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Abstract—Planar metamaterials with spiral elements are suggested
in this paper to support multiple left-handed (LH) modes. Compared
with previously proposed split-loop metamaterial, spiral arrays are
found to support hybrid TE and TM LH modes. Dispersion diagrams
and field distributions are carried out to demonstrate the existence of
the hybrid LH modes. Array with double-spiral elements can be viewed
as a spiral split-loop array, which leads a very interesting dual-LH-band
feature. It can be explained as a combination of spiral and split-ring
arrays has similar mechanism with the multiband frequency selective
surfaces (FSS), which have multiple resonators in a single unit cell.
The two LH modes are TE and TM modes respectively. Validations of
the multiple LH modes are presented by means of full-wave simulation
using commercial software (Ansoft HFSS).

1. INTRODUCTION

Metamaterials, which are materials with simultaneously negative
permittivity (ε) and permeability (µ), were first theorized by Veselago
in 1968 [1]. They are also known as left-handed (LH) materials because
of the fact that the vectors E, H and k form a left-handed triplet,
instead of a right-handed (RH) triplet in conventional media. In
LH media the Poynting vector E × H (that points at the direction
of energy propagation and the group velocity) is anti-parallel to the
wave vector k (that points at the direction of phase velocity). As
a result, unique electromagnetic properties, such as backward-wave
propagation and negative refractive index, can be observed from these
materials. Recently, artificial structures with negative ε and negative µ
have been synthesized using thin wires and split-ring resonators (SRR)
[2, 3]. A transmission-line approach for the analysis and design of
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planar LH media was carried out by different researchers at almost
the same time [4–6]. Based on this approach, distributed planar LH
structures have also been presented [7, 8]. Applications of the planar
LH structures to microwave components have been proposed such as
antenna [9, 10, 24], phase shifter [11–13], coupler [14, 15], balun [16] and
power divider [17]. More recently, three-dimensional metamaterials
[25] and matamaterials in terahertz [26] have been reported as well.

Uniplanar designs have been presented in [18] and [19] with
anisotropic split-loop element and isotropic spiral element. Compared
with those in [7] and [8], these designs are completely planar without
any shunt vias or vertical insertions through the dielectric substrates.
Fundamental TE LH modes are found to be supported by these arrays
unlike the TM LH modes in the previous two-dimensional designs in
[7] and [8]. A more complex geometry of double-spiral element, which
shows a similar left-handedness with the split-loop element, was also
mentioned in [19] as a compact design.

Further study of the uniplanar structures is carried out in this
paper. Dispersion diagrams are presented to locate the LH modes.
Field distributions are then given out to identify the polarizations of
the electric and magnetic fields associated with these LH modes. Split-
loop array, as it is expected in [18] and [19], has a TE-dominant field
polarization for LH propagation. A single LH mode is found from
the dispersion diagram of spiral array. However, hybrid TE and TM
polarizations can be observed from the field distributions. To confirm
it is a hybrid mode, slight change is applied to the layout of the spiral
array. As a result, the hybrid property is clearly demonstrated by its
dispersion characteristic. It is interesting to find that double-spiral
array has a more unique feature of dual LH bands. These two LH
modes are predominant TE and TM respectively. According to the
surface-current distribution analysis, it can be explained as that the
double-spiral element acts like multiple resonator combined by the
split-ring and spiral geometries, which contribute to these two different
LH modes.

In the following sections of this paper, full-wave simulations of
finite spiral and double-spiral array are presented by using commercial
software (Ansoft HFSS). TE and TM surface-wave propagations are
validated with TE and TM excitations. Another simulation of a
microstrip transmission line with double-spiral array as substrate
is also presented to demonstrate the multiple LH pass-bands of
the double-spiral array. Measurement of a finite spiral array with
microstrip-line feedings is carried out to prove the negative phase
velocity of the LH propagation.
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2. ANALYSIS

2.1. Split-loop Array

All the arrays discussed hereafter are metallic lines printed on the
grounded dielectric substrates with a dielectric constant of 2.2 and
thickness 1.13 mm. The unit element of the split-loop array is shown
in Fig. 1 as the inset. The size of the unit cell is (3 mm×6 mm). The
element dimension is (2.8 mm×5.8 mm).The metallic line, as well as
the gap, is 0.2 mm wide.

Figure 1. Dispersion diagram of split-loop array. Unit element of the
array is shown as the inset.

The dispersion diagram is presented in Fig. 1. Because the
propagation characteristics of the arrays we study throughout this
paper are all along x-direction, only f − βx part of the dispersion
diagram is given here. The range of βx varies from 0 to π/p, where
p is the periodicity of the array in x-direction. The curves formed by
the dots stand for the propagation modes. The first resonant mode
(5.3 GHz to 6.7 GHz) indicates the array as a LH medium within this
frequency range because of the negative gradient of the dispersion
curve, which corresponds to the anti-parallel fact of the phase velocity
(ω/β) and the group velocity (dω/dβ). Contrarily, the second resonant
mode (9.4 GHz to 17.2 GHz) is a right-handed (RH) mode. The split-
loop array in this range works as a normal electromagnetic band-gap
(EBG) material for the positive phase velocity of supported waves. A
light line is also included in this dispersion diagram.
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Figure 2. Filed distributions in the unit cell of split-loop array at
6 GHz. (a) Electric field distribution. (b) Magnetic field distribution.

Field distribution in the unit cell is shown in Fig. 2 to check the
field polarization of the LH mode. Frequency is set to be 6 GHz which
is within the LH range. The electric field polarization is basically
parallel to x-direction while the magnetic field polarization lies in the
x-z plane. Therefore, in the x-direction the first resonant mode is
predominantly TE.

2.2. Spiral Array

A spiral design is shown in Fig. 3. Arrays with this type of elements are
demonstrated to be isotropic, which have the same dispersion curves
in x- and y-directions. The design in Fig. 3 has a unit-cell size of
(3 mm×3 mm). The element dimension is (2.8 mm×2.8 mm), which is
half of that in the split-loop array. The metallic line width is 0.2 mm.
The gap coiled inside the element is 0.4 mm wide.

The f−βx dispersion diagram is shown in Fig. 3. Similar situation
with that of the split-loop array is found as a first resonant LH mode
(6.3 GHz to 7.6 GHz) and a second resonant RH mode (11.1 GHz to
15.2 GHz). However, the field distribution in this case is quite different
with that of the split-loop array. Choosing frequency point at 7 GHz,
both TE and TM polarizations are observed as what is shown in Fig. 4.
It suggests that this LH mode is a hybrid mode composed of two
superposed TE and TM LH modes.

In order to confirm the guess above, we make some change to the
array layout. Elements are flipped over around x-axis at intervals
of one element along y-direction. Unit cell element in the new
array becomes paired-spiral element as is inserted in Fig. 5. Because
spirals are not axis-symmetric shapes, coupling along y-direction will
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Figure 3. Dispersion diagram of spiral array. Unit element of the
array is shown as the inset.

 

 

Figure 4. Filed distributions in the unit cell of spiral array at 7 GHz.
(a) Electric field distribution. (b) Magnetic field distribution.

vary from that along x-direction after the elements are overturned.
Dispersion diagram of the paired-spiral array is derived as Fig. 5 shows.
The hybrid LH modes are clearly presented. It is worth noting that
not only the fundamental LH modes but also the RH modes at higher
frequency range are hybrid TE and TM modes. This unique feature is
contributed by the quasi-central-symmetric property of spiral shape.
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Figure 5. Dispersion diagram of paired-spiral array. Unit element of
the array is shown as the inset.

Figure 6. Dispersion diagram of double-spiral array. Unit element of
the array is shown as the inset.

2.3. Double-spiral Array

By simply connected of the ends facing together, the two counterparts
of the paired-spiral elements in Fig. 5 form the double-spiral element
as is shown in Fig. 6. Array with this element has been previously
introduced in [19] as a compact design of uniplanar metamaterial which
works at a very low frequency of 3.3 ghz to 4.7 ghz. Only fundamental
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Figure 7. Filed distributions in the unit cell of double-spiral array.
(a) Electric field distribution at 4 GHz. (b) Magnetic field distribution
at 4 GHz. (c) Electric field distribution at 6.3 GHz. (b) Magnetic field
distribution at 6.3 GHz.

LH mode was studied in [19] to show the miniaturization. Dispersion
diagram for a larger frequency range is produced in Fig. 6. It is
interesting to find that the second resonant mode (6.1 GHz to 6.5 GHz)
is a LH mode again. Bandwidth of this LH mode is much narrower
than that of the fundamental LH mode. A RH mode is also found at
higher frequency range (8.7 GHz to 10.6 GHz).

Surface current distributions at resonant frequencies over the
elements of the double spiral array, as well as the split-loop array and
the spiral array are carried out in Fig. 8 to study this multi-band
LH property. Similar with the multi-band frequency selective surfaces
(FSS) with multi-resonator unit-cell elements [20–22], the double-spiral
array is considered as a combo of a split-loop array and a spiral array.
Surface current distributions over the double-spiral element at 4 GHz
and 6.3 GHz, which are associated to the first and the second LH
modes respectively, are shown as Fig. 8(c) and Fig. 8(d). Surface
current distributions over the split-loop element at 6 GHz and over the
spiral element at 7 GHz are also presented in Fig. 8(a) and Fig. 8(b) as
comparisons. Fig. 8 shows that the double-spiral array works like the
split-loop array in Fig. 1 for first LH mode and like the paired-spiral
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Figure 8. Surface current distributions over the array elements. (a)
Split-loop element at 6 GHz. (b) Spiral element at 7 GHz. (c) Double-
spiral element at 4 GHz. (b) Split-loop element at 6.3 GHz.

array in Fig. 5 for second LH mode. The corresponding LH frequency
bands of the double-spiral array are lower than those of the split-loop
array and spiral array. This is caused by the longer electrical length of
the double-spiral element.

3. SIMULATION

3.1. Metamaterial Substrates

Full-wave simulation of a transmission-line structure is presented to
demonstrate the band-pass property of the double-spiral array in
Fig. 6 using commercial software (Ansoft HFSS) [23]. Two rows of
the double-spiral array mentioned in the previous section are used
in the simulation as part of the substrate. An overhead microstrip
transmission line along x-direction is put above the array. The
dielectric layer between the microstrip line and the array surface is
0.07mm thick with a dielectric constant of 2.2. Because microstrip
lines support quasi-TEM wave, both TE and TM modes can be excited
in this model.

Simulated result is shown in Fig. 9. Two different LH bands and
a RH band are all presented as what the dispersion diagram predicted.
The pass-bands of the double-spiral array in derived in the simulation
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Figure 9. Simulated S parameter of microstrip transmission line with
two rows of double-spiral array as substrate.

with center frequencies of 3.6 GHz, 5 GHz and 9.7 GHz. Compared
with the dispersion diagram in Fig. 6, the LH modes are observably
affected by the added microstrip transmission line. There are frequency
offsets of about 10% and 20% to lower region for the first and second
LH modes separately, while the resonant frequency of the RH mode
has a good agreement to the dispersion prediction.

3.2. Validation of TE and TM Propagations

In order to validate the TE and TM propagations of the LH modes,
finite structures of paired-spiral element in Fig. 5 and double-spiral
element in Fig. 6 is simulated, which are similar with the model of the
loaded split-loop array in [19]. Four elements are placed in x-dimension
with a perfect electric conductor (PEC) boundary condition assigned
on either side. Waveguide excitations with TE and TM polarizations
are applied. Transmission coefficients are derived as Fig. 10 shows. In
Fig. 10(a), the bold curve stands for the TE response of the paired-
spiral array (6.1 GHz to 7.2 GHz) which has a wider frequency range
than the TM response (6.1 GHz to 6.5 GHz) as the dispersion diagram
in Fig. 5 predicts. In Fig. 10(b), the ranges of the TE pass-band are
(3.3 GHz to 4.5 GHz) and (9.2 GHz to 10.6 GHz) corresponding to the
first LH mode and the RH mode. With TM polarization, only s single
pass-band of (6.1 GHz to 6.4 GHz) is shown as the dash curve. Because
only the dispersion curves at right side of the light line in the dispersion
diagram indicate the bounded-wave modes, the simulated result is in
very good agreement to what is predicted in Fig. 5 and Fig. 6.
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(a)

(b)

Figure 10. Simulated TE and TM transmission response of the finite
structures. (a) Paired-spiral array in Fig. 5. (b) Double-spiral array
in Fig. 6.
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4. CONCLUSION

In this paper, planar metamaterials with spiral-based elements have
been demonstrated to support multiple left-handed (LH) modes.
Hybrid and separate TE and TM LH surface-wave modes are found
in spiral array and double-spiral array respectively. Dispersion
diagrams and field distributions have been presented to identify these
modes. Multi-band property of the double-spiral array is theoretically
explained and validated by the full-wave simulation using commercial
software (Ansoft HFSS). TE and TM polarizations of the LH modes
in these spiral-based structures are also demonstrated in simulations.
These unique characteristics of these spiral-based arrays can be used
to implement the isotropic, multi-band and broadband features in
antenna and microwave circuit designs.
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