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Abstract – In this work, we design a type of meta-prism which can provide high-efficiency coupling
between free space and optical waveguides at infrared frequencies. The meta-prism is composed
of an ABA multilayer structure with a fixed total thickness. By varying the filling ratio of the
components, the phase of the transmitted wave can be tuned to almost cover the whole range of
[0, 2π], while maintaining a robust high transmittance at the same time. Through two examples,
we demonstrate the efficient coupling of light into optical waveguides such as metal wires and
optical fibers in a noninvasive way. We also demonstrate an approach to generate waveguide modes
with different orbital angular momentums. The meta-prism, as a type of compact and efficient
optical coupler, may have important applications in nanophotonics and optical communication.

Copyright c© EPLA, 2018

Introduction. – Traditional prisms are widely applied
for coupling between free space and optical devices, such
as optical and plasmonic waveguides. However, they are
excessively bulky in size and suffer from issues like in-
herent low efficiency, which make them inconvenient for
integration into photonic devices [1–3]. Recently, gradi-
ent metasurfaces [4–28] have demonstrated a strong abil-
ity to manipulate the phase, polarization and amplitude
of electromagnetic waves, which lead to novel applica-
tions such as flat lens [6–9], enhanced holography [10–12],
photonic spin Hall effect [13], cloaking [14–18], coding de-
vices [19,20], etc. Especially, the conversion of propagat-
ing waves into surface waves (SWs) or surface plasmon
polariton (SPP) along the metasurfaces [21–24] has been
theoretically and experimentally demonstrated in the mi-
crowave, optical and terahertz regimes.

The physical mechanism of such a wave conversion pro-
cess lies in the imposing of an additional wave vector to the
reflected [21–23] or transmitted [24] waves via the gradient
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meta-coupler. When the additional wave vector is beyond
the wave number in the background medium, the propa-
gating waves will become evanescent waves that propagate
along the surface. The original design was based on the
manipulation of reflected waves, which lead to relatively
low efficiency. Recently, high efficiency has been success-
fully obtained based on the manipulation of transmitted
waves [24].

Very recently, gradient structures (such as tips) have
been proposed to convert cylindrical propagating waves
(CPWs) into guided waves (GWs) propagating along a
waveguide, as shown in fig. 1(a) [25]. Later, noninvasive
meta-couplers have also been designed and demonstrated,
as shown in fig. 1(b) [26]. However, the CPWs-GWs con-
version efficiency in these approaches is still relatively low
due to the physical mechanism based on the manipulation
of reflected or scattered waves. Moreover, in the infrared
frequency regime, the realization of gradient material pa-
rameters turns out to be much more difficult for the non-
invasive meta-couplers.

In this work, we propose a method to convert cylindri-
cal propagating waves (CPWs) to guided waves (GWs) by

38001-p1



Yichao Xu et al.

Fig. 1: (Colour online) Schematic graph of (a) reflec-
tive gradient tip structures, (b) reflective meta-couplers and
(c) transparent meta-prisms. (d) Top view of the transparent
meta-prism.

using a highly transparent meta-prism constructed with
ABA multilayer structure at infrared frequencies. As
shown in fig. 1(c), unlike previous meta-couplers work-
ing in the refection geometry [25,26], here, the conversion
from CPWs to GWs is based on the tailoring of trans-
mitted waves through the meta-prism. Such a method
exhibits the advantage of high efficiency [24] because it is
free from the scattering stemming from the discontinuity
of two adjacent units of the meta-coupler [27].

For demonstration, we have designed a practical meta-
prism that can convert CPWs to GWs that are propagat-
ing along a metal wire and an optical fiber at the working
wavelength of 1550 nm. Despite the fact that the thick-
ness of each component varies linearly along the axis, the
total thickness of the meta-prism is fixed at 760 nm. More
interestingly, we demonstrate that such a meta-prism al-
lows the generation of the waveguide modes with different
angular momentums, e.g., m = 0 and m = 1. The nu-
merical results confirmed the conversion efficiency of the
meta-prism to be around 61%, which is relatively higher
than that of the previous works [26].

Descriptions of the model. – As shown in fig. 1(c),
in the CPWs-GWs conversion process, a linearly vary-
ing phase shift is generated along the axial direction of
the meta-prism (i.e., z-direction). When there exists a
phase difference of Δϕ within a distance of L in the
z-direction, an additional wave vector ks = Δϕ/L along
the z-direction is imposed on the transmitted waves. Es-
pecially, if ks is larger than the wave number in the back-
ground medium kb, i.e., ks > kb, the transmitted waves
will turn into SWs propagating on the surface of the meta-
prism. The driven SWs on the meta-prism can resonantly
couple to eigen GWs (with wave vector kg) on/in the wire
waveguides when the condition kg = ks is satisfied.

The model of our meta-prism is a gradient cylindri-
cal annulus multi-layer structure surrounding a waveg-
uide as illustrated in fig. 1(c). Here, we consider a 3-layer
structure, which contains efficient degrees of freedom for

the engineering of the phase and amplitude of transmit-
ted waves through the structure. The meta-prism is of
gradient parameters along the z-direction only, therefore
the cross-section in r − θ plane of the model is isotropic.
Figure 1(d) shows the cross-section of the whole system,
the core and the regions II to IV represent the waveguide
and the 3-layer meta-prism, respectively. Region I repre-
sents the gap between the waveguide and the meta-prism,
and region V represents the background. The inner and
outer radii of the region II are R1 and R2. The inner and
outer radii of the region IV are R3 and R4. ε and μ repre-
sent the relative permittivity and relative permeability of
these layers and the subscripts 1 to 5 represent regions I
to V. To design the gradient meta-prism, we first analyze
the transmission and scattering of such a homogeneous
3-layer cylindrical annulus.

Without loss of generality, we consider incident CPWs
with transverse electric (TE) polarization (with electric
fields parallel to the axis of the cylindrical annulus). The
electric field in the p-th layer can be expressed as

Ep =
∞∑

m=−∞
[Am,pH

(2)
m (kpr) + Bm,pH

(1)
m (kpr)]eimθ ẑ, (1)

where H
(1)
m and H

(2)
m are the first and second kinds of

the m-th Hankel functions. Am,p and Bm,p are the coef-
ficients of inward- and outward-propagating waves in the
p-th layer. Especially, Am,V and Am,I denote the coeffi-
cients of the incident and transmitted waves and the ratio
Sm = Am,I/Am,V is the transmission coefficient of this
multilayer cylinder. And kp = √

εpμpk0 is the wave num-
ber in the p-th layer, where k0 = 2π/λ0 is the wave number
in vacuum.

By matching the boundary conditions, we can derive
the relationship between the coefficients Am,p and Bm,pin
layer I and layer V [28,29] as(

Am,I

Bm,I

)
= Mm

(
Am,V

Bm,V

)
, (2)

with Mm = Mm,IMm,IIMm,IIIMm,IV and

Mm,p =⎛
⎝ H

(2)
m (kpRp) H

(1)
m (kpRp)

√
εpμp+1H

(2)′
m (kpRp)

√
εpμp+1H

(1)′
m (kpRp)

⎞
⎠

−1

×
⎛
⎝ H

(2)
m (kp+1Rp) H

(1)
m (kp+1Rp)

√
εp+1μpH

(2)′
m (kp+1Rp)

√
εp+1μpH

(1)′
m (kp+1Rp)

⎞
⎠ .

The transmission coefficient can be derived as

Sm = Am,I/Am,V = Mm[1, 1]−Mm[1, 2]Mm[2, 1]/Mm[2, 2].
(3)

From the transmission coefficient Sm, the phase of the
transmitted waves ϕ and the transmittance T can be ob-
tained as ϕ = Arg(Sm) and T = |Sm|2, respectively.
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Fig. 2: (Colour online) (a) Transmission phase ϕ and (b) trans-
mittance T of the ABA-structured dielectric layers as a func-
tion of dA and dB when m = 0. Here, εA and εB are fixed
at 9.3 and 2.3 separately. (c) Cross-section of the meta-prism
in the r-z plane (with dA max = 0.2465λ0 , dB max = 0.4930λ0).
(d) ϕ and T of the structure shown in (c) for different angular
momentums as a function of z when R1 = 0.63λ0.

Meta-prism design. – Two conditions are required in
the design of our meta-prism with high efficiency: the local
transmittance T at each point of the meta-prism should be
near unity, and the linearly varying phase ϕ of the trans-
mitted wave should almost cover the range of 2π. Here,
we introduce the ABA sandwich structure which can sup-
port perfect transmission under normal incidence [30–32],
where A and B represent two thin layers of different optical
materials (with thicknesses dA and dB, relative permittiv-
ities εA and εB and relative permeabilities μA = μB = 1).
With the material parameters fixed, we can still manipu-
late T and ϕ by changing dA and dB.

For simplicity, here we consider the incident waves with
zero angular-momentum quantum number (i.e., m = 0).
Through numerical analysis of eqs. (2) and (3), we set εA

and εB as 9.3 (GaP) and 2.3 (SiO2), respectively. These
parameters are realizable in the infrared frequency regime.
We thus set a working wavelength of λ0 = 1550 nm
(f0 = 193.5 THz) in free space. For the inner radius of
the meta-prism, we set R1 = 0.63λ0. ϕ and T as func-
tions of dA and dB are calculated according to eq. (3)
and shown in figs. 2(a) and (b), respectively. The black
dashed lines in figs. 2(a) and (b) satisfy the equation of
2dA + dB = 0.4930λ0 for all dA, i.e., when dA changes
from 0 to 0.2465λ0 and dB changes from 0.4930λ0 to 0,
the total thickness of the ABA structure is a constant of
0.4930λ0, i.e., 760 nm, as shown in fig. 2(c). The local
transmittance at each point of the structure is near unity,
and the linearly varying transmission phase covers a wide
range of 76%×2π. The height of the structure is depicted
by H . In fig. 2(d), we show the calculated T and ϕ of
the meta-prism for different angular-momentum quantum
numbers m = 0, 1, 2, 3, respectively. It can be seen that
for relatively small angular momentums, such as m = 0,

Fig. 3: (Colour online) Snapshots of the radial component of
electric-fields Er distribution for the meta-prism surrounding
a silver nanowire under illumination of CPWs with angular
momentum (a) m = 0 and (b) m = 1. (c) Dispersion relations
of the SPP modes in the single silver nanowire (with Rcore =
0.30λ0). The insets show the electric-field patterns of the silver
nanowire eigenmodes. (d) Calculated conversion efficiency of
the meta-prisms for different numbers of unit cells.

1, 2, the transmittance is near unity and the transmission
phase is almost linear and covers a range of 76% × 2π.
While when the angular momentum increases to m = 3,
the transmittance drops.

We note that the phase of the transmitted waves ϕ de-
picted by the black dashed line does not cover the whole 2π
range. Usually, the required linearly varying phase shift
can be discretized to simplify the design, and this has been
widely applied in metasurfaces design previously [4–28].
If we simplify the meta-prism as several segments with
different filling ratios of materials A and B, then it pos-
sesses discretized transmission phases that changes along
the z-axis. An air gap can be regarded as one segment
of the meta-prism with T = 1 and ϕ = 0. As shown in
fig. 3(a), we adopt three unit cells of meta-prisms, where
each unit cell is composed of dielectric ABA structure and
an air gap. The length of one unit cell is represented by L.

Numerical simulation. – To demonstrate the CPW-
GW conversion effect, we perform numerical simulations
of a metal wire and an optical fiber by using the finite-
element software Comsol Multiphysics.

In the first example, we design a meta-prism for metal
wire waveguides. It is known that metal wires can func-
tion as efficient waveguides of surface plasmon polari-
tons (SPPs) in the optical and terahertz regions [33–35].
Here, we consider a silver nanowire waveguide with ε =
−129.2+3.3i [36] and radius Rcore = 0.30λ0. We study the
surface plasmon modes of this silver nanowire as shown in
fig. 3(c) by employing the eigenmode analysis approach
based on the finite-element method [37]. The length of
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one unit is set to be L = 0.98λ0 according to kg of the
eigenmodes at the working frequency f0 = 193.5 THz (i.e.,
L = 2π/kg). Through numerical simulation, we find that
the optimized height of the air gap that produces the high-
est CPWs-GWs conversion efficiency is 0.14L, and the
height of the dielectric ABA structure H = 0.86L. The
optimized distance from the silver wire to the meta-prism
is d = 0.33λ0. The incident CPW is excited by given
a background electric field Eb =

∑∞
m=−∞ H

(2)
m (k0r)eimθ ẑ

(m = 0). The TE-polarized waves are incident onto three
units of the meta-prism designed in fig. 2(c). Figure 3(a)
shows the snapshots of the radial component of the electric
fields Er under the illumination of CPWs with TE polar-
ization and angular momentum quantum number m = 0.
Since there is no radial component electric field in the in-
cident waves, the shown Er represents the GWs induced
by the meta-prism. It can be found that the GWs are
well confined on the silver nanowire and exponentially de-
cay in the radial direction in free space. Moreover, the
simulated wave vector of the converted GWs matches the
designed additional wave vector ks very well. The CPW-
GW conversion for the silver nanowire waveguide model
is proved.

Furthermore, we have calculated the conversion effi-
ciency, which is defined by η = Ps/P0, where P0 is the
time-averaged power flow of the incident CPWs imping-
ing onto the meta-prism 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 1.2λ0 in
the r-θ plane at a distance of λ0 to the top of the meta-
prism. According to the simulation results in fig. 3(a), the
conversion efficiency of the gradient meta-prism is found
to be 61%, which is significantly higher than the previous
meta-coupler working in the reflection geometry (where
the efficiency is around 38%) [26].

We note that the calculated conversion efficiency of the
optical meta-prism is not so high as that of planar meta-
couplers [24], in which the efficiency is reported to be as
high as 94%. The reasons are explained in the following.
Firstly, the continuous and linearly varying transmission
phase provided by the designed optical meta-prism does
not cover the 2π range. Secondly, although we have used
ABA structure to improve the transmittance of the meta-
prism, the local transmittance at each point of the meta-
prism is not perfectly unity. Thirdly, unlike the planar
case, the whole thickness of the meta-prism is relatively
large, and this certainly would decrease the transmittance.

Through analyzing the cases of different angular mo-
mentums in fig. 2(d), it is predictable that the meta-
prism designed for m = 0 incidence can also work under
m = 1 incidence. Then, we carry out numerical simula-
tions to study the CPWs-GWs conversion effect. Here,
L = 0.99λ0 and d = 0.36λ0 are applied. The simulation
result shown in fig. 3(b) clearly demonstrates the CPWs-
GWs conversion into a waveguide mode with angular mo-
mentum m = 1.

Fig. 4: (Colour online) Snapshots of the radial component of
electric fields Er distribution for the meta-prism surrounding
an optical fiber under illumination of CPWs with angular mo-
mentum (a) m = 0 and (b) m = 1. (c) Dispersion relations
of the optical fiber (with R = 0.55λ0) eigenmodes. The insets
show the electric-field patterns of the optical fiber eigenmodes.
(d) Calculated conversion efficiency of the meta-prisms for dif-
ferent numbers of unit cells.

We also analyze the influence of the number of unit
cells on the conversion efficiency. The efficiency of previ-
ous meta-couplers working in the refection geometry de-
creases rapidly with the increase of unit number due to the
scattering stemming from the structure discontinuity of
two adjacent units [26,27]. However, the proposed meta-
prism is free from this drawback because the converted
SWs and GWs propagate along homogeneous waveguides.
As shown in fig. 3(d), the calculated conversion efficiency
is almost invariable when the number of meta-prisms
changes, which is in coincidence with the theoretical
analysis.

In the second example, we utilize the meta-prism to
convert CPWs to GWs in an optical fiber, which is a di-
electric waveguide. By using a similar method as in the
metal nanowire case to optimize the parameters of the
meta-prism, CPW-GW conversion is realized for different
waveguides and angular momentums. For m = 0, the
parameters of the meta-prism for optical fiber (ε = 2.1,
Rcore = 0.55λ0) are set as L = 0.89λ0 and d = 0.19λ0.
Dispersion relations of the optical fiber (with R = 0.55λ0)
are shown in fig. 4(c). For m = 1, we have applied an-
other set of parameters of Rcore = 0.70λ0, L = 0.91λ0 and
d = 0.21λ0. The calculated Er-distributions are shown
in figs. 4(a) and (b). TE01 and EH11 eigenmodes [38]
are excited in the case of m = 0 and m = 1, respec-
tively. Figures 4(a) and (b) demonstrate that the incident
CPWs with m = 0 and m = 1 are efficiently converted
to GWs propagating upwards along the optical fiber. The
calculated conversion efficiency is almost invariable when
the number of meta-prisms changes as shown in fig. 4(d).
This example demonstrates that the meta-prism is also
applicable to optical fibers.
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Fig. 5: (Colour online) (a) Transmission phase ϕ and (b) trans-
mittance T of the meta-prism shown in fig. 2(c) as a function
of R1 when m = 3.

Finally, we analyze the influence of the radius on the
meta-prism. Since the meta-prism has the geometry of an
annular-ring structure, the radius in principle could also
affect the conversion efficiency. Here, we select the case of
m = 3, and calculate the transmission phase and trans-
mittance of the meta-prism as a function of the inner ra-
dius R1 by using eq. (3). The calculation results shown in
figs. 5(a) and (b) indicate that the transmission phase has
only a small variance for different R1, which can almost
cover a wide range greater than 73% × 2π and is almost
always linearly varying with z. However, in fig. 5(b), we
find that the transmittance is low when R1 is small, which
coincides with fig. 2(d). Nevertheless, the transmittance
increases significantly to over 80% when R1 ≥ λ0. There-
fore, the designed meta-prism could also apply to incident
waves with even larger angular momentums when the ra-
dius of the meta-prism is large enough.

Conclusion. – In this paper we have proposed a high-
efficiency meta-prism which can convert CPWs in free
space to GWs along waveguides. The meta-prism is con-
structed with ABA multi-layer structure, which can gen-
erate transmitted waves with an almost linearly varying
phase, i.e., imposing an additional wave vector to the
transmitted waves. When the additional wave vector is
large enough, the transmitted waves can be coupled to
the GWs in the waveguides. For demonstration, we have
designed the meta-prism for a silver nanowire and an op-
tical fiber. Relatively high conversion efficiency has been
achieved in both cases. Interestingly, the meta-prism ap-
plies for different angular momentums, which provides a
method to generate GWs with different angular momen-
tums. The meta-prism is made of pure dielectrics and ex-
hibits the advantages of compactness and high efficiency.
It can also be extended to two dimensions for the genera-
tion of surface waves or guided waves in planar waveguides
at infrared frequencies.
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