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All-dimensional subwavelength cavities made with metamaterials
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By exploiting the reflection phase properties of metamaterial reflectors, the authors propose a
method to break the size restrictions imposed strictly on conventional cavities. They design the
all-dimensional subwavelength cavities and perform experiments and simulations to demonstrate
their subwavelength functionalities. For the smallest cavity that they fabricated, each dimension is
only a quarter of the resonance wavelength. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2338795�
Resonance cavities play crucial roles in both electromag-
netic �EM� theory and applications. Conventional cavities
are constructed with metallic reflectors, and the governing
mechanism imposes a natural lower limit on the cavity size.
Consider the simplest a�a�a cubic cavity; the lowest
mode is �110=�2a, implying that a cavity must be large
enough in order to create a resonance mode with a definite
wavelength.1 Cavities with other shapes have similar restric-
tions. These restrictions greatly limit the applications of a
conventional cavity in compact environments. Several ideas
were proposed to break such size restrictions. The simplest
one is to fill the cavity with high-index materials. More re-
cent ideas include the insertion of a resonance surface into
the cavity,2 or filling the cavity with both positive- and
negative-index materials.3 Simulations demonstrated that
both ideas lead to a significant reduction of the cavity size.2,3

Here, we demonstrate an alternative approach to beat the
cavity size restrictions. Distinct from previous methods,2,3

we do not insert any other material to the cavity. The key
idea is to replace the conventional metallic reflectors by
metamaterial reflectors.4–6 In our previous work, we have
successfully fabricated a double-plate �i.e., one-dimensional�
cavity,7 with a thickness much less than � /2 �see also Refs. 8
and 9�. We extend the idea to three dimensions and fabricate
cavities that are much smaller than conventional ones work-
ing with the same wavelengths. The good agreements among
experiments, finite-difference time-domain �FDTD� simula-
tions, and model analysis unambiguously demonstrated the
subwavelength functionalities of the constructed cavity.

Consider a dx�dy �dz cuboidal cavity bounded by six
metamaterial reflectors, each defined by its normal vector
�i.e., ±x̂ , ± ŷ , ± ẑ�. Each reflector reflects EM waves with a
definite phase ��±î�f� depending on frequency f , translated
to a boundary condition E�

r /E�
in=exp�i��±î� at the surface.
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Here E�
r and E�

in denote the parallel components of E-field for
the reflected and incident waves with respect to the surface.
For a transverse-magnetic �TM� mode,10 the Ez component
takes a general form

Ez�r� =
1

8�
j=1

8

C�k j�eikj·rei�t,

with k j = ±kx , ±ky , ±kz and

kx
2 + ky

2 + kz
2 = ��/c�2, �1�

where c is the speed of light. Other field components can be
derived from Ez through Maxwell equations.1 The expansion
parameters C�k j� are determined by matching boundary con-
ditions. For example, for the reflector located at y=0 �with a
normal vector +ŷ�, we can identify the wave component
C�kx ,ky ,kz� as the effective incident beam on the surface and
the component C�kx ,−ky ,kz� as the corresponding reflected
beam.12 Therefore, boundary conditions require that

�C�kx,− ky,kz�ei�kxx−kyy+kzz�

C�kx,ky,kz�ei�kxx+kyy+kzz� �
y=0

= exp�i��+ŷ� .

Similar arguments lead to

� C�kx,ky,kz�ei�kxx+kyy+kzz�

C�kx,− ky,kz�ei�kxx−kyy+kzz��
y=dy

= exp�i��−ŷ�

at the reflector located at y=dy �with a normal vector −ŷ�.
Combining the above two equations, we get

− 2kydy + ��+ŷ + ��−ŷ = my2� , �2�

where my is an integer. Similarly, we have

− 2k d + �� ˆ + �� ˆ = m 2� , �3�
x x +x −x x
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− 2kzdz + ��+ẑ + ��−ẑ = mz2� . �4�

Considering the transverse-electric �TE� mode11 leads to the
same set of equations. Collecting Eqs. �1�–�4�, we get the
condition

�	mi

��� = c� �

i=x,y,z

1

4di
2 ���+î��� + ��−î��� − 2�mi�2

− � = 0 �5�

to determine the eigenmodes of such a cavity, with
	mx ,my ,mz
 being the indices to label the mode. Inserting
��±î=� into Eq. �5�, we obtain a series of resonance fre-
quencies �ijk=c��i� /dx�2+ �j� /dy�2+ �k� /dz�2, with i=1
−mx, j=1−my, and k=1−mz, recovering those of a conven-
tional cavity1 processing a well-defined size restriction. In a
metamaterial cavity, the resonance behavior means that
��±î�f� can take a wide range of values and thus offers us
the possibility to break such size restrictions.

To illustrate the above ideas, we fabricated a cubic
metamaterial cavity with side length=21 mm. As shown in
Fig. 1�a�, the left and right walls are two copper plates �nor-
mal to the z axis�, the back and bottom walls are two iden-
tical metamaterial reflectors �normal to the x and y axes�,12

and the front and upper ones are two identical metallic
meshes, each printed on a 1.6-mm-thick printed circuit board
�PCB� substrates ��r=2.2�. The metallic mesh has a lattice
constant of 3.5 mm, and the width of each metal line is
0.4 mm �see Fig. 1�b��. Although many types of metamate-
rial configurations4–7 can be adopted �as long as they can
offer appropriate reflection phases�, we take the simplest
mushroom structure �without vias�4,9 as an example to dem-
onstrate the concept. In the mushroom structure �see Fig. 1�,
the period of the pattern is 7 mm, the width of each air gap is
0.5 mm, and the inner dielectric layer is the same PCB layer.
We dig a small hole near the corner of the cavity and put a
4.5-mm-long monopole antenna inside �see Fig. 1�a��, the
working frequency of the 4.5-mm-long monopole is 12 GHz.
The measured return loss �S11� spectrum of the antenna is
shown in Fig. 2�a� as open circles. The dips in the S11 spec-
trum are the unambiguous signatures of the existences of
cavity modes, and we identify the modes at f =8.0, 9.18,
9.63, and 10.2 GHz.13 We note that the lowest mode of our
cavity is 8.0 GHz, obviously lower than that �10.1 GHz� of a
conventional cavity with the same size.

We performed FDTD simulations to understand the ob-

FIG. 1. �Color online� �a� Picture of the metamaterial cavity with side
length=21 mm. �b� Top view picture of the metallic mesh layer of the cavity
shown in �a�. �c� Picture of the cavity with side length=14 mm. The inserted
coaxial cable as the feed, its outer diameter is 1.22 mm; that of the inner
conductor and the surrounded dielectric insulator are 0.28 and 0.90 mm,
respectively.
served phenomena. In our simulations, we discretized the
Downloaded 06 Sep 2006 to 202.120.224.18. Redistribution subject to
realistic structure by a basic cell sized 0.5�0.5�0.5 mm3

and adopted perfect metal boundary conditions at each metal
surface. Finer meshes were adopted whenever necessary. The
calculated S11 spectrum is shown in Fig. 2�a� as a solid line.
Fairly good agreement is found compared with the experi-
mental result.

We employed Eq. �5� to identify the indices of these
modes. We first calculated the reflection phases ��±î�f� for
every reflector under normal incidence, and then inserted
��±î�f� into Eq. �5� to calculate the function �	mi


with dif-
ferent mode indices. The �	mi


� f curves depicted in Fig.
2�b� indicated that the resonance frequencies are 7.45, 8.75,
and 8.69 GHz, for the lowest three modes indexed, respec-
tively, by �110�, �101� �degenerate with �011�, and �111�.
However, these results are in apparent disagreement with the
experimental and the FDTD simulation ones. Such discrep-
ancies stimulate us to reexamine the validity of the approxi-
mation to calculate ��±î�f� under normal incidence. While
��±î�f� has no dependence on the incidence angle for a
metal, and a weak dependence for a metallic mesh, it does
exhibit a strong incidence-angle dependence for the metama-
terial reflector, as illustrated in Fig. 3�a� where ���f�� f

FIG. 2. �Color online� �a� Return loss spectra of a 4.5-mm-long monopole
antenna inside the cavity, obtained by experiments �open circles� and FDTD
simulations �solid line�. �b� The �	mi


� f curves for different modes specified
in the legend, taking values of ��±î�f� calculated under normal incidence.

FIG. 3. �Color online� �a� FDTD calculated reflection phase of the metama-
terial reflector and the mesh layer as functions of frequency for different
incidence angles. �b� The �	mi


� f curves for different modes specified in the
ˆ
legend, taking values of ��±i�f� shown in �a�.
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curves are shown for different incidence angles.14 For the
lowest �110� mode, symmetry requires strictly that kx=ky, so
that the reflection at the metamaterial surface corresponds to
an incidence angle of 45°. For �101� and �111� modes, we
have no such symmetry properties. We incorporate the
incidence-angle corrections in an iterative way. We first use
the normal incidence ��±î�f� to solve Eqs. �1�–�5� and esti-
mate the corresponding incidence angles �with respect to the
metamaterial reflectors� from the values of kx ,ky ,kz obtained
for these modes. Calculations show that the results are 54.7°
for the �110� mode and 66.3° for the �111� mode.13 We then
calculated ��±î�f� under these incidence angles and used the
corrected ��±î�f� results �as shown in Fig. 3�a�� to recalcu-
late the function �	mi


and depicted the corrected �	mi

� f

curves in Fig. 3�b�. The resonance frequencies obtained fol-
lowing these procedures are 8.0, 9.08, and 9.63 GHz for
these modes, which are in excellent agreements with both
simulations and experiments. In particular, we find that the
�110� mode becomes lower than the �111�, after considering
the incidence angle corrections. Such incidence angle depen-
dence is a unique feature of the present metamaterial cavity,
distinct from a conventional cavity.

We also measured the radiation patterns of the antenna
placed inside the cavity, for the mode at f =8.0 GHz �Fig. 4�.
The H-plane pattern is symmetrical with respect to the 45°
axis, consistent with the symmetry properties of the �011�
mode. However, the E-plane pattern is not entirely symmetri-
cal, due to the intrinsic asymmetry of the monopole antenna
itself. FDTD simulation results are shown in the same figures
as solid lines. Good agreement between theory and experi-
ment is noted.

In principle, there is no restriction on the cavity size if
we can freely tune ��±î�f� as desired. The latter can be
achieved via tuning the magnetic resonance frequencies of
the metamaterial reflectors. To illustrate this point, we fabri-
cated two new metamaterial reflectors in which �r of the
inner PCB layer changes to 10.2 and applied them to con-
struct a 14�14�14 mm3 cavity �picture shown in Fig. 1�c��
and redo the same measurements and simulations. These
metamaterials possess even lower magnetic resonance fre-
quencies, so that the eigenmodes inside the cavity are in a
much smaller subwavelength size. Shown in Fig. 5 are the
S11 spectra of a 4-mm-long antenna inside such a cavity,
obtained by measurements �open circles� and FDTD simula-
tions �solid line�. Although the quantitative agreement be-
tween theory and experiment is not perfect, the positions of

FIG. 4. �Color online� Normalized radiation patterns in H plane and E plane
for the monopole antenna inside the cavity.
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the resonance modes indicated in two spectra accurately
agree with each other. In particular, we note that the lowest
mode of the present cavity is at f =5.5 GHz, which is roughly
1/3 of that for a conventional cavity with the same size
��15.15 GHz�. Meanwhile, the side length of the cavity is
only �roughly� 1/4 of the working wavelength �54.5 mm.

In short, we demonstrated a mechanism to construct
all-dimensional subwavelength cavities based on metamate-
rials. The present idea may be useful in applications such as
a subwavelength high-Q filter15 and subwavelength cavity
antenna.
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FIG. 5. �Color online� Return loss spectra of a 4-mm-long antenna inside
the cubic cavity with 14 mm each side length, obtained by measurements
�open circles� and FDTD simulations �solid lines�.
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