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Confirmation of Zero-N Behavior in a High Gain
Grid Structure at Millimeter-Wave Frequencies

Steven J. Franson, Senior Member, IEEE, and Richard W. Ziolkowski, Fellow, IEEE

Abstract—A multilayer grid structure that has been used previ-
ously to create an antenna with high directivity and gain and that
has been explained as having a near zero index of refraction is ex-
tended to millimeter-wave frequencies. Alternate explanations for
the associated phenomena are examined. Further confirmation of
this “zero-n” behavior is presented.

Index Terms—Antennnas, metamaterials, millimeter waves,
zero-n.

I. INTRODUCTION

R EARCH results on directive antennas obtained by
augmenting a basic antenna with combinations of meta-

material substrates and superstrates have been reported, for
example, in [1]–[10]. These metamaterial-enhanced antennas,
such as the one illustrated in Fig. 1, have the potential to
achieve high directivity; and, hence, they have a high potential
for use in many communication systems. Of particular interest
within the millimeter-wave spectrum are the applications to
automotive radar, broadband point-to-point communications,
and millimeter-wave imaging. Enoch et al. [1] have shown how
a simple stack of metallic grids can lead to ultra-refraction [11],
[12]. Because the resulting metamaterial structure has an index
of refraction, , which is positive, but less than one and near
zero, all of the rays emanating from a point source within such a
slab of “zero-n” material would refract, by Snell’s Law, almost
parallel to the normal of every radiating aperture. A variety of
other interesting effects occur as the index approaches zero and
a zero-n type of metamaterial is realized, e.g., see [13]–[18].
Despite general agreement on the zero-n interpretation for the
enhanced directivity behavior, alternative explanations for the
properties of the finite periodic structure defining the meta-
material, such as that discussed in [19], have been given. We
will consider the metamaterial grid structure shown in Fig. 1
at millimeter-wave frequencies and will confirm that it does
indeed exhibit a zero-n behavior.
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Fig. 1. “Zero-n” antenna structure: a dipole radiating in the presence of a mul-
tilayer, � � � � � grid structure.

II. GRID STRUCTURE AT MILLIMETER-WAVE FREQUENCIES

The authors have demonstrated experimentally that a two-
layer version of the grid structure shown in Fig. 1 integrated with
a patch antenna at 60 GHz leads to enhanced directivity; can
transmit data rates over 2 Gb/s, and hence, may be useful for mil-
limeter-wave communications systems. At millimeter-wave fre-
quencies, the loss associated with any substrate is of utmost con-
cern in the design process. Ideally, one would like to construct
a millimeter-wave structure only out of metal, with air spacing
in between. Since this is not conducive to high volume manu-
facturing of any structure, a suitable substrate that met all of the
design constraints was found. It was a foam material which is
purchased in sheets that are nearly 40 mils thick (approximately
1 millimeter), have copper cladding on one side, and have a peel
off adhesive on the other. Because the substrate is filled with air
pockets, its properties are fairly close to air, its relative permit-
tivity being equal to 1.5, a value slightly over 1. Moreover, its
loss tangent is a very low value for millimeter-wave frequencies,
being equal to 0.001. Consequently, we were able to easily have
metallic lines patterned on the material and have several layers
attached together to form a stack.

A CST Microwave Studio unit cell model of the grid struc-
ture was constructed to determine its permittivity and perme-
ability properties. Each of the physically realized grid layers had
the dimensions: 5-mil line widths, 2-mil metal thickness, and a
70-mil period, while the separation between each grid layer was
39 mils. As a result, the unit cell model was a square PEC-PMC
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Fig. 2. The CST model of the 2-layer grid unit cell.

waveguide (normally incident plane wave with its electric (mag-
netic) field orthogonal to the PEC (PMC) side-walls of the wave-
guide), having wave-ports on each of its ends. The two grid layer
structure, which has a 43-mil thickness, was centered about the
middle of the 70-mil square waveguide. Because of the symme-
tries provided by the PEC and PMC side-walls, the actual form
of the unit cell is the two “I” pattern shown in Fig. 2. The model
represents a 2-layer infinite grid slab. The CST simulations were
run with a total of 58,080 hexahedral mesh cells, the maximum
mesh cell size being 3.83 mils. The accuracy was set to 60 dB.
Two passes achieved a delta S equal to 0.01; the solve time was
90 s.

III. PARAMETER EXTRACTION

A parameter extraction routine was developed and used to de-
termine the permittivity and permeability of the grid structure
from the CST-predicted reflection and transmission (S-param-
eter) data. Like all of the extraction codes reported in the liter-
ature, e.g., [21]–[24], this routine was based on the NWR ap-
proach given in [25] and [26] was implemented as in [27]. The
code had no prior knowledge on whether the material was elec-
tric or magnetic, negative or positive. It simply took the S-pa-
rameter data obtained by scattering a plane wave from a thin slab
of the material under test and then extracted the effective mate-
rial parameters of that slab. The extraction can be very difficult,
especially for thick samples, where multiple solutions can exist.

Because of some lingering controversy in the metamaterials
community concerning this extraction process (the imaginary
part of the extracted nondominant material component can ex-
hibit active properties in the resonance region), we carefully
validated our routine with a canonical electric and magnetic
Lorentz medium slab. The relative material parameters of this
slab were defined by the expressions implemented in the CST
simulation environment as follows:

(1)

Fig. 3. Electric and magnetic Lorentz material responses of the canonical slab
used to validate the extraction routine.

Fig. 4. Constitutive parameters extracted from the CST calculated S-parame-
ters when a normally incident plane is scattered from the canonical Lorentz-ma-
terial slab.

where , , ,
, , .

As Fig. 3 shows, the resulting relative material parameters have
electric and magnetic resonances at different frequencies and
with different bandwidths.

The calculated S-parameters were then imported into the pa-
rameter extraction code (implemented in MATLAB). As ex-
pected, without paying careful attention to the thickness of the
slab, the extraction routine would generate some positive values
for the nonresonant component. However, if the slab thickness
was restricted to produce less than a -phase shift across the
slab, the extraction routine always produced the correct signs for
the imaginary parts of the relative material parameters. Because
the analytical models exhibit very large responses at the reso-
nance, i.e., large magnitudes of the permittivity or permeability,
the thickness of the slab had to remain small. For a 1.0-mil-thick
Lorentz-material slab, the outputs of the extraction code for the
relative permittivity and permeability are shown in Fig. 4. This
test case demonstrates that if used properly, the parameter ex-
traction code can produce good quality results, and can distin-
guish between the electric and magnetic resonances.

The CST calculated S-parameters of the unit cell of the pro-
posed 2-layer grid structure shown in Fig. 2 were examined next
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Fig. 5. The extracted index of refraction of the two-layer grid structure.

to test whether or not the extracted constitutive parameters co-
incided with the anticipated zero-n behavior. The phase across
the effective slab was calculated to ensure that it was unique,
i.e., that it did not cross over into the next interval. The
corresponding extracted relative permittivity and permeability
values exhibited only passive responses. The resulting extracted
index of refraction is shown in Fig. 5. It remains imaginary at
lower frequencies, and then starts to have positive values that
rise from zero after the plasma frequency. In particular, we note
that while it may appear as if the unit cell was a version of
the CLS-based (capacitively loaded strip-based) metamaterial
structure considered in [22], the arms of the “I” inclusions are
actually touching the side-walls of the waveguide. In fact, the
grid structure is actually an extreme version of that CLS-based
metamaterial, where the resonance frequency goes to zero and
the relative DC permittivity goes to infinity because the gap size
goes to zero (which causes the quasi-static capacitance to go to
infinity). From a related point of view, the CLS-based material
has an effective inductance, , and capacitance, , so that its
resonance frequency is specified as

(2)

As the gap distances between the CLS inclusions decrease, the
capacitances between the elements increase. As a result, the an-
gular resonance frequency, , gets closer to zero. In the limit,
where the gap sizes become zero, the resonant frequency is
equal to zero. Consequently, the grid structure creates an effec-
tive medium whose index of refraction satisfies a Lorentz model
with a zero resonance frequency, i.e., it can be described by the
Drude model

(3)

where is the angular plasma frequency. This Drude model
of the index of refraction recovers the behavior shown in Fig. 5.

Fig. 6. The transmitted electric field distribution calculated with CST for the
2-layer grid structure.

The plasma frequency and, hence, the zero-n behavior occurs at
the desired operating frequency, 60 GHz.

IV. PHASE PROGRESSION

The grid structure is actually a well known low frequency
filter structure that has a well-known example, i.e., the screen
on the window of a microwave oven, which passes visible light,
but contains the microwave radiation. This behavior is captured
by the effective permittivity and, hence, the effective index
of refraction described by the Drude model (3). The ability
of periodic arrangements or wires or metallic traces to create
artificial plasmas is well-known [28], [29]. The Drude model
for the permittivity also predicts a negative permittivity for
frequencies below the plasma frequency. When the permittivity
is negative and the permeability is the same as free space, only
evanescent (exponentially decaying) waves exist in such an
epsilon-negative (ENG) medium. Additionally, immediately
above the plasma frequency, the index of refraction can be
between 0 and 1; and, as a result, this frequency interval is
also known as the ultra-refraction [12] region. However, at
these higher frequencies, the structure may not be small in
comparison to the free-space wavelength. Consequently, the
zero-n interpretation could be questioned in this portion of the
frequency spectrum, i.e., the unit cell may not be small enough
to correctly claim the structure acts as an effective homogenous
medium with zero-n properties. Similarly, there have also
been questions raised, for instance in [19], as to whether or
not the zero-n behavior is the correct interpretation. The grid
structure could be acting simply as a two dimensional grating
with a high diffraction efficiency at zero order. We believe
that our simulation results provide further evidence that the
zero-n explanation captures the correct physical behavior of the
two-layer grid structure.

If such a grid structure does indeed have an index of refrac-
tion that is close to zero, then the phase progression through
it should be extremely slow. This means that there should be
an almost static phase distribution within the structure and that
the phase at the exit face of the 2-layer grid structure should
be nearly equal to its value at the entrance face. In Fig. 6 the
CST-predicted electric field of the wave propagating through
it is shown. A one-dimensional plot of this electric field along
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Fig. 7. One dimensional plot showing a comparison of the phase term calcu-
lated for the 2-layer grid structure and for the ideal zero-n material slab.

the center of the simulation space was obtained; it is shown in
Fig. 7. In the region before the structure, the phase term results
from the behavior of the incident and reflected fields. On the
other hand, the fields beyond the grid structure contain only in-
formation about the transmitted wave. Therefore, the phase term
immediately after the structure should be compared to an ideal
case which assumes a zero phase accumulation through the ma-
terial. As Fig. 7 shows, the phase at a short distance beyond
the structure matches that found for the ideal case of a zero-n
medium. Therefore, we have confirmed even further that such a
grid structure has an effective index of refraction close to zero.

V. CONCLUSION

In conclusion, we have raised questions as to the validity of
describing the grid structure as a zero-n material, and have sup-
plied additional evidence in an attempt to answer those ques-
tions. Our results clearly show that the parameter extraction pre-
dicts a zero-n response for the 2-layer grid structure. Also, when
examining the phase progression through this metamaterial, it
exhibits zero-n behavior. In particular, the phase of the wave
transmitted through the 2-layer grid metamaterial has the same
phase as if it had propagated through an ideal near zero-n mate-
rial.
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