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We study the guided modes of a slab of wire metamaterial and reveal that such a structure supports

deep-subwavelength propagating modes exhibiting the properties of single-mode waveguides at any

fixed frequency below the plasma frequency of metal wires. We compare our analytical results with

the dispersion relations extracted from the experimental measurements. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4824478]

Guided electromagnetic waves are a special type of

localized modes which exist either at interfaces of dissimilar

media (surface modes) or are trapped by the regions of high-

dielectric material (waveguide modes). Guided modes can

propagate in various types of waveguides, such as dielectric

slab waveguides, photonic fibers, and metallic hollow wave-

guides.1 Here we study a type of waveguide created by a

slab of wire metamaterial2 of a finite thickness, and exhibit-

ing a number of peculiar features not found in conventional

waveguides.

Wire metamaterials have a number of unique proper-

ties,2 including the possibility of the subwavelength

image transfer.3–5 Localized modes in such structures have

been studied theoretically,6,7 and it was shown that these

modes are similar to the so-called spoof plasmons, a spe-

cial class of surface modes which propagate along corru-

gated metal or semiconductor surfaces.8–10 It was also

shown that these guided modes can be useful for far-field

superlensing11,12 and deep-subwavelength waveguiding13

of electromagnetic waves. However, despite of their

peculiar properties, the studies of guided modes and their

possible applications were mainly theoretical with no

experimental verification of their actual propagation in

wire metamaterials.

In this letter, we discuss several unique properties of this

type of guided modes, compare them with the corresponding

modes of conventional dielectric waveguides, and also pres-

ent the direct experimental measurements of the guided

modes propagation in a slab of wire metamaterial.

We study the waveguiding wire-metamaterial structure

shown in Fig. 1(a) where guided modes propagate in the x
direction. We describe a slab of wire metamaterial within a

local effective theory approach. This approximation is valid

when the wire-lattice period is much less than the wave-

length. Within this approximation, the wire metamaterial can

be characterized by a diagonal tensor of dielectric permittiv-

ity ê with one component parallel to the wires being equal to

infinity, and two other components being equal to the dielec-

tric permittivity e ¼ n2
m of the host medium.2 Next, we derive

the dispersion relations for the waveguide modes of a slab

waveguide made of this extremely anisotropic medium [see

Fig. 1(b)].

To obtain analytical expressions for the waveguide

modes, we consider TM-polarization of light. We then recall

that extremely anisotropic metamaterial supports propaga-

tion of TEM-polarized waves only with the magnetic field

presented by its component Hy ¼ A expðinmk0zÞ þ B exp

ð�inmk0zÞ, where k0 is the wavevector in vacuum. We then

apply the continuity boundary conditions for the tangential

magnetic and electric fields. Equating the determinant of the

obtained linear system to zero, we find the dispersion equa-

tion for the localized modes (see also Ref. 14)

FIG. 1. (a) Geometry of a wire-metamaterial waveguide. Inset shows a pho-

tograph of the experimental sample. (b) Propagation of the waveguide mode

in the wire-metamaterial slab.
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kx ¼
ðk0=nmÞ½tan2ðnmk0d=2Þ þ n2

m�
1=2; g > 0;

ðk0=nmÞ½cot2ðnmk0d=2Þ þ n2
m�

1=2; g < 0;

(
(1)

where g � tanðnmk0d=2Þ. When the dielectric host medium

is absent (nm¼ 1), Eq. (1) becomes equivalent to the disper-

sion relations obtained earlier in Ref. 12.

Figure 2(a) presents the dispersion curves of the guided

modes in a wire-metamaterial slab. For comparison, we

show also the dispersion curves of the guided modes in a

slab of conventional dielectric material of the same thickness

with the refractive index nm¼ 2 [see red and green curves in

Fig. 2(a)]. We observe some similarities between the disper-

sions of dielectric and metamaterial waveguides. In

particular, both structures have only one fundamental eigen-

mode with no cut-off. Higher-order modes are defined by the

cut-off frequencies: nmk0d ¼ pn, for the metamaterial wave-

guide, and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

m � 1
p

k0d � pn, for the dielectric waveguide,

where n is the index of the corresponding eigenmode. At the

same time, we observe substantial differences between the

modes of dielectric and metamaterial waveguides. First, the

waveguide number of the dielectric waveguide is always

limited with the refractive index of the waveguide core:

kx < nmk0, thus dispersion curves of all the guided modes lie

in the blue area shown in Fig. 2(a). The waveguide number

of the eigenmodes in the metamaterial waveguide generally

is not bounded provided we do not account for losses and in-

ternal periodicity of the metamaterial, and they can extend to

infinity, as in the case of surface plasmon polaritons.

Moreover, only one eigenmode can exist in the metamaterial

waveguide at the fixed frequency, whereas in the case of

dielectric waveguide arbitrary large number of modes may

exist at the fixed frequency for sufficiently large frequencies.

Therefore, the metamaterial slab is a single-mode waveguide

for arbitrary frequency (providing that the frequency is

below the plasma frequency of metal). We use the term

“single-mode” in the same sense as it is used for the planar

dielectric waveguides—of course taking into account the

possibility of the existence of several modes with different

ky. Thus, our structure as single-mode waveguides in general

could benefit from the fact that it can be more effectively

coupled to the pump ports and to the antennas.

While the studied eigenmodes exhibit both the proper-

ties of guided modes and surface waves, we call them the

waveguide modes, because their dispersion depends on the

thickness of the metamaterial slab, and the electric field is

localized in a bulk rather than at the surface.

Figure 2(b) shows the dispersion curves of the funda-

mental guided mode of the metamaterial slab depending on

the refractive index of the host media. We notice that the

guided mode exists even for the case when the refractive

index is less than unity, which is not the case for dielectric

waveguides, where no guided modes are possible for a low-

index core. We should also mention that for the metamaterial

eigenmodes the energy is transferred only outside the slab,

and no energy transfer is present inside the slab, as shown in

Fig. 2(c), since tangential component of the Poynting vector

Sx ¼ Re½EzH
�
y �=2, and Ez component vanishes due to the

boundary conditions for the perfectly conducting wires.

Next, we study the waveguide modes experimentally for

the microwave frequency range using a sample made of a

wire metamaterial shown in Fig. 1. A two-dimensional array

of metallic wires of length 10 cm and period of 1 cm is

placed in a dielectric host medium. The slab dimensions are

50� 25� 10 cm. We excite the metamaterial structure with

a point source, positioned at the distance of 3 mm from the

structure surface. The signal is then collected with a probe at

the opposite side of the structure. Scanning the backside of

the structure with the receiver allows to build the amplitude

and phase maps of the transmitted radiation.

Figure 3 shows our experimental and numerical results

for the transmitted radiation at the frequency 820 MHz, for

the case when the source is shifted along the horizontal axis

towards the left edge of the structure. In the numerical

FIG. 2. (a) Dispersion of the guided modes of a wire-metamaterial slab

(thick solid curves). Refractive index of the host medium is nm¼ 2. Pink

area shows the region of the propagating modes in free space, blue area

shows the region of the existence of the waveguide modes of the correspond-

ing conventional dielectric waveguide with the refractive index nm¼ 2. Thin

red and green lines show the dispersion of the waveguide modes in the

dielectric waveguide. (b) Dispersion of the guided modes of a metamaterial

slab for different values of refractive index of the host medium. (c) Profile

of the magnetic field of the first mode of the wire medium slab. Black

dashed line shows the profile of the x component of the Poynting vector, and

a black dotted line shows the Poynting vector of the corresponding dielectric

waveguide mode.
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modeling, we observe the excitation of a standing mode

formed by surface waves, as predicted earlier.12 We should

mention that in the simulations we have initially undefined

parameter which is the refractive index of the host medium

(acetal). We have estimated the acetal refractive index as

nm¼ 1.56. In our experiment, the amplitude and phase pat-

terns are significantly blurred, and the presence of a standing

wave is hardly distinguishable. This effect could arise due to

a number of reasons: first, sensitivity of the experimental

measurements is limited significantly by the dynamical range

of the setup. In particular, at least 40 dB have been lost due

to the source and probe mismatch. The second reason is the

presence of losses in the system, which are defined by two

mechanisms: inevitable losses in the host medium and the

scattering losses of the guided waves by inhomogeneities of

the structure interface caused by the slightly different wire

length. We note that the latter effect is very frequency-

dependent and hardly reproducible in numerical simulations.

It is clear that scattering of the guided waves becomes signif-

icant when the inhomogeneity characteristic dimension is of

the order of the transverse wavelength of the guided wave

k? ¼ ð2p=kxÞ. The minimal characteristic relative size of the

inhomogeneity of the wire dd ¼ Dd=d which is sufficient for

the effective scattering of the guided wave decreases as

cotðnmk0d=2Þ as we are approaching the resonance.

Figure 4 shows the amplitude and phase maps of the

transmitted radiation for three different frequencies. The

frequencies were chosen such that they cover the area far

below the resonance—close to the resonance and blue-

shifted from the resonance. We observe a rapid phase change

for 860 MHz. Furthermore, the amplitude map of the radia-

tion at this frequency is characterized by a sharp dip at

certain distance from the source. It is evident that for smaller

and larger frequencies (f¼ 760 MHz and f¼ 960 Mhz), none

of these distinctive features is observed. Frequency

f¼ 860 MHz is close to the analytically obtained resonance

value fr¼ 0.959 GHz which causes a rapid phase change due

to a large value of kx. Moreover, we can notice that the

amplitude and phase maps in Figs. 4(c) and 4(d) become

blurry when we approach a resonance. We believe that

this is due to the shortening of the transverse guided mode

wavelength and enhanced scattering on inhomogeneities as

discussed above.

Next, we extract the waveguide numbers of the transmit-

ted radiation from the phase maps. Assuming that the most

part of the electromagnetic radiation is transferred to guided

modes, we take the spatial dependence of the field in the

transmitted wave as E � expðikqqÞ, where q is the distance

from the source in the plane parallel to the structure surface,

and kq is the wavenumber. Thus, the phase of the transmitted

radiation should be linearly proportional to the wavenumber

kq. Therefore, it is possible to extract the dispersion of kq

from the phase distribution map measured at different fre-

quencies. Figure 5 shows the extracted values of the wave-

number together with the fitting to Eq. (1). We observe that

the experimentally obtained dispersion relations agree well

with the theoretical results. In the fitting, we use the refrac-

tive index of the host medium nm¼ 1.56.
FIG. 3. Experimentally measured (top) and numerically simulated (bottom)

(a) and (c) amplitude (in dB) and (b) and (d) phase (in radians) of the

transmitted radiation for a source shifted from the center of the device. The

frequency is f¼ 820 MHz.

FIG. 4. Experimentally measured amplitude (left column, in dB) and phase

(right column, in radians) of the transmitted radiation for different frequen-

cies in the case when the source is placed in the center of the structure for

the frequencies: (a) and (b) f¼ 760 MHz, (c) and (d) f¼ 860 MHz, and (e)

and (f) f¼ 960 MHz.
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In Fig. 5 we also observe a bending of the dispersion

curve that is typical for the dispersion of surface plasmon

polaritons and other surface states in the presence of losses.

While we cannot incorporate scattering losses separately into

our simple analytical model, we study the effect of losses by

adding an imaginary part to the refractive index value in our

fitting. Using the least square method we obtain the value of

nm ¼ 1:55þ 0:054i for the dielectric host medium.

In conclusion, we have discussed the properties of wave-

guiding modes propagating in the slab of wire metamaterial

taking into account dielectric permittivity of the host medium,

and compared them with the corresponding properties of con-

ventional waveguides. We have studied experimentally the

propagating guided modes in a slab of wire metamaterial and

measured their dispersion.
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FIG. 5. Dispersion of guided modes extracted from the experimentally

measured phase distribution (crosses). Solid curves show the analytical

approximation for the dispersion relations for the refractive index nm¼ 1.56.

Blue area shows the domain of existence of the guided modes in the corre-

sponding conventional dielectric waveguide. Green dashed line corresponds

to the fitting which takes into account the losses: the refractive index of the

host in this case equal to nm ¼ 1:55þ 0:054i.
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