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We study through experiments and associated simulations the electromagnetic response of microwave fishnet
metamaterials and its dependence on the system’s geometrical parameters. Our study verifies the validity of
an earlier proposed inductor-capacitor (LC) circuit description of the fishnet design and reveals a left-handed
response with high transmittance for a wide variety of geometrical structure parameters. This study paves the
way to achieve optimized left-handed fishnet metamaterial designs. © 2009 Optical Society of America
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. INTRODUCTION
etamaterials are a special category of artificially engi-

eered structures with subwavelength unit cells. In re-
ent years, research on metamaterials, especially on left-
anded materials (LHMs, i.e. metamaterials with
imultaneously negative electrical permittivity, �, and
agnetic permeability, µ), has aroused much interest due

o the many involved intriguing physical properties such
s negative refraction [1–3], and practical potential appli-
ations such as the subdiffraction-limited planar lens
3–6].

Doubtlessly, the development of research on metamate-
ials is tightly connected with structure design. As is well
nown, the difficulty in finding natural materials showing
egative permeability is the reason that Veselago’s hy-
othesis on LHMs [1] had been given a cold shoulder for
ore than 30 years until the first realistic left-handed

LH) structure in a microwave regime [2] came out; the
nit cell of this structure was actually a combination of
hin metallic wires leading to � �0 [7] and split-ring reso-
ators (SRRs) leading to µ�0 [8], both proposed theoreti-
ally by Sir J. Pendry. Afterwards, many novel metama-
erial designs, especially designs showing negative
ermeability, were proposed aiming at more simplified
abrication and testing processes, lower intrinsic losses,
nd operation at higher frequencies, even the visible re-
ime [9–14].

During these metamaterial studies, an important for-
ard step was started from the work by Podolskiy et al.

15], in which a resonant magnetic response leading to
egative permeability values was achieved using pairs of
hort slabs (or wires) instead of SRRs. In contrast to the
n-plane incidence required to demonstrate the magnetic
esponse in SRRs, the short-slab pair-based designs show
0740-3224/09/120B61-7/$15.00 © 2
magnetic response for normal incidence; thus, even a
ingle functional layer sample can be used to demonstrate
his response. Moreover, the design allows a much more
implified fabrication and characterization procedure
han the SRRs-based designs. That is why many of to-
ay’s LHMs, especially in the µm and sub-µm scales, are
ased on the short-slab pair design. Among these materi-
ls, a structure with a superior performance seems to be
he so-called fishnet structure [16–19] (see Fig. 1), which
s composed of wide-slab pairs (responsible for the nega-
ive µ response) physically connected with continuous
ires (responsible for the negative � response). Detailed
umerical analysis of the fishnet design in the microwave
egime [20] has revealed a left-handed response with high
ransmittance for quite a broad range of geometrical
tructure parameters. This improved response was attrib-
ted to the large width of the slabs �ws�, together with the
hysical connection of slabs and wires. The large width of
he slabs allows for a large volume of the induced mag-
etic field and thus for a strong magnetic response; more-
ver, in synergy with the connection of slabs and wires, it
ushes the lower resonant electric mode of the structure
uch above the magnetic resonance regime, leading to a

mooth, nonresonant �(�) response at the magnetic reso-
ance and thus to the possibility for a broadband good im-
edance match with the environment. The superior be-
avior of the fishnet design is suggested also by the fact
hat all the currently achieved µm- and sub-µm-scale
HMs are based on the fishnet design [21]. Quite recently,
multilayer LHM in the optical regime has been success-

ully obtained using a fishnet [22], which allowed for the
rst experimental negative refraction demonstration of
ropagating waves in the optical regime.
Since fishnet seems to be an optimized design for
009 Optical Society of America
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chievement of LHMs, it is very important to investigate
t in detail and to be able to predict the electromagnetic
EM) response of this design as a means to tailor the prop-
rties of the design. Moreover, since most of the current
onclusions on the fishnet design are based on results of
imulations, it is important to validate experimentally
hese conclusions and the existing models describing the
shnet. One such model that has been proposed earlier by
ur group [20] uses a simplified LC circuit description to
redict the dependence of the EM response of the fishnet
n the geometry and topology. Some other theoretical
nalyses were followed, seeing the structure from differ-
nt viewpoints [23,24]; they interpreted negative mag-
etic permeability to be a result in the excitation of gap
urface plasmon polariton modes in the dielectric film,
hile electric permittivity is considered to be governed by

he cutoff frequency of the hole waveguide. However, nei-
her related experimental results nor detailed simula-
ions were presented there to validate the predictions of
he analytical models.

In this research, we shall revisit the parametric study
f microwave fishnet metamaterials, providing results
rom both experiments and simulations that consolidate
he analyses and verify the predictions of the LC circuit
escription proposed in [20]. In parallel, we use this LC
ircuit description to analyze the achieved experimental
esponse. Hence, we can obtain a distinct and intuitive
nderstanding of the parametric response of fishnet
etamaterials, which can lead to guidelines for optimiza-

ion of the fishnet and related metamaterial structures.

. THEORETICAL AND EXPERIMENTAL
NVESTIGATIONS OF THE FISHNET
TRUCTURES

n this section we will first review the EM response of the
shnet structure as predicted by a simple LC circuit de-

ig. 1. (Color online) Schematic of the unit cell of the fishnet
tructure. E, H, and k correspond to electric field, magnetic field,
nd wave vector, respectively. aE and aH are the x and y size of
nit cells, respectively. ls is the length of the slabs, ws the width
f the slabs, wn the width of the continuous wires (necks), ln the
ength of the neck parts, and t the thickness of the dielectric
ubstrate.
cription of the structure [20]. After that, we will present
oth experimental and simulation results for different
eometrical and topological parameters of the structure,
xamining the validity and the areas of applicability of
he LC circuit model.

. LC Circuit Model for the Fishnet and its Predictions
s it was mentioned in the Introduction, the fishnet
tructure can be treated as a physically connected combi-
ation of short-slab pairs, which are contiguous along H
irection, and continuous wires, which are along E direc-
ion (see Fig. 1). According to [20], at the magnetic reso-
ance of the fishnet structure at a frequency �m, not only
re the currents at the slab pair antiparallel, forming a
oop-current (just like for short-slab pairs only), but the
urrents at the neck parts (which join slabs along E direc-
ion) are also antiparallel, forming another loop current
pposite to the one of the slabs, which contributes to the
agnetic response of the structure. Snapshots of the
elds and currents at the magnetic resonance suggest
hat this contribution can be taken into account in an ef-
ective LC circuit model of the structure by considering
he loop inductance of a neck, Ln, in parallel to the one of
he slabs, Ls, such as

�m
2 =

1

LC
=

1

LsC
+

1

LnC
� �m,slabs

2 +
1

LnC
. �1�

n Eq. (1) C is the capacitance between the slabs of the
air and �m,slabs is the magnetic resonance frequency of
he slab pairs only structure. The symbol � at the right-
and side of Eq. (1) is used because the inductance and
he capacitance of the isolated (nonconnected) slab pairs
and thus �m,slabs) are slightly different than those of the
shnet, Ls and C.
Besides the magnetic response of an LH system, its

lectric response [described by �(�)] is also very impor-
ant; it plays a crucial role in determining the possibility
f achieving a left-handed (LH) frequency band with good
mpedance match to free space leading to high LH trans-

ittance. As is shown in [25], the introduction of the mag-
etic components such as SRRs and short-slab pairs in a
hin-wires system leads to a severe modification of the
lasma frequency of the continuous wires, �p. Generally,
he total plasma frequency of LHMs, �p�, shall be essen-
ially determined by the electric dipole-like resonance fre-
uency of the magnetic structures, which in most of the
ases lies below the wire plasma frequency; the effect of
his dipole-like resonance is a strong downwards shift of
he plasma frequency and an abrupt slope of the � (�)
urve at �p�, which are both undesired effects for achieve-
ent of LHMs with a good impedance match with their

nvironment. These effects seem to be minimized in fish-
et, as it is suggested by an additional LC circuit descrip-
ion of the structure, now close to the structure dipole-like
lectric resonance frequency [20,26], �e.

Again, due to the antiparallel currents in slabs and
ecks at the electric resonance frequency, the effective in-
uctance of the necks Ln� will be still in parallel with the
lab inductance L�, so
s
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�e
2 =

1

L�C�
=

1

Ls�C�
+

1

Ln�C�
� �e,slabs

2 +
1

Ln�C�
. �2�

n Eq. (2) Ls� denotes the straight-wire inductance of the
labs of the pair and Ln� the one of the necks, while C� is
he capacitance between neighboring slabs along the ex-
ernal E direction and �e,slabs is the electric resonance fre-
uency of only the slabs.
Equation (2) shows that the electric resonance fre-

uency of the fishnet structure is higher than that of the
labs only, which is already higher than the magnetic
esonance frequency due to the large width of the slabs,
hich leads to small inductance Ls�, and thus it is ex-
ected to have an insignificant effect on the plasma fre-
uency of the total system, �p�, which is essentially deter-
ined by the plasma frequency of only the continuous
ires.
Using qualitative relations connecting the capacitances

nd inductances of Eqs. (1) and (2) with the geometrical
arameters of the structure, it is easy to obtain the geo-
etric dependence of the frequencies �m and �e of the

shnet structure within the LC circuit framework.
Since we want to restrict this to just a qualitative de-

cription, it is sufficient to employ the parallel plate ca-
acitor formula for capacitance C of the slabs and the so-
enoid inductor description for the loop inductances, i.e.,

C �
wsls

t
, and Ls �

lst

ws
, Ln �

lnt

wn
, �3�

here ws and wn are the widths of slabs and necks, re-
pectively, while ls and ln are the corresponding lengths
see Fig. 1). Using Eqs. (3), the magnetic resonance fre-
uency appears to have a qualitative behavior of the form

�m ��A

ls
2 +

1

lsln

wn

ws
, �4�

ith A as constant.
Concerning the qualitative geometric dependence of

he electric resonance frequency �e, it can result by ap-
roximating the capacitance C� with that between two
arallel wires of length ws and radius tm, i.e.,

C� � ws/ln�b/tm�, �5�

here b is the separation between the wires (in our case
qual to ln) [20,26] and the inductances Ls�, Ln� by formu-
as appropriate for a straight-wire inductance, i.e.,

Ls� � ls ln�ls/ws�, Ln� � ln ln�ln/wn�. �6�

hen, the electric resonance frequency takes the form

�e
2 �

ln�b/tm�

ws
� B

ls ln�ls/ws�
+

D

ln ln�ln/wn�� , �7�

here B and D are constants determined by other param-
ters of the system.

Equations (4) and (7) show the dependence of the mag-
etic and electric resonance frequencies on the system pa-
ameters. In the following, we will investigate the validity
f these formulas, both experimentally and theoretically,
y transmission spectra through fishnet slabs.
. Experimental and Theoretical Investigations of
ealistic Fishnet Structures

n this section we present and discuss theoretical (simu-
ation) and experimental transmission data for the fish-
et design, examining the effect on the transmission of
he various geometrical parameters of the design. Specifi-
ally, we examine the effect on the transmission spectra of
he width of the neck parts of the fishnet �wn�, the width
f the slab parts �ws�, the length of the slabs �ls�, the lat-
ice constant along propagation direction ak, and number
f unit cells along the propagation direction. Also, we in-
estigate and propose an isotropic fishnet design able to
ive LH behavior for all possible incident polarizations.

The experimental structures studied here have been
abricated using standard printed circuit board technol-
gy with double-faced copper patterns of thickness tm
30 �m patterned on FR4 dielectric boards of thickness
=1.6 mm. The samples possess 13 and 18 unit cells (u.c.)
long the directions of the external electric field and the
agnetic field, respectively.
The characterization of the samples has been done

hrough free-space transmission measurements using an
P 8722 ES network analyzer and a pair of microwave

tandard-gain horn antennas as source and receiver. Re-
arding the simulations, they have been performed
hrough the well-established commercial software CST
icrowave Studio, which is based on the finite integra-

ion technique. Both input and output waveguide ports
way from the sample serve as source and receiver; peri-
dic boundary conditions at the lateral directions are
dopted to mimic the experimental configuration. The
onductivity of the cooper has been taken as 5.8
107 S/m, the dielectric constant of the board as 4, and

lectric conductivity of the board as 0.08 S/m. For verifi-
ation of the left-handed behavior of our structures we
ay use the standard retrieval procedure of calculating

he effective structure parameters � and µ from transmis-
ion and reflection data through a homogeneous medium
pproximation of the actual structures [27].
In our analysis, we will set the following geometrical

arameters as a basis (i.e., as basic system on which we
ill examine the effect of parameter changes): aE
9.5 mm, aH=7 mm, ak=3.1 mm, ls=7 mm, ws=7 mm, t
1.6 mm, tm=30 �m, wn=2 mm, and 3 layers along
ropagation direction. The experimental and simulation
ransmission results for the basis parameters are shown
n Fig. 2 (dotted lines). The high transmittance band
round 13 GHz is proved [20] to possess LH properties
nd is slightly above the magnetic resonance frequency of
he slabs-only case [20], which falls at �11 GHz.
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ig. 2. (Color online) (a) Experimental and (b) simulated trans-
ission spectra for fishnet structures with different width of
ecks. Solid lines, w =1.5 mm; dotted lines, w =2 mm.
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. Role of the Neck Width �wn�
educing the width of the necks �wn� in our basis system

rom 2 mm to 1.5 mm and examining the resulting trans-
ission properties we obtain what is observed in Fig. 2

dotted lines). Figure 2(a) shows the measured transmis-
ion results and Fig. 2(b) shows the corresponding simu-
ation data, in quite good agreement with the experimen-
al ones. It can be seen from Fig. 2 that the decrease of wn
eads to decrease of both �m and �e (the spectral position
f �e is indicated by the transmission dip at �20 GHz, due
o negative � and positive µ), as well as of the system
lasma frequency �p�. The decrease of both �m and �e can
e easily predicted by the LC circuit model through Eqs.
4) and (7), respectively.

The physical mechanism behind the decrease of �m can
e understood more by reviewing Eqs. (1) and (3): de-
rease of wn leads to increase of the neck loop inductance,
ecreasing thus the neck’s contribution to the magnetic
esonance frequency as discussed in [20] and indicated
lso by Eq. (2); the contribution of the neck’s loop induc-
ance results to an upwards shift of the magnetic reso-
ance frequency, compared to that of the slab-pairs only.
he same also hold for the electric resonance frequency.
he downwards shift of the plasma frequency by decreas-

ng the neck width is here mostly due to the decrease of
he continuous wire’s plasma frequency in the fishnet
thinner wires in a continuous wire system lead to lower
lasma frequency values due to the lower density of elec-
rons and to larger magnetic field inductance [7]). It is no-
iced from Fig. 2 that the neck’s width is an essential pa-
ameter, which determines the separation between the
H band and right-handed (RH) regime, a critical factor

or the impedance of the structure.

. Role of the Slab Width �ws�
n the original fishnet design the width of the metallic
labs is equal to the lattice constant along the H direc-
ion, leading to contiguous slabs. It is interesting though
o examine the effect of reducing this width (keeping the
nit cell unchanged) leading to a modified fishnet design,
here slab pairs are not contiguous anymore along the H
irection. This modified design has the advantage that it
s more appropriate for creating two-dimensional systems
here mutually perpendicular structure planes need to

ross each other.
Reducing the slab width from ws=7 mm (as in our basis

ystem) to ws=5 mm, we obtain the transmission result
hown in Fig. 3 (solid line). Figure 3(a) shows the experi-
ental result and Fig. 3(b) the corresponding theoretical
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ig. 3. (Color online) (a) Experimental and (b) simulated trans-
ission spectra for fishnet structures of different slab widths.
olid line, w =5 mm; dotted line, w =7 mm.
s s
esult, in good agreement with the experiment as far as
he position of the characteristic structure frequencies.
oth experimental and simulation results show a distinct

ncrease of the magnetic resonance frequency by decreas-
ng ws. This increase agrees well with what can be pre-
icted from Eq. (4). For understanding this effect we
hould look again at Eq. (1). Equation (1), in combination
ith Eqs. (3), suggest that while in isolated (not con-
ected) slab pairs the width of the slabs does not affect
heir magnetic resonance frequency a lot (reduction of
idth results in an increase of the slab inductance, which

s compensated by an analogous decrease of the capaci-
ance, C), in the fishnet the coupling between slabs and
ecks makes this parameter have a considerable influ-
nce, since in fact what determines the neck’s influence is
ot the neck inductance itself but its ratio to the slab in-
uctance. This can be seen more clearly by writing Eq. (1)
s �m

2 = �1/LsC��1+Ls /Ln� and taking into account that a
ecrease of the slab’s width results in an increase of the
lab’s loop inductance [see Eq. (3)].

Besides the increase of �m, the decrease of the slab
idth seems to result also in an increase of the system
lasma frequency. This increase of the plasma frequency
eems to be a result of both the increased electric reso-
ance frequency of the slabs, �e,slabs due to increased slab
traight-wire-type inductance, Ls� [see Eq. (6)] and the de-
reased average width of the continuous-wire component
f the structure in an analogous way as explained in the
revious paragraph.

. Role of the Slab Length �ls�
hen we consider an increase of the length of the slabs,
qs. (4) and (7) predict a decrease of both electric and
agnetic resonance frequencies of the system. This de-

rease is indeed observed in Fig. 4, where we show experi-
ental [Fig. 4(a)] and simulation [Fig. 4(b)] data for a

tructure where ls is equal to 8 mm and compare them
ith the transmission of our basis system of ls=7 mm.
he decrease of the electric resonance frequency is more
lear in the experimental data (see the dip at �20 GHz);
he slight difference between theoretical and experimen-
al data in the estimation of the electric resonance fre-
uency is, most probably, a result of a nonuniformity in
he dielectric constant of the board.

One way to understand this decrease of both �m and �e
y increasing the slab length is if we consider the electric
nd magnetic resonance of the pair as the antisymmetric
nd symmetric modes resulting from the coupling of the
wo single-slab dipole resonances in the pair. The wave-
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ig. 4. (Color online) (a) Experimental and (b) simulated trans-
ission spectra of fishnet structure for different lengths of slabs.
olid line, l =8 mm; dotted line, l =7 mm.
s s



l
t
n

r
t
l
b
w
p

4
A
fi
t
t
w
t
s
w
t
s
s
h
m

d
p
t
d
t
s
c
t
b
b
p

l
n
s
p
g
c

5
B
v
w
a
s
b
e
t

h
b
o
l
d
i
s
t
d
s
c
r
t
o
l

F
l
m
a
=
w
=
l

F
t
i
t

F
m
c

Shen et al. Vol. 26, No. 12 /December 2009 /J. Opt. Soc. Am. B B65
ength of the single-slab dipole resonance increases with
he length of the slab, leading to a decrease of the reso-
ance frequency.
Despite the above-mentioned decrease of the electric

esonance frequency, we observe a slight upwards shift of
he system plasma frequency by increasing the slab
ength. This upwards shift seems to come from the contri-
ution of the straight-wire component of the structure,
hich gets a larger average width and thus an increased
lasma frequency.

. Isotropic Fishnet Structure
nother modified structure to the originally proposed
shnet design is the so-called isotropic-like fishnet [20],
he unit cell of which is shown in Fig. 5. The advantage of
his design is that, since it has in-plane symmetry, it
orks the same way for external electric field polariza-

ions along both x and y directions. Thus, it can demon-
trate LH response for unpolarized incident waves as
ell, assuming propagation along the z direction. In con-

rast to other proposed isotropic designs with a cross-like
hape of the metallic components (see, e.g., [28]) the
tructure of Fig. 5 has the additional advantage that it
as more parameters to tune, and thus one can obtain a
ore optimized LH behavior.
In Fig. 6 we present both theoretical and experimental

ata for the design of Fig. 5 (not optimized), and we com-
are them with the corresponding results of the tradi-
ional fishnet with the same unit cell size along E and k
irections. In the isotropic-like fishnet, the high transmit-
ance frequency band, which is around 13–14 GHz, corre-
ponds to an LH regime, as can be revealed from field and
urrent simulations and effective parameter determina-
ion. The difference in the transmission characteristics
etween the traditional fishnet and the isotropic one can
e easily understood using the discussion of the previous
aragraphs.

ig. 5. (Color online) Schematic of the unit cell of an isotropic-
ike fishnet structure. E, H, and k correspond to electric field,

agnetic field, and wave vector, respectively. aE=9.5 mm and
H=9.5 mm are the x and y size of the unit cells, respectively. ls
8 mm is the length of short slabs, ws=8 mm the width of slabs,
n=3.6 mm the width of continuous wires (necks), and t
1.6 mm the thickness of the substrate. Thickness of the copper

ayers is t =30 �m.
m
We should mention here that to achieve an isotropic-
ike LH fishnet design by modifying a traditional LH fish-
et, it is essential to perform modification of almost all
tructure parameters. These modifications can be easily
redicted, though, with the help of Eqs. (4) and (7), to-
ether with the formula giving the plasma frequency in
ontinuous wire systems [7].

. Role of the Unit Cells Separation
esides the above mentioned investigations, we also in-
estigated the transmission spectra for fishnet structures
ith different unit cell sizes along propagation direction
k (see Fig. 7). Note that the influence of the unit cell
eparation is something that cannot be concluded directly
y the simple Eqs. (4) and (7), which concern isolated lay-
rs and do not take into account any coupling effects be-
ween successive layers.

From Fig. 7 one can see that the transmission is en-
anced by decreasing ak, and simultaneously a slight
lue-shift effect of the magnetic resonance frequency is
bserved. Moreover, the plasma frequency is shifted to
ower values (due to the increased average metal-
ensity). This plasma frequency shift indicates a change
n � (�) and thus a change of the impedance match of the
tructure with the environment, which is most probably
he main reason of the transmission enhancement by the
ecreasing ak. The slight magnetic resonance frequency
hift can be understood by taking into account that the in-
reased interaction of the unit cells along propagation di-
ection results to a slight decrease of total flux passing
hrough each magnetic resonator and, thus, to a decrease
f the effective self-inductance in the description of iso-
ated resonators.
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ig. 6. (Color online) Comparison of transmission spectra be-
ween isotropic-like fishnet (solid curve) with parameters shown
n Fig. 5 and traditional fishnet (dotted curve) with parameters
hose of the basis case. (a) Measurements; (b) simulations.
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. Changing the Number of Layers
inally, we also performed both measurements and simu-

ations for cases with different number of layers along the
ropagation direction but for the modified fishnet struc-
ure with ws=5 mm. This is mostly to examine the rela-
ive influence of resistive losses and impedance mismatch
n the reduction of the LH transmission intensity. The re-
ults are shown in Fig. 8, where it can be seen that the
H frequency regime is kept independent of the number
f layers, while the transmitted intensity in the experi-
ental data decreases by �3 dB with the incorporation of

n additional unit cell (layer). This 3 dB-per-unit cell loss
s clearly due to the poor quality of the dielectric (FR4) in-
olved in our fishnet structures, indicating that a good
uality dielectric would be able to give LHMs of high
ransparency.

. CONCLUSIONS
e presented a systematic parametric study of the fish-

et structure and of some related modified designs, with
oth measurements and simulations, in quite good agree-
ent with each other. We examined the influence on the

ransmission results and on the characteristic structure
requencies of the slab width, slab length, neck width,
ayer spacing, and layer numbers involved. The results of
ur parametric study can be qualitatively predicted and
nderstood through an LC circuit model of the structure,
hich also takes into account the inductive response of

he neck parts of the fishnet structure at the characteris-
ic structure frequencies. On the other hand, our experi-
ental and simulation results validate this LC circuit
odel. Finally, an isotropic-like fishnet structure was in-

estigated, which can give LH behavior for nonpolarized
ncident waves and gives a lot of space for structure opti-

ization due to the multitude of controllable geometrical
arameters. This work can be treated as a solid founda-
ion for optimizing fishnet structure aiming at realizing
ore practical applications within a wide range of fre-

uency regimes.
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