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Abstract— This paper presents a new planar particle thatlsows negative effective permittivity under irradiation
by an electromagnetic wave. The mutual coupling bateen the couples of these particles is studied imnpicular.
The response of this particle sensitive to an eleitt field is strongly anisotropic. The particle isaimed to be used
to compose an isotropic epsilon-negative metamatatiin two forms. Firstly, a unit cell of the metamaerial
consists of a cube bearing six particles on its fas, located with specific orientations. The experiemts showed
that this unit cell is suitable for manufacturing an isotropic epsilon-negative metamaterial obtainedby arranging
these cells in a 3D cubic periodic system. The sadoform of an epsilon negative metamaterial with arisotropic
response consists of the planar particles themsebjedistributed quasi-randomly, composing a 2D syste and/or
of particles placed in spherical shells and distribted fully randomly in a hosting material forming a 3D system.
The isotropy of these systems was verified by measments in a rectangular waveguide.
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I. INTRODUCTION

Volumetric metamaterials (MTM) consist of a hostdien in which proper insertions are located. Eitaesingle
specifically-shaped element, also known as a pestic a suitably spatially-arranged set of paggdiorms the unit cell
of the MTM. The particles are anisotropic. Consediye the medium composed by them generally alse da
anisotropic response to an irradiating wave. Plaesonant particles are most suitable for thespgsas due to their
simple fabrication. These particles can show negaiermittivity, permeability, or both these paraeng are negative.
Probably the most important publication in metamalkgis [1] as it has proposed a small resonaritghg, a split ring
resonator (SRR), the basic constituent of artificiegative permeability media — mu negative (MNGTNM The
broadside coupled (BC) SRR was designed in [2hagparticle not showing bianisotropic behavior. BRR uses both
substrate sides and its capacitance can be desigtied very high value resulting in a low resonaiatjuency. When
irradiated by an electromagnetic wave, S-shapeds3R&uce negative permeability [3]. A number @fnalr resonant
particles showing negative permittivity — epsiloggative (ENG) particles — have been presentederitérature, e.g.,
in [4]. A particle consisting of an electric dipderminated by an inductor was reported in [5]eft-handed MTM can
be obtained by combining the particles by a preymy, as has been done in [6], and [7] using S-sh§RRs.

There are two ways leading to isotropy of an MTMnpmsed of planar resonant particles. The first wilizes a
specific form of the unit cell satisfying symmetf/the selected crystallographic group and itsquiical arrangement
in space [8], [5]. The second way is based on ramgtocated unit cells in the volume of the hogt [9

This paper is an extension of paper [10] and itealve is to report the design and fabricationao¥olumetric
isotropic ENG MTM applying a new kind of planar fiele denoted as a double H-shaped resonator (DHRis
particle is of a resonant nature, and consequdstigperation is frequency selective. The inteactf the exciting
field with the particle results in negative effeetipermittivity in a narrow frequency band abowerésonant frequency.
The layout of this particle is shown in Fig. la€eTarticle was designed and fabricated, and ifsores to an exciting
electromagnetic wave is analyzed together withitifleience of the second coupled DHR resonator &tah its



proximity. The six DHR particles are assembleddmf a cube, as described in [8], to obtain an ENG with an
isotropic response. These cells are fixed in spaee3D rectangular periodical net to produce tbeimetric isotropic
MTM. The planar double H-shaped resonators were t@sted to produce an ENG MTM with a quasi-2Drigut
response. The particles inserted into sphericatiplahells [9] and randomly poured into an R3%ated rectangular
waveguide composed a real 3D volumetric ENG MTMhveih isotropic response.

b c
Fig. 1 Layout of an epsilon-negative particle dauble H-shaped resonator, the rear side of thstisib is without metallization (a), original revgalar-like
resonator (b), current distribution on the DHRextanance (c).

The particles themselves and the cubic cells wexsigded by the CST Microwave Studio, then fabriteaed
measured. The effective permittivity and permegbiif a waveguide section with particles were clted according
to [11]. The ideal TEM waveguide was used to aralye particles, as it is almost impossible for@8T Microwave
Studio to simulate very small particles in an R3#/eguide of rectangular cross section 72.14 x 3ty due to the
extremely long simulation time. Moreover, owingtbhe symmetry of PEC and PMC walls, the simulatiothis TEM
waveguide represents the behavior of an infinitdoge 2D row of particles. However, the measuremems
performed in an R32 waveguide of rectangular csession with propagating TEmode. Therefore, the results are not
well comparable. Nevertheless the measurementtgtinadily validates the simulation results.

Il. PLANAR DOUBLE H-SHAPED RESONATOR

The aim of our work was to obtain a particle shavimegative effective permittivity induced by thecigxg
electromagnetic wave. To do this, we proposed agplalectric dipole terminated by a loop inductof5]. In its basic
form, however, this particle was too large to bedufor constructing a volumetric ENG MTM. Therefoee form
consisting of an inductor with two loops placedtao substrate sides was proposed [12]. The corigtruproblem
here was due to the necessity to use via holesecting the two inductor loops. Thus, our aim waBnd a new planar
particle able to resonate at a satisfactorily loggéfiency that would therefore be compatible in siith our BC-SRR
[9]. A solution was found after several iteratiavith a planar particle in the form of the foldeghalie shown in Fig. 1b,
which in this form represents a so-called rectasaglike resonator. The capacitive elements are plxeed on the top
and bottom dipole ends. Finally, these capacitanegs increased by extending the overlaying st by adding an
inside strip, and we obtained the double H-shagsdmator, the layout of which is shown in Fig. The resonant
frequency has been considerably reduced by folttiagdipole and raising the capacitance betweerzdmtal strips. It
is documented by the distribution of the electricrent along the DHR strips shown in Fig. 1c. Steijgth has a
negligible influence on the resonant frequencyisitn distinction to the slot width. Taking into mgideration the
technology that was being used, these widths wereen 0.2 mm.

The DHR was analyzed and designed by the CST Miavevstudio applying a substrate 0.2 mm in thicknegh
permittivity 2.3, loss factor 0.001, and a metaldcling 17um in thickness. The square substrate finally hdessiwhich
are 6 mm in length, and the outer strip is 5.25 imfength. The transmission characteristgsof the DHR located in
three positions in the middle of a TEM waveguidiwdated by the CST Microwave Studio are plottedrig. 2. The



TEM waveguide cross section is the same as thdratdsi.e., 6x6 mm. The resonant frequency is @pprately 3.8
GHz. The ratio of the free space wavelength atrmasce and the particle size is about 13, so the Moh&isting of
these particles can be assumed to be a homogemeedsim. At position 1, see Fig. 2, the DHR is ledat
perpendicular to the waveguide axis, and thereismteraction of the particle with the magnetiddieWe have only
one basic resonance at which the particle showativegeffective permittivity. At positions 2 and See Fig. 2, the
DHR is located parallel to the waveguide axis. Tiregnetic field now interacts with the particle, ghis causes the
second magnetic resonance. As shown in Fig 3, itheraction results in negative effective permeghilThis
additional resonance is, however, well separateh the basic resonance aimed as the MTM workingnasce. The
DHR response is influenced by the position of thetiple, and its behaviour is anisotropic. The gkated effective
permittivity of the TEM waveguide section with tiHR located at position 2 is shown in Fig. 3. Farthesonant
frequency reduction can naturally be achieved hyeasing the substrate permittivity. Fgr= 2.3 the resonant
frequency is around 3.8 GHz, see Fig. 2,&cr 5 it is 2.95 GHz, and finally fog; = 10 we get 2.3 GHz.

The DHR was fabricated, see the inset of Fig. 4a ®OGERS RT/duroid 5880 substrate with permittizit22 and
thickness 0.254 mm, tar= 0.0012 at 10 GHz and metallization thicknesd. D.6hm. The outer strip is 5.25 mm in
length and 0.2 mm in width, the same as the sldthwiThe particle is deposited on a substrate 6m6imarea. The
DHR was located in the R32 waveguide at the ceitéis cross-section in position 1. The correspogdineasured
transmission characteristic is plotted in Fig. 4. &pected, the response is weak, as we have palyiry particle in
the R32 waveguide. This fabricated particle wasluisall the following experiments.
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Fig. 2 Simulated transmission of the DHR locatethe center of the TEM waveguide at the threetjpos defined at the top.
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Fig. 3 Calculated [11] real parts of the -effectipermittivity and Fig. 4 Measured transmission of the DHR locatethatcenter of the R32
permeability of the DHR located in the TEM waveguid position 2. waveguide at position 1. The inset shows the fabeit DHR.



Ill. COUPLE OFTWO PARTICLES

It is important to know the mutual coupling meclsmi between DHR resonators when designing an ENG
metamaterial composed of them. Therefore a studymade of the transmission of a wave over two @mliphrticles,
taking into account their different mutual posisoim a waveguide. Two particular DHR resonatorshwésonant
frequencies 3.93 and 3.96 GHz were selected ferghipose. A rectangular TEM waveguide with dimensil5 x 7
mm was used for simulations done in the CST Micraw&tudio, whereas the R32 waveguide was usedhéor t
experiments. Fig. 5 specifies the positions of iR planar resonators used in the first experin€hé transmission
characteristics of the waveguide with the couplthefparticles were studied in dependence on tahegdd longitudinal
distance of particleg. The results of the simulations are shown in Bicgand Fig. 7 shows the measured transmission.
The particle resonances behave more independesitiphedr mutual distancg grows. Finally, they become fully
independent and the transmission characteristibese two particles matches the algebraic sumetrdimsmission
characteristic of single particleat close distances of the particles, the lower masoe is due to the coupling moved to
a lower frequency and the level of the upper resoadecomes less distinctive.
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Fig. 6 Calculated transmission of the TEM wavdguivith two DHR Fig. 7 Measured transmission of the R32 waveguwiitt two DHR
particles in dependence on longitudinal shiftefined in Fig.5 fox = 0 mm. particles in dependence on longitudinal skiflefined in Fig. 5, fox = 0

mm.

Next, a study was made of the coupling of the twtRB located in the waveguide according to Fig. heteling on
lateral shiftx, i.e., fory = 0. The calculated and measured transmissionplatted in Figs. 8 and 9, respectively. In
dependence on the position, the dip in the trarsarischaracteristic caused by the negative pewityttis widened,
due to the mutual coupling of the particles, anthatsame time shifted to higher frequencies whisrincreased.
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Fig. 8 Calculated transmission of the TEM waveguwith two particles
in dependence on lateral shiftlefined in Fig. 5, foy = 0 mm.

Fig. 9 Measured transmission of the R32 waveguiith two particles
in dependence on lateral shiftlefined in Fig. 5, foy = 0 mm.

Finally, we studied the behavior of the two paeiclocated in a perpendicular position, as showhign 10. This
couple is naturally a part of the cubic cell trelate the next paragraph. The first particle is ipogition perpendicular
to the waveguide side walls with the central stnithe vertical position (position 1). The secorattigle isoriented
along the side walls of the waveguide with the @ndtrip in the same orientation (position 2). Timulated and
measured transmissions are shown in Fig. 11 andl1Rigrespectively. The particle resonant frequetheglines for
closer positions of the particles. Increasing dista(parametdr) extends the frequency range of the resonance.

Fig. 10 Measured particles at general position.
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Fig. 11

perpendicular particles in dependence on the mored&fined in Fig.10.
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Fig. 12 Measured transmission of the R32 waveguwiith two

wavedguiwith two
perpendicular particles in dependence on the mornedeined in Fig.10.



The mutual coupling between resonant particles tanbally influences the form of a resulting trarission
characteristic. This explains the widening of tregjfiency band of negative permittivity noticeabl¢hie characteristics
of the cubical cell, and also the ENG MTMs preséritethe following text. The second reason for widg the MTM
frequency bands of negative permittivity is theesg of the particle resonant frequencies due todmereproducibility
of the fabrication process.

IV. CUBE-LIKE UNIT CELL

The DHRs were used to design a 3D isotropic unit which, irradiated by an electromagnetic waveovides
negative effective permittivity. This idea was oadrinto effect by placing the planar particlesnfiréig. 1a on the faces
of a cube, creating a tetrahedral symmetrical ayq&], see Fig. 13a. The interior of the cube ispgmsince the
particle substrates themselves form the faceseoftibe. Fig. 13 shows three characteristic positarihe cube used in
the experiments. We assume that the incident @efield is directed parallel to thg axis, z is the waveguide
longitudinal axis, and the waveguide side walls paeallel to theyz plane. Basic position 1 is shown in Fig. 13a,
position 2 “on an edge” in Fig. 13b, and positiofo8 a node” in Fig. 13c. This unit cell was anagizby the CST
Microwave Studio only in the basic position 1. Aghie case of a single DHR, the calculated trarsionischaracteristic
again shows two resonances, the lower resonanaboatt 4.08 GHz providing negative effective perwitit in a
frequency band tightly above it, and the higher medig resonance at about 5.5 GHz, providing negatiffective
permeability tightly above it.

a b C

Fig. 13 A volumetric epsilon-negative cube-likdl cemposed of DHR, position 1 (a), position 2 (@jd position 3 (c).

The cube-like cell was fabricated by sticking plamHR particles on polystyrene cube faces 6x6x6 Inm
dimensions. The cube composed of particular DHRsdsmplex system with many internal couplings,clitere more
intensive at smaller dimensions. These structurer® wtudied experimentally in the R32 waveguides plesence of
waveguide walls, the existence of the;JBode longitudinal magnetic field component and rba-homogeneity of
this field influence the electromagnetic responsthe cell inserted in the waveguide. These effeessilt in different
responses of the cubes in comparison with the resgsoof single planar particles. The transmissibthe R32
waveguide with the cube-like unit cell measured mvieated in the waveguide center in the threetiposi, as defined
above, is shown in Fig. 14. This transmission ddpeonly slightly on the selected position of thdbeuWe can
therefore conclude that this cube-like unit cel laa isotropic response and is a suitable buildiagk for an isotropic
ENG MTM. This MTM will be obtained by assemblingete cells in a 3D cubic periodic net.
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Fig. 14 Measured transmissions of the R32 wavepwith a cube with dimensions 6x6x6 mm assembilewh ix DHRs for its different positions.

V. 2D QUASI ISOTROPICENGMTM COMPOSED OFDHRS

The 2D quasi random ENG MTM was prepared as a pobige parallelepiped 50x50 mm in area cut inteetslices
that are equal in height of 10 mm. An equal nundfddHRs is inserted periodically in the nodes aigaared net with
random orientation in each slice, see Fig. 15a.s€guently, by changing the mutual orientationshefglices in the
parallelepiped by 90-degree rotations we obtainéddibferent parallelepipeds with randomly distriedt particles
inside, assuming that the vertical order of theesliis kept. For the isotropy test the stacks e$dfhthree slices were
inserted into the R32 rectangular waveguide in sualay that the two sides were parallel to thelffopagation, Fig.
15a. If the parallelepiped is isotropic and thergety of the setup is unchanged, the measuredesogttparameters
should remain invariant for each 90-degree rotadithe parallelepiped around its central verteodk. The arithmetic
mean value of 64 times measu®dis plotted in Fig. 15b, together with its deviatio
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Fig. 15 Fabricated 2D quasi isotropic ENG MTM (@)ithmetic mean value of the transmission throGdhparallelepipeds of the 2D ENG MTM in the R32
waveguide with 147 DHRs and its dispersion ¢bis the standard deviation of the values.

This deviation is very small, so the MTM sample tanviewed as a 2D isotropic medium. The more glagithere
are, the wider is the stop-band in which the MTMwb negative effective permittivity.

VI. 3D ISOTROPICENGMTM CoMPOSED OFDHRS

The current isotropic 3D mu negative MTM with rgalbindom location of the unit cells was achievedBBtSRRs
boxed in polystyrene spherical shells filling ug tyolume of a cube with edges 72 mm in length, apresented in
[9]. The same technology was adopted here to fataria 3D isotropic ENG MTM using the DHRs. The trfeig. 16



shows a disassembled shell together with the parfidhe metamaterial specimen consisting of 256Iskéth the
DHRs was repeatedly measured in a raised R32 gdemwaveguide, changing the position of the shedich time.
The arithmetic mean value of these measurememgsther with their deviation, is plotted in Fig. Tgis deviation is
now bigger than in the case of a 2D MTM, but istid comparable with that obtained in [9] for tM&I'M consisting of
BC-SRR. Consequently, Fig. 16 shows that the stuENG MTM consisting of DHRs boxed in plastic spbarshells
behaves as an isotropic metamaterial.

37 3.8 3.9 4.0
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Fig. 16 Arithmetic mean value and its dispersiér2® measurements of transmission through the 3 BN'M in the raised R32 waveguide with 256 DHRs
placed in spherical shells and randomly locatetiénvolume of a cube with sides 72 mm in lengts the standard deviation of the values.

VIl. CONCLUSIONS

This paper presents a new form of a double H-shatsethr resonator aimed to be primarily sensitoivéhe electric
field of an incident electromagnetic wave. Due ftdensive resonance, this particle excites negatiffective
permittivity. This DHR particle is small enough,dais consequently ready for application in isotcopietamaterials.
There is no need to use vias, as in the caseatfieced size standard electric dipole terminatea toyo loop conductor
[12]. Production of the new particle is simple attékrefore, cheap.

The double H-shaped resonator was designed by 8% icrowave Studio. The simulations and experiraent
confirm its behavior. The mutual coupling of DHRdluences their response and must be taken intouatdn the
process of designing the MTM. Cubic-like unit cddlsaring on their faces six identical DHRs with g@o symmetry
were proved to be suitable building blocks forudklisotropic ENG MTM consisting of a cubic periodsystem of
these cells. The concept of manufacturing bulkrggt MTMs, both 2D with quasi-randomly distributadisotropic
particles and 3D with fully randomly distributedisotropic particles, has also been proved pradicabthe case of
DHRs. In the 3D case, the DHRs were boxed in ppigse spherical shells. The frequency band of caitgm with
randomly located unit cells is wider than the bafich single particle, and at the same time thearsp is more
intensive.

The presented behavior of the DHR planar resoraatdrthe ENG MTM composed of it fully correspondsthie
results we have presented for BC-SRR in [9], [&Bl] the electric dipole terminated by inductor§li?], [13]. A left
handed MTM can be obtained by combining particlesagng negative permeability — BC SRR together pidinticles
showing negative permittivity — DHR or electric dips both boxed in plastic spherical shells. Suchixure poured
into a volume of any shape represents a homogemddikwith an isotropic response.
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