal wire waveguides. It is known that
metal wires can function as an efficient waveguide of surface plasmon polaritons (SPPs) in optical
and terahertz frequency region [26], [27]. However, at low frequency region, the SPPs do not
exist because the metals behave like perfect electric conductors (PECs), instead of plasmas with
the negative permittivity. Interestingly, it has been demonstrated that periodically corrugated PEC
structures can support SPP-like surface modes, i.e., the so-called spoof SPPs [30]–[34]. Here, we
consider a PEC wire (radius R1 = 0.1λ) with periodic subwavelength grooves. The period, depth and
width of the grooves are a = 0.19λ, d = 0.05λ and w = 0.5a, respectively. And λ is the wavelength
in the background medium.

Before considering the linearly changing phase, we first study the scattering of a core-shell
cylinder consisting of a PEC core and a dielectric shell. The background medium is free space. And
we assume the angular momentum of the incident CPWs is zero. The outer radius of the dielectric
shell is R2 = 0.2λ. In Fig. 2(a), we plot the ε2-dependent phase ϕ of the scattered waves, showing
that ϕ covers the range from −π to −π as ε2 increases from 1 to 51.68.

Then, we consider a meta-coupler composed of a shell with a gradient ε2 that varies along the axis
(i.e., ε2 is the function of z). The meta-coupler has a length of L in the z direction. Due to the gradient
ε2, the phase of the scattered waves also varies along the axis. According to the requirement of
conversion, the phase should vary linearly as a function of z, and the phase difference �ϕ within
the distance of L should satisfy �ϕ/L > kb. As an example, in Fig. 2(b), we present one possible
distribution of the phase that fulfills the above requirements. Combined with Fig. 2(a), we can find
out the required distribution of ε2, as shown in Fig. 2(c).

To verify the CPW-GW conversion, numerical simulations are performed by employing the finite-
element software COMSOL Multiphysics. In this numerical simulation, the incident CPW is ex-
cited by given a background electric field E b = H (2)

0 (kbr ). The length of the meta-coupler is set to
L = 0.95λ, and the ε2-distribution of the meta-coupler as shown in Fig. 2(c) is set by utilizing the
interpolation function in COMSOL. Perfect matched layers have been set around the region to
absorb the scattered waves. The snapshots of radial component of the electric fields E r are shown
in Fig. 2(d). Since the incident waves do not has electric field component E r , the existence of E r is
purely induced by GWs propagating along the axis. It is seen that the GWs are well confined on
the corrugated PEC wire and exponentially decay in the radial direction in free space. Furthermore,
we can see that the GWs propagate upwards because the addition wave vector generated by the
meta-coupled is in the upward direction. The CPW-GW conversion is confirmed.
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Fig. 2. (a) Phase of the scattered waves as the function of ε2. (b) The desired linearly varying phase.
(c) Required distribution of ε2 along the meta-coupler. Snapshots of the radial component of electric
fields E r by using a (d) gradient, (e) discretized meta-coupler. The wire waveguide is a periodically
corrugated PEC wire.

In practice, it is difficult to realize the continuously varying ε2. Therefore, in Fig. 2(e), a discretized
meta-coupler with 10 segments is used. These segments have constant ε2 of 1, 3.54, 4.99, 6.10,
7.15, 8.37, 10.18, 14.01, 29.10 and 47.19 separately, which are denoted by blue circles in Fig. 2(c).
And the corresponding phase is shown by blue circles in Fig. 2(b). In Fig. 2(e), the CPW-GW
conversion effect is also confirmed.

Moreover, we have calculated conversion efficiency, which is defined by η = PS/P0, where P0

is the time-averaged power flow of the incident CPWs impinging onto the coupler and PS is the
power flow carried by the GWs. Here, PS is calculated by the integration Ps = ∫∫

S PdS, where P is
the time-averaged Poynting vector, and S is a circular plate (with a radius of 0.8λ) in rθ-plane at
a distance of λ to the top of the meta-coupler. According to the simulation results in Fig. 2(e), the
conversion efficiency is found to be 38%.

The loss of the efficiency can be understood from the insights of two conversion steps. First,
the CPWs are converted to GWs on the meta-coupler, which has been demonstrated to be highly
efficient [28]. Second, the GWs on the surface of the meta-coupler couple to the wire waveguide
modes. Due to the sudden change of radius and discontinuity of parameters, the conversion effi-
ciency in this step is relatively low. To mitigate this problem, one way is to make the meta-coupler
as thin as possible. However, in order to meet the requirement of 2π phase change, the decrease of
the thickness of the meta-coupler would also lead to the increase of the required permittivity, which
may lead to loss and other complicated issues in practical applications.

The proposed quasi-one-dimensional meta-couplers inherit the advantages of gradient metasur-
face coupler [4] linking propagating plane waves and surface waves. For example, compared to
conventional prism coupler, the thickness of the meta-coupler is sub-wavelength (i.e., 0.1λ), which
means that it is of small size and light weight. On the other hand, although gratings as another type
of propagating waves to SWs coupler have sub-wavelength thickness, under normal incidence it
always generates two types of SWs with opposite wave vector due to the geometric symmetry, while
the proposed meta-coupler under the same normal illumination generates SWs with the desired
wave vector only. In addition, the conversion efficiency of the meta-coupler is quite higher than that
of traditional prism and grating couplers without any special optimization [6].
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Fig. 3. (a) Phase of the scattered waves as the function of ε2. (b) The desired linearly varying phase.
(c) Required distribution of ε2 along the meta-coupler. (d) Snapshots of the radial component of electric
fields E r by using a discretized meta-coupler. (e) The meta-coupler in (d) is replaced by subwavelength
multilayers consisting of four different dielectric materials. The wire waveguide is a silicon wire.

In the second example, we utilize a meta-coupler to convert the CPWs into GWs in a silicon
wire waveguide which is one of the most common photonics devices. The radii of the silicon
wire (ε1 = 11.7) and the meta-coupler are R1 = 0.2λ and R2 = 0.3λ, respectively. The background
medium is free space. Similarly, we first study the phase ϕ of the scattered waves by a uniform
dielectric shell with a silicon core. The ε2-dependent ϕ is plotted in Fig. 3(a), showing that ϕ covers
the full phase range of 2π as the increase of ε2. Then, we consider the gradient meta-coupler. In
Fig. 3(c), we present the required ε2-distribution to obtain the linearly varying phase in Fig. 3(b). In
numerical verification, the ε2 of the meta-coupler is discretized into 10 layers, as indicated by the
blue circles in Fig. 3(c), which produce the discretized phases shown by the blue circles in Fig. 3(b).
The E r -distribution in Fig. 3(d) demonstrates that the CPWs in air are indeed converted to GWs
propagating upwards along the silicon wire waveguide. According the simulation results in Fig. 2(e),
the conversion efficiency is found to be 25%.

Moreover, the design of ten segments can be further simplified by using fewer materials. Here,
four dielectric materials with relative permittivities of 1, 8.4, 20.7 or 28.9 are utilized to realize the
required discretized ε2. In Fig. 3(e), each segment is composed of two dielectric layers, whose
effective relative permittivity is described by Maxwell-Garnett theory [28], [35]. The distribution of E r

in Fig. 3(e) also demonstrates the CPW-GW conversion. And the calculated conversion efficiency
is 21%.

In the above models, materials with relatively high refractive index are required, which can be
readily obtained in the microwave frequency regime by using materials like ceramic. In addition,
artificial dielectrics with high refractive index has been constructed by using metallic gratings with
periodic slits [36]–[38] and metamaterials composed of sub-wavelength resonators [39], [40]. We
note that in the CPW-GW conversion progress, the linearly varying reflection phase shifts and the
additional wave vector imposed on the scattering waves rather than the gradient relative permittivity
is vital. So, to get the linearly varying reflection phase, many other methods except for introducing
gradient relative permittivity can be utilized, such as by introducing gradient relative permeability,
assembling arrays of scatterers generating gradient scattering phase, and adopting homogeneous
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media with gradient geometric parameters. These methods can mitigate the requirement of high-
index media.

4. Discussions and Conclusion
The concept of the proposed meta-coupler and the principle of CPWs-GWs conversion could be
important for coupling propagating waves to on-chip waveguides. Normally, light is coupled to chip
wire waveguides via fiber or grating structures [41], [42]. Our work provides an efficient and flexible
method to couple propagating waves into on-chip waveguides via sub-wavelength meta-couplers.
Although the demonstration in this work is of circular cross section, the principle is general and can
be extended to wire waveguide with other cross-sectional shapes.

In summary, we have proposed a method to convert CPWs to GWs by using a gradient meta-
coupler. The gradient meta-coupler can generate linearly varying phase, and thus imposes an
additional wave vector to scattered waves. When the additional wave vector is larger than the wave
number in the background medium, scattered waves will be confined on the surface of the meta-
coupler, and thus couple to the GWs in the wire waveguides. As demonstrations, we have designed
meta-couplers for corrugated PEC wire and silicon wire waveguides. Unlike previous approaches
of using gradient tips, such a method is noninvasive to the wire waveguides.
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