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This paper presents a low-loss and broadband impedance-interface waveguide and a broadband mode-
matching technique to convert transverse electromagnetic (TEM) mode into line-wave (LW) mode,
which is formed at the interface between two complementary impedance surfaces. Furthermore, an ultra-
wideband Y splitter is designed based on the one-dimensional (1D) impedance-interface waveguides.
Broad bandwidth, low loss, tunable mode confinement, and ability for integration are the benefits of 1D
impedance-interface waveguides. However, their drawbacks may stem from the lack of and problematic
excitation of a pure LW mode at the interface between two planes. Another limitation is the coupling
efficiency between 1D impedance-interface waveguides and conventional microwave waveguides. To rat-
ify such limitations, a broadband tapered-slot Vivaldi transition is designed to excite the proposed 1D
impedance-interface waveguide. Subsequently, a Y splitter consisting of complementary impedance sur-
faces is designed, fabricated, and measured. The Y splitter is implemented in the frequency band of 4–16
GHz, having a bandwidth of 120% and an insertion loss of approximately 1 dB. The aforementioned
characteristics of 1D impedance-interface waveguides are fully verified. Consequently, the proposed
waveguide, mode-matching technique, and Y splitter could be used for the design of other microwave
devices.
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I. INTRODUCTION

Surface waves (SWs) possessing interesting features
have received significant attention over the last two
decades. Surface waves can be excited at the interface
between two materials having different permittivities and
may propagate along the interface while decaying expo-
nentially in the direction perpendicular to the interface [1].
At optical frequencies these waves are known as surface
plasmons. Many waveguides have been designed by apply-
ing SWs at the interfaces of different media. Goubau lines
[2] support SWs at the interface of metals and dielectrics,
the same as spoof surface plasmons [3]. In addition, SWs
can propagate at the interface of dielectrics with different
permittivities [4]. Applying the idea that the wavevector
can be manipulated by the local intensity of guided waves,
nonlinear waveguides have been designed for optical sig-
nal processing systems [5].

It has been reported that by placing two different media
adjacent to each other or through changing the structure of
the interface surface, the properties of surface waves can be
controlled [6,7]. Several studies, for instance, Refs. [8–10],
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have shown the possibility of manipulating the phase and
group velocity of SWs by developing metasurface unit
cells with the desired surface impedance. In other words,
the metasurface unit cells should be patterned in some
required manners for guiding or splitting SWs in certain
directions. By changing the sizes and shapes of the meta-
surface unit cells, different surface impedances can be real-
ized. Consequently, the surface can be patterned to realize
many functions. Surface waves have been broadly used
in order to design microwave components and antennas
including waveguides, splitters, sensors, power dividers,
antenna feed, and leaky-wave antennas [11,12]. Further-
more, they are valuable to realize subwavelength guiding
structures, sensing applications, and high-density integra-
tion of optical circuits [13,14].

Recently, several studies have concentrated on the struc-
tures with interface modes presenting robustness with
wave-vector-locked states and field confinement [15].
For instance, a waveguide has been developed in which
the electromagnetic wave propagates along an arbitrary
one-dimensional (1D) line at the interface between two
impedance surfaces [16]. As the wave is confined at an
arbitrary 1D line, the term “line wave” (LW) has been
appropriately used by Bisharat et al. [16]. The fundamental
features of LWs can be listed as follows: field singular-
ity at the line, unidirectional propagation behavior, robust
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wave-vector-locked states, broad bandwidth, and tunable
mode confinement.

In another study, Xu et al. [17] reported a broad-
band adiabatic transition between conventional microwave
transmission lines and 1D impedance-interface waveg-
uides. Although these studies [16,17] have many advan-
tages, it seems that they suffer from several limitations.
In Ref. [16], the LW mode is excited by a probe antenna
oriented along the interface. A weakness of this method
is the low-level coupling efficiency between the probe
antenna and the 1D impedance-interface waveguide. A
drawback associated with the proposed waveguide by Xu
et al. [17] is the propagation of surface waves in any
direction on the two surrounding adjacent impedance sur-
faces. As a result, the insertion loss of this waveguide is
high. Due to the unique characteristics and properties of
impedance-interface waveguides and their aforementioned
limitations, it is required to devise alternative structures
and mode-matching techniques for the improvement of
their performance.

In this paper, a surface-wave Y splitter composed
of complementary impedance surfaces is proposed. In
order to realize the Y splitter, a low-loss and broad-
band 1D impedance-interface waveguide is first presented.
Next, a broadband tapered-slot Vivaldi transition is devel-
oped between the conventional microwave waveguide
and the proposed 1D impedance-interface waveguide.
The proposed Y splitter consists of three sections, each
section composed of a transverse-electric (TE) surface sur-
rounded by two transverse-magnetic (TM) surfaces. The
transmission-line model is used to design the proposed Y
splitter. An example of the Y splitter is designed, fabri-
cated, and measured. A satisfactory agreement between the
simulation and measurement results confirms the practi-
cality of the proposed solution. The ultra wideband, low
loss, stable performance, and its integration ability are the
key benefits of the proposed Y splitter. The implemen-
tation of the proposed Y splitter shows that complemen-
tary impedance surfaces can be employed to design other
devices in other regimes, such as integrated photonics,
sensing, switching, reconfigurable waveguides, and phase
shifters. This paper is organized as follows: Sec. II reviews
impedance-interface waveguides and their properties. In
Sec. III, the proposed Y splitter is developed. Section IV
highlights the fabrication results of the proposed Y splitter.
Finally, a brief conclusion is made in Sec. V.

II. TM-TE IMPEDANCE-INTERFACE
WAVEGUIDES

An inexpensive method to realize impedance surfaces is
the use of printed periodic patches and grids on a dielectric
substrate, which may be grounded or ungrounded. These
surfaces behave inductively or capacitively depending on

FIG. 1. Surface wave propagating along the +y direction on a
plane impedance surface.

the shape of unit cells. As shown in Fig. 1, consider a loss-
less and homogeneous impedance surface on which a sur-
face wave propagates in the y direction. The z components
of the electromagnetic field can be represented as

Ez = E0e−j βy y−kzz, (1)

Hz = H0e−j βy y−kzz, (2)

where βy and kz are the phase and decay constants of
the surface wave, respectively. For impedance surfaces,
parameters such as surface impedance and propagation
impedance are defined. The propagation impedance is
the ratio of the field components, whose Poynting vec-
tor is towards the propagation direction, and the surface
impedance is defined as the ratio of the tangential field
components on the surface. For the TM mode, the surface
and propagation impedances are defined as [18,19]

ZTM
prop = Ez

Hx
= βyZ0

k0
= nZ0, (3)

ZTM
surf = −Ey

Hx
= jkzZ0

k0
= jZ0

ζ
. (4)

Similarly for the TE mode, the surface and propagation
impedances can be expressed as

ZTE
prop = −Ex

Hz
= k0Z0

βy
= Z0

n
, (5)

ZTE
surf = Ex

Hy
= −jk0Z0

kz
= −jZ0ζ , (6)

where k0 and Z0 are the wave number and the intrinsic
impedance in the free space above the surface, n = βy/k0
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is the refraction index, and ζ = k0/kz = 1/
√

n2 − 1 is a
real positive number. Based on Eqs. (4) and (6), the surface
impedances should be inductive and capacitive to support
TM and TE modes, respectively [20,21].

The 1D impedance-interface waveguide was proposed
by Bisharat et al. [16]. In this case, the impedance surfaces
confining the electromagnetic wave should have comple-
mentary impedance surfaces. Due to the complementary
boundary conditions in such surfaces, one of the surfaces
should support a TM mode while the other should support
a TE mode. The dual wave behavior in such inductive and
capacitive surfaces leads to a new mode, which is a result
of the interference between the TM and TE modes at the
interface. The condition of the propagation of such a mode
is the equality of the phase velocities of TM-polarized and
TE-polarized surface waves. If the phase velocities in both
TM and TE surfaces are equal, the product of the TM and
TE surface impedances in Eqs. (4) and (6) is [14,16]

ZTM
surfZ

TE
surf = η2

0. (7)

According to Eqs. (4) and (6), the choice ζ equal to
infinity renders the TM and TE surfaces to the perfect
electric conductor (PEC) and perfect magnetic conductor
(PMC) surfaces. The tangential electric (magnetic) field
is zero in the PEC (PMC) surface, thus allowing only the
TM (TE) mode to propagate. When interfacing these sur-
faces, the LW mode is formed at the interface due to the
dual behavior of wave in such surfaces. The LW formation
between the adjacent PEC and PMC surfaces is evident
in Fig. 2(a). The magnitude and vector distributions of
the electric field, which are obtained by the eigenmode
solver of ANSYS HFSS software on the z-o-x plane per-
pendicular to the direction of propagation are shown in
Fig. 2(b). As illustrated in Fig. 2(b), the E field has a com-
ponent toward the normal direction on the PEC surface
and varies gradually toward the transverse direction on the
PMC surface.

The decay constants, kz, of TE and TM modes are
inversely proportional to ζ . Consequently, the LW mode

PEC

PMC

PMC PECx

y
z(a) (b)

FIG. 2. (a) Line-wave mode formation between the PEC and
PMC surfaces. (b) Magnitude and vector distributions of the
electric field on the z-o-x plane.

generated at the interface between the PEC-PMC surfaces
supports the surface wave, which has weak confinement
and is loosely bound to the surface. However, a more
tightly bound mode can be attainable by using a finite value
for ζ and hence β > k0. Consequently, the tunable mode
confinement by the value of ζ is one of the properties of
LW modes [16].

In order to realize the LW mode, two surface
impedances are required, namely an inductive (capacitive)
surface to support a TM (TE) mode. The metasurfaces
can support TE and TM modes or combinations of them
according to their geometrical structures. In general, the
dominant TM mode may be generated by metasurfaces
composed of subwavelength cells printed on grounded
substrates, irrespective of being of patch or aperture type
[14,22]. However, for the ungrounded substrates, the elec-
tromagnetic behavior of the metasurface depends on the
geometry of unit cells. At low frequencies (small dimen-
sions of unit cells relative to the wavelength), the con-
nection of adjacent cells by metallic lines converts the
dominant mode from TE to TM [23]. The gaps between
the adjacent conducting patches of ungrounded patch-type
metasurfaces create a dominant capacitive response at low
frequencies.

As analyzed in Eqs. (4) and (6), a capacitive response is
needed to support the dominant TE mode. The ungrounded
aperture-type metasurfaces are the complementary geome-
tries of the ungrounded patch-type metasurfaces (whose
surface impedances are capacitive). Consequently, accord-
ing to the Babinet principle, their surface impedances are
inductive. In fact, the inductance mainly comes from the
continuous conducting strips [14,22].

The patch-type and aperture-type metasurfaces are
shown in Figs. 3(a) and 3(b). The periodic constants in
the directions of x and y are Px = 1 mm and Py = 2 mm.
The geometric parameters of the unit cells a and b are
0.6 mm and 1.7 mm, respectively. The substrate Rogers RT
\duriod 6010 (with dielectric constant 10.5 and thickness
20 mil) is used for the ungrounded unit cells.

The eigenmode solver of CST Microwave Studio can be
used to obtain the vector distributions of the electric and
magnetic fields on arbitrarily shaped unit cells. For the
patch-type unit cell, the vector distribution of the elec-
tric and magnetic fields in the z-o-x plane perpendicular
to the direction of propagation and the magnetic field in
the z-o-y plane for the phases φx = 0 and φy = 45 in
the x and y directions are presented in Fig. 4(a). This
mode has transverse components of electric and magnetic
fields, (Ex �= 0, Hz �= 0), and longitudinal component of
magnetic field, (Hy �= 0). Therefore, the propagated wave
for the patch-type unit cell is TE mode. Likewise, for the
aperture-type unit cell the vector distributions of the mag-
netic and electric fields in the z-o-x and z-o-y planes are
presented in Fig. 4(b). This mode has the transverse com-
ponents of electric and magnetic fields, (Ez �= 0, Hx �= 0),
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TM surfaceTE surface

PEC
Rogers RT/duroid6010

Py
Px a

b

(a) (b)

FIG. 3. Complementary impedance surfaces. (a) Patch-type
impedance surface that supports the TE mode. (b) Aperture-type
impedance surface that supports the TM mode. Inserts show the
unit cells of TE and TM surfaces with the geometrical parameters
of Px = 1 mm, Py = 2 mm, a = 0.5 mm, and b = 1.6 mm.

and longitudinal component of electric field, (Ey �= 0). As
a result, the TM mode propagates in the aperture-type unit
cell [24].

The dispersion curves of the proposed unit cells of TE
and TM surfaces, which are obtained by the eigenmode
solver of CST Microwave Studio are shown in Fig. 5.
As illustrated, the TM and TE modes have the disper-
sion curves that overlap over a wide frequency range
as desired. To better understand the mechanisms of 1D
impedance-interface waveguides, based on how TE and
TM impedance surfaces are located, three structures can
be assumed for these waveguides: waveguide I, waveguide
II, and waveguide III. Waveguide I comprises two side-
by-side complementary TE and TM surface impedances.
Waveguide II comprises a TM impedance surface sur-
rounded by two TE impedance surfaces. Waveguide III
comprises a TE impedance surface surrounded by two TM
impedance surfaces.

Waveguide I having widths WTM,I = 16 mm and
WTE,I = 16 mm for TM and TE surfaces is shown in
Fig. 6(a). Its electric field vector distribution is presented
in Fig. 6(a). The electric field vector is perpendicular and

x

y
z

x

z

y

z

E field E field

TE TM
(a) (b)

H field

E fieldH field

H field

FIG. 4. (a) Vector distributions of the electric and magnetic
fields in the z-o-x plane and the vector distribution of the mag-
netic field in the z-o-y plane for the patch-type impedance
surface. (b) Vector distributions of the electric and magnetic
fields in the z-o-x plane and the vector distribution of the electric
field in the z-o-y plane for the aperture-type impedance surface.

tangential to the TM and TE impedance surfaces, respec-
tively. Such orientations of the electric field vectors at
the TM and TE impedance surfaces verify the existence
of the LW mode at the interface. Waveguides II and III
with surface widths WTE,II = 14 mm, WTM,II = 5 mm, and
WTM,III = 14 mm, WTE,III = 5 mm can be seen in Figs. 6(b)

FIG. 5. Dispersion curves of the proposed unit cells of TE and
TM surfaces with the geometrical parameters of Px = 1 mm,
Py = 2 mm, a = 0.5 mm, and b = 1.6 mm.
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FIG. 6. Schematic configurations of impedance-interface
waveguides. (a) Waveguide I, which consists of two side-by-side
complementary surface impedances. (b) Waveguide II, which
consists of a TM impedance surface surrounded by two TE
impedance surfaces. (c) Waveguide III, which is composed of
a TE impedance surface surrounded by two TM impedance
surfaces, where the inserts show the electric field vector
distributions in the z-o-x plane.

and 6(c), respectively. The electric field vector distribu-
tions of these waveguides are displayed in Figs. 6(b)
and 6(c).

For a two-port network, the scattering parameter S11
is defined as the reflection coefficient at the input port
(port 1) when the output port (port 2) is matched (termi-
nated by the matched load) and the scattering parameter
S21 is defined as the forward transmission (from port 1 to
port 2) when the output port is matched [24]. The dia-
grams of scattering parameters S11 and S21 simulated in
CST Microwave Studio for three waveguides are shown
in Figs. 7(a) and 7(b), respectively. In the simulations,
the waveguide ports are utilized for the excitation of 1D
impedance-interface waveguides. Observe that waveguide

(a)

(b)

FIG. 7. Scattering parameters of 1D impedance-interface
waveguides. (a) Simulated S21 and (b) S11 of waveguide I,
waveguide II, and waveguide III.

III has lower insertion loss and wider bandwidth than
waveguides I and II.

For a better understanding of the difference among
the insertion losses of three waveguides, their electric
field distributions at 10 and 18 GHz are presented in
Figs. 8(a)–8(f). It is observed from Fig. 4 that in the cases
of waveguides I and II, the wave is not totally confined at
the interface and propagates in different directions on the
TE surfaces, while in waveguide III the wave is confined
between the TM surfaces. Therefore, the insertion losses of
waveguides I and II have been increased under the effect of
the wave propagation in undesired directions.

The TE and TM surface impedances (Zsurf) used to gen-
erate the LW mode are complex (with wave vector k =
β − j α ) due to the losses. The attenuation constant, α, on
the surface can be calculated by the surface impedance and
method in Ref. [25]. The surface impedance can be ana-
lytically determined by the transverse resonance equation
on the basis of equivalent circuit model [11]. In fact,
the surface-wave mode is characterized by simulations
of space-wave mode. Details of finding the attenuation
constants of the TE and TM surfaces are described here.
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10 GHz 18 GHz

(a) (b)
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min

10 GHz 18 GHz

(e) (f)

max

min

FIG. 8. (a),(b) Electric field distributions of waveguide I at 10
and 18 GHz. (c),(d) Electric field distributions of waveguide II at
10 and 18 GHz. (e),(f) Electric field distributions of waveguide
III at 10 and 18 GHz.

(1) The first step is to obtain the sheet impedance, Zsheet,
of each unit cell from a normal-incidence scattering sim-
ulation, such as a Floquet simulation in CST Microwave
Studio. As shown in Fig. 9(a), proper boundary conditions

PCB

Floquet port

Floquet port

z
y
x

h

h h

(a) (b)

(c) (d)

Region 0

Region 1

Region 0 Region 0

Region 1 Region 1

FIG. 9. (a) Floquet simulation performed on the TM and
TE unit cells to find the sheet impedance. (b) Transmission-
line model of the TM and TE unit cells. (c) Modified
transmission-line model of the TM modal impedance. (d) Modi-
fied transmission-line model of the TE modal impedance.

are applied in the simulation. Periodic boundary condi-
tions in the x and y directions are assumed. The Floquet
ports are located at z = ±λ as the incident waves. The
transmission-line model of these unit cells is illustrated in
Fig. 9(b), where the PEC top layer is represented as the
sheet impedance, Zsheet, and the substrate is modeled as
a transmission line with the characteristic impedance Z1
and load Z0. Based on the knowledge of microwave engi-
neering [24], the input impedance, Zin, can be determined
by the simulated reflection coefficient S11 of space-wave
mode as

Zin = Z0
1 + S11

1 − S11
. (8)

Then the sheet impedance, Zsheet, can be evaluated by

1
Zsheet

= 1
Zin

− 1
Z ′

in

, (9)

Z
′
in = Z1

Z0 + jZ1 tan(k1h)

Z1 + jZ0 tan(k1h)
, (10)

where k0 and Z0 are the characteristic wave number and
impedance of free space (region 0). k1 = k0

√
εr and Z1 =

Z0/
√

εr are the characteristic wave number and impedance
of the dielectric substrate (region 1) with permittivity εr
and thickness h.

(2) Once the sheet impedances of the TE and TM unit
cells have been extracted from Eq. (9), the modal surface
impedances are determined by the modified transmission-
line models with the wave numbers and the characteristic
impedances represented by the modal wave numbers and
impedances as shown in Figs. 9(c) and 9(d).

(3) According to the modified transmission-line model
which is presented in Fig. 9(c), the TM surface impedance
can be expressed as

1
ZTM

surf
= 1

Zsheet
+ 1

Z ′
in

, (11)

Z
′
in = ZTM

1
ZTM

0 + jZTM
1 tan(k1h)

ZTM
1 + jZTM

0 tan(k1h)
, (12)

Where k0 and ZTM
0 = Z0(kz0/k0) are the TM wave num-

ber and impedance of free space. kTM
1 and ZTM

1 =
Z1(kTM

z1 /kTM
1 ) = Z0kTM

z1 /k0εr are the TM wave number
and impedance of the dielectric substrate and kTM

z1 =
k0

√
(εr − 1) − (ZTM

surf/Z0)2. The transverse resonance tech-
nique [20] shows that, for the existence of surface-wave
mode, it has to satisfy the condition Zup(z) = −Zdown(z).
Zup(z) and Zdown(z) constitute the impedances looking in
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opposite directions from any observation plane along the
transmission line. Along the reference plane (dashed line)
selected in Fig. 9(c), Zup(z) = ZTM

0 and Zdown(z) = ZTM
surf.

Consequently, ZTM
0 = −ZTM

surf. By substituting the deter-
mined value of Zsheet from Eq. (9) into Eq. (11), there is
only one unknown ZTM

surf in this equation, which can be
solved by numerical tools like MATLAB. The TE surface
impedance can be calculated through the same procedure
as for the TM surface impedance.

1
ZTE

surf
= 1

Zsheet
+ 1

Z ′
in

, (13)

Z
′
in = ZTE

1
ZTE

0 + jZTE
1 tan(k1h)

ZTE
1 + jZTE

0 tan(k1h)
, (14)

where k0 and ZTE
0 = Z0(k0/kz0) are the TE wave num-

ber and impedance of free space. kTE
1 and ZTE

1 =
Z1(kTE

1 /kTE
z1 ) = Z0k0/kz1 are the TE wave number and

impedance of the dielectric substrate and kTE
z1 = k0√

(εr − 1) − (Z0/ZTE
surf)

2, ZTE
0 = −ZTE

surf. As soon as the sur-
face impedances are calculated, the wave numbers tange-
tial to the surface, kSW, can be determined for the TM and

(a)

(b) |E|

TE surface TM surface

x

z

FIG. 10. (a) Attenuation factors of the TE and TM surfaces.
(b) Amplitude of the electric field at frequency 10 GHz in the
z-o-x plane for waveguide I.

TE modes through [10,16]

kTM
SW = βTM

SW − j αTM
SW = k0

√
1 −

(
ZTM

surf

Z0

)2

, (15)

kTE
SW = βTE

SW − j αTE
SW = k0

√
1 −

(
Z0

ZTE
surf

)2

. (16)

Equations (15) and (16) can be utilized to compute the
attenuation constants of the TE and TM surfaces. Through
the use of the x-polarized incident electric field in the Flo-
quet simulation, the attenuation factors, αx/k0, for the TE
and TM surfaces can be calculated. The attenuation fac-
tors for the TE and TM surfaces are drawn in Fig. 10(a).
Observe that the attenuation factor of the TM surface is
higher than that of the TE surface. The penetration depth
of the TE surface is greater than that of the TM surface,
since the penetration depth for surface waves by definition
is δ = 1/α, namely δTE

x > δTM
x [11]. Therefore, the surface

wave attenuates more gradually on the TE surface than that
of the TM surface.

The differences between the surface impedances and
polarizations on the complementary TE and TM surfaces
lead to the difference between their attenuation factors.
Therefore, the perfomances of above waveguides I, II, and
III are under the effect of the attenuation factors of thier

Interface
waveguideVivadi

transition

LT

LLW

W

r

Ltaper

Wtaper

Wslot

Rbalun

Lfeed

WfeedLoffset

(a)

(b)

y

x

z

P1 (x1, y1)
P2 (x2, y2)

FIG. 11. Schematic configuration of the proposed TE-TM
impedance-interface waveguide and Vivaldi transition. (a) Front
view. (b) Back view.
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5 GHz

15 GHz

10 GHz

max

max

max

min

min

min

(a)

(b)

(c)

E(v/m)

E(v/m)

E(v/m)

FIG. 12. (a) Simulated electric field distributions of the pro-
posed TE-TM impedance-interface waveguide and Vivaldi tran-
sition at 5 GHz, (b) 10 GHz, and (c) 15 GHz.

impedance surfaces. For waveguide I, the amplitude of
the electric field at frequency 10 GHz in the z-o-x plane
perpendicular to the direction of wave propagation is dis-
played in Fig. 10(b). Observe that the amplitude of electric
field for the TE surface decrease more gradually than that
of the TM surface as a function of distance from the inter-
face perpendicular to the propagation direction (x axis). As
presented in Figs. 8(c) and 8(d), for waveguide II in which

FIG. 13. S parameters of waveguide III with the Vivaldi tran-
sition.

two TE impedance surfaces surround a TM impedance sur-
face, the surface wave gradually attenuates and spreads
in any direction on the two surrounding TE surfaces. For
waveguide III, since the two TM impedance surfaces with
higher attenuation factors surround a TE surface, the sur-
face wave is confined between the two TM surfaces as
shown in Figs. 8(e) and 8(f).

The LW mode propagating along the 1D impedance-
interface waveguides is different from the counterparts of
the conventional transmission lines. Therefore, appropri-
ate transitions are needed between these waveguides and
conventional microwave transmission lines.

The design of transition for photonic and spoof sur-
face plasmon (SSP) waveguides have been widely inves-
tigated in the literature [26,27]. The SSPs propagate
with a wave number greater than k0. Therefore, a free-
space wave can hardly be converted to the SPP wave
due to the momentum mismatch. Metasurfaces with spe-
cific gradient-index distributions have been designed to
transform incident free-space waves to surface waves

(a)

(b)

Periodic

Unit cell
Py

a = 0.3 mm  b = 0.70 mm
a = 0.4 mm  b = 1.00 mm
a = 0.6 mm  b = 1.70 mm

a = 0.3 mm  b = 0.70 mm
a = 0.4 mm  b = 1.00 mm
a = 0.6 mm  b = 1.70 mm

Light line

(rad/m)

FIG. 14. (a) Dispersion diagrams of waveguide III as a func-
tion of the dimensions a and b of its unit cell. (b) Characteristic
impedance of waveguide III as a function of the dimensions a
and b.
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a1b1
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LT1 LI LII LIII LT2
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Z0, I

Z0, II Z0, III

Z0, III

(b)

T1 I II III T2

y

x

FIG. 15. (a) Schematic of the proposed Y splitter based on complementary impedance surfaces, where the insets present the detail
of the TE and TM unit cells. (b) Equivalent circuit of the proposed Y splitter.

at microwave and terahertz frequencies [28,29]. Grad-
ual changes, also known as adiabatic mode converter,
were commonly used to develop the transitions from the
rectangular waveguide, the coplanar waveguide, and the
microstrip line to the SSPs. Passing through these struc-
tures, the primary modes smoothly transform into the
target modes with low reflection within a wide frequency
range [17].

Similar to the proposed method in Ref. [16] for the exci-
tation of waveguide I, a probe antenna can be used. Its
shortcomings are a low coupling efficiency and surface-
wave propagation on the TE surface along undesired direc-
tions. For the excitation of waveguide II, a broadband
adiabatic matching transition can be utilized, as proposed
in Ref. [17]. The coupling efficiency between conventional
microwave transmission lines and 1D impedance-interface
waveguides has increased in this method. However, its lim-
itation is surface-wave propagation in undesired directions
on the two surrounding capacitive surfaces. As the wave is
confined between the two TM surfaces in waveguide III, it
is expected that utilizing an appropriate transition for this
waveguide, the wave propagation in undesired directions
and coupling efficiency problems can be amended.

Generally, the geometry of transition depends on the pri-
mary mode entering the transition and the target mode exit-
ing it. For example, since the TM mode propagates in the
SPP waveguides, a transition is required that transforms
the TEM to the TM mode. For waveguide III, which is pre-
sented in Fig. 6(c), a transition compatible with its electric
field distribution is needed to transform the TEM to the
TE mode. In Ref. [30] a microstrip-to-slotline transition
is introduced for transformation of TEM to TE mode to
design a bandpass filter by using the SPPs. Application of

the concept of microstrip-to-slotline transition in Ref. [30]
and the need for the gradual variation of transition in order
to realize impedance, momentum, and mode matching, the
antipodal Vivaldi transition is selected for the excitation
of waveguide III. It provides the capability of transition
between the TEM and TE modes.

The schematic configuration of the proposed waveg-
uide and Vivaldi transition are presented in Fig. 11.
The parameters W = 29 mm, LLW = 30 mm, and LT =
23 mm are shown in Fig. 11. Observe that in the section
above the substrate a circular cavity with radius Rbalun
is connected to the terminal flaring plane (with dimen-
sions Ltaper, Wtaper) through a small slot with width

Periodic

Unit cell

PI

(a)

Periodic

Unit cell

PIII

Periodic

Unit cell

PII

(b)

(c)

FIG. 16. (a) Schematic configuration of the unit cell of region
I with the period of 2.7 mm. (b) Unit cell of region II with the
period of 1.85 mm. (c) Unit cell of region III with the period of
2.7 mm.
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(a) (c)(b)
a1 = 1.05 mm  b1 = 0.44 mm
a1 = 0.50 mm  b1 = 0.50 mm
a1 = 0.40 mm  b1 = 0.60 mm
a1 = 0.20 mm  b1 = 0.20 mm

a2 = 0.20 mm  b2 = 0.40 mm
a2 = 0.30 mm  b2 = 0.60 mm
a2 = 0.40 mm  b2 = 0.80 mm
a2 = 0.40 mm  b2 = 1.00 mm

a3 = 0.20 mm  b3 = 0.30 mm
a3 = 0.30 mm  b3 = 0.60 mm
a3 = 0.30 mm  b3 = 0.60 mm
a3 = 0.40 mm  b3 = 1.00 mm

FIG. 17. (a) Characteristic impedance of region I (Z0,I) as a function of the dimensions of its patches (a1, b1). (b) Z0,II as a function
of a2 and b2. (c) Z0,III as a function of a3 and b3.

Wslot. On the backside of substrate, a microstrip line
exists with width Wfeed and length Lfeed, which is ter-
minated by a wideband radial circular stub with radius
r and angle θ . The width of microstrip line should be
Wfeed = 0.35 mm for the 50� characteristic impedance.
For the improvement of impedance, momentum, and
mode matching, it is necessary that the dimensions of
the unit cells of TE surface gradually decrease towards
the narrow flaring sections. The mode converts from the
TEM mode to the LW mode with a lightly altered field
distribution because of the gradually changes of transi-
tion and TE unit cells along the propagation direction.
The curve of flaring plane is described as y = C1eax +
C2, where C1 = (y2 − y1)/(eax2 − eax1), C2 = (y1eax1 −
y2eax2)/(eax2 − eax1), and a = 0.1. P1(x1, y1) and P2(x2, y2)

are the starting and ending points, respectively.
After the optimization by full-wave computer sim-

ulations, the values of the aforementioned parame-
ters are extracted as Rbalun = 2 mm, Wslot = 0.22 mm,
Ltaper = 19 mm, Wtaper = 5 mm, Lfeed = 4.62 mm, Loffset =
2.16 mm, θ = 60◦, r = 2.3 mm. The electric field distri-
butions of waveguide III with the Vivaldi transition at 5,
10, and 15 GHz are illustrated in Fig. 12. Observe that
the electric field is confined on the TE surface surrounded
by two TM surfaces. The diagrams of scattering parame-
ters S11 and S21 are shown in Fig. 13. The results of the
proposed transition show that it has achieved a wideband
performance with high coupling efficiency and it is quite
suitable for the transformation of the TEM mode to the
LW mode.

For the evaluation of the dispersion diagrams of waveg-
uide III and the investigation of their variations as a
function of the dimensions of its unit cell (a and b), they
are simulated by the eigenmode solver of CST Microwave
Studio, as depicted in Fig. 14(a). In the simulation, proper
boundary conditions are applied. Considering the period-
icity in the y direction, periodic boundary conditions in
its positive and negative directions are assumed. Perfect
magnetic conductors in the x-axis directions, and also per-
fect electric conductors at a sufficiently far distance from
the surface (10λ) in the z-axis directions are assumed.

Since in waveguide III, the wave confined between two
TM surfaces propagates on the TE surface, with good
approximation the electric field may be considered as TE-
like. Therefore, its characteristic impedance can be calcu-
lated analytically by Eq. (5). The characteristic impedance
of waveguide III as a function of the dimensions a and
b are shown in Fig. 14(b). The values of characteristic
impedances are required for the design of the Y splitter,
which is fully described in the following section.

III. DESIGN OF Y SPLITTER

In this section, according to the results obtained in
Sec. II, a Y splitter based on complementary impedance
surfaces is designed and simulated. The structure of the
proposed Y splitter and its equivalent circuit are shown in
Figs. 15(a) and 15(b). The Y splitter is divided into five
regions. Regions T1 and T2 are the input and output tran-
sitions with the lengths of LT1 = 23 mm, LT2 = 15.5 mm,
regions I, III, and III are TM-TE impedance-interface
waveguides, which have the following dimensions: LI =
6.75 mm, LII = 7.5 mm, and LIII = 6.75 mm. To realize
the Y splitter, complementary metasurfaces is used for the

FIG. 18. Curves of the characteristic impedances of regions I,
II, and III.

064025-10



SURFACE WAVEGUIDE AND Y SPLITTER ENABLED... PHYS. REV. APPLIED 13, 064025 (2020)

FIG. 19. Curves of Zright
in and Zleft

in .

satisfactions of Eq. (7). The unit cells for the support of
TE mode and their complementary unit cells for the sup-
port of TM mode are displayed in Fig. 15. The unit cells
whose dimensions are smaller than the operational wave-
length (λ) are arranged in the lattice periodic structure. The
geometrical parameters of the unit cells of regions I, II, and
III with scheme configurations shown in Fig. 15 are as fol-
lows: Px = 1.3 mm, Py = 2.7 mm, a1 = 0.45 mm, b1 =
1.05 mm, a2 = 0.2 mm, b2 = 0.48 mm, a3 = 0.2 mm,
b3 = 0.39 mm, and S = 0.2 mm. The substrate is a 20-mil-
thick Rogers RT \duriod 6010 whose dielectric constant is
10.5 and is used for the ungrounded unit cells. The equiva-
lent circuit model of the Y splitter is observed in Fig. 15(b).
The input and output transitions and coaxial lines as feed
sources and regions I, II, and III are modeled as transmis-
sion lines with the characteristic impedances Z0,I, Z0,II, and
Z0,III.

Although the existence of bends and discontinuities
in the wave path cause the diffraction and leakage, it
seems that this leakage can be decreased by changing

the propagation impedance of TM and TE surfaces along
the interface for the LW mode. Considering the bends
and discontinuities of the proposed Y-splitter impedance-
matching techniques must be applied to prevent the diffrac-
tion and leakage. For impedance matching at the junction
of regions I and II as labeled in Fig. 15(b), the following
relations should hold Zleft

in = Zright
in [24]

Z0,III = Z0,II, (17)

Z0,I = 1
2

Z0,II. (18)

These relations hold in the case that there is impedance
matching at the input and output ports. In order to inves-
tigate the impedance matching between regions I and II,
the characteristic impedance of each region should be
obtained (namely Z0,I, Z0,II, and Z0,III). The curves of the
characteristic impedances of three regions as functions of
the dimensions of their patches can be determined simi-
lar to the method of the calculation of the characteristic
impedance of waveguide III. The unit cells of regions I,
II, and III are presented in Fig. 16. The parameters PI =
2.7 mm, PII = 1.85 mm, PIII = 2.7 mm denote the peri-
ods. Figure 11(a) shows the characteristic impedance of
region I (Z0,I) as a function of the dimensions of its patches
(a1, b1). Z0,II as a function of a2, b2, and Z0,III as a function
of a3, b3, which are extracted by the eigenmode solver of
ANSYS HFSS software can be seen in Figs. 17(b) and 17(c).

Figure 17 demonstrates that the value of characteristic
impedance of each region has an inverse relationship with
the dimensions of its patches. Noting that for impedance
matching between regions I, II, and III, the characteristic
impedances of regions II and III should be larger than that
of region I, the Y splitter is designed as follows. First, (con-
sidering the fabrication limitation of the lowest spacing
between patches of 0.2 mm) the parameters a1 = 0.45 mm,
b1 = 1.05 mm are selected for region I. Now, by know-
ing the value of a1 and b1 for this region, its characteristic

4 GHz

12 GHz 16 GHz

(a) (b) (c)

(d)

max

min

(e)
max

min

8 GHz

FIG. 20. (a) Fabricated prototype impedance-interface Y splitter. (b) Simulated electric field distribution at 4 GHz. (c) Simulated
electric field distribution at 8 GHz. (d) Simulated electric field distribution at 12 GHz. (e) Simulated electric field distribution at 16 GHz.
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impedance can be calculated by simulation and Eq. (5).
Then the values of the characteristic impedances of regions
II and III are computed by Eqs. (17) and (18). By select-
ing the values of a2 = a3 = 0.2 mm for regions II and
III, the values of b2 and b3 should be obtained so that
their characteristic impedances are equal. The optimum
dimensions are determined by CST Microwave Studio as
b2 = 0.48 mm, b3 = 0.39 mm. Obviously, various values
of dimensions of patches may satisfy Eqs. (17) and (18).
However, the optimum values are those obtained above.

The curves of the characteristic impedances of three
regions are illustrated in Fig. 18. The curves of Zright

in and
Zleft

in are presented versus frequency in Fig. 19. The perfect
matching occurs wherever they are equal. The separation
of these curves lead to a mismatch, which causes some
reflection of waves at the boundary between regions I, II
and some leakage enhancement. These diagrams are eval-
uated by the assumptions of homogeneous and lossless
metasurface, perfect matching of input and output termi-
nals, and electromagnetic TE-like mode. Consequently,

(a)

(b)

FIG. 21. (a) Simulated and measured diagrams of scattering
parameters S11 and S21. (b) Simulation and experimental isolation
(S32) between the output ports.

FIG. 22. Simulation and experimental phase imbalances of the
output ports.

some discrepancy is evidently expected between the values
of Zright

in and Zleft
in .

IV. FABRICATION RESULTS

For the proof of concept, the designed Y splitter is fab-
ricated and measured as shown in Fig. 20(a). The electric
field distribution at 4, 8, 12, and 16 GHz are illustrated in
Figs. 20(b)–20(e). Also, the simulated and measured dia-
grams of scattering parameters S11 and S21 are presented
in Fig. 21(a). As shown in Fig. 21(a), the measurement
data are consistent with the simulation results. However,
observe that these two frequency responses do not exactly
coincide. The differences between the simulation results
and the measurement data are due to the fabrication toler-
ances and the limitation of connectors and would reduce
by better workmanship. The isolation (S32) between the
output ports is illustrated in Fig. 21(b). The phase imbal-
ance diagram for the proposed Y splitter in the frequency
band 4–16 GHz can be seen in Fig. 22. Due to its geomet-
rical symmetry, the output phase is equal for both output
ports. However, the experimental results show the broad-
band performance of the Y splitter in the frequency range
of 4–16 GHz with the FBW of 120% as well as low-loss
and in-phase outputs.

V. CONCLUSION

In this work, a compact, low-loss, and broadband TE-
TM impedance-interface waveguide and a Y splitter (based
on the complementary impedance surfaces) are presented.
Also a broadband mode-matching technique to design tran-
sition for the conversion of TEM modes to LW modes is
proposed. We show that the introduced wideband Vivaldi
transition can be used for the connection of conventional
microwave waveguides and impedance-interface waveg-
uides. The key advantages of the proposed devices are
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high confinement, low-loss power transmission, broad
bandwidth, and easy fabrication. Our work has led us
to conclude that LW modes have the capability of being
implemented in microwave to optical frequency bands.
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