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Normal-incidence left-handed metamaterials (LHMs) based on symmetrically connected split-ring resona-
tors (SC-SRRs) were proposed and investigated numerically and experimentally. The SC-SRR, which can be
easily fabricated by conventional printed circuit board technology, is composed of metallic patterns connected
by metalized vias through the dielectric substrate. Under normal incidence, SC-SRR exhibits strong magnetic
response, leading to negative permeability. By combing SC-SRRs with metallic wires, a normal-incidence
LHM was realized. Both the simulation and experiment results demonstrated left-handed properties of the
SC-SRR/wire LHM. The design method paved new ways of realizing magnetic and even electric

metamaterials.
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I. INTRODUCTION

Left-handed metamaterials (LHMs) have many exotic
properties that are beyond natural regular materials [1]. Un-
der the long-wavelength limit, LHMs can be described by
the effective medium theory [2,3]. The first LHM was com-
posed of periodically arranged split-ring resonators (SRRs)
and conducting wires [4]. Soon later, many LHMs were pro-
posed [5-8] and most of them are variations of the SRR/wire
structure. For these LHMs, the magnetic fields are required
to thread through the metallic patterns to obtain a negative
permeability. This brings an annoying problem: incident
waves must be in parallel with substrates. This makes it quite
troublesome to fabricate and use these LHMs. Dealing with
this problem, Starr et al. proposed a normal-incidence LHM
by the use of vias to form SRRs in the direction perpendicu-
lar to the substrates [9,10]. Nevertheless, there is still a satu-
ration of the magnetic response for SRRs at optical frequen-
cies [11]. To overcome the saturation problems, Soukoulis ef
al. proposed normal-incidence LHMs based on simple me-
tallic pattern pairs [12-14]. Such LHMs allow normal inci-
dence and can be conveniently fabricated and used. How-
ever, since the coupling between the metallic pattern pairs is
quite weak, the left-handed properties are sensitive to the
distance between neighboring unit cells along the propaga-
tion direction. Effective refractive index can be totally differ-
ent for weakly and strongly coupled modes [15].

Three methods are mostly used by researchers to demon-
strate a LHM. The fist one is to show and compare the trans-
mission spectra of the LHM and its individual inclusions. By
making a comparison between transmission spectra, left-
handed bands can be determined qualitatively [16,17]. The
second method is to retrieve the effective material param-
eters from simulated or measured scattering parameters
[18-21]. It is now the most convenient method to character-
ize LHMs quantitatively and has been used to design invis-
ible cloaks [22] and ultrathin absorbers [23]. The third
method is to demonstrate negative refraction by a wedge or
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slab sample. If negative refraction happens, the designed
structure is considered as a LHM. However, negative refrac-
tion alone is insufficient to demonstrate the left-handedness,
since it can also be produced by other means such as aniso-
tropy [24-26], chirality [27-29], and photonic crystals
[30-32]. In order to sufficiently demonstrate the left-
handedness, we have to observe whether the phase velocity
is negative (to exclude anisotropy and chirality) and whether
the wavelength is much larger than the unit cell (to exclude
photonic crystals) inside the wedge or slab sample.

In this paper, we proposed normal-incidence LHMs based
on SC-SRRs. The SC-SRR is composed of metallic patterns
connected by metalized vias through the dielectric substrate.
Under normal incidence, SC-SRR exhibits strong magnetic
response. Equivalent circuit model was set up to describe the
strong magnetic response. By combing SC-SRRs with metal-
lic wires, a normal-incidence LHM was realized. Both the
simulation and experiment results verified negative perme-
ability of SC-SRR and left-handed properties of the SC-
SRR/wire LHM.

II. NUMERICAL RESULTS AND ANALYSIS
A. Strong magnetic response of SC-SRRs

The most famous normal-incidence magnetic metamateri-
als (MMs) are based on simple metallic pattern pairs
[12-14]. The magnetic response stems from the displacement
current loop formed between metallic pattern pairs. When
many layers of such MMs are stacking closely with a com-
paratively small spacing in the propagation direction, the
coupling between neighboring layers reduce or even cancel
that between metallic pattern pairs. Consequently, the nega-
tive magnetic response is quite sensitive to the spacing be-
tween neighboring layers [15,33].

To overcome this problem, the first idea that comes natu-
rally is to enhance the coupling between metallic pattern
pairs. There is no more straightforward way than to connect
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FIG. 1. The structure (a) and equivalent circuit (b) of the SC-
SRR unit cell. Geometrical parameters of the SC-SRR are: d
=0.8 mm, b=4 mm, /=2.5 mm, g=0.2 mm. The periodicities
along x and y directions are determined by the sizes of substrates
a,=6.7 mm and a,=10 mm, respectively. The periodicity along z
directions are determined by the thickness r=1.5 mm of substrate
as well as the spacing s=2 mm between neighboring layers along z
directions, that is, a,=t+s=3.5 mm.

the metallic pattern pair by metalized vias. This can be done
easily by conventional printed circuit board (PCB) technol-
ogy. Because the resulted structures are symmetrically con-
nected by metalized vias through the substrate, we can call
them symmetrically connected split-ring resonators (SC-
SRRs). Figure 1(a) shows the structure of the SC-SRR. Iden-
tical copper (0=5.8X107 S/m) patterns (strip width w
=0.4 mm, thickness #=0.030 mm) are etched on both sides
of Teflon substrate (e,=2.08, tan 6=0.0004). The copper
patterns are connected by two metalized vias. Corresponding
to each part of the SC-SRR, the equivalent circuit can be
described by Fig. 1(b), where C is the effective capacitance
between the two parallel horizontal strips, L, is the effective
inductances of the strip connecting the horizontal strip and
metalized via, and L, is the effective inductances of the met-
alized via. When electromagnetic (EM) waves are incident
onto SC-SRRs, a current loop is formed on the surface of
SC-SRR, as shown in Fig. 2(a). The current loop can be
considered as a magnetic dipole. Typically, the resonance
behavior of a magnetic dipole can be described by the Lor-
entz model,
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FIG. 2. Surface current on SC-SRR (a) and magnetic field dis-
tribution in (y,z) plane.
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FIG. 3. (Color online) Transmission spectra for a 20-layer SC-
SRR slab.
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M=l (1)
W™ = W), + Y,

where w,,=1/\(L,+L,)C. The current loop can produce
strong magnetic field that is antiparallel with the incident
magnetic field, as shown in Fig. 2(b). When the induced
antiparallel magnetic field outgrows the incident magnetic
field, the effective permeability u, becomes negative.

In the negative permeability range, EM waves cannot
propagate in SC-SRRs but are reflected. Figure 3 gives the
simulated transmission spectra for 20 layers of SC-SRRs
stacked along the propagation direction with a spacing s
=2 mm. The simulations were carried out using the fre-
quency domain solver of CST Microwave Studio. The four
lateral boundaries along the x and y directions are periodic
boundary conditions. EM waves were incident along —z di-
rection. Thus, there are infinite unit cells in the x and y di-
rections while 20 unit cells in the z direction. As shown in
Fig. 3, there is a deep dip (below ~—60 dB) for the trans-
mission in 6.2-6.6 GHz, which indicates strong magnetic
resonance in this range.

B. Magnetic response dependent on geometrical parameters
of SC-SRRs

To interpret the dependence of the magnetic resonance
frequency on the geometrical parameters, the equivalent cir-
cuit model can be used to calculate the magnetic resonance
frequency

W, 1

fm_ 277 B 2’7T\/(L] +L2)C‘

The capacitance between two parallel metallic strips can
be written as [34]

2b 2w
C =~ —ggg, arccos h(—), (2)
™ 8

where w, b, and g are the strip width, length, and distance of
the two parallel metallic strips, respectively. ¢/ is the relative
permittivity and 1 <<e| <2.08. The inductance of the metallic
strips connecting the horizontal bars and metalized vias is
approximately [35]
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FIG. 4. (Color online) Magnetic response of SC-SRRs dependent on (a) the metalized via diameter, (b) length of horizontal bars, (c)
length of the strip connecting metalized vias and horizontal bars, (d) distance between the two horizontal bars, and (e) spacing between

neighboring layers.

! 6.61
L~ ﬂm(—). (3)
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Because the currents between two metalized vias are antipar-
allel [as shown in Fig. 2(a)], the inductance of the metalized
via is

L~ %ln[@] 4)

Consequently, the magnetic resonant frequency is

=E]

(5)
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where ¢ is the light speed in free space.
Figure 4 presents the relations between the magnetic reso-

nance and geometrical parameters. Figure 4(a) gives the de-
pendence of magnetic resonance on metalized via diameters.
As shown in Fig. 4(a), the magnetic resonance frequency
shift upwards as the via diameter increases. Because L, de-
creases with d [see Eq. (4)], the magnetic resonance fre-
quency increases with via diameters. Note the magnetic reso-
nance frequency is quite insensitive to via diameters. Figure
4(b) shows that the magnetic resonance frequency shift
downwards as b increases. As is indicated by Eq. (2), longer
bar length means larger capacitance and lower magnetic
resonance frequency. Similarly, Eq. (3) indicates that when [
increases, the inductance L; also increases. This leads to
lower magnetic frequencies, as shown in Fig. 4(c). Figure
4(d) shows that the magnetic resonance frequency is very
sensitive to the distance g. With a minor increment of g, the
magnetic resonance frequency shift upwards significantly.
Figure 4(e) shows the dependence of the magnetic reso-
nance of SC-SRRs on different spacings between neighbor-
ing layers along the propagation direction. As shown in Fig.
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FIG. 5. (Color online) (a) The SC-SRR/wire LHM unit cell; (b)
transmission spectra for 20-layer slab sample under normal
incidence.

4 Frequency(GHz)

4(e), there is always a deep transmission dip in the transmis-
sion spectra for different spacings. This indicates that there is
always strong negative magnetic resonance when the spacing
varies between 1 mm and 2.5 mm. Note the negative band-
width decreases with the spacing. Although the negative
bandwidth changes with the spacing, the central negative
resonance frequency keeps almost the same, which is consis-
tent with Eq. (5).

C. SC-SRR/wire LHMs

Now that SC-SRRs have strong magnetic response,
LHMs can be realized when they are combined with continu-
ous wires. Figure 5(a) gives the structure of the SC-SRR/
wire LHM unit cell. Copper wires of a width 0.8 mm are
etched symmetrically on both sides of the substrate. When
EM waves are incident, Drude-like resonance occurs in the
copper wires, leading to negative permittivity. Plus negative
permeability realized by SC-SRRs, double-negative property
can be realized. Figure 5(b) gives the simulated transmission
spectra for 20-layer LHM slab under normal incidence. As
shown in Fig. 5(b), the stop band in Fig. 3 for the SC-SRR-
only case is replaced by a pass band for the SC-SRR/wire
LHM. This means that the pass band is left-handed.

Figure 6(a) illustrates negative phase velocity at 6.5 GHz
in the 20-layer LHM slab sample by giving the time evolu-

FIG. 6. (Color online) Negative phase velocity and negative
refraction at 6.5 GHz in a slab sample. (a) Time evolution of the
electric field distribution under normal incidence; (b) Electric field
distribution under a tilted incidence angle 6,=15°. The dark solid
lines indicate the free space-LHM interface and the arrows indicate
the direction of phase velocity.

PHYSICAL REVIEW E 81, 036601 (2010)

FIG. 7. (Color online) Negative phase velocity and negative
refraction at 6.5 GHz in the wedge sample.

tion of the electric field in the plane y=4.8 mm under nor-
mal incidence. As shown in Fig. 6(a), the phase velocity in
free space advances toward —z directions while that in the
LHM slab toward +z direction. This means that the phase
velocity in the LHM slab is negative. Note the wavelength in
the LHM slab spans over about ten unit cells, so the long-
wavelength limit is strictly satisfied. Since the periodicity
along the propagation direction is 3.5 mm, the wavelength in
LHM slab is A=35 mm. The wavelength in free space at
6.5 GHz is A¢p=46 mm. Then, we can obtain the refractive
index by n=—\y/\, that is, the refractive index at 6.5 GHz of
the LHM slab is about n=—-1.3. To further demonstrate nega-
tive refraction by the LHM slab, we also simulated the LHM
slab under a tilted incidence angle #,=15°. The simulated
result is shown in Fig. 6(b). According to the wave fronts
indicated by localized field with the same intensity and
phase, we can obtain the refracted angle 6,~—-11.5°. Accord-
ing to Snell’s law, the refractive index at 6.5 GHz is n
=sin 6;/sin §,=~-1.3. The simulated results under normal
and tilted incidences agree perfectly with each other.

To further verify negative phase velocity and negative re-
fraction for the SC-SRR/wire LHM, we also simulated a
wedge LHM sample. The wedge sample is composed of 15
X 15 unit cells in x and z directions with one-unit-cell stairs.
Figure 7 shows the simulated results for the wedge sample
by giving the electric field distribution at 6.5 GHz in the
plane y=4.8 mm. Since the periodicities along x and z di-
rections are a,=6.7 mm and a,=3.5 mm, the incidence
angle can be determined as #;,=arctan(a,/a,) =27.6°. By the
localized field with the same intensity and phase, we can
obtain the refracted angle 6,=~-37°. Then, according to
Snell’s law, the refractive index at 6.5 GHz is n
=sin 6,/sin ;=-1.3. Moreover, the phase velocity inside
the wedge also advances against that in free space.

III. EXPERIMENTS

SC-SRR and SC-SRR/wire LHM samples operating at
X-band (8.0-12.0 GHz) were fabricated and further mea-
sured using the waveguide-based measurement system. Fig-
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FIG. 8. (Color online) The fabricated SC-SRR and LHM layers.
(a) the SC-SRR layer, (b) the LHM layer.

ures 8(a) and 8(b) shows the photos of the fabricated SC-
SRR layer and the SC-SRR/wire LHM layer, respectively.
Since the fabricated samples operate at X-band, the BJ-100
rectangular waveguide (8.2-12.5 GHz) with a 22.86 mm
X10.16 mm cross section was used in the measurement sys-
tem. To fit the test sample to the waveguide cross section,
four unit cells were etched on each substrate (e,
=2.2, tan 6=0.0009) for the test samples. The substrate we
used is the Rogers RT5880 (g,=2.2, tan §=0.0009) sub-
strate, whose thickness #=0.787 mm and cross section a,
Xay=20 mm X 10 mm. The SC-SRR is composed of cop-
per strips (the strip width w=0.4 mm). Geometrical dimen-
sions of the fabricated SC-SRR unit cell are: d=0.8 mm, b
=2.5 mm, [=2.4 mm, g=0.3 mm. For the LHM unit cells,
additional copper wires with a width w;=1 mm were etched
symmetrically with respect to SC-SRRs.

Figure 9 gives the photo, transmission spectra, and effec-
tive parameters of the SC-SRR test sample. To fabricate the
SC-SRR test sample, six SC-SRR layers were stacked to-
gether with a spacing s=2 mm. One end of the six SC-SRR
layers was stuck onto a thin dielectric board to fix them
together, as shown in Fig. 9(a). In the measurements, the
sample was put inside the waveguide to fill the cross section.
HP8720ES vector network analyzer was used to measure the
sample. Effective permeability and permittivity were re-
trieved from the measured data. Figure 9(b) gives measured
scattering parameters of the SC-SRR sample. As shown in
Fig. 9(b), there is a transmission dip around 10.75 GHz,
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FIG. 9. (Color online) The transmission spectra and effective
parameters of the SC-SRR test sample. (a) SC-SRR test sample, (b)
transmission spectra, (c) effective permeability, (d) effective
permittivity.
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FIG. 10. (Color online) The transmission spectra and effective
parameters of the LHM test sample. (a) LHM test sample, (b) trans-
mission spectra, (c) effective permeability, (d) effective permittivity.

which indicates a single-negative region. To determine
whether the effective permeability is negative, we have to
resort to retrieved effective parameters. As shown in Figs.
9(c) and 9(d), the effective permeability is negative 10.5—
10.8 GHz, which corresponds to the transmission dip in Fig.
9(b). Meanwhile, the effective permittivity keeps positive de-
spite the antiresonance [20]. The measured results show that
SC-SRRs can realize negative permeability under normal in-
cidence. Compared with cut-wire pairs, the magnetic reso-
nance of SC-SRRs is much stronger.

Figure 10 gives the photo, transmission spectra, and ef-
fective parameters of the SC-SRR/wire LHM sample. The
LHM test sample is the same as the SC-SRR sample except
that additional copper wires were etched symmetrically with
respect to SC-SRRs, as shown in Fig. 10(a). The transmis-
sion spectra in Fig. 10(b) shows that there is a transmission
peak around 10.6 GHz. Comparing Figs. 9(b) and 10(b), the
transmission dip in Fig. 9(b) just corresponds to the trans-
mission peak in Fig. 10(b). Thus, the transmission peak
means a double-negative band. To determine exactly the po-
sition and bandwidth of the double-negative band, we have
to resort to effective parameters retrieved from measured
scattering parameters of the LHM sample. As shown in Figs.
10(c) and 10(d), the effective permittivity is negative below
11.7 GHz (the plasma frequency) while the effective perme-
ability is negative in 10.5-10.8 GHz. Consequently, the
double-negative band is 10.5-10.8 GHz and the bandwidth is
0.3 GHz. The measured results demonstrated that the SC-
SRR/wire structure can realize left-handed properties under
normal incidences.

IV. CONCLUSIONS

SC-SRRs can realize negative permeability under normal
incidence. When combined with continuous conducting
wires, SC-SRRs can be used to realize LHMs. The SC-SRR-
based LHM satisfies strictly the long-wavelength limit. Si-
multaneously negative phase velocity and refraction were
demonstrated by both the slab and wedge samples. Both the
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simulation and experiment verified the strong magnetic reso-
nance of SC-SRRs and double-negative band of the SC-
SRR/wire LHM. Since SC-SRR-based LHMs allows normal
incidence and can be easily fabricated by conventional PCB
technology, they are of high application values in practical
uses. The design method paves new ways of realizing nega-
tive permeability/permittivity metamaterials and it can be
generalized to designing different kinds of magnetic
metamaterials as well as electric metamateirals.
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