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A spatial beam splitter consisting of near-zero
refractive index medium

Ruey-Bing Hwang, Neng-Chieh Hsu, and Cheng-Yuan Chin

Abstract—In this paper, we present a metamaterial-based metamaterial slab as a uniform medium. The single-mode
beam splitter. Such a beam splitter consists of a metamateal approximation was employed to mathematically extract the
sandwiched by two metallic plates. The metamaterial consis of effective parameters using the scattering parametersding

?zg])re:cﬁ;n:ee nlzlt?ig: l (AgsD )V\L'asshr\',\?élfi ﬁﬁg\?vidflrgn? tg\l/qoéﬁ’gn;r\:\?mﬁ]le the reflection and transmission coefficients of the metaradte

refracted wave tends to be normal to the interface when the Slab [?]. Regarding the metamaterial-based antenna design,
wave is incident from a medium having effective refractive hdex a metamaterial consisting of six identical metallic gricthwi
smaller than unity into the air region. Based on that concept a square lattice embedded in a foam with relative dielectric
we properly synthesize the metamaterial with effective refictive  .ynstant close to unity was designéi [They put a monopole
index smaller than unity and put a line source embedded in the . .
metamaterial as an excitation, achieving a four-way beam djtter. source in the middle of the structu.re and a metal plate on
In addition to the calculation of wave-propagating characeristics the bottom of structure for controlling the emission of the
in the metamaterial, we also implemented a beam-splitting structure. The experimental and numerical evidence pitate t
structure incorporating the property of near-zero refractive index  sych a metamaterial can modify the emission of an embedded
of the metamaterial. The electric-field radiating pattemn was — gqrce. Additionally, the epsilon-near-zero metamateita
measured to identify its spatially beam-splitting characeristics. - S .
tailoring the phase of radiation pattern of arbitrary segrc
Index Terms—Periodic structures, metamaterial, near-zero was proposed and analyzed for some canonical geometries
refractive index medium, spatial beam splitter. [7]. A strongly modulated photonic crystal having an effeetiv
refractive index controllable by the band structure waslistii
|. INTRODUCTION [?]. The experimental and numerical evidence proves that
ETAMATERIAL is an artificially engineered structuresuch a metamaterial can not only modify the emission of an
which obtains its properties from its structure ratheembedded source but also enhance the gain and direc®ity [
than directly from its composition. Generally, a metamater  Different from the conventionally used one equipped with
is synthesized by embedding specific inclusions, for examircuit-based power divider, in this research we utilize th
ple, periodic structures, in a host medium. The applicatiophysics of wave propagating in a metamaterial with neao-zer
of metamaterial in waveguides and antennas designed wesfactive index to achieve the beam splitting charadiesisin
intensively developed?, [?]. A metamaterial with zero-index the ensuing section, we will demonstrate the structure gonfi
was demonstrated to be able to shape the far-field patternration. In section 1lI, the phase relation of the waves suigab
an antenna embedded within it. Besides, a matched zera-inigte the metamaterial medium will be highlighted to explain
slab could be used to transform curved wave fronts into plarthe beam-splitting characteristics. Additionally, thdeefive
ones P]. The metamaterial made up of wire medium hamedium approach for extracting the effective parameters,
been studied intensively, particularly on its effectivikaetive such as permittivity, permeability, refractive index andwe
index, permittivity and permeability. Specifically, thewstture impedance will be carried out. The numerical and measured
composed of metallic mesh wires, which has very small ele@sults of the far-field radiation pattern will be shown and
trical length in the period and wire thickness, can be chiarac compared to verify the beam-splitting characteristic.aifin
ized as a homogeneous medium with a low plasma frequerneg will conclude this paper with some remarks.
[?]. Besides, a dielectric medium embedded with metallic
nano-particles and nano-wires has zero effective pexitytti
creating band gap®]. Moreover, the split ring resonators can
result in an effective negative permeability over a micrewa As shown in Fig. 1(a), the structure under consideration
frequency band?]. The first left-handed metamaterial in mi-comprises a metamaterial sandwiched by two metallic prall
crowave frequency was developed. Besides, the extragydinplates. The metamaterial is made up of fishnet structure
refraction phenomenon was demonstratéd Metamaterials arranged in a 3D pattern like a jungle gym shown in Fig. 1(b),
with both negative permittivity and permeability over areov where the unit cell is depicted in Fig. 1(c). The number ot uni
lapping near-infrared wavelength range were demonsttateccells along thex- and y-direction are both 5. Moreover, the
have a low loss negative-refractive-indeX,[[?]. A three- periods (or lattice constant) along tke and y-direction are
dimensional optical metamaterial made up of cascade ‘fistienoted asl, (14.2mm) andi, (14.2mm), respectively. Each
net' structures was demonstrated to have a negative indew or column of the 3D fishnet structure was constructed
existing over a broad spectral rangé&$. [Additionally, some by the building block depicted in Fig. 1(d). The mesh wire
researchers used the effective medium method to considerwas printed on the dielectric substrate RO4003 with retativ

Il. STRUCTURE CONFIGURATION



3D fishnet metamaterial
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Fig. 1.  Structure configuration: (a) metamaterial insidetatlie parallel
plates, (b) photo of the 3D fishnet metamaterial, (c) unit cethe metama-
terial, and (d) front view of the fishnet structure.

metallic parallel plate

IIl. CHARACTERIZATION OF THE METAMATERIAL
A. Phase Relation

As far as a periodic medium is concerned, the dispersion
(or phase) relation of the eigen-wave supported in the nmediu
is an important issue to be studied in detail. Returning ® th
unit cell of the metamaterial shown in Fig. 1(c), the top and
bottom surfaces of the unit cell are perfect electric comahsc
Since the metamaterial is regarded as an infinite 2D periodic
structure, from the Floquet-Bloch theory the phase difiees
along thex andy directions arek,d, andk,d,, respectively.
After specifying the boundary conditions on the unit cell,
we are able to solve the eigen-value problem of the closed
structure using finite-element method. Notice that thereige
value (frequency) obtained corresponds to a propagatirtemo
subject to given phase constarits and k,. After iterating
the phase constants, andk,, we could determine the phase
relation (the relationship among frequenky,andk,). Figure
2 shows the contour map of the phase relation, the horizontal
and vertical axes respectively represent the phase casgtan
andk,) along thex- andy-axis, in the unit of 1/meter. Because
of the symmetry in the unit cell along the and y-axis,
the phase relation also preserves the symmetry. The circles
in colored lines with smaller radius are the phase relatibn o
wave in the metamaterial calculated from 7.2 GHz to 8.0 GHz
with 0.2 GHz step, while the circles with larger radius)
are those in the air for reference. Apparently, the, of the
wave in the metamaterial is much smaller than that in the air.
Notice that below 7 GHz no real frequency was found, it is
due to the cutoff phenomenon (plasma-like property) of this
structure.
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dielectric constant 3.55 and thickness 0.508mm using photo
lithography and chemical etching process. The dimensiokig. 2. Phase relation of waves propagating in the metarahter
of the metal strip were attached in the figure. Notice that

the same pattern was printed on both sides of the dielectricThe phase relation given above reveals an important infor-
substrate. The metallic parallel plates are made by aluminunation concerning the propagation of wave at the interface
with thickness 1.6mm. The distance between the parall&plabetween the metamaterial medium and air. For easy interpre-
is denoted ad (12.8mm). Moreover, a line source made frontation, we assumed that the metamaterial medium and air have
a coaxial probe was placed in the center of the metamatetiad refractive indexw.;y and 1.0, respectively. The incident

as an excitation source.

and transmitted angles in the metamaterial medium and air ar



denoted byd; and@, respectively. From Snell’s law, we knowthe high wave-impedance will cause a strong reflection from
that the relation between the incident and transmittedeangthe interface between the effective medium and air. Gelyeral
is given as follow. speaking, when the operation wavelength is greater than the
period of a periodic structure, the effective medium method
Negrsind; = sind, (1) can properly model the complicated structure as a uniform

Si 1 the t itted & b I dielectric medium and provide us the uniform transmission
INCenesy < 1, IN€ transmitted ang ’0 must be smaller ;g parameters. Thus, the wave propagation through a finite
than unity. This means that the transmitting wave tends to

. . . ckness of the structure can be realized.
perpendicular to the interface between the two media.

Real(g) — Real(y)
1 ===~ Imag(g) L=

B. Effective medium approach for extracting the uniform 5
transmission line parameters

In addition to the calculation of phase relation by solvin
the eigen-value problem, we have also considered the fist
structure as an homogeneous slab for retrieving the efec
parameters. A robust method was develop@dUsing the ,
scattering parameters of a metamaterial slab under nor | .
incidence, from which the effective refractive indexand T Ureawengyary T Ve
normalized impedance are obtained. Moreover, the effective (a) (b)
permittivity and permeability are calculated frgm= nz and
e=n/z. it

Since the metamaterial is a passive medium, the signs .|~
computedz andn must satisfy the requirement

Re{z} >0 (2)
Im{n} > 0 3)

°
@

&

Effective permittivity
Effective permeability

o

Effective refractive index

Normalized effective impedance

and thusz andn can be determined independently by
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) Fig. 3. Retrieved constitutive effective parameters of3befishnet metama-
e~ Jkond — x 4 iv1— X2 (5) _terial;j(a) permittivity, (b) permeability, (c) refracévindex, (d) normalized
impedance.

1 _ _
= kod{_[lm{ln(e Thend)} 4 2mr]+j[Re{in(e*")}]}  Atter understanding the phase- and dispersion- relation of

(6) eigen-waves supported in the metamaterial, we are now in
where X = (1 — S%, + 5%,)/2521, S11 and S2; individ- a good position to observe the physical picture of wave
ually represent the reflection- and transmission- coefficie process in the metamaterial medium. In the next example,
Parameteré, andd are the free-space wave-number and slabke numerically simulated the overall structure, partidyla
thickness, respectively. for observing its electric-field and Poynting power digtrib

Figures 3 show the retrieved effective parameters using thien. By properly tuning the length of the monopole (line

method described previously, where (a) and (b) respegtivaource) in the metamaterial, the wave propagating in the
are the variation of the effective permittivity and permiéigb medium with effective refractive index smaller than unitgsv
versus frequency, and (c) and (d) individually are those ekcited. As was predicted previously, the refractive waves
effective refractive index and normalized impedance, Whishall be normal to the metamaterial surface. To verify this
is normalized to free-space wave impedance 3771t is conjecture, we calculated the electric-field distributiand
obviously to see that in (a) the plasma-like dielectric fist vectorized Poynting power in the parallel-plate region. As
is negative for the operational frequency below 7GHz. Adburshown in Fig. 4(a) and 4(c), the refracted wave leaving the
7 GHz, the effective permittivity is near zero, while themetamaterial medium (highlighted by a grid region) tends to
effective permeability is a positive number. Consequentlge perpendicular to the metamaterial surface in partidialar
before 7 GHz, the wave shall have a pure imaginary nurnitose around the central part, while the others propagade at
ber of propagation constant (refractive index) as depiated small angle deviated from the normal direction. Additidynal
(c), exhibiting the below-cutoff phenomenon. Moreover, (dhe electric-field distribution for the same structure bithaut
presents the intrinsic impedance of the wave propagatititgein metamaterial was demonstrated for reference. It is apparen
effective medium. Interestingly, the effective refraetindex to see that without the metamaterial, the wave excited by
is zero at 7 GHz, however, the impedance is extremely highe monopole propagates outwards like a cylindrical wase, a
Once a wave is excited in the effective medium at 7 GHdgpicted in Fig. 4(b).

n
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Fig. 4. Electric-field strength in the structure with metaenial (a), and
without metamaterial (b); Poynting vector distribution time structure with
metamaterial (c); all the results were evaluated at 7.5 GHz.

C. Radiation Characteristics

known in microwave and millimeter wave engineering, Ere
plane horn antenna uses a flared opening to taper its dominant
waveguide mode from the waveguide end to a large opening
while maintaining its field uniformity. Here, the same desig
was utilized to obtain a uniform electric-field distributi@n

the flared opening.

(@) (b)

Fig. 5. The top view (a) and side view (b) of the spatial begtittsng
structure.

Figure 6 depicts the reflection coefficient against freqyenc
_of the structure shown in Fig. 5(b). The vertical- and
horizontal- axis individually represents the reflectioreffie
cient (in dB) and frequency (in GHz). The line in blue- and
red- color is the measured and calculated result, respdgtiv
From this figure, it is obvious to see that the impedance
bandwidth is around 0.2 GHz with VSWR less than 2.

As mentioned previously, the structure under considematio
can be employed as a spatial beam splitter. As far as a beam
splitter is concerned, the beam pattern should be an importa
issue to be studied. In the next example, we carry out the
numerical simulation for determining the far-field radoeti
pattern. Specifically, the measured pattern was also glotte
for verifying the design concept. As shown in Figs. 7,
the red- and blue- color curve represents the measured and
simulated pattern, respectively. Figures (a), (c) and (e) a
those for X-Y plane, while (b), (d) and (f) are foX-Z
plane. The operational frequency and antenna gain (in dBi)
were attached in respective figure. Notice that becauseeof th
smaller dimension along the flared-openning direction than
the width alongz— (or y—) axis the beam pattern has wide
beam-width along theX-Z plane. From these figures, we
may conclude that the four cone-type beam patterns indeed
can serve as a spatial beam splitter to distribute the input
power to four axes. Significantly, the excellent agreement
between the numerical and measured results again confirm
the near-zero-index property of the metamaterial utilized
this research. Although not shown in the figures, we have
measured the cross-polarization patterns and found tlegt th
are much smaller than those of co-polarization.

In the next example, we demonstrate the spatial power-

splitting characteristic of the original structure equegdpwith

IV. CONCLUSION

flared opening on each of the four output ports, as shown inin this paper, an artificial medium based on the 3D fishnet

Fig. 5(a) and 5(b). The radiating far-field patterns along

trstructure was developed. Using the effective medium ap-

X-Y and X-Z plane were measured in an anechoic chambgroach, we regarded the 2D periodic structure as a homo-

using a vector network analyzer (HP 8722D) and standard

haraneous medium and extracted its effective parameters such

antennas. In this design, the flared opening was employedat the permittivity, permeability, refractive index andwea
enhance the directivity of the original structure. As is lweimpedance. Interestingly, we find that the medium possesses
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the property of near-zero refractive index. Accordingly, a
spatial beam splitter incorporating such a metamateriad wa *
developed to distribute the input power to four ways. To [
understand the underlying physics of wave process in thel(
metamaterial, the dispersion characteristics of the waues
ported by the infinite 2D periodic structure consisting of
the unit cell of fishnet structure was analyzed rigorously.
Additionally, the Poynting vector and electric-field dibtrtion ~—
in the metamaterial medium were demonstrated for verifying 75 GH%ey Plane (Gains6.6908) 75 GHEX2 Plane
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results confirms the design concept of this research.
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Abstract

As was well known, the substrate-integrated waveguide can be easily
implemented and integrated with active and passive devices using the printed
circuit process. Thus, the integration circuit and system based on the substrate-
integrated waveguide technique becomes achievable. However, in the integrated
circuit environment, the close proximity between adjacent substrate-integrated
waveguides may cause the electromagnetic coupling, and thus the
electromagnetic interference problem arises accordingly. In this research, we
demonstrate the electromagnetic coupling between two parallel substrate-
integrated waveguide. Moreover, the theory of Fabry-Perot resonator was
employed to explain the resonance coupling between the substrate-integrated
waveguides. On the other hand, a new substrate-integrated waveguide equipped
with moats [1] was utilized to examine the capability of cross-talk suppression.
Interestingly, we find that in comparison with the conventionally used substrate-
integrated waveguide the new one can effectively suppress the electromagnetic
wave coupling. Therefore, the signal integrity can be further improved in a
microwave or millimeter-wave circuit or system implemented using the
substrate-integrated waveguide technique.

Introduction

Metal waveguides were popular during and after World War II. However, the
bulky waveguides were gradually replaced by transmission lines printed on a
circuit board, such as micro-strip line, strip line, coplanar waveguide, slot line,
and et. al. Recently, a printed waveguide mimicking the dispersion property of a
metal waveguide was successfully developed. Specifically, such a waveguide can
be easily fabricated using printed circuit process, and therefore, attracts
considerable attentions. It is termed as SIW (substrate-integrated waveguide) or
post-wall waveguide. This waveguide uses the via-hole arrays to replace the
metallic walls for guiding electromagnetic waves. Besides, since the wave guided
in the dielectric substrate with relative dielectric constant larger than that of air,
the dimension of the waveguide can be further reduced. Moreover, several
transition structures using printed transmission lines were developed to offer a
much greater degree of flexibility in practical applications.



Regarding the theoretical investigation relating the guided-wave and leaky-wave
characteristics of the SIW, various numerical method, such as the finite-
difference frequency-domain method [ ], generalized multipole technique [ ], and
numerical multimode calibration procedure incorporating the finite-element
method [ ], were developed. In addition to the rigorous full-wave analysis, the
empirical formula for practically design the SIW was also developed. As was
indicated in [], the via-hole array is equivalent to a solid metal wall as the ratio of
pitch width to via-hole radius is smaller than 4 and that of waveguide width to
via-hole radius is greater than 8.

In addition to the commonly used SIW, a new type of SIW by adding moat (slit)
outside the via-hole array [JEMWA] was developed. From the measured
scattering parameters and calculated dispersion relation, it is apparent to see
that the new structure can maintain an excellent guiding characteristic but using
a sparser via-hole array compared with the conventionally used one. Besides, the
cutoff frequency can be reduced to broaden its operational bandwidth.
Incidentally, since numerous microwave and millimeter-wave components, such
as filter, resonator, multiplexer, and even slotted antennas, have been designed
based on the SIW, the integration of SIW-based components and circuit in a
printed circuit board becomes an option for microwave circuit and system.
However, as far as the integration is concerned, the electromagnetic coupling
between lines in close proximity shall be a problem. To evaluate the
electromagnetic coupling between SIWs, the two parallel and identical SIWs (like
a coupler) were implemented on a printed circuit board to measure its coupling
coefficient. It is interesting to observe that the resonance coupling occurs in the
structure and, moreover, the coupling strength does not decrease as the
separation distance between the two SIWs increases. As will become clear later
on, the region bounded by the two SIWs can be regarded as a Fabry-Perot
resonator for contributing the resonance coupling.

Structure configuration

Figure 1 depicts the structure configuration to be analyzed and measured in this
research. As shown in this figure, two adjacent and co-parallel SIWs were
fabricated in a microwave dielectric substrate RO4003 with relative dielectric
constant 3.55. Each of the SIWs was fed by a micro-strip line with tapering
transitions at its both ends. The via-hole radius, pitch width between adjacent
via-hole, moat width, and channel width of the waveguide are denoted by r, p, w
and a, respectively. Parameter d represents the separation distance between the
two SIWs.

Electromagnetic coupling between SIWs and a strategy for crosstalk
reduction

From the results reported in [1], we may clearly observe that the moats can
further suppress the electromagnetic-wave leakage from the via-hole array.
Intuitively, such a new waveguide may mitigate the electromagnetic wave
coupling between two adjacent and co-parallel waveguides.

In the following example, we fabricated two SIW circuits with and without
moats, respectively, shown in Fig. 1. Each of which contains two SIWs separated
by the same distance d. The structure parameters were attached in the figure
caption for easy reference. It is noted that the pitch width in the two cases both



are 1 mm, which was designated based on the criterion reported in the literature
[K. Wu]. Figure. 2 and 3 demonstrate the scattering parameters including the
transmission- and coupling- coefficients for the coupled SIWs with and without
moats, where Fig. 2 and Fig. 3 are simulated- and measured- result, respectively.
The numerical simulation was based on the Time-Domain Finite-Integration
Method [CST].

From Fig. 2 and 3, it is obvious to see that the coupling coefficient (S31) is
significant although the via-hole array is dense enough. Specifically, there are
spikes present in both the simulated and measured results. Although not shown
in this paper, we have change the separation distance between the two
waveguide to measure its coupling coefficient. From the coupled-wave theory,
we know that if the coupling is due to the evanescent wave outside the
waveguide, the coupling coefficient decreases as the separation distance
increases. However, those spikes are still present and do not decrease with the
increase in the separation distance. We were inspired by this phenomenon to
study the coupling mechanism between the SIWs. The electric field (strength of
the E, component) distributions at each resonant frequency in the SIWs were
calculated. However, due to the page limitation only the case for the second
resonant frequency was shown in Fig. 5. From this figure, it is apparent to see the
resonant mode occurring in the region between the two waveguides. In the
presence of the two via-hole arrays, the electric field distribution along the
transverse plane resembles that of TE;o mode in the SIW. Moreover, the two
open ends cause a standing wave along the x axis. Therefore, the electric-field
distribution exhibits a resonance mode shown in the figure. It may be concluded
that the resonance coupling is mainly due to the wave leaky from the first SIW,
penetrating through the via-hole array into the Fabry-Perot resonator, and
finally coupling to the second SIW. Thus, the resonant frequency can be correctly
predicted by the formula given below.

Fe () (2]

where | and w are the length and width of the cavity, c is the light speed, and m
and n are integers representing mode indices along the x and y- axis,
respectively. Since the cavity height (substrate thickness) is much smaller than
those of the other two dimensions, the fields along the thickness direction can be
assumed to be uniform and the formula can be simplified as (1).

We have checked the resonant frequencies based on (1) and found they are
caused by the cavity resonance. The three resonant frequencies corresponds to
the three resonant modes (m=0, n=1), (m=1, n=1), and (m=1, n=2), respectively.
Additionally, from equation (1), we may conjecture that the resonance coupling
will start at a lower frequency as the separation distance increases. It was
confirmed by the numerical and measured results to be demonstrated in our
presentation.

On the contrary, the resonance coupling does not occur in the case of SIWs with
moats. Owing to the excellent confinement of the electromagnetic fields in the
new SIWs, the cavity modes are hard to be excited and the electromagnetic
coupling can be further suppressed.

Conclusion



In this paper, we numerically and experimentally examined the electromagnetic
coupling between two SIWs that are close to each other. It is interesting to find
that the coupling is considerable even the via-hole is dense enough. Through a
systematical investigation in the electric field distribution, we may conclude that
such a coupling is caused by the excitation of resonant modes in the cavity
between the two SIWs. In addition to the demonstration for the electromagnetic
coupling taking place in conventionally used SIWs, we also provide a strategy for
suppressing the coupling by adding moats outside the via-hole array. The
excellent performance in preventing the wave leakage from the waveguide
effectively removes the path of electromagnetic interference.
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