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ABSTRACT: Directional and highly-efficient excitation of guided waves is closely related to the on-chip information processing and is
of fundamental importance to plasmonics, nanophotonics, and chiral quantum optics. However, during the directional coupling between
propagating waves and guided waves, there is a loss of information about the incident polarization state. It remains elusive and challeng-
ing to preserve the incident polarization information in the near-field directionality. Here we experimentally demonstrate polarization-
maintaining and polarization-dependent near-field directionality at a microwave frequency of 9.5GHz by exploiting a reflection-free,
anisotropic, and gradient metasurface. The s- and p-polarized guided waves are excited only by the s- and p-polarized components of
incident waves, respectively, and they propagate predominantly to opposite designated directions. Remarkably, the measured coupling
efficiency between propagating waves and guided waves exceeds 85% for arbitrary incident polarization states. Our work thus reveals
a promising route to directly and efficiently convert the polarization-encoded photon qubits to polarization-encoded guided waves, a
process that is highly sought after in the context of optical network and plasmonic circuitry.

1. INTRODUCTION

The optical network typically utilizes guided waves, such as
surface waves at the interface between free space andmetal,

which are featured with a highly squeezed wavelength and a
deep sub-wavelength skin depth [1–3]. As such, the optical net-
work is promising to provide a disruptive means for the manip-
ulation of light information at the subwavelength scale [4–7],
and it finds wide applications, for example, in sensing, optical
communication, optical computing, and bio-medicine [8–13].
A fundamental building block for optical networks is the ex-

citation of guided waves on demand, including their propaga-
tion direction, coupling efficiency with the incident propagat-
ing waves, and polarization states [14–40]. Particularly, the
directional coupling between propagating waves and guided
waves is oftentimes regarded as a primary step towards the ad-
vanced optical network. As a result, the exotic phenomenon
of near-field directionality has been extensively studied, by ex-
ploiting the quantum spin Hall effect of light [25–57] and be-
yond [34–37]. That is, various judiciously designed subwave-
length structures (e.g., asymmetric gratings) [22–24] and com-
plex dipolar sources (e.g., circularly polarized dipole, Huygens
dipole, and Janus dipole) [14–21] have been revealed useful in
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the realization of near-field directionality. Moreover, due to
the recent advancement in metasurfaces, it is reported possible
to achieve the high coupling efficiency between propagating
waves and guided waves by using gradient metasurfaces [29–
33]. Remarkably, this scheme is applicable in the near-field
directionality, whose coupling efficiency can be enhanced up
to 25% [32].
A next critical step for the near-field directionality is to pre-

serve the polarization state during the coupling between prop-
agating waves and guided waves, since the polarization of
light can provide an extra degree of freedom to encode the
information in optical networks. However, this polarization-
maintaining near-field directionality remains un-explored espe-
cially for surface waves, partly because of the p-polarized na-
ture of most surface waves in the optical range [22–24, 41–45].
Actually, the polarization-maintaining near-field directionality
with high coupling efficiency remains elusive and an open sci-
entific challenge, despite its importance to the further develop-
ment of optical networks.
Here we propose a feasible scheme towards the polarization-

maintaining near-field directionality with high coupling ef-
ficiency in a microwave regime, by depositing a reflection-
free, anisotropic, and gradient metasurface close to a meta-
waveguide [Fig. 1]. The underlying mechanism has two folds.
On the one hand, the anisotropic metasurface behaves as a px
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FIGURE 1. Schematic of polarization-maintaining near-field directionality. A reflection-free, gradient, and anisotropic metasurface is deposited
close to a meta-waveguide. (a), (c) Under the normal incidence of p-polarized (s-polarized) propagating waves, each supercell of the metasurface
is designed to be equivalent to an N0-element px(py) dipole array with a predefined progressive phase shift. (b), (d) Spatial frequency spectra of
the phased px and py dipole arrays with N = 5N0 elements. For illustration here and below, N0 = 5 is used in (b), (d), the working frequency
is ω/2π = 9.5GHz, and kgw = 1.05k0, where k0 = ω/c. For comparison, the spatial frequency spectra for a single dipole (i.e., N = 1) is also
shown in (b), (d).

dipole array with a certain phase gradient under the illumina-
tion of p-polarized propagating waves, while it becomes equiv-
alent to a py dipole array with the opposite phase gradient un-
der the incidence of s-polarized propagating waves; see the
schematic in Fig. 1. This way, the p-polarized (s-polarized)
guided waves are excited only by the p-polarized (s-polarized)
component of incident waves and would propagate predomi-
nantly to one designated (the opposite) direction, irrespective of
the incident polarization state. On the other hand, the optimized
metasurface-waveguide coupler can effectively suppress both
the reflection at the coupling surface and the effect of the ex-
cited guided waves decoupling back into propagating waves. In
our microwave experiments, the measured coupling efficiency
between propagating waves and guided waves exceeds 85% for
arbitrary incident polarization states.

2. RESULTS

2.1. Phased Dipole Arrays for the Polarization-Maintaining
Near-Field Directionality
We begin with the analysis of the essential role of the
metasurface-waveguide coupler in the polarization-

maintaining near-field directionality. Here we consider a
two-dimensional case, where the guided waves propagate only
along the ±x̂ direction [Figs. 1(a)–1(d)]. At the frequency of
interest, the meta-waveguide supports both p-polarized and
s-polarized guided waves with a same in-plane wavevector,
namely kp,gw = ks,gw = kgw; see the dispersion of guided
waves in Fig. S4. The metasurface is set to be anisotropic and
has a certain phase gradient along the x̂ direction. That is,
under the normal incidence of p-polarized (s-polarized) propa-
gating waves, the metasurface is designed to be equivalent to
a phased px(py) dipole array with N elements, pointing in the
x̂(ŷ) direction and placed along the x axis with equal spacing
a = 2π

N0·kgw
, where N0 is an integer. Each dipolar element

has a progressive phase shift αp = 2π
N0

(αs = − 2π
N0

) relative
to its adjacent element under the incidence of p-polarized
(s-polarized) propagating waves.
By rigorously solving Maxwell’s equations, we have

Ez(x, z) =
∫
Ez(kx)e

ikxxeikz|z−z0|dkx andHz(x, z) = 0 for
the phased px dipole array in free space, where

Ez (kx) =
i

8π2ε0
kxpx0 ·

∑N

j=1
e
(j−1)·i

(
2π
N0

−kxa
)

(1)
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FIGURE 2. Design of reflection-free, gradient, and anisotropic metasurfaces for the polarization-maintaining near-field directionality. (a), (d) Struc-
tural schematic. Under the normal incidence of p- (s-) polarized propagating waves, the incident and transmitted electric fields are both along
the x̂(ŷ) direction. The transmitted electric field Em,n at the plane just beneath the metasurface is determined by the transmission coefficient
tm,n of each unit cell, where m denotes the direction of electric fields and n denotes the relative position of the unit cell within a supercell
of metasurface. Each supercell is set to have five unit cells. (b), (e) Modelling the transmitted electric fields by a dipole array pm,n, where
pm,n : pm,n+1 = Em,n : Em,n+1 = tm,n : tm,n+1. (c), (f) Transmission coefficients of the designed unit cells. For the designed transmissive
metasurface, we have |tm,n| → 1, Arg(tp,n+1) − Arg(tp,n) = kgw · a, and Arg(ts,n+1) − Arg(ts,n) = −kgw · a. With these phase gradients,
these effective dipole arrays can efficiently excite guided waves with an in-plane wavevector kgw.

kz =
√

k20 − k2x, px0 is the moment of each dipole, z0 the ver-
tical position of all dipoles in the ẑ direction, and ε0 the per-
mittivity in free space [46]. By contrast, we have Ez(x, z) = 0
andHz(x, z) =

∫
Hz(kx)e

ikxxeikz|z−z0|dkx for the phased py
dipole array in free space, where

Hz (kx) =
iω

8π2

kxpy0
kz

·
∑N

j=1
e
(j−1)·i

(
− 2π

N0
−kxa

)
(2)

and py0 is the moment of each dipole. Detailed derivation of
Ez(kx, z) andHz(kx, z) is given in supplementary Section S1.
Since Ez(x, z)(Hz(x, z)) is a representative field component
for p-polarized (s-polarized) waves, we can conclude that only
p-polarized (s-polarized) guided waves would be excited by
the phased px(py) dipole array under the illumination of p-
polarized (s-polarized) propagating waves. Therefore, such
a combined metasurface-waveguide coupler could well pre-
serve the polarization state during the coupling between guided
waves and propagating waves.
The spatial frequency spectra of the phased px and py dipole

arrays are shown in Figs. 1(b) and 1(d), according to Equa-
tions (1)–(2). For illustration here and below, N0 = 5 is used,

the frequency is ω/2π = 9.5GHz, and the in-plane wavevector
of guided waves is kgw = 1.05k0, where k0 = ω/c and c is the
speed of light in free space. The ultrahigh spectral asymmetry
at kx = ±kgw is achievable ifN is large enough [e.g.,N = 25

in Figs. 1(b) and 1(d)]. To be specific, we have |Ez(kgw)|
|Ez(−kgw)| ≫ 1

for the px dipole array in Fig. 1(b) but |Hz(kgw)|
|Hz(−kgw)| ≪ 1 for the

py dipole array in Fig. 1(d). Such an ultrahigh spectral asym-
metry in the k space implies the possible realization of not only
polarization-maintaining but also polarization-dependent near-
field directionality. That is, the directional excitation of guided
waves with their polarization same as the incident propagating
waves can occur; moreover, the excited guided waves with dif-
ferent polarizations would flow to opposite directions; see the
schematic in Figs. 1(a) and 1(c).

2.2. Design of the Reflection-free, Anisotropic, and Gradient
Metasurface

We now proceed to discuss a feasible design methodology for
the desired metasurface in Fig. 2. Without loss of generality,
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FIGURE 3. Experimental observation of the polarization-maintaining near-field directionality. (a)–(c) Under the normal incidence of p-polarized
propagating waves, only p-polarized guided waves are efficiently excited, and they propagate predominantly to the right side. (d)–(f) Under the
normal incidence of s-polarized propagatingwaves, only s-polarized guidedwaves are efficiently excited. By contrast, they propagate predominantly
to the left side. The fields in (b), (c), (e), (f) are plotted at a plane with a distance of 10mm above the top surface of the designed metasurface.

each supercell of metasurface has N0 unit cells in the x̂ direc-
tion; under the normal incidence of light, the polarization of the
transmitted fields beneath each unit cell is the same as that of
the incident fields [Figs. 2(a) and 2(d)], by exploiting the unique
capability that anisotropic metasurface can control the trans-
mitted fields for orthogonal polarizations independently. This
way, the transmitted electric field Em,n beneath each unit cell
is simply proportional to the corresponding transmission coef-
ficient tm,n, namely Em,n : Em,n+1 = tm,n : tm,n+1, where
the subscript m = p or s represents the incident p-polarized
or s-polarized waves, and the subscript n indicates the nth unit
cell within the supercell. Due to the deep-subwavelength size
of unit cells, the transmitted field beneath each unit cell can be
reasonably treated as a secondary point source with a dipole
moment of pm,n [Figs. 2(b) and 2(e)], whose orientation is dic-
tated by the incident electric fields. In other words, we have
pm,n : pm,n+1 = Em,n : Em,n+1.
If the metasurface is reflection-free under the normal inci-

dence of light, the corresponding transmission coefficient of
each unit cell should ideally have a magnitude of unity, namely
|tm,n| = 1. Under this condition, we have |pm,n| · eiArg(pm,n) :
|pm,n+1| · eiArg(pm,n+1) = eiArg(tm,n) : eiArg(tm,n+1). As
such, |pm,n+1| = |pm,n| and Arg(pm,n+1) − Arg(pm,n) =

Arg(tm,n+1) − Arg(tm,n) can be obtained. Moreover, if
Arg(tp,n+1) − Arg(tp,n) = kgw · a = αp and Arg(ts,n+1) −
Arg(ts,n) = −kgw · a = αs, the effective dipole arrays pm,n

exactly correspond to the phased dipole arrays proposed in
Fig. 1 with the designated progressive phase shifts. Therefore,
|tm,n| = 1 and Arg(tm,n+1) − Arg(tm,n) = αm for each unit
cell in the supercell of metasurface are actually the key con-
ditions to enable the polarization-maintaining near-field direc-
tionality.
Due to the recent advancement in metasurfaces, these key

conditions can be realized. Inspired by the isotropic ABA
meta-particles [47–51], the anisotropic ABBA meta-particles
can be adopted for the design of each unit cell in the meta-
surface, because they can enable us to achieve arbitrary trans-
mission phases, along with a high transmission amplitude. For
illustration, we show one example in Figs. 2(c) and 2(f); see
the fabricated metasurface in Fig. S3. The phase condition of
Arg(tm,n+1) − Arg(tm,n) = αm is achieved, as can be seen
from the perfect match between the theoretical and numeri-
cal results in Figs. 2(c) and 2(f). The magnitude condition of
|tm,n| = 1 is approximately realized, since we always have
|tm,n| > 0.9. The slight discrepancy in amplitude is mainly
caused by the material loss (i.e., the material loss in the dielec-
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tric). Actually, the designed anisotropic metasurface can work
well within the frequency range of [9.45, 9.8] GHz in Fig. S8
and has a working bandwidth of 0.35GHz. For illustration, be-
low the working frequency is chosen as 9.5GHz.

2.3. Near-Field Measurement of the Polarization-Maintaining
Near-Field Directionality

The fabricated metasurface can now be combined with the judi-
ciously designed meta-waveguide. In order to achieve the high
conversion efficiency between propagating waves and guided
waves, the vertical distance between the metasurface and the
meta-waveguide should be optimized. Here the optimized dis-
tance is 10mm [Fig. S5]. Based on this metasurface-waveguide
coupler, we carry out the microwave measurement in Figs. 3–
4. In order to clearly demonstrate the polarization-maintaining
near-field directionality with high coupling efficiency, both
the near-field and far-field scattering measurements are imple-
mented.
Figure 3 shows the near-field measurement. Under the nor-

mal incidence of p-polarized propagating waves [Figs. 3(a)–
3(c)], only p-polarized guided waves are efficiently excited.
Moreover, 97.3% of the excited p-polarized guidedwaves prop-
agates to the right side (namely +x̂ direction). Similarly, un-
der the normal incidence of s-polarized propagating waves
[Figs. 3(d)–3(f)], only s-polarized guided waves are excited.
By contrast, 95.2% of the excited s-polarized guided waves
propagates to the left side (−x̂ direction). These measured re-
sults in Figs. 3(c) and 3(f) exhibit good agreements with the
numerical ones in Figs. 3(a)–(b) and 3(d)–(e), as carried out by
the FDTD simulation.

2.4. Observation of the Polarization-Maintaining Near-Field Di-
rectionality with High Coupling Efficiency for Arbitrary Incident
Polarization States

To quantitatively characterize the polarization-maintaining and
polarization-dependent near-field directionality, Fig. 4 shows
the coupling efficiency, namely the ratio between the excited
power of guided waves propagating to the designated direction
(Pp,gw,right + Ps,gw,left) and the total incident power of propa-
gating waves (Pincident = Pp,pw+Ps,pw). HerePp,pw andPs,pw

stand for the incident powers of p-polarized and s-polarized
propagating waves, respectively; Pp,gw,right (Ps,gw,left) corre-
sponds to the excited power of the desired p-polarized (s-
polarized) guided waves propagating to the designated right
(left) side. For illustration, we show Pp,gw,right/Pincident and
Ps,gw,left/Pincident in Figs. 4(a) and 4(b), respectively. Under
the normal incidence of p-polarized propagating waves, we
have Pp,gw,right/Pincident = 0.88 [Fig. 4(a)]. Similarly, we have
Ps,gw,left/Pincident = 0.86 [Fig. 4(b)] if the incident waves are s-
polarized. Thesemeasured results clearly indicate the high cou-
pling efficiency in the observed polarization-maintaining near-
field directionality.
Actually, the incident light can be arbitrarily polarized

and have a random mixture of p-polarized and s-polarized
propagating waves. We thus also investigate the dependence
of the coupling efficiency on the incident polarization state in

(c)

(a)

(b)

FIGURE 4. Experimental demonstration of the polarization splitting by
exploiting the polarization-maintaining near-field directionality. Un-
der normal incidence, the polarization state of incident propagating
waves can be characterized by the polarization angle ϕ, namely the
angle between the x̂ direction and the total electric field Ē. This
way, ϕ = 0◦ and ϕ = 90◦ correspond to the incidence of pure p-
and s-polarized propagating waves, respectively, as studied in Fig. 3.
The total power of the incident propagating waves is expressed as
Pincident = Pp,gw + Ps,gw + Pscattered + Pabsorption, where Pp,gw and
Ps,gw are the power of the p- and s-polarized guided wave compo-
nents, respectively, Pscattered is the power of all scattered propagating
waves in the far field, and Pabsorption is the power absorbed by the cou-
pler. Ps,gw,left is defined as the power of the excited s-polarized guided
waves propagating to the left side, while Pp,gw,right is the power of the
excited p-polarized guided waves propagating to the right side.

Figs. 4(a) and 4(b). Under the normal incidence, the incident
polarization state is closely related to the angle ϕ between the
direction of incident electric fields and the x̂ direction; see the
inset in Fig. 4(b). By this definition, the incident light is the p-
polarized (s-polarized) propagating wave if ϕ = 0◦(ϕ = 90◦),
and the values of Pp,pw/Pincident and Ps,pw/Pincident would be
highly dependent onϕ as shown in Figs. 4(a) and 4(b). Remark-
ably, the measured Pp,gw,right/Pincident as a function of ϕ almost
has the same variation tendency as that of Pp,pw/Pincident,
while the variation tendency of Ps,gw,left/Pincident agrees
well with that of Ps,pw/Pincident. Moreover, we always have
Pp,gw,right+Ps,gw,left

Pincident
≥ 85% [Fig. 4(c)] when ϕ changes from 0◦

to 90◦. This further indicates that the polarization-maintaining
near-field directionality with high coupling efficiency can
occur for arbitrary incident polarization states. This feature is
also verified by the far-field measurement. From Fig. 4(c), we
always have Pscattered

Pincident
≤ 11.2% for arbitrary value of ϕ, where

Pscattered stands for all scattered power into propagating waves;
see the calculation in Fig. S6. In addition, a minor proportion
of power (around 2%) would be dissipated during the coupling,
due to the material loss in the designed metasurface.
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3. CONCLUSION
In summary, we have theoretically proposed and experimen-
tally demonstrated the polarization-maintaining near-field di-
rectionality with high coupling efficiency, by exploiting a ju-
diciously designed metasurface-waveguide coupler. This ex-
otic near-field directionality is independent of the handedness
of circularly polarized light but becomes dependent on the po-
larization of linearly polarized light. Moreover, while the high
far-to-near-field coupling efficiency is insensitive to the inci-
dent polarization state, engineering the incident polarization
state can continuously tune not only the directionality but also
the polarization of the excited guided waves. Our work thus
demonstrates a promising route to maintain the polarization
state during the far-to-near field coupling and to spatially sepa-
rate the incident information with different linear polarizations.
In conjunction with the dynamic polarization modulation tech-
nique, this exotic polarization-maintaining near-field direction-
ality would enable an enticing capability to encode the polar-
ization information into the guided waves. Such a capability
may help to further harness the unique feature of guided waves
for wide applications in the classic and quantum information
communication and may promote the further development of
the optical network and the plasmonic circuitry.
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