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ABSTRACT

A new type of metallic electromagnetic structure has been developed that is characterized by having high surface impedance.
The geometry is analogous to a corrugated metal surface in which the corrugations have been folded up into lumped circuit
elements, and distributed in a 2-D lattice. Although it is made of continuous metal, and conducts DC currents, it does not
conduct AC currents within a forbidden frequency band. Unlike normal conductors, this new surface does not support
propagating surface waves. Furthermore, image currents induced in the surface are not phase reversed as they are on a flat
metal surface.
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1. INTRODUCTION

A flat metal sheet is used in many antennas as a reflector, or ground plane'. The presence of a ground plane redirects half of
the radiation into the opposite direction, improving the antenna gain by 3dB, and partially shielding objects on the other side.
If the antenna is too close to the conductive surface, the image currents cancel the currents in the antenna, resulting in poor
radiation efficiency. This problem is often addressed by including a one-quarter wavelength space between the radiating
element and the ground plane, but such a structure then requires a minimum thickness of X/4.

Another property of metals is that they support surface waves2'3.
These are propagating electromagnetic waves that are bound to
the interface between metal and free space. They are called
surface plasmons at optical frequencies4, but at microwave
frequencies, they are nothing more than the normal currents that
occur on any electric conductor. If the metal surface is smooth
and flat, the surface waves will not couple to external plane
waves. However, they will radiate vertically if scattered by
bends, discontinuities, or surface texture. An antenna will excite
surface waves that radiate from ground plane edges. The result is
a kind of multipath interference or "speckle", which can be seen
as ripples in the radiation pattern. Moreover, if multiple antennas
share the same ground plane, surface currents can cause
unwanted mutual coupling.

2. TEXTURED SURFACES

By incorporating a special texture on a conducting surface, it is
possible to alter its radio-frequency electromagnetic
properties5'6. In the limit where the period of the surface texture
is much smaller than the wavelength, the structure can be
described using an effective medium model, and its qualities can
be summarized into a single parameter, the surface impedance.
A smooth conducting sheet has low surface impedance, but with
a specially designed geometry, a textured surface can have high
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Figure 1. (a) Cross-section view and (b) top view of a high-
impedance surface. The structure consists a two-
dimensional array of metal protrusions connected to a solid
metal ground plane. It is fabricated using printed circuit
board technology, with plated metal vias connecting
patches on the top surface to the ground plane on the
bottom surface.



surface impedance. An example of a high-impedance surface, shown in Figure 1 ,consists of an array of metal protrusions on
a flat metal sheet. The protrusions can be visualized as mushrooms or thumbtacks, arranged in a two-dimensional lattice on
the metal surface.

If the protrusions are small compared to the operating wavelength, their electromagnetic properties can be described using
lumped circuit elements — capacitors and inductors. They behave as a network of parallel resonant LC circuits, which act as a
two-dimensional electric filter to block the propagation of currents along the sheet. In the frequency range where the surface
impedance is very high, the tangential magnetic field is small, even with a large electric field along the surface. Such a
structure is sometimes described as an artificial "magnetic conductor".

The concept of suppressin surface waves on metals is not new. It has been done at optical frequencies using a metal sheet
covered with small bumps ,8 On this structure, surface waves scatter from the rows of bumps, and the resulting interference
prevents them from propagating, resulting in a two-dimensional electromagnetic band gap. Our high-impedance surface can
be considered as an extension of this "bumpy surface", in which the band gap has been lowered in frequency by capacitive
loading.

A related structure, the corrugated surface9'7, consists of a slab of metal into which a series of quarter-wavelength resonant
slots have been cut, effectively forming a surface of high impedance at the resonance frequency of the slots. The new surface
described in this paper is an abstraction of the corrugated surface, in which the corrugations have been folded up into lumped
circuit elements, and distributed in a two-dimensional lattice. The surface impedance is modeled using as a parallel resonant
circuit, which can be tuned to exhibit high impedance over a predetermined frequency band.

Periodic two or three-dimensional structures that prevent the propagation of electromagnetic waves are often known as
photonic crystals'820. The high-impedance surface can be considered as a kind of two-dimensional photonic crystal that
prevents the propagation of radio-frequency surface currents within the band gap. The novelty of the present work is the
application of an array of lumped circuit elements to produce a thin, two-dimensional structure that must generally be
described by band structure concepts21, even though the thickness and preiodicity are both much smaller than the operating
wavelength.

3. EFFECTIVE SURFACE IMPEDANCE MODEL

Surface waves can occur on the interface between two dissimilar materials, such as metal and free space. They are bound to
the interface, and decay exponentially into the surrounding materials. At radio frequencies, the fields associated with these
waves can extend thousands of wavelengths into the surrounding space. They are often best described as surface currents, and
can be modeled from the viewpoint ofan effective surface impedance2'3.

Some of the properties of the high-impedance surface can be explained using an effective surface impedance model. The
surface is assigned an impedance equal to that of a parallel resonant LC circuit, derived by geometry. The use of lumped
parameters to describe electromagnetic structures is valid as long as the wavelength is much longer than the size of the
individual features. This short wave vector range is also the regime of effective medium theory. The effective surface
impedance model can predict the reflection properties and some
features of the surface wave band structure, but not the band gap X
itself, which by definition must extend to large wave vectors.

3.1. Surface waves on impedance surfaces
Y

Assume a surface in the YZ plane with impedance Z. A surface
wave propagates in the +Z direction, with fields decaying in the +X Zs
direction. The geometry of the problem is shown in Figure 2. For
TM surface waves, Hx H Ey 0 . Assume that the fields Figure 2. Geometry used for calculating surface

impedance. A surface lies in the Y-Z plane and has
diminish in the +X direction with decay constant a, and travel along surface impedance, Zs. A surface wave propagates
the +Z direction with propagation constant k. Start with the Z along the surface in the +Z direction, and decays
component of the electric field, given below, exponentially in the +X direction.
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E =Ce_ (1)

H>, can be derived from the Ampere's law.

—jO)E jkz—axH = Ce (2)a
The surface impedance in this coordinate system is equal to the following expression.z- (2)S =

Hy
Inserting (1) and (2) into (3) gives the required surface impedance for TM surface waves.

jaZ5(TM)=— (3)
CUE

It is clear that TM waves only occur on a surface with positive reactance —an inductive surface impedance. Using similar
reasoning, we can obtain the surface impedance for TE waves, given below.

jCU'-LZ(TE)= (4)a
Thus, a negative reactance — a capacitive surface impedance, is necessary to support TE surface waves.

, 3.2. Impedance of the textured surface c
As the structure illustrated in Figure 3 interacts with
electromagnetic waves, currents are induced in the top metal
plates. A voltage applied parallel to the top surface causes charges
to build up on the ends of the plates, which can be described as a
capacitance. As the charges slosh back and forth, they flow around
a long path through the vias and the bottom plate. Associated with
these currents is a magnetic field, and thus an inductance.

Figure 3. Origin of the capacitance and inductance in the
We assign to the surface a sheet impedance equal to the effective surface impedance model. The proximity of the
impedance of a parallel resonant circuit, consisting of the sheet metal plates provides capacitance, while the thickness of
capacitance and the sheet inductance, the structure determines the inductance.

jO)L
(5)

1-€o2LC

The surface is inductive at low frequencies, and capacitive at high frequencies. The impedance is very high near the
resonance frequency, O.

1
(6)

We associate the high impedance with a forbidden frequency band gap.

3.3. Surface wave band structure in the effective impedance model

We can determine the dispersion relation for surface waves in the context of the effective surface impedance model. The
wave vector, k, is related to the spatial decay constant, a, and the frequency, co, by the following expression.
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Above the resonance frequency, the surface is
capacitive, and TE waves are supported. The
lower end of the dispersion curve is close to the
light line, and the waves are weakly bound to the
surface, extending far into the surrounding
space. As the frequency is increased, the curve
bends away from the light line, and the waves
are more tightly bound to the surface. The slope
of the dispersion curve indicates that the waves
feel an effective index of refraction that is
greater than unity. This is because a significant
portion of the electric field is concentrated in the
capacitors. The effective dielectric constant of a
material is enhanced if it is permeated with
capacitor-like structures.

The TE waves that lie to the left of the light line
exist as leaky waves that are damped by
radiation. Radiation occurs from surfaces with a
real impedance, so the leaky modes to the left of
the light line are right at the resonance
frequency. The radiation from these leaky TE
modes can be modeled as a resistor in parallel
with the high-impedance surface, which blurs
the resonance frequency, radiation occurs within
a finite bandwidth. The damping resistance is
taken as the impedance of free space, projected
onto the surface according to the angle of
radiation. Small wave vectors represent radiation
perpendicular to the surface, while wave vectors

Figure 4. Surface wave dispersion diagram generated using the effective
surface impedance model. Below resonance, the surface is inductive, and
supports TM waves. Above resonance, the surface is capacitive, and supports
TE waves. The modes that lie to the left of the light line exist as leaky modes
and are damped by radiation. The effective surface impedance approximation
fails to predict a band gap, but instead predicts a high-impedance region
characterized by radiation damping.
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k2 = + a2 (7)

For TM waves we can combine (3) with (7) to find the following expression for k as a function of Co, in which
1] = JPo leo is the impedance of free space, and C= i/.j.t0ej is the speed of light in vacuum.

w/ Z2
TM -I 2c Ti

We can find a similar expression for TE waves by combining (4) with (7).

(8)

(9)

By inserting (5) into (8) and (9), we can plot the dispersion diagram for surface waves, in the context of the effective surface
impedance model. Depending on geometry, typical values for the sheet capacitance and sheet inductance of a two-layer
structure are about 0.05 pF-square, and 2 nH/square, respectively. The complete dispersion diagram is shown in Figure 4,
calculated using the effective medium model, for a structure with these parameters.

Below resonance, TM surface waves are supported. At low frequencies, they lie very near the light line, and the fields extend
many wavelengths beyond the surface, as they do on a flat metal surface. Near the resonant frequency, the surface waves are
tightly bound to the sheet, and have a very low group velocity, as seen by the fact that the dispersion curve is bent over, away
from the light line. In the effective surface impedance limit, there is no Brillouin zone boundary, and the TM dispersion curve
approaches the resonance frequency asymptotically. Thus, this approximation fails to predict the bandgap.
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near the light line represent radiation at grazing
angles. The high-impedance, radiative region is
shown as a shaded area, representing the
blurring of the leaky waves by radiation
damping. Thus, in place of a band gap, the
effective surface impedance model predicts a
frequency band of strong radiation damping.

3.4. Reflection phase of a high-impedance
surface

The surface impedance determines the boundary
condition at the surface for the standing wave
formed by incident and reflected waves. If the
surface has low impedance, such as in the case
of a good conductor, the ratio of electric field to
magnetic field is small. The electric field has a
node at the surface, and the magnetic field has
an antinode. Conversely, for a high-impedance
surface, the electric field has an antinode at the
surface, while the magnetic field has a node.
Another term for such a surface is an artificial
"magnetic conductor".

Typical parameters for a two-layer ground plane
are 2 nH/square of inductance, and
0.05 pF-square of capacitance. For these values,
the reflection phase is plotted in Figure 5. At
very low frequencies, the reflection phase is it,
and the structure behaves like an ordinary, flat,
metal surface. The reflection phase slopes
downward, and eventually crosses through zero
at the resonance frequency. Above the resonance
frequency, the phase returns to —it. The phase
falls within ic/2 and —ic/2 when the magnitude of
the surface impedance exceeds the impedance of
free space. Within this range, image currents are
in-phase, rather than out-of-phase, and antenna
elements may lie directly adjacent to the surface
without being shorted out.

4. FINITE ELEMENT MODEL

In the effective surface impedance model
described above, the properties of the surface are
summarized into a single parameter, namely the
surface impedance. Such a model correctly
predicts the reflection phase, and some features
of the surface wave bands. However, it does not
predict an actual band gap. Nevertheless, we
have found experimentally that a surface wave
band gap does exist, and that the band gap edges
occur where the reflection phase is equal to

n -.-. -..
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Frequency (GHz]

Figure 5. Reflection phase predicted by the effective surface impedance
model. Far from resonance, the surface reflects with a it phase shift, just as an
ordinary metal does. Near resonance, the surface reflects with a zero phase
shift. In this region, image currents induced in the surface appear in-phase,
rather than out-of-phase.

Figure 6. Dispersion diagram of a high-impedance surface with square
periodicity, calculated using a finite element method. The Brillouin zone is
shown as a n inset. The TM surface wave band begins at zero frequency, and
levels off sharply below the resonance frequency. The TE surface wave band
begins at the resonance frequency, and continues upward at less than the
speed of light. The band gap extends from the top of the TM band to the
point where the TE band crosses the light line. Within the band gap, TE
waves exist as radiative, leaky waves. Upper bands are also seen, which do
not appear in the effective surface impedance model, but are observed in the
experiments.
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It is necessary to obtain more accurate results
using a finite element model, in which the detailed
geometry of the surface texture is included
explicitly. In the finite element model, the metal
and dielectric regions of one unit cell are
discretized on a grid. The electric field at all
points on the grid can be reduced to an eigenvalue
equation, which may be solved numerically. Bloch
boundary conditions are used, in which the fields
at one edge of the cell are related to the fields at
the opposite edge by the wave vector. The
calculation yields the allowed frequencies for a
particular wave vector, and the procedure is
repeated for each wave vector to produce the
dispersion diagram. The structure analyzed by the
finite element method was a two-layer, high-
impedance surface with square geometry. The
lattice constant was 2.4mm, the spacing between
the plates was 0.15mm, and the width ofthe vias
was 0.36mm. The volume below the square plates
was filled with E2.2, and the total thickness was
1.6mm.

The results of the finite element calculation are shown in Figure 6. The TM band follows the light line up to a certain
frequency, where it suddenly becomes very flat. The TE band begins at a higher frequency, and continues upward with a
slope of less than the vacuum speed of light, which is indicated on the graph by a dotted line. These results agree qualitatively
with the effective medium model. The finite element method also predicts higher-frequency bands that are seen in the
measurements, but do not appear in the effective medium model.

According to the finite element model, the TM band does not reach the TE band edge, but stops below it, forming a gap. The
TE band slopes upward upon crossing the light line. Thus, the finite element model predicts a surface wave band gap that
spans from the edge of the TM band, to the point where the TE band crosses the light line. The resonance frequency is
centered in the forbidden band gap.

We have also calculated the same structure without the vertical conducting vias. The band diagram for this structure is shown
in Figure 7. The TE surface waves are unaffected by the absence of the vias, and appear similar to the TE waves on the
original structure. However, the TM waves are no longer terminated below the resonance frequency, as they were when the
vias were present, and there is no band gap. The TM curve continues upward with a slope of slightly less than the speed of
light. Therefore, the presence of the vertical connecting vias is critical for the suppression of TM surface waves, and the
creation of a forbidden band.

5. MEASURING SURFACE PROPERTIES

A variety of techniques have been developed to characterize these new surfaces. The presence of surface wave modes can be
measured using a pair of small probes placed near the surface, and the reflection phase can be measured using a pair of horn
antennas. The measurements reveal a surface wave band gap that occurs where the reflection phase falls within [+ic/2, -it/2].
This corresponds to the region ofhigh surface impedance.

5.1. Surface waves

Since surface waves cannot generally couple to external plane waves, specialized methods must be used to measure them. At
optical frequencies, surface plasmons are often studied using a technique called prism coupling7. A prism is placed next to the
surface, and the refractive index of the prism is used to match the wave vector of a probe beam to that of a surface wave.
Another method for coupling to surface waves, which is more practical at microwave frequencies, is to use a very small
probe. A point source launches all wave vectors, so a small antenna brought near the surface is capable of coupling to surface
wave modes. The antenna geometry can be tailored to distinguish the surface wave polarization.
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Figure 7. Finite element calculation of the surface wave band structure for a
structure in which the vertical conducting vias have been removed. The band
gap has vanished, and the TM band is no longer cut off. The TE band is
unaffected by the absence of the vias.



In TM surface waves, the
electric field forms loops that
extend vertically out of the
surface. TM waves can be
measured using a pair of small
monopole antennas oriented
normally with respect to the
surface, as shown in Figure
8(a). The vertical electric field
of the probe couples to the
vertical electric field of the
TM surface waves. In TE
surface waves, the electric
field is parallel to the surface,
and the magnetic field forms
vertical loops that arc out of
the surface. They can be measured with a pair of small
monopole probes oriented parallel to the sheet, as shown
in Figure 8(b). The horizontal electric field of the antenna
couples to the horizontal electric field of the TE waves.
Since this configuration lacks the symmetry of the
vertical monopole, there will be greater cross-coupling to •
TM waves which may complicate the measurement. -30

On a flat metal sheet, a TM surface wave measurement ,
produces the results shown in Figure 9. The surface under 40

test was a 12 cm square sheet of flat metal. The
measurement represents the transmission between a pair -50
of monopole probes oriented vertically at the edges of the
metal sheet. The data has variations of 10-1 5 dB, but
remains relatively flat over a broad spectrum. The -60

variations are produced by multipath interference, or 0 6 12 18 24 30

speckle, which occurs in coherent measurements Frequency [GHzl

whenever multiple signal paths are present. Multipath. . . . measurement of a flat metal sheet
interference can be distinguished from other effects coax probes. The surface exhibits
because it is characterized by narrow-band fading, whose
details depend on the exact antenna position. The
transmission drops off at low frequencies because the
small probes are inefficient at exciting long wavelengths.
On a flat metal surface, a TE surface wave measurement
produces no significant signal, because any antenna that
excites TE waves is shorted out on a conducting surface.
It is only on the textured surface, with its unusual surface
impedance, and tightly bound TE modes, that significant
transmission signal levels can be obtained.

A typical TM surface wave measurement on a textured
surface is shown in Figure 1 0. The size of the sheet and
the measurement technique were the same as those used
for the flat metal surface. The structure consisted of a
triangular array of hexagonal patches, with a period of
2.54 mm and a gap between the patches of 0.15 mm. The
thickness of the board was 1.55 mm, and the dielectric
constant was 2.2. The transmission is strong at low
frequencies, and exhibits the same multipath interference
seen on the metal surface. At 11 GHz, the transmission

(a)

Coax

POb[

(b) c' Coax
\ \Probe

Surface
Under
Test

\Surface
Under
Test

Figure 8. The presence of surface wave modes can be measured using a pair of small probes
placed near the surface. The polarization of the surface waves can be distinguished by adjusting
the polarization of the probes. (a) TM waves can be measured using a pair of vertical coaxial
probes. (b) TE waves can be measured with a pair of horizontal probes.
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Figure 9. TM surface wave
performed using a pair of
essentially flat transmission.
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Figure 10. TM surface wave measurement of a texured, high-
impedance surface. The transmission drops sharply at 1 1 GHz,
indicating the edge ofthe TM band.
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drops by about 30 dB, indicating the edge of the TM
surface wave band. Beyond this frequency, the
transmission level remains low and flat, eventually
sloping upward at much higher frequencies because of
weak coupling to TE surface waves. The TE band edge is
not apparent in this measurement, but the region
corresponding to the surface wave band gap is indicated
on the graph with an arrow.

The measurement shown in Figure 1 1 was taken using a
pair of small straight-wire coaxial probes, oriented
parallel to the high-impedance surface. The transmission
is weak at low frequencies, and strong at high
frequencies, the reverse of the TM data. A sharp jump of
30 dB occurs at I 7 GHz, indicating the TE band edge.
Beyond this frequency, the transmission is flat, with only
small fluctuations due to speckle. The TE probes also
couple slightly to TM surface waves, so there is an
additional transmission peak at 1 1 GHZ, at the TM band
edge, where the density of TM states is high. Both TM
and TE probes tend to couple slightly to both surface
wave polarizations. However, the cross-coupling is
weaker between the TM probe and the TE surface waves
because ofthe symmetry ofthe vertical monopole.

A surface wave band gap exists between the TM band
edge at 1 1 GHz and the TE band edge at 17 GHz. Within
this range, neither type of measurement produces
significant transmission. Currents cannot propagate
across the surface, and any currents induced in the
surface radiate rapidly into free space.

5.2. Reflection phase

The reflection phase of the high-impedance surface can
be measured using two microwave horn antennas, as
shown in Figure 12. The measurement is done in an
anechoic chamber lined with microwave absorbing foam.
The two horns are placed next to each other, aimed at the
surface. Two windows are cut in the chamber, one for the
antennas, and one for the surface under test.

A reference measurement is taken of a surface with
known reflection properties, such as a flat sheet of metal,
and all subsequent measurements are divided by this
reference. A factor of it is added to the phase data to
account for the reference scan of the metal sheet, which is
known to have a reflection phase of it.

The reflection phase of the high impedance surface is
shown in Figure 13. At low frequencies, it reflects with a
it phase shift, just like a flat metal surface. As the
frequency is increased, the phase slopes downward, and
eventually crosses through zero at the resonance
frequency of the structure. At higher frequencies, the
phase continues to slope downward, and eventually
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Figure 1 1 . TE surface wave measurement of a textured, high-
impedance surface. The TE band edge can be seen at 17 GHz, where
the transmission suddenly increases sharply. Some cross-coupling
can also be seen at the TM band edge at 11 GHz.
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;
Horn rowave Absorbe
Figure 12. Measurement of the reflection phase using a pair of horn
antennas and an anechoic chamber.
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Figure 13. Reflection phase measurement of the textured, high-
impedance surface. Within the band gap, image currents induced in
the surface appear in-phase, rather than out-of-phase. At the
resonance frequency, the surface can be considered as an artificial
"marnetic conductor".
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approaches -ic. Within the region between it/2 and —rc/2,
indicated on the graph by arrows, plane waves are
reflected in-phase, rather than out-of-phase. This range
also corresponds to the measured surface wave band gap,
indicated on the graph by a shaded region, with the TM
and TE band edges falling approximately at the points
where the phase crosses through it/2and —ir/2,
respectively.

6. LOW-FREQUENCY STRUCTURES

With two-layer construction shown in Figure 1, the
capacitors are formed by the fringing capacitance
between two metal plates lying edge-to-edge, usually
separated by a few hundred microns. Ifthe substrate has a
dielectric constant between 2 and 1 0, and the period is a
few millimeters, the capacitance is generally on the order
of several tens of IF. With a thickness of a few mm, the
inductance is a few nH, so the resonance frequency is on
typically the order ofabout 10 GHz.

If the desired resonance frequency is less than about 5
GHz, the thickness can be kept within reasonable limits
by using three-layer construction, in which the capacitors
are formed between overlapping metal plates, as shown
in Figure 14. In this geometry, parallel-plate capacitors
are formed by the top two overlapping layers, and a
capacitance of several pF is easily achievable. Resonance
frequencies of less than 1 GHz can be produced, while
maintaining the thickness and period on the order of a
few mm. However, by forcing a thin structure to have a
low resonance frequency, the bandwidth is also reduced.

The three-layer structure studied here had a hexagonal
lattice, with a period of 6.35 mm, and an overlap area
between adjacent metal plates of 6.84 mm2 . The spacer
layer between the plates had a thickness of 100 tim, and a
dielectric constant of 3.25. The lower, supporting board
was 3.17 mm thick, with a dielectric constant of 4.

The three-layer, high-impedance surface maintains the
same general properties as the two-layer structure, with
TM and TE surface wave bands separated by a gap,
within which there are no propagating surface wave
modes. A surface wave measurement is shown in Figure
1 5 for transmission between two straight coaxial probes
lying parallel to the surface. The frequency is low enough
that the free-space wavelength is much greater than the
probe length, which is only a few millimeters, so the
antennas tend to couple equally well to TM and TE
modes. Transmission can be seen in both the TM and TE
bands, and a gap is visible between 2.2 and 2.5 GHz.

The reflection phase of the three layer structure is shown
in Figure 16. The region corresponding to the surface
wave band gap is designated by arrows. Inside the gap,

Layer 1 Capcitor
Layer2

. ______ ______________
I I I I I I r—••—I

Figure 14. A lower resonance frequency is obtained for a given
thickness by using capacitive loading. This can be achieved by using
a three-layer geometry, in which the top two layers consist of
overlapping metal plates, separated by an insulating layer.

0

Figure 1 5 . A surface wave transmission measurement on a three layer
high-impedance surface, measured in what is usually considered TE
configuration. Because the probes are so small compared to the
wavelength, they couple well to both polarizations. The band gap can
be seen between 2.2 and 2.5 GHz.
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Figure 16. Reflection phase measurement of the three-layer, high-
impedance surface. As was seen in the two-layer structure, the
measured surface wave band gap coincides with the frequency range
where the image currents are in-phase.



the reflection phase crosses through zero, and plane
waves are reflected in-phase rather than out-of-phase.

Until now, we have focused primarily on frequencies
near the high-impedance condition, where the TM band
ends, the reflection phase crosses through zero, and the
TE band begins. There are numerous other interesting
electromagnetic features at higher frequencies, which
could be the subject of further study. Some of these
features are illustrated in Figure 17, which shows the
surface wave transmission across the three-layer
structure, measured over a broader frequency range.

Figure 17. Broad transmission spectrum for the three-layer high-
impedance surface.

7. FUNDAMENTAL LIMITATIONS

Through capacitive loading, one can produce a structure with a lower resonant
frequency for a given thickness. However, this also reduces the width of the band
gap, as well as the high-impedance region within which the surface currents radiate.
We can estimate the frequency range over which the surface waves radiate by using
a circuit model. The textured surface is modeled as an LC circuit, and the radiation
into free space is modeled as a resistor with a value of
Vho/so Icos(O) = 377 I cos(O) , where B is the angle of the radiation with
respect to the surface. The amount of power dissipated in the resistor is a measure of
the radiation efficiency ofthe surface waves.

The maximum power dissipated in the resistor occurs at the LC resonance frequency
of the ground plane, where the surface reactance crosses through infinity. It can be
shown that the frequencies where the radiation drops to half of its maximum value
occur when the magnitude of the surface impedance is equal to the impedance of
free space. For radiation perpendicular to the surface, we have the following
equation.

R377/Cos(®)

Figure 18. Equivalent circuit used to
estimate the bandwidth over which
the surface waves radiate. The
radiation is modeled as a resistor,
whose value depends on the angle of
radiation.

(11)
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The TM band is visible up to 2.2 GHz, where the first gap __________________
begins. The TE band begins at 2.5 GHz, and continues up
to about 5.5 GHz where a second, much wider gap
begins. In this second gap, there are no detectable surface
waves, but the structure does not exhibit the favorable
surface impedance of the first gap. It is not known
whether the second gap can be useful for electromagnetic
devices. The second gap is followed by an upper band, which was also seen in the finite element calculations, in Figure 6.
These modes lie within the lower dielectric region between the top metal plates, and resemble the modes of a parallel plate
waveguide. This band occurs at the frequency where one-half wavelength fits between the rows of vias.

jcoL
1—w2LC

This can be solved for co, to yield the equation below.

2 1 1 ii 1
(0 —+ I—+

LC 2172C2 11cN LC 4ij2C2

For typical geometries, L is usually on the order of 1 nH, and C is in the range of 0.05—10 pF. With these values, theterms

involving 1/'q2C2 are much smaller than the 1/LC terms, so we will eliminate them. This approximation yields the
following expression for the boundaries ofthe high-impedance region.

(10)



(
(oo)o1\l±T_ñ)

(13)

The two frequencies designated by the +1- signs delimit the range over which the TE surface waves are highly damped by
radiation. The total bandwidth is roughly equal to the characteristic impedance of the surface divided by the impedance of
free space.

AU) Z0—=— (140
(00 17

This is also the bandwidth over which the reflection coefficient falls between +it/2 and —ic/2, and image currents are more in-
phase than out-of-phase. Thus, it represents the maximum usable bandwidth ofan antenna on a resonant surface ofthis type.

The resonance frequency is given by a)= i/Ji , so it can be lowered
by increasing either the inductance or the capacitance. The sheet
inductance, Lt, depends on the thickness of the structure, as well as the
permeability. Since low-loss, high-permeability materials do not currently
exist at microwave frequencies, the inductance is fixed by the thickness.
Thus, the only way to lower the resonance frequency for a given
thickness is to use capacitive loading.

The relative bandwidth, M/w, is proportional to , so if the
capacitance is increased, the bandwidth suffers. Since the thickness is
related to the inductance, the more the resonance frequency is reduced for
a given thickness, the more the bandwidth is diminished. It would appear
that a structure has a certain "natural frequency" that depends on the
thickness, and that the bandwidth is related to the ratio of the actual
resonance frequency to this natural frequency. This is suggested by the
equation below.

Au) (00—= (15)
(0 natural

This can be solved to yield the natural frequency as a function ofthe physical parameters ofthe structure.

°natura1 = (16)

In the above equation, c is the speed of light in vacuum, while Pr and t are the relative magnetic permeability and the
thickness, respectively, of the material filling the lower, inductive part of the structure, as shown in Figure 19. Since the
dielectric constant does not appear in (16), the bulk of a three-layer structure can be filled with a low-dielectric material
without affecting frequency or bandwidth. In the two-layer structures, in which the capacitance is determined by the fringing
electric fields that extend into the lower dielectric material, the relation given in (16) is still satisfied, but the dielectric
constant influences wnarai.
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I z0
(12)

The resonance frequency is (0 = 1 / and Z0 = / C is the characteristic impedance of the LC circuit. With the

parameters for L, C, and 11 given above, Z0 is usually significantly smaller than . Thus, the square root can be expanded in

the following approximation.

______ jt
Figure 19. Cross section view of a three-layer,
high-impedance surface At microwave
frequencies, where low-loss, high-permeability
materials are unavailable, the bandwidth
depends only on the thickness of the structure
with respect to the wavelength at resonance.



8. CONCLUSION

A new type of metallic electromagnetic structure has been developed that is characterized by having high surface impedance.
It is made of continuous metal, and conducts DC currents, but it does not conduct AC currents within a forbidden frequency
band gap. Instead, any currents that are induced in the surface radiate efficiently into surrounding space. This new surface
also reflects electromagnetic waves with no phase reversal, behaving as a kind of artificial magnetic conductor. The structure
can be described using a lumped parameter circuit model, which predicts some of its electromagnetic properties.
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