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ABSTRACT OF THE DISSERTATION

High-Impedance Electromagnetic Surfaces
By
Danidl Frederic Sievenpiper
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 1999

Professor Eli Y ablonovitch, Chair

A new type of metallic electromagnetic structure has been developed that is characterized
by having high surface impedance. 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, and it reflects electromagnetic waves with no phase reversal. The geometry
consists of ametal sheet, textured with atwo-dimensional |attice of resonant elements,
which act as atwo-dimensional filter to prevent the propagation of electric currents. The
surface can be described using alumped parameter circuit model, which accurately
predicts many of its electromagnetic properties. This unique material is applicable to a

variety of electromagnetic problems, including new kinds of low-profile antennas.
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1 Introduction

In some situations, the presence of electric conductors can have consequences that
adversely affect the performance of electromagnetic devices, particularly those involving
radio communication. Conductive surfaces are useful as reflectors, but they reverse the
phase of reflected waves. They aso support propagating surface waves, which can have
deleterious effects on antenna performance. One can compensate for these properties, but
this adds additional geometric constraints, often resulting in adesign that is less than
optimum.

By applying a special texture to a conducting surface, it is possible to alter its
surface properties. [1] Made of solid metal, the structure conducts DC currents, but over a
particular frequency range, it does not conduct AC currents. This new surfaceis
characterized by having high el ectromagnetic surface impedance. It does not reverse the
phase of reflected waves, and the image currents appear in-phase, rather than out-of-
phase as they are on normal conductors. Furthermore, propagating surface waves are not
supported. Instead, radio-frequency currents on the surface radiate efficiently into free
space. This high-impedance surface provides a useful new ground plane for novel low-

profile antennas, and other electromagnetic structures.

1.1 Electric Conductors

While a conductive surface is a good reflector, it has the unfortunate property of
reversing the phase of reflected waves. Good conductors forbid internal electric fields,

and continuity across the metal/air boundary forces the tangential electric field at the



surface to zero. When an electromagnetic wave impinges on a conductor, the reflected
wave experiences a phase reversal to ensure that the electric field has anode at the
surface. Likewise, the magnetic field has an antinode at the surface.

A flat metal sheet is used in many antennas as a reflector, or ground plane. [2]
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.
Unfortunately, if the antennais too close to the conductive surface, the phase of the
impinging wave is reversed upon reflection, resulting in destructive interference with the
wave emitted in the other direction. Thisis equivalent to saying that the image currentsin
the conductive sheet cancel the currents in the antenna, resulting in poor radiation
efficiency. Figure 1.1.1 depicts an antennain close proximity with aflat, conducting slab.

The antenna is effectively shorted out by the metal surface, and negligible radiation is

emitted.
©
c
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Figure 1.1.1 An antennalying flat against a ground plane

This problem is solved by including a one-quarter wavelength space between the

radiating element and the ground plane, as shown in Figure 1.1.2. The total round trip



phase shift from the antenna, to the surface, and back to the antenna, equals one complete

cycle, and the waves add constructively. The antennaradiates efficiently, but the entire

structure requires a minimum thickness of | /4.

@
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Figure 1.1.2 An antenna separ ated by 1/4 wavelength from the ground plane

Another property of metalsis that they support surface waves.[3, 4] These are
propagating electromagnetic waves that are bound to the interface between metal and free
space. They are called surface plasmons at optical frequencies, [5] but at microwave
frequencies, they are nothing more than the normal AC currents that occur on any electric
conductor. If the conductor is smooth and flat, the surface waves will not couple to
external plane waves. However, they will radiate if scattered by bends, discontinuities, or
surface texture. Bound surface waves do not exist on an ideal “perfect electric conductor”
since, in the limit of infinite conductivity, the fields associated with surface currents
extend an infinite distance into space.

An example of a TM surface wave propagating across a metal slab is shown in

Figure 1.1.3. The magnetic field is transverse to the direction of propagation, associated



with longitudinal currents flowing on the conductor. The electric field is linked to charge
separation on the top of the conductor, and it jumps out of the surface in loops. The
charges oscillate, and the wave propagates along the surface at nearly the speed of light.
At optical frequencies, these surface plasmons are highly localized to the air/metal
interface. At microwave or radio frequencies, the electromagnetic fields extend many
thousands of wavelengths into the surrounding space, and these waves are described

more appropriately as surface currents.

RERSAS

- - + + + + - -

Metal

Figure 1.1.3 A TM surface wave propagating acr oss a metal slab

Surface waves appear in many situations involving antennas. If an antennais
placed near a metal sheet, such as areflector or ground plane, it will radiate plane waves
into free space, but it will also generate currents that propagate along the sheet. On an
infinitely large ground plane, the surface currents would be evident only as a slight
reduction in radiation efficiency. In redlity, the ground plane is dways finite in size, and
these currents propagate until they reach an edge or corner. Any break in the continuous
tranglational symmetry of the smooth, flat surface allows the currents to radiate. The
result is akind of multipath interference or “ speckle”, illustrated in Figure 1.1.4, which

can be seen asripplesin the far field radiation pattern. Moreover, if multiple antennas



share the same ground plane, surface currents can cause unwanted mutual coupling

between them.

multipath
"speckle"
interference

e
waV
5pace

antenna
surface wave

>

ground plane edge

Figure 1.1.4 Multipath interference due to surface waves on a ground plane

1.2 High Impedance Surfaces

By incorporating a special texture on a conductor, it is possible to alter its radio-
frequency surface properties. 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. This boundary condition defines the ratio of the tangential electric field to the
tangential magnetic field at the surface. It is the same impedance given by Ohm'’s law:
the ratio of the voltage to the current along the sheet, expressed in Ohms/square. A
smooth conducting sheet has low surface impedance, while with a specially designed

geometry, the textured surface can have high surface impedance.

Figure 1.2.1 Cross-section of a high-impedance surface



A high-impedance surface, shown in cross section in Figure 1.2.1, consists of an
array of metal protrusions on aflat metal sheet. They are arranged in a two-dimensional
lattice, and are usually formed as metal plates, connected to the continuous lower
conductor by vertical posts. They can be visualized as mushrooms or thumbtacks
protruding from the surface. An example of atop view is shown in Figure 1.2.2. The
hexagonal metal patches are raised above the surface, and the dots in the center are

vertical connecting posts.

QRO
QRO
OORONO

Figure 1.2.2 Top view of the high-impedance surface

If the protrusions are small compared to the wavelength, their electromagnetic
properties can be described using lumped circuit elements — capacitors and inductors. The
proximity of the neighboring metal elements provides the capacitance, and the long
conducting path linking them together provides the inductance. They behave as parallel

resonant L C circuits, which act as electric filters to block the flow of currents along the



sheet. An equivalent circuit is shown below in Figure 1.2.3. Thisis the origin of the high

electromagnetic surface impedance.

e & €& 'E

Figure 1.2.3 An equivalent circuit for the high-impedance surface

Because of its unusual impedance, the surface wave modes on this structure are
very different from those on a smooth metal sheet. It can support tightly bound, radio
frequency TM modes that propagate much more slowly than the speed of light. It can also
support TE modes that are bound to the surface at some frequencies, but radiate readily at
other frequencies. In TE surface waves, the electric field is tangential to the surface, and
to the propagation direction, while the magnetic field extends out of the sheet in loops.
They resemble the TM surface waves described earlier, but with the electric and magnetic

fields exchanged, as shown in Figure 1.2.4.

H E

@) 6 (G e ()6

Figure 1.2.4 A TE surface wave propagating across a high-impedance surface

In the frequency range where the surface impedance is very high, the tangential
magnetic field is small, even with alarge electric field. Such a structure is sometimes

described as a “magnetic conductor”. Thisis amathematical ideathat is used in certain



el ectromagnetics problems, but does not exist in reality. Having high impedance and
being nearly lossless, this new surface can be regarded as a kind of magnetic conductor,

over acertain frequency range.
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Figure 1.2.5 A flush-mounted dipole on a high-impedance ground plane

Because of this unusual boundary condition, the high-impedance surface can
function as a unique new type of ground plane for low-profile antennas. For example, a
simple dipole lying flat against a high-impedance ground plane, shown in Figure 1.2.5, is
not shorted out as it would be on an ordinary metal ground plane. The high-impedance
surface reflects all of the power just like a metal sheet, but it reflects in-phase, rather than
out-of-phase, alowing the radiating element to be directly adjacent to the surface. In
other words, the direction of the image currents results in constructive, rather than
destructive interference, allowing the antenna to radiate efficiently. Furthermore, in a
forbidden frequency band, the high-impedance ground plane does not support freely

propagating surface currents, resulting in an improved radiation pattern.



2 Surface Waves

Surface waves can be illustrated in severa different ways. In optics, they are
called surface plasmons. They aso exist at radio frequencies, where they are smply
called surface currents. One way to derive their propertiesis to solve for waves that decay
exponentialy away from a dielectric interface. We find that such waves only exist on
materials with a non-positive dielectric constant, such as metals. The same waves can be
found by starting from the viewpoint that a material can be assigned an effective surface
impedance. In the case of a metal, the surface impedance is determined by the skin depth.
We find that the skin depth is equivalent to the surface wave penetration depth, and thus,
surface waves are nothing more than ordinary surface currents, which are well

understood at radio frequencies. MKSA units will be used throughout this discussion.

2.1 Dielectric Interfaces

X -aX

& AN
V4

€2 e

Y

Figure 2.1.1 A surface wave on an interface between two dissimilar media.

Surface waves can occur on the interface between two dissimilar materials, such
as metal and free space. To derive the properties of surface waves on a genera interface,

begin with two materials having different dielectric constants, e; and e,. [4, 6] The



surfaceisin the YZ plane, with material 1 extending in the +X direction, and material 2
in the —X direction, as shown in Figure 2.1.1.

For awave to be bound to the surface, assume it decays in the +X direction with
decay constant a, and in the —X direction with decay constant g. Consider first aTM

surface wave, for which Ey=0. The electric field in material 1 has the following form, in

which the factor e/ isimplicit.

E, :A>e-jkz- ax

E, =B jkz- ax
Equation 2.1.1

In material 2, the electric field has the same form, given below.

E, = Cxe Jk2tox

E, = Dxe JK2*O
Equation 2.1.2

Here, A, B, C, and D are constants. Recall the following from Maxwell’ s equations.

Equation 2.1.3

These can be combined to yield the equation below.
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Equation 2.1.4

This can be expanded explicitly, bearing in mind that the Y derivative of the electric field
on both sides is zero.
2 2 2 6 2 2 8 2
Ve TPE, 0 BPE 75,0 w

—e—(XEy +ZE
8 ﬂzz ﬂXﬂZ 6 8ﬂXﬂZ ﬂx2 6 C2 ( X Z)

Equation 2.1.5

By inserting Equation 2.1.1 into Equation 2.1.5, we obtain equations for the fields above

the surface.

2

k2A +jkaB=e; " A
2
c
2 w?
jkaA-a“B=e;—B
2

Equation 2.1.6

Similarly, by inserting Equation 2.1.2 into Equation 2.1.5, we obtain equations for the

fields below the surface.

2
k2C- kD =ep"-C
C

2
- jkeC- ¢?D=e; LD
C2

Equation 2.1.7

Finally, the tangential electric field and the normal electric displacement must be

continuous across the interface, as specified by the following boundary conditions.
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A=C
eiB=eoD
Equation 2.1.8

We can combine Equation 2.1.6, Equation 2.1.7, and Equation 2.1.8 to solve for the wave

vector, k, and the decay constants, a and g.

k = —elez V_V
egtey C

Equation 2.1.9

2
- w
a= e w
egtey, C

Equation 2.1.10

[ w
egtey C

These equations describe surface waves on a general interface between two dissimilar

Equation 2.1.11

dielectric materials. For ssimplicity, assume that one of the materialsis free space, e; =1.

Dropping the subscript from e, , we obtain the following results.

k = iV_V
U1+ec
/-1 w

a= |——
l1+ec

Equation 2.1.12

Equation 2.1.13
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g W
l+ec

From these equations, it can be seen that TM surface waves do not exist on non-

Equation 2.1.14

conductive, dielectric materials. If eis positive, then a and g are imaginary, and the
waves do not decay with distance from the surface; they are ssimply plane waves
propagating through the dielectric interface. On the other hand, if eislessthan -1, or if it
isimaginary, the solution describes a wave that is bound to the surface. These TM
surface waves can occur on metals, or other materials with non-positive dielectric
constants. The properties of surface waves under various conditions will be explored in
the following sections.

The solution for TE surface waves can be obtained from the foregoing analysis by
the principle of duality. [2] If the electric and magnetic fields are exchanged, and mis

substituted for e, the solution above can be applied to the TE case.

2.2 Metal Surfaces
The effective, relative dielectric constant of ametal can be expressed in the

following form. [6]

_,_ IS
e_ -—
weq

Equation 2.2.1

s isthe conductivity, which is given by the equation below.
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_ ngt /m
1+ jwt

Equation 2.2.2

t isthe mean electron collision time, q is the electron charge, and m and n are the
effective mass and the density, respectively, of the conduction electrons.

For frequencies much lower than 1/t, which includes the microwave spectrum,
the conductivity is primarily real, and much greater than unity, so the dielectric constant
isalarge, imaginary number. Inserting Equation 2.2.1 into Equation 2.1.12 leadsto a

simple dispersion relation for surface waves at radio frequencies.

w
k »—
C

Equation 2.2.3

Thus, surface waves propagate at nearly the speed of light in vacuum, and they travel for
many wavelengths along the metal surface with little attenuation. By inserting Equation
2.2.1into Equation 2.1.13, we can find an expression for a, the decay constant of the

fields into the surrounding medium.

Equation 2.2.4

For good conductors at microwave frequencies, the surface waves extend a great distance

into the surrounding space. For example, on a copper surface, the electromagnetic fields

14



associated with a 10 GHz surface wave extend about 70 meters, or 2300 wavelengths into
free space. Hence, at microwave frequencies they are often described ssimply as surface
currents, rather than surface waves. These surface currents are nothing more than the
normal AC currents that occur on conductors in any electromagnetics problem.

We can also determine g, the surface wave penetration depth into the metal. By

inserting Equation 2.2.1 into Equation 2.1.14, we obtain the following equation.

2 -
g:v_v -e ))V_V,‘/_e:\,_v £
cVl+te ¢ c | weg
g»(@+)) ’WITbS = (Ca)
2 d

The skin depth, d, is defined by the expression below. [3]

Equation 2.2.5

Equation 2.2.6

Thus, the surface currents penetrate only a very small distance into the metal. For
example, at 10 GHz, the skin depth of copper is less than one micron.

From the skin depth, we can derive the surface impedance of aflat metal sheet.
The current and the electric field decay exponentially into the metal with a decay constant
of g From Equation 2.2.5, we can write an equation for the current in terms of the skin

depth, in which Ey isthe electric field at the surface.
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J,(x) = SE,(x) = sEge” Xd*))/d
Equation 2.2.7

The magnetic field at the surface is found by integrating around a path surrounding the

thin surface layer of current, extending far into the metal beyond the skin depth.

¥ sd
Ho = ¢ (X)dx = —Eg
0 1+

Equation 2.2.8

Thus, the surface impedance of a flat metal surface is derived.

J

_ 1+
sd

ZS = E
Hy
Equation 2.2.9
The surface impedance has equal positive real and positive imaginary parts, so the
resistance of a metal surface is accompanied by an equal amount of inductance.
At higher frequencies, the dielectric constant of a metal takes a different form.
When the frequency is much greater than 1/t, the inverse collision time, the dielectric

constant given in Equation 2.2.1 may be approximated as follows.

W
e»l- —2
W

Equation 2.2.10

The plasma frequency, wp, isthe highest frequency to which the conduction electrons

are able to respond, and it is given by the expression below.
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Equation 2.2.11

Above wy, which is usually in the ultraviolet range, the electrons cannot follow applied

electric fields, so the metal is transparent to electromagnetic waves.
At optical frequencies, the dielectric constant is a negative real number. Surface
waves, often called surface plasmons, propagate just below the speed of light. Inserting

Equation 2.2.10 into Equation 2.1.12, we find that surface waves are cut off for
frequencies above wy, /2. The dispersion curve bends over flat, as shown in Figure

2.2.1, and the surface plasmons have avery high density of states.

(V)
A

> K

Figure 2.2.1 Dispersion diagram for optical surface plasmons on metals
Optical-frequency surface plasmons can be detected in several ways. For

example, high-energy electrons launched through a thin metal film lose energy in

multiples of the surface plasmon frequency. They can also be seen as a narrow-band dip

in the optical reflectivity of metals. Although plasmons on a smooth surface cannot
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couple to plane waves in free space, a small amount of roughness can facilitate phase

matching between external plane waves and surface waves.

2.3 Impedance Surfaces
Figure 2.3.1 shows the geometry used for computing surface impedance. For an
electromagnetic field above a surface of width w and length ¢, the current in the surface

isegual to the magnetic field integrated around the surface.

—»
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Figure 2.3.1 A rectangular area used for computing surface impedance

| = Hy XW
Equation 2.3.1

The voltage across length 7 is given by the electric field at the surface.

V=E,%
Equation 2.3.2

The surface impedance can be defined as the ratio of the electric field over the magnetic

field at the surface.

Equation 2.3.3
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The factor of w// istaken as unity, and the surface impedance defined this way isthe

same as that given by Ohm’s law, expressed in Ohms/square.

X
g X g—b Z
Y

Zs

Figure 2.3.2 A surface wave propagating on an arbitrary impedance surface

The surface wave behavior can be derived for a general impedance surface. [3, 4]
Assume a surface in the Y Z plane with impedance Zs. A surface wave propagates in the
+Z direction, with fields decaying in the +X direction. The geometry of the problem is
shown in Figure 2.3.2.

For TM surface waves, Hy=H, = Ey = 0. Assume that the fields diminish in the

X direction with decay constant a, and travel along the Z direction with propagation

constant k. Start with the Z component of the electric field.

E, = Ce’ jkz- ax
Equation 2.3.4

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

el
T

—e—
it
Equation 2.3.5

Writing out the derivatives explicitly, and taking into account the three field components

that are known to be zero, we obtain the following expression.
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H

y
wekE, = —
J z x
Equation 2.3.6
Equation 2.3.6 is solved with Equation 2.3.4.
H. = B Jwe Ce ij- ax

Y a
Equation 2.3.7

The surface impedance in this coordinate system is equal to the following expression.

Equation 2.3.8

Inserting Equation 2.3.4 and Equation 2.3.7 into Equation 2.3.8 gives the required surface

impedance for TM surface waves.

Zs(TM) =12
we

Equation 2.3.9
It isclear that TM waves only occur on a surface with positive reactance — an inductive
surface impedance.

We can also determine the impedance required for TE surface waves. We use the
same geometry as shown in Figure 2.3.2, and assume that the electric field is entirely
transverse, oriented along the Y direction. The magnetic field forms loops that emerge
from the surface in the XZ plane. Complimentary to the TM waves, assume the following

form for the magnetic field.

20



H, = Ce jkz- ax
Equation 2.3.10

We can solve for Ey using Faraday’s law.

Equation 2.3.11

Writing out the derivatives of the non-zero fields gives the equation below.

Equation 2.3.12

Equation 2.3.12 is solved with Equation 2.3.10.

Ey = jmee- jkz- ax
a
Equation 2.3.13

To obtain the correct sign for the surface impedance, it isimportant to consider
the right hand rule, and the vector nature of the fields. The impedance of a surfaceis
taken to be the ratio of the electric and magnetic fields, with an orientation that is
consistent with awave impinging on the surface from the outside. This convention
ensures that an absorbing surface will have positive resistance, while a surface with
reflective gain will have negative resistance. Thus, the surface impedance seen by TE
waves is given by the following expression.

-E

o=
S HZ

Equation 2.3.14
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The difference between the TM and the TE case can be understood by remembering that
in both situations, the signs are such that an incident plane wave would be absorbed. The
TE case has E; polarization, and the TM case has E; polarization. The presence of the

negative sign can be understood by imagining a rotation of the coordinate system around

the X axis:
Y® Z
Z® -Y
Equation 2.3.15
Following this convention, the surface impedance for TE wavesis given below.
Z<(TE) = - jwm
a
Equation 2.3.16

Thus, a negative reactance — a capacitive surface impedance, is necessary to support TE

surface waves.
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3 Textured Surfaces

Aswe have seen in the previous chapter, metals support surface waves over a
broad range of frequencies, spanning from DC up to visible light. These surface waves
can be eliminated over afinite frequency band by applying a periodic texture, such as a
lattice of small bumps. As surface waves scatter from the rows of bumps, the resulting
interference prevents them from propagating, producing a two-dimensional
el ectromagnetic bandgap.

By engineering the geometry of the surface texture, the period can be made much
smaller than the wavelength of the surface waves. Such a structure can be described using
an effective medium model, in which the surface is assigned an impedance that can
predict many of its electromagnetic properties. As an example, this method will be used
to analyze the simple case of a one-dimensional corrugated metal surface.

The high-impedance surface is an abstraction of the corrugated surface, in which
the corrugations have been folded up into lumped circuit elements, and distributed in two
dimensions. The surface impedance is that of a parallel resonant circuit, which can be

tuned to exhibit high impedance over a predetermined frequency band.

3.1 Bumpy Surfaces

Consider the evolution from a flat metal sheet to a nearly flat conductor covered
with atwo-dimensional lattice of small bumps. [7, 8] Surface waves are alowed, as they
are on normal metals. When the wavelength is much longer than the period of two-

dimensiona lattice, the surface waves hardly notice the small bumps. As the wavelength
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is reduced, the waves begin to fed the effects of the surface texture. When one-half
wavelength fits between the rows of bumps, this corresponds to the Brillouin zone
boundary [9] of the two-dimensional lattice. At this wavelength, a standing wave on the
surface can have two possible positions: with the wave crests centered on the bumps, or
with the nulls centered on the bumps, as shown in Figure 3.1.1. These two modes have
dightly different frequencies, separated by a small band gap within which surface waves

cannot propagate.

E
e —

Low Frequency Mode

E
IRV AVYART AVYARTN

e —
High Frequency Mode

Figure 3.1.1 A bumpy metal sheet with a narrow surface wave band gap

This surface has been studied at optical frequencies by Barnes, Kitson, and others
[7, 8] using a triangular lattice of bumps, patterned on a silver film. The period of the
bumps was 300 nm, and the thickness of the film was 40 nm. The structure effectively
suppressed surface plasmons within a 5% bandwidth, centered at 1.98 eV. The surface
would have similar behavior at microwave frequencies, if it were scaled about 10,000
times larger.

Small bumps only provide a narrow bandwidth because they represent only a

small perturbation of the flat metal surface. As the bumps are enlarged, the band gap
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increases. The evolution from the bumpy surface to the high-impedance surface is shown

in Figure 3.1.2.
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Figure 3.1.2 Evolution from a bumpy surface to a high impedance surface

As the bumps are stretched toward each other, like mushrooms or thumbtacks
standing up on the surface, the electric field is localized to the narrow separation between
them. As this separation becomes smaller, significant capacitance devel ops between
neighboring protrusions. The currents traverse along path as they slosh back and forth
between the metal elements, providing inductance to the circuit. The structure actsas a

kind of electric filter that prevents the propagation of currents on the surface.

3.2 Corrugated Surfaces

The high-impedance surface can be understood by examining a similar structure,
the corrugated surface, which is discussed in various textbooks, [3, 4] and review articles.
[10, 11] Numerous authors have also contributed general treatments of corrugated

surfaces, [12, 13, 14] and specific studies of important structures. [15, 16, 17, 18] A
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corrugated surface is a metal slab, into which a series of vertical slots have been cut, as
depicted in Figure 3.2.1. The dots are narrow, so that many of them fit within one
wavelength across the slab. Each slot can be regarded as a parallel-plate transmission

line, running down into the slab, and shorted at the bottom.

<<A
— <+

A4 Y

Figure 3.2.1 A corrugated metal slab

If the dlots are one-quarter wavelength deep, then the short-circuit at the bottom
end is transformed by the length of the slot into an open-circuit at the top end, and the
impedance at the top surface is very high. This can be shown by assuming a sinusoidal
wave traveling down a transmission line to a discontinuity positioned at x=0, as shown in
Figure 3.2.2. Part of the wave is reflected by the discontinuity, forming a standing wave,

consisting of forward, f, and backward, b, running waves.

E(x) = Ef ek + Epe KX

H(x) = Hy el + Hye 1K
Equation 3.2.1

The boundary condition at X=0 is the impedance, Z.
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Etota (x =0) _
Hiotal (X = 0)
Equation 3.2.2

]
n Z
]

X=d X=0

Figure 3.2.2 A transmission line terminated at X=0 by an impedance, Z

The negative sign is present in the denominator because of the direction of the field
vectors for waves propagating in each direction. The fields in each running wave are
related by the impedance of the waveguide, h.

[Er 09| _|[En()| _ .
[He ()] [Hp(X)|

Equation 3.2.3

If the discontinuity is ashort, asin the case of the corrugated surface, then Z=0, and

according to Equation 3.2.2 the electric field is reversed on reflection.

Ep(0) =-Ef (0)
Equation 3.2.4

The magnetic field is also reversed for the backward wave. Combining Equation 3.2.1,
Equation 3.2.3and Equation 3.2.4, yields the impedance as a function of distance from the

short.
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Etotal (d) _ Efej_kd - Ere J_kd
Hiota (d)  Heel*d + H; e 1K

Z(x) = jhtan(kd)
Equation 3.2.5

If there are many dots per wavelength, the top surface can be assigned an
effective sheet impedance equal to the impedance of the slots. The behavior of the
corrugations is reduced to a single parameter — the boundary condition at the top surface.
We have aready derived the surface wave properties of an impedance surface. If the
depth of the dots, d, is greater than one-quarter wavelength, the tangent function is
negative, and TM surface waves are cut off. Since TE surface waves are shorted by the
continuous metal ridges, they only propagate along the Y -direction. Furthermore, a plane
wave polarized with the electric field perpendicular to the ridges will appear to be
reflected with no phase reversal, since the effective reflection plane is actually at the
bottom of the dlots, one-quarter wavelength away.

Corrugated surfaces have appeared in avariety of forms. Kildal [17, 18] identified
the one-dimensional corrugated sheet as a soft surface, by analogy to acoustic boundary
conditions. Lee and Jones [15] analyzed a two-dimensional corrugated surface
resembling a lattice of rectangular metal pipes, and derived the surface wave dispersion

relation for such a structure.

3.3 High-Impedance Surfaces

The properties of the new high-impedance surface are similar to those of the

corrugated slab. The quarter-wavelength slots have ssmply been folded up into lumped
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elements — capacitors and inductors — and distributed in two dimensions. Periodic two or
three-dimensional dielectric, [19, 20, 21, 22, 23,] metallic, [24, 25, 26, 27] or
metallodielectric [28, 29, 30, 31, 32] structures that prevent the propagation of

€l ectromagnetic waves are known as photonic crystals. [33, 34, 35] The high-impedance
surface can be considered as a kind of two-dimensional photonic crystal that prevents the

propagation of radio-frequency surface currents.

Figure 3.3.1 Origin of the equivalent circuit elements

The two-dimensional array of resonant elements can be viewed as a kind of
electric filter, and many of its properties can be explained using a ssimple circuit model.
The capacitance is due to the proximity of the top metal patches, while the inductance
originates from current loops within the structure, as shown in Figure 3.3.1. The
electromagnetic properties of the surface can be reduced to an equivalent LC circuit,

shown in Figure 3.3.2.

Figure 3.3.2 Equivalent circuit model for the high-impedance surface
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Z :jVV—L
1- w2LC
Equation 3.3.1

The impedance of a parallel resonant LC circuit, given in Equation 3.3.1, is
gualitatively similar to the tangent function that describes the impedance of the
corrugated surface. It isinductive at low frequencies, and thus supports TM surface
waves. It is capacitive at high frequencies, and supports TE surface waves. In a narrow
band around the L C resonance, the impedance is very high. In this frequency range,
currents on the surface radiate very efficiently, and the structure suppresses the
propagation of both types of surface waves. Having high surface impedance, it aso
reflects external electromagnetic waves without the phase reversal that occurs on aflat
conductor. By using lumped elements, we retain the reflection phase and surface wave
properties of the quarter-wave corrugated slab, while reducing the overall thicknessto a

small fraction of awavelength.
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4 Fabrication

The high-impedance surface can be easily fabricated using printed circuit board
technology. The smplest design is atwo-layer structure, consisting of a double-sided
circuit board with metal patches on one side, connected by metal vias to a solid
conducting sheet on the other side. The capacitace comes from the fringing electric fields

between adjacent patches, while the inductance depends on the thickness of the board.
The resonance frequency is determined by 1/+/LC, so it can be reduced for a given size
structure by capacitive loading. [24] Thisis accomplished in athree-layer design, in
which the capacitors are formed by overlapping metal plates on two different layers.
Other construction techniques may provide even higher capacitance. However, as
we will seein Chapter 5, the bandwidth isrelated to \/m , SO increasing the capacitance

also reduces the bandwidth. The techniques described below can provide bandwidths
ranging from a few percent to nearly afull octave, with center frequencies ranging from

hundreds of megahertz to tens of gigahertz.

4.1 Two-Layer Structure

Fabrication of atwo-layer structure begins with aflat plastic sheet, usualy afew
millimeters thick, with several hundred microns of electrodeposited copper on each side,
asshown in Figure 4.1.1. In this design, the capacitors use fringing electric fields, which
extend into the surrounding dielectric. For this reason, the plastic is often alow-loss,

teflon-based material such as Duroid, available from Rogers Corporation.
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Copper

Plastic

Copper

Figure4.1.1 Copper clad dielectric circuit board material

The first step in the fabrication isto drill the vias, which form the vertical

connections between the two layers, as shown in Figure 4.1.2.

Drilled Via

_\_ —

Figure4.1.2 Holes drilled to define the locations of the vertical connections

An electroless processis used to apply athin metal coating to the inside of the vias. The

entire structure is then electroplated with copper to thicken the metal coating.
Plated C\opper
Figure 4.1.3 Plated copper forming vertical interconnections

The copper is covered with photoresist, and one side of the circuit board is patterned and

etched. The other side is |eft as continuous metal.

Etched Area
e | e | e

Figure 4.1.4 Metal patches defined by etching
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Thus, in the final structure, the top layer is covered with metal patches, which are
shorted to the bottom layer, consisting of a solid metal sheet. A perspective view of the

metal regions, without the dielectric, is shown for atypical structure in Figure 4.1.5.

Figure 4.1.5 Per spective view of a two-layer printed circuit board

4.2 Three-Layer Structure

The two-layer circuit boards described above rely on the capacitance of fringing
fields between neighboring metal patches. Higher capacitance can be achieved by using a
three-layer design, in which two metal layers are separated by a very thin insulator. The
fabrication begins with two separate plastic sheets, each covered on both sides with

electrodeposited copper as shown in Figure 4.2.1.

Thin Polzimide Sheet

Thick FR4 Sheet

Figure4.2.1 Materialsfor fabricating a three-layer printed circuit board



The thin layer is often Kapton polyimide film, available from DuPont, which isa
standard material for making flexible printed circuits. It is currently available as thin as
50 microns, and has low loss, making it suitable for capacitors. Since the electric field is
primarily concentrated in the polyimide capacitors, the thick, lower layer can be made of
alossier material such as FR4, a standard thermoset laminate used for printed circuit
boards. The lower layer is typically several millimeters thick, depending on the frequency
and bandwidth desired.

In the fabrication of multilayer circuit boards, the standard practice is to pattern
the inner metal layersfirst, and then bond them together before drilling. In this design,
the metal is completely etched away from the top of the thick, lower sheet, while the

bottom of the thin, upper layer is patterned and etched as shown in Figure 4.2.2.

Layer 1

L]
Layer 2

Layer 3
Figure4.2.2 Inner layers patterned by etching

The two sheets are bonded together with an adhesive under heat and pressure,

forming a single circuit board with an inner layer of patterned copper.

Adhesive

Figure 4.2.3 Two sheets bonded with an adhesive



The structure is then drilled and plated with copper, as was done on the two-layer circuit

board.

Drilled and Plated Via
Figure 4.2.4 Plated vias for ming inter connects between all three layers

Finally, the top layer is patterned with metal patches and etched, while the bottom layer is

left as continuous metal.

|

Figure4.2.5 Top layer patterned by etching

In one example, the metal elements are arranged in a hexagonal array, shown in

perspective view in Figure 4.2.6.

Figure 4.2.6 Per spective view of athree-layer printed circuit board
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5 Effective Medium Model

Many properties of the high-impedance surface can be explained using an
effective medium model. The structure is assigned a surface impedance equal to the
impedance of a parallel resonant LC circuit, whose properties are derived from geometry.
The use of lumped parameters to describe electromagnetic structuresisvalid aslong as
the wavelength is much longer than the size of the individual features. Thisis also the
range of applicability of effective medium theory.

The capacitance in this model comes from the fringing electric field between
adjacent metal plates in the two-layer design, or from the overlapping plates in the three-
layer design. The inductance comes from the currents in the ground plane, and in the top
capacitive layer. This effective circuit model is able to accurately predict the reflection

phase, as well as some of the surface wave properties.

5.1 Circuit Parameters

Figure5.1.1 Cross-section of a simple two-layer high-impedance surface

A cross-section of the structure is shown in Figure 5.1.1 above. As the structure
interacts with electromagnetic waves, currents are induced in the top metal plates. A
voltage applied parallel to the surface causes charge buildup on the ends of the plates,
which can be described as a capacitance. As the charges slosh back and forth, they flow

around along path through the vias and the bottom plate. Associated with these currents
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isamagnetic field, and thus an inductance. The origin of the capacitance and inductance

areillustrated in Figure 5.1.2.

Figure5.1.2 Origin of the capacitance and inductance in the effective cir cuit model

The behavior of the structure can be reduced to a parallel resonant circuit, shown
in Figure 5.1.3. The appropriate values to use for the model are not the capacitance and
inductance of the individual elements, but rather the sheet capacitance and sheet

inductance. These depend on the value of each element, as well as their arrangement.

C

| |

I
——

L
Figure 5.1.3 Effective circuit used to model the surface impedance

For the two-layer structures, the value of each capacitor is given by the fringing
capacitance between neighboring co-planar metal plates. This can be derived using
conformal mapping, a common technique for solving two-dimensional electrostatic field
distributions. [3] A solution can be found for a pair of semi-infinite plates separated by a

gap, g, with an applied voltage, V, as shown in Figure 5.1.4.
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Figure5.1.4 A pair of semi-infinite plates separated by a gap

From the theory of conformal mapping, the electric flux function for this geometry is

described by the following function.

_ eV | jax+jydd
y =Img—Cos "g———
ép 9/2 g

Equation 5.1.1

The capacitance is actualy infinite, and the field decays nearly logarithmically with

distance away from the gap. In our geometry, the plates end at point &2, asin Figure

5.15.
N
g.
0o T v
S —— I » X
’ >
- a

Figure5.1.5 Capacitor geometry in the two-layer high-impedance surface
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If &>>g, we can estimate the capacitance by simply terminating y in Equation 5.1.1 at the

ends of the plates. The flux ending on one plate is approximated by the expression below.

Equation 5.1.2

Assume the plates have width, w, and the structure is surrounded by e; on one side, and
e, onthe other. The flux ending on one plate is equal to the charge on that plate, which

isequal to the product of the capacitance and the voltage across the plates. The edge
capacitance between the two plates is therefore given the following expression.
c=WEL*e) ooy 1280

P Jg
Equation 5.1.3

For the three-layer circuit board, the capacitance is given by the well-known
formulafor a parallel plate capacitor. A isthe overlap area of the plates, and they are

separated by a distance, d, of dielectric constant, e.

Equation 5.1.4

The sheet capacitance is the product of the individual capacitance and a geometrical
factor. The sheet capacitance can be determined by considering athin slab of dielectric,
asshown in Figure 5.1.6. An electric field is applied tangentially along the slab, and we

wish to find the effective sheet capacitance. The slab can be divided into narrow slices of
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thickness, x. The dab itself has thickness, d, and we consider the total capacitance in an

arbitrary region of length, ¢, and width, w.

E >
— -
£ w
y
d
) < >
¢

Figure5.1.6 A dab of dielectric divided into dlices

Considering that the electric field is applied in the direction perpendicular to the

dices, the capacitance of asingle diceis asfollows.

Equation 5.1.5

There are ¢/x dicesin series contained in length 7, so the total capacitance is equal to the

expression below.

Equation 5.1.6

The factor of w/¢ can be normalized out, and we are left with the sheet capacitance in

units of Farads-square.
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Ceheet = €d
Equation 5.1.7

Next, insert metal plates to form discrete, vertical capacitors. The period of the platesis

designated as a.

+—
a

Figure 5.1.7 Capacitor platesembedded in the dielectric dab
The value of each capacitor is given by the following expression.

C:ﬂ
d

Equation 5.1.8

There are ¢/a series capacitors in length ¢, so the total capacitance is now given by the

eguation below.

_ea’an o
Ciotal R

Equation 5.1.9

Finally, we obtain the sheet capacitance in Farads-square.
2
ea
Ceheet =74
Equation 5.1.10
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In effect, the dielectric constant of the thin sheet has been enhanced by the insertion of
the metal regions.

Ceff =€X >
d

Equation 5.1.11

The sheet capacitance given in Equation 5.1.10 includes only the length, a, of the
individual capacitor plates and the thickness, d, of the dielectric insulator. Each plate
could be divided into smaller widths without affecting the normalized capacitance-square
of an area, so the width is not important. Conversely, the length of the platesis very
important, since it affects the number of capacitorsin series per unit distance. It is
desirable to use all of the areain the two-dimensional lattice in order to get alarge
capacitance, but this area can be divided in various ways. The sheet capacitance is
greatest if long, thin capacitors are used instead of short, wide capacitors. This point will
be illustrated further in Chapter 10.

The inductance of asingle, flat, conductive surface is extremely small. In fact, we
have seen in Chapter 2 that the reactance of a metal surfaceis equal to its resistance,
which is usually much less than one ohm per square. In the high-impedance surface, the
inductance is much greater because of the conductive loops below the top layer,
consisting of the vias, and both metal sheets. Figure 5.1.8 shows a solenoid of current
with area t ¥/, and width, w. The current around the outside is I, and the magnetic field
through the solenoid is H. This geometry is equivalent to the current path in the high-

impedance surface, consisting of rows of vias and metal plates.
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Figure5.1.8 A solenoid of current used to calculate the sheet inductance

The magnetic field through the solenoid is determined by the current flowing around the

outside.

Equation 5.1.12

The energy stored in an inductor is equal to the energy stored in its magnetic field.

1°L = ¢mH xH)dv
vol
Equation 5.1.13

This yields the inductance in the solenoid.
L= mgeig

ewg
Equation 5.1.14

For the sheet inductance in Henrys/square, the factor of //w can be taken as unity. Thus,

the sheet inductance depends only on the thickness of the structure and the permeability.

Lsheet =m
Equation 5.1.15
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We assign to the surface a sheet impedance equal to the impedance of a parallel

resonant circuit, consisting of the sheet capacitance and sheet inductance.

Equation 5.1.16

The impedance of a parallel resonant circuit is shown in Figure 5.1.9. It isinductive at
low frequencies, and capacitive at high frequencies. The impedance crosses through
infinity at the resonance frequency, given by the expression below.

Wp =

1
LC
Equation 5.1.17

Surface Impedance
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Figure 5.1.9 Impedance of a parallel resonant circuit



5.2 Reflection Phase

The surface impedance determines the boundary condition at the surface for a
standing wave formed by the incident and reflected waves. For a surface in the YZ plane,
the surface impedance seen by waves impinging on the surface from the X direction is

equal to the following expression.

Equation 5.2.1

As shown earlier, thisis equivalent to Ohm’s law. If the surface has very low impedance,
such asin the case of a good conductor, the ratio of electric field to magnetic field is very
small. The electric field has a node at the surface, and the magnetic field has an antinode.
For a high impedance surface, the ratio in Equation 5.2.1 is very high, so the electric field
has an antinode at the surface, while the magnetic field has a node. Another term for such
asurface is a“magnetic conductor”, because the tangential magnetic field at the surface
IS zero.

We can determine the reflection phase from an arbitrary impedance surface by
considering the standing wave formed by a forward running wave impinging on the
surface, and a backward running wave reflected from it. The fields of the standing wave

have the following form.
E(x) = E;e K + g el

H(x) = Hye" 1K<+ Hpel
Equation 5.2.2
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The boundary condition at the surface, x=0, is given by the surface impedance.

Etota (X =0) _
Htotal (X = 0)
Equation 5.2.3

The electric and magnetic fields of each running wave are related by the impedance of

free space.

Er (X)| _|Ep(¥)| _ J@:
He ()] [Hp(9)| Ve

The reflection phase is the phase difference between the backward and forward running

Equation 5.2.4

waves.

= Imj InaEE——
| gE %
Equation 5.2.5

Combining this with Equation 5.2.3 and Equation 5.2.4 gives the reflection phase of a

surface with impedance Zs.

F = Imlln%iS he

1

BLG

ZS
Equation 5.2.6

When Zs islow, the reflection phase is + p. When Zs is very high, the reflection phaseis
zero. The phase crosses through + p/2 when Zsis equal in magnitude to the impedance
of free space. Inserting Equation 5.1.16, we can plot the reflection phase of the high

impedance surface. Typical parameters for atwo-layer ground plane are 2 nH/sgquare of
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inductance, and 0.05 pF-square of capacitance. For these values, the reflection phaseis
plotted in Figure 5.2.1. The results are very similar to the measured reflection phase for a

two-layer high-impedance surface with these circuit parameters.

reflection phase

/2

phase
o

-7t/2 E‘é’
©
C
(]
[72]
o
_TE [l L 1 L L
0 5 10 15 20 25 30

frequency [GHZz]
Figure 5.2.1 Reflection phase calculated using the effective circuit model

5.3 Losses

Although this surface has high impedance, it should not be confused with a lossy
surface. The impedance is amost entirely reactive, with only avery small resistive part
due to dielectric and conduction losses. Appropriate material losses can be included in the
model to simulate real metals and real dielectrics. The dielectric loss is added as an

imaginary component in the capacitance, obtained from the loss tangent supplied by the

manufacturer. For Kapton polyimide film, the loss tangent is 3" 10° 3 The conduction
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losses in the upper and lower sheets of metal are added as aresistor in series with the

inductor. For copper a 15 GHz, with a skin depth of 0.5 nm the sheet resistance is

3.2 107 %W/ square. This number is doubled because two copper surfaces contribute to

the resistance. Inserting this resistance and the dielectric loss tangent into the circuit

model gives the actual surface impedance, including the real part, which is plotted below.

Surface Impedance
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S o 883
o
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-600 |
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0

5 10 15 20 25 30
Frequency [GHZ]

Figure 5.3.1 Surface impedance, including dielectric and conductive losses

Notice that the impedance is aimost entirely imaginary, except in a narrow region
near resonance. The reflection magnitude from a surface with this impedance is shown in
Figure 5.3.2. It is clear that the total absorption is very small —the surface reflects nearly

100% of the incident power. For antenna applications, the performance is more than

adequate.
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Figure 5.3.2 Reflection magnitude, including dielectric and conductive losses

Although the materia lossis small, it is multiplied by the Q of the structure. If the
bandwidth is greatly reduced, and lossier dielectric materials are used in the capacitive
layer, then the absorption can be more significant. Furthermore, if an antennais operated
outside the surface wave band gap, they may cause additional losses. Surface waves
spend much more time inside the materials that make up the structure as they propagate
for long distances along the surface, so material losses are likely to be more significant

for surface waves.

5.4 Surface Waves

We have previously derived the dispersion relation for surface waves on aflat

metal surface. Now, we will derive the dispersion relation for surface waves on the high-
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impedance ground plane, in the effective medium limit. Using the expressions for surface

waves on an impedance surface, derived in Section 2.3, we can determine the dispersion

relation for both TM and TE waves in the context of this effective medium model. Begin

with the following Maxwell’ s equations.

R E=-mit
qt
R AzelE
qt

Equation 5.4.1

Equation 5.4.2

For TM surface waves, assume that the Z component of the magnetic field is as follows.

E,= Ce’ jkz- ax

Equation 5.4.3

In the above equation, C is a constant. We write out the derivatives of Equation 5.4.1 and

Equation 5.4.2 explicitly, taking into account the three field components that are known

to be zero for TM waves. Assume that the surface is surrounded by free space with

e=eg and m=ny,.

H

: _ y
wepE, =—
Jjwepk, x
. - ﬂHy
JwegEy =
Iz
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fEx _ fE,
9z Ix

- an‘bHy =
Equation 5.4.6

Solving Equation 5.4.4 with Equation 5.4.3 gives

Hy = W0 g - ax
a
Equation 5.4.7

Similarly, Equation 5.4.5 gives

E, = - jk Ce jkz- ax
a

Equation 5.4.8
Inserting the above results along with Equation 5.4.3 into Equation 5.4.6, we can find an

expression relating k, a, and w.

k? = rrbeoW2 +a?

Equation 5.4.9

This represents the dispersion relation for TM surface waves, but the same expression
appliesto TE surface waves. It is equivalent to stating the total wave vector as a sum of

its components, as shown below.

myeow? = ki +kj +k3
Equation 5.4.10

Combine Equation 5.4.9 with the impedance that we derived for TM surface waves,

which is restated here for convenience.
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Zs(TM -Ja
weq

Equation 5.4.11

We can eliminate a to find an equation for k as a function of w.

z-1a _ | /kz-rrbeowz

Weqg  Weg

wzecz)z2 = rrbeow2 - k2

/ 2
w Z
k =— |1- —
™ c h2

In the above expression, h is the impedance of free space, and c is the speed of light in

Equation 5.4.12

vacuum.
We can find asimilar expression for TE waves by beginning with the equation we

derived earlier for the TE surface impedance, which is restated here.

z(TE) = "o “;V'Tb
Equation 5.4.13

Combining this with Equation 5.4.9 gives the dispersion equation for TE surface waves.

- dwmy - jwmy
a \/kz'nbeowz

22(K2 - myeqn? )= - w2nd
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w h?
k :—1/1- —
TE c 22

Using the effective circuit impedance, Equation 5.1.16, in Equation 5.4.12 and

Equation 5.4.14

Equation 5.4.14, we can plot the dispersion diagram for surface waves. Typical vaues for
the sheet capacitance and sheet inductance of atwo-layer structure are 0.05 pF-square,
and 2 nH/square, respectively. For this example, the dispersion diagram is plotted in
Figure 5.4.1. The present analysisis limited to waves that are bound to the surface.

Shortly, we will also consider leaky waves.

Effective Medium Model
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Figure 5.4.1 Dispersion diagram for bound surface waves, lying below the light line

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
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they do on ordinary metals. This can be seen mathematically in Equation 5.4.9. Whenk is

very nearw,/eghy , then a is very small, so when the dispersion curve is near the light

line, the surface waves extend far into space. 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
medium limit, the graph extends on to infinitely large wave vectors, and the TM
dispersion curve approaches the resonance frequency asymptotically. The graph in Figure
5.4.1 has been terminated at the point where the Brillouin zone boundary would be for a
structure with typical dimensions. No attempt has been made to include the periodicity in
the effective medium limit, so the termination of the graph is artificial in this model.

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. Asthe
frequency isincreased, 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. Thisis because a significant
portion of the electric field is concentrated in the capacitors. As we have seen earlier in
Equation 5.1.11, the effective dielectric constant of a material is enhanced if it is
permeated with capacitor-like structures.

Notice that in the effective medium model, there is actually no band gap. The TM
dispersion curve continues all the way up to the resonance frequency, while the TE curve

begins at the resonance frequency. However, the structure does in fact have a band gap,



which has been seen in measurements, and in numerical calculations of the dispersion
curves. Its absence here is one of the limitations of the effective medium model. The
electromagnetic band gap becomes a frequency band of very high surface impedance in

the effective medium limit, as will be illustrated shortly.

5.5 Radiation Bandwidth

An antenna lying parallel to the textured surface will see the impedance of free
space on one side, and the impedance of the ground plane on the other side. Far from the
resonance frequency, where the textured surface has low impedance, the antenna current
ismirrored by an opposing current in the surface. The antennais shorted out by the
nearby conductor, and the radiation efficiency is very low. Near resonance, the textured
surface has much higher impedance than free space, so the antennais not shorted out. In
this range of frequencies, the radiation efficiency is high.

Although the surface exhibits high impedance, it is not actually devoid of current.
If there were no current, electromagnetic waves would be transmitted right through the
ground plane. However, the resonant structure provides a phase shift, so theimage

currents in the surface reinforce the currents in the antenna, instead of canceling them.

H

Antenna -e—_,E

Ground Plane

Figure5.5.1 A horizontal antenna above a ground plane
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Figure 5.5.1 shows a horizontal antenna above a ground plane. The electric field
is parallel to the antenna, and to the ground plane, while the magnetic field encircles the
antenna. Imagine a simpler problem in which the antenna is abstracted to a sheet of
current just above the ground plane. [36] The electromagnetic radiation is due to the
superposition of the antenna current and the image current.

lantenna = limage * Hradiation
Equation 5.5.1

The radiated magnetic field is linked to the electric field by the impedance of free space,
H=E/h. The image current in the surface is given by |=E/Z. Substituting these
expressions into Equation 5.5.1, the antenna can be described by an equivalent circuit,

shown in Figure 5.5.2

Equation 5.5.2

—\/\/\/\— Radiation

4@7 Antenna

zH Textured
Surface
-

Figure 5.5.2 An antenna shunted by a textured surface

We can determine the frequency range over which the radiation efficiency is high

by using a circuit model, in which the antenna is modeled as a current source. The
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textured surface is modeled as an LC circuit in parallel with the antenna, and the radiation
into free space is modeled as aresistor with avalue of \/ny/eg = 377W. The amount of

power dissipated in the resistor is a measure of the radiation efficiency of the antenna.
The maximum power dissipated in the resistor occurs at the LC resonance
frequency of the ground plane, where the surface impedance crosses through infinity. At
very low frequencies, or at very high frequencies, the current is shunted through the
inductor or the capacitor, and the power flowing to the resistor is reduced. It can be
shown from Equation 5.5.2 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.

z4| = ‘%‘ =h =377W
1- w°LC
w?L? h2

1- 2w2LC+wAL2c2
wi2c?h?- 2wlLch?- w22 +h2 =0

2o 1, 1 1 [1 1

e —— +
LC 2n2c? hC\LC 4n?c?

W

Equation 5.5.3
L isusually on the order of 1 nH, Cisin the range of 0.05-10 pF, and h=377 W. With

these values, thetermsinvolving 1/h 2C? are much smaller than the 1/L C terms, so we
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will eliminate them. This approximation yields the following expression for the edges of

the operating band.

we» —=*— [—
LC hC\VLC
W:i 11& L
LC hVC

Equation 5.5.4

The resonance frequency is wg =1/+/LC,and Zy =+/L/C isakind of characteristic
impedance of the surface. With the parametersfor L, C, and h given above, Zyis usually

significantly smaller than h. Thus, the square root can be expanded in the following

approximation.

Equation 5.5.5

The two frequencies designated by the +/- signs delimit the range over which an antenna
would radiate efficiently on such a surface. Finaly, the total bandwidth is roughly equal
to the characteristic impedance of the surface divided by the impedance of free space.

_bw_2Zo
Wo h

B.W.

Equation 5.5.6
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Thisis aso the bandwidth over which the reflection coefficient falls between +p/2
and - p/2, and image currents are more in-phase than out-of-phase. It represents the
maximum usable bandwidth of a flush-mounted antenna on a resonant surface of this
type. We have found experimentally that the surface wave band edges occur where the
reflection phaseisequal to £ p/2, so thisalso corresponds to the width of the surface

wave band gap.

5.6 Leaky Waves

According to the effective medium model, the TM band begins at DC, and
continues up to the resonance frequency for very large wave vectors. The TE band begins
at the resonance frequency, and continues up with a slope that is less than the speed of
light. However, the model described above only involves waves that are bound to the
surface, and therefore lying below the light line. This gives the peculiar result that the TE
band begins at a finite wave vector, branching out of the light line at the resonance
frequency. The TE waves that lie to the | eft of the light line exist as radiative, leaky
waves, and appear only when radiation is included in the model.

Following the method of the previous section, the radiation from these leaky TE
modes is modeled as aresistor in parallel with the high-impedance surface. By definition
of anormal mode, it must exist in the absence of an inhomogenious driving current.
Therefore, the driving current must disappear from Figure 5.5.2, and the equivalent

circuit is shown in Figure 5.6.1. The circuit equations are satisfied at a frequency
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w =1/+/LC. Therefore, the leaky modes that exist to the left of the light line can be

represented by a horizontal line at the resonance frequency, illustrated in Figure 5.6.2.

R=377/Cos(®)

— ANV —

—
2 s

Figure 5.6.1 Circuit for modeling the radiation of leaky TE waves

The presence of radiation damping tends to blur the resonance frequency, so the
leaky waves actually radiate within afinite bandwidth. The damping resistance is 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
near the light line represent radiation at glancing angles. For a TE polarized plane wave,
the magnetic field, H, projected on the surface at angle, g, with respect to normal is

H(q) = HCos(q), while the electric field isjust E(q) = E. The impedance of free

space, as seen by the surface for radiation at an angle, is given by the following
expression.

E@_ Eo _

2= 1@ " HoCos@) _ Cos@

Equation 5.6.1

Thus, the radiation resistance is 377W for small wave vectors and normal
radiation, but the damping resistance approaches infinity for wave vectors near the light

line. Infinite resistance in a paralle circuit corresponds to no damping, so the radiative
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band is reduced to zero width for grazing angles near the light line. Thisis shown in
Figure 5.6.2, in which the high-impedance, radiative region is shown as a shaded area,
representing the blurring of the leaky waves by radiation damping. In place of a band

gap, the effective medium model produces a frequency band of high surface impedance.

Effective Medium Model
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Figure 5.6.2 Complete dispersion diagram, including leaky modes

5.7 Fundamental Limitations

The resonance frequency is given by w = ]/\/LC , S0 it can be lowered by

increasing either the inductance or the capacitance. The sheet inductance, L=nt, 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
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fixed by the thickness. Thus, the only way to lower the resonance frequency for agiven

thickness is to use capacitive loading.
The relative bandwidth, Dw/w, is proportional to /L/C, so if the capacitanceis

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. Thisis suggested by the equation below.

Dw _ Wp

Wo  Whatural

Equation 5.7.1

The natural frequency is easily calculated.

JL/C _ 1/+/LC
Jmo/eg  Wnatural

_ymy/eg _my/eg _1/ymyep

w =
natural L mom t mt

Whatural =

Equation 5.7.2

In the above equation, c is the speed of light in vacuum, while m 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 5.7.1. Since the dielectric
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constant does not appear in Equation 5.7.2, the bulk of athree-layer structure can be
filled with alow-dielectric materia without affecting frequency or bandwidth. In the two-
layer structures, in which the capacitance is determined by the fringing electric fields,
which extend into the lower dielectric material, Equation 5.7.1 is still satisfied, but the

dielectric constant influences Wharal-

Figure5.7.1 Cross-section of one unit cell of athree-layer high-impedance surface
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6 Finite Element Model

The model described in the previous chapter is an effective medium approach, in
which the properties of the surface are summarized into a single parameter, the surface
impedance. This approach can be used when the periodicity of the structure is much less
than the electromagnetic wavelength. The effective medium model correctly predicts the
reflection properties of the high-impedance surface. However, it does not predict an
actual band gap. Instead, it predicts a high-impedance, radiative region that corresponds
roughly to the measured band gap.

Numerical methods exist that are more accurate for modeling structures of this
type, in which the periodicity is not infinitesimally small. One such approach is the finite
element method, employed by Zhang [37] in the UCLA Electrical Engineering
department, to model atwo-layer structure with a square lattice. This technique can give
an accurate description of the surface wave bands by explicitly including the geometry of

the metal and dielectric regions, as well as the periodicity.

6.1 Surface Waves

In the finite element method, the metal and dielectric regions of one unit cell are
discretized on agrid. 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 certain



wave vector, and the procedure is repeated for each wave vector to produce the
dispersion diagram. The structure studied was a two-layer, high-impedance surface with
square geometry, shown in Figure 6.1.1 The lattice constant was 2.4mm, the spacing
between the plates was 0.15mm, and the width of the vias was 0.36mm. The volume

below the square plates was filled with e=2.2, and the total thickness was 1.6mm.

Figure 6.1.1 Geometry studied using the finite element method.

The results of the finite element calculation are shown in Figure 6.1.2. According
to the finite element model, 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 speed of light in vacuum, which is
indicated by a dotted line. These results agree qualitatively with the effective medium
model. The finite e ement method also predicts the higher-frequency bands that are seen
in the measurements, but do not appear in the effective medium model. A second gap that
was measured on the hexagonal structure appears on the square structure studied here, but

only in the X-direction.
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Figure 6.1.2 Surface wave band structure for a two-layer, high-impedance surface

According to the more accurate finite element model, the TM band does not reach
the TE band edge as it does in the effective medium model, but stops dlightly below it.
Furthermore, the TE band slopes upward before crossing the light line, without the kink
that appears in the effective medium model. 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. If aresonance frequency is associated with the point where
the TE band has zero wave vector, the width of the band gap is roughly equally
distributed on either side of the resonance frequency.

In both the TM and TE bands, the k=0 state represents a sheet of current that is

continuous in space. The lowest TM mode, at zero frequency, is a sheet of DC current.
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The highest TM mode, at the Brillouin zone edge, is a standing wave in which each row
of metal protrusions has opposite charge.

The lowest TE mode is a sheet of current that is continuous in space, but
oscillating at the LC resonance frequency. Since the wavelength along the surfaceis
infinite, this mode occurs at the origin of k-space, k=0. The TE band slopes smoothly
upward in frequency, crossing through the light line at some point. The slope is less than
the speed of light, indicating that the TE waves interact significantly with the capacitors.
At the highest TE mode, at the Brillouin zone boundary, transverse currents flow in
opposite directions on each row of protrusions.

In the upper bands, the electric field is primarily concentrated in the region below
the capacitor plates. The modes in these bands resemble the modes in a paralel plate
waveguide, and begin at the frequency where one-half wavelength fits between the rows

of metal vias.

6.2 Leaky Waves

In order for a surface wave to couple to a plane wave in free space, phase
matching must occur along the interface. For any surface wave lying below the light line,
the wave vector along the surface exceeds that of an external plane wave of the same
frequency, as shown in Figure 6.2.1. Since no plane wave can achieve phase matching,
the surface wave is prevented from radiating, and is therefore stable.

Conversely, any surface wave that lies above the light line can radiate energy

away by coupling to external plane waves, as shown in Figure 6.2.2. The short wave
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vector along the surface is easily matched to a plane wave of the same frequency. Such
modes are not strictly surface waves, but rather radiatively unstable, leaky waves. Thus,

they have an imaginary frequency component.

k=w/c
plane
wave
no phase
matching
>
surface wave k>w/c

Figure6.2.1 A bound surface wave, for which phase matching isimpossible

k=w/c
plane
wave
phase
------- » matching
> Kk<olc

surface wave
Figure 6.2.2 Phase matching to a leaky wave
A small region of Figure 6.1.2 has been enlarged in Figure 6.2.3, in which the
imaginary part of the frequency is plotted as an error bar on each data point of the TE
band. The TE modes lying to the left of the light line are radiative, leaky modes, as
indicated by the complex frequency. The TM band lies entirely below the light line, and
therefore does not radiate. There are upper bands that exist above the light line, but their

radiation properties are not known.
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6.3 Vertical Connections

Zhang has also calculated the same structure without the vertical conducting vias.
The band diagram for this structure is shown in Figure 6.3.1. 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 isno band gap. The TM
curve continues upward with a slope of dlightly less than the speed of light. Therefore,
the presence of the vertical connecting viasis critical for the suppression of TM surface

waves, and the creation of aforbidden band.
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7 Measuring Surface Properties

Technigues have been developed for measuring various properties of
electromagnetic surfaces. The presence of surface wave modes is detected in the
transmission between two antennas positioned near the surface. These antennas can be
simple monopole probes, or they can be specifically designed to efficiently launch
surface waves. By varying the polarization of the antennas, one can distinguish between
TM and TE modes. The measurements on the textured surface indicate a frequency band
in which there are no propagating surface waves.

The reflection phase can be measured using a pair of horn antennas directed
toward the surface. The phase of the reflected wave is measured with respect to a surface
with known reflection properties, such asaflat metallic surface. Within the surface wave

band gap, the textured surface reflects in-phase, rather than out-of-phase.

7.1 TM 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 coupling. [7] 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, isto use avery small probe. A point source

launches all wave vectors, so a small antenna brought near the surface is capable of
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coupling to surface wave modes. Various types of antennas can be used for this purpose,
and the antenna geometry can be tailored to distinguish surface wave polarization.

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 7.1.1. The vertical electric field

of the probe couples to the vertical eectric field of the TM surface waves.

Surface
Under
Test
Coax
Probe \

Microwave Absorber

Figure 7.1.1 TM surface wave measur ement using monopole probe antennas

For improved signal, aflared parallel-plate waveguide structure, pictured in
Figure 7.1.2, functions as a more effective TM surface wave antenna. This type of
antenna s built from atriangular piece of microwave circuit board material, with copper
cladding on both sides. The upper and lower copper surfaces are soldered to the inner and
outer conductors of acoaxia cable. The triangular part functions as a parallel-plate
waveguide. A wave is launched between the plates from the coaxial cable at the narrow
end, and spreads out to a flat wave front at the wide end. This structure provides a smooth
transition between the mode in the coaxial cable and the surface wave mode, producing a

stronger transmission signal than the small monopole.
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Figure 7.1.2 TM surface wave measurement using flared par allel-plate waveguides

On aflat metal sheet, a TM surface wave measurement produces the results
shown in Figure 7.1.3. The surface under test was a 25 cm square sheet of flat metal. The
measurement represents the transmission between a pair of monopole probes oriented

vertically at the edges of the metal sheet.

Metal Surface, TM Measurement
'10 1 1 1 1 1 1 1 1 1

Tangential Transmission [dB]
1

0 6 12 18 24 30
Frequency [GHZz]

Figure 7.1.3 TM surface wave transmission data on a flat metal surface

The data has variations of 10-15 dB, but remains relatively flat over a broad

spectrum. The variations are produced by multipath interference, or speckle, which
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occurs in coherent measurements whenever multiple signal paths are present. Multipath
interference can be distinguished from other effects 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.

Two-Layer High-Impedance Surface

TM Measurement
'1 0 1 1 1 1 1 1 1 1 1

Tangential Transmission [dB]

0 6 12 18 24 30
Frequency [GHZ]

Figure 7.1.4 TM surface wave transmission data on a textured surface

A typical TM surface wave measurement on a textured surface is shown in Figure
7.1.4. The size of the sheet and the measurement technigue were the same as those used
for the flat metal surface. The structure consisted of atriangular 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 drops by about
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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

isindicated on the graph with an arrow.

7.2 TE 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 7.2.1. 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 much greater cross-coupling to TM waves, that may complicate the measurement.

Coax
Probe

\ A\

Surface
Under
Test

Microwave Absorber

Figure 7.2.1 TE surface wave measurement using monopole probe antennas

Another antenna for measuring TE surface waves is a small loop, shown in Figure

7.2.2.. Thistype of probe can be constructed as a small wire loop connecting the two

75



conductors of acoaxial cable. The plane of the loop is parallel to the surface, creating a

vertical magnetic field that couples to the magnetic field of TE surface waves.

\

Under
Current Test
Loop
Probe

Microwave Absorber

Figure 7.2.2 TE surface wave measurement using small loop antennas

On aflat 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.

The measurement shown in Figure 7.2.3 was taken using a pair of small straight-
wire coaxial probes, oriented parallel to the high-impedance surface. A similar profileis
obtained if magnetic loop probes are used. 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 17 GHz, indicating the TE band edge. Beyond this frequency, the transmission is flat,
with only small fluctuations due to speckle. The TE probes aso couple slightly to TM
surface waves, so there is an additional transmission peak at 11 GHZ, at the TM band
edge, where the density of TM statesis high. Both TM and TE probes tend to couple

dightly to both surface wave polarizations. However, the cross-coupling is weaker
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between the TM probe and the TE surface waves because of the symmetry of the vertical

monopole.

Two-Layer High-Impedance Surface
TE Measurement

Tangential Transmission [dB]
1

—60- ML,

0 6 12 18 24 30
Frequency [GHZ]

Figure 7.2.3 TE surface wave transmission data on a textured surface

A surface wave band gap exists between the TM band edge at 11 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.

7.3 Reflection Phase

The reflection phase of the high-impedance surface can be measured using two
microwave horn antennas, as shown in Figure 7.3.1. A single antenna can also be used,
but the data contains much more interference because of radiation trapped between the

horn and the ground plane. The measurement is done in an anechoic chamber lined with
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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.

Transmitting
Horn
Surface
Under
Test
Receiving
Horn
Microwave Absorber

Figure 7.3.1 Reflection phase measurement using a pair of horn antennas

A reference measurement is taken of a surface with known reflection properties,
such as a sheet of metal, and all subsequent measurements are divided by this reference.
The metal surface is then removed from the chamber and replaced by the surface under
test. When performing phase measurements, the surface under test must be placed in
exactly the same location as the reference metal surface, because variations in path length
would create an additional phase shift. A factor of p 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 p.

The reflection phase of the high impedance surface is shown in Figure 7.3.2. At
low frequencies, it reflects with a p phase shift, just like a metal surface. Asthe
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
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slope downward, and eventually approaches -p. Within the region between +p/2 and

- p/2, indicated on the graph by arrows, plane waves are reflected in-phase, rather than
out-of -phase as occurs on a smooth metal surface. This range also corresponds to the
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 +p/2 and

- p/2, respectively.

Two-Layer High-Impedance Surface
Relection Phase Measurement
1 1 1 1 1 1 1

Out-of-Phase

hase —

Reflection Phase [radians]
o

Out-of-Phase

0 6 12 18 24 30
Frequency [GHZ]

|
a

Figure 7.3.2 Reflection phase of a textured surface

The reflection phase is related to the surface impedance in the following way.
Consider a forward-running wave impinging on the surface, with electric and magnetic

fields given by the expressions below.
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Figure 7.3.3 Waves impinging on, and reflected by a surface
Ef = Eoe- Jkx

Hf = Hoe- Jkx
Equation 7.3.1

The wave is reflected from the surface, and the backward-running wave has a similar

form, asindicated in Figure 7.3.3.
Eb = Eoejkx

Hb =- Hoejkx
Equation 7.3.2

The negative sign on the magnetic field is due to the convention of the right hand rule.

The field components of each wave are related by the impedance of free space, h.

B
Hs

Ep
Hp

=h

Equation 7.3.3

The electric and magnetic fields of the standing waves, and thus the impedance, can be

expressed in terms of the phase shift that occurs upon reflection from the surface, f .
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Equation 7.3.4

From the above equation, the apparent reflection point moves in the positive X-direction
as the reflection phase, f, decreases. This point isillustrated below.

At frequencies that are far below resonance, the surface has low impedance, so
the electric field has a node at the surface, and the magnetic field has an antinode, as
shown in Figure 7.3.4. This also describes reflection from a flat metal surface. The figure
shows the electric and magnetic fields of a standing wave, which are the vector sums of
the two running wave fields. The position of the surface is indicated by the solid vertical
line. It is assumed that the sign shown for each field is consistent with the field direction
of an incoming wave. This convention ensures that an absorbing surface has positive, red

impedance, while a radiating surface has negative, real impedance.
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Figure 7.3.4 Standing wave fields at a frequency far below resonance

With increasing frequency, the phase in Figure 7.3.2 lopes downward, asif the
effective reflection point of the surface were receding. The standing wave shifts forward,
toward the surface, asindicated by the arrowsin Figure 7.3.5. Actually, the surface just

has higher impedance, so the electric field no longer has a node at the surface. The
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standing wave shown in Figure 7.3.5 isfor a frequency just below resonance, near the

TM band edge. The apparent reflection point is indicated by the dotted vertical line.

Figure 7.3.5 Standing wave pattern just below resonance

Just below resonance, the surface impedance is positive imaginary, or inductive,
but its value is much higher than that of a smooth metal surface. At the resonance
frequency, the reflection phase crosses through zero. The surface impedance is very

large, so the electric field has an antinode at the surface, as shown in Figure 7.3.6.

NEN TS
vaval

avavi

Figure 7.3.6 Standing wave pattern at the resonance frequency

With higher frequency, the standing wave continues to shift toward the surface and the
phase slopes farther downward towards —p. The impedance has switched sign, and the
surface is now capacitive. Thisisindicated in Figure 7.3.7, in which the magnetic field is

now negative.
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Figure 7.3.7 Standing wave pattern just above resonance

At frequencies much higher than resonance, the surface impedance has returned to near
zero. The reflection phase has returned to the same point where it started, but it has gone
through one complete cycle. The standing wave is shown in Figure 7.3.8. Asthe
frequency isincreased through the resonance, it is as if the effective reflection plane has

dlipped into the surface by one-half wavelength.

-
>

Figure 7.3.8 Standing wave pattern for a frequency far above resonance

7.4 Low-Frequency Structures

The measurements in the previous sections are representative of atypica two-
layer, high-impedance surface. With two-layer construction, the capacitors are formed by
the fringing capacitance between two metal plates lying edge-to-edge, usually separated

by afew hundred microns. If the substrate has a dielectric constant between 2 and 10, and
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the period is afew millimeters, the capacitance is generally on the order of afew tens of
femtoFarads. With a thickness of a few millimeters, the inductance is afew nanoHenrys,
so the resonance frequency is on generally the order of about 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. Since the capacitors are
formed between overlapping metal plates, a capacitance of several picoFaradsis easily
achievable. With this method, resonance frequencies of less than 1 GHz can be produced,
while maintaining the thickness and period on the order of afew millimeters. Aswe will
see in Chapter 5, by forcing a thin structure to have a low resonance frequency, the

bandwidth is also reduced.

Three-Layer High-Impedance Surface
Surface Wave Measurement

0 I I I I I I I I I
-10 | Band
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Figure 7.4.1 Surface wave transmission acr oss a three-layer high-impedance surface

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 7.4.1 for atypical three-layer structure. The data shows the transmission
between two straight coaxial probes lying parallel to the surface, in what is usualy
considered the TE configuration. The frequency is so low 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 agap is visible between 2.2 and 2.5 GHz.

Three-Layer High-Impedance Surface
Reflection Phase Measurement
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Figure 7.4.2 Reflection phase of a three-layer high-impedance surface

The reflection phase is shown in Figure 7.4.2. The region corresponding to the
surface wave band gap is designated by arrows. Inside this gap, the reflection phase
crosses through zero, and plane waves are reflected in-phase rather than out-of-phase. For

this low-frequency structure, the data contains multipath interference from other sources
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of reflection. The absorbing foam is less effective at lower frequencies, the horn antennas
have lower gain, and the structure is smaller compared to the wavel ength. Because of
these factors, the edges and other surroundings introduce unwanted interference in the
reflection measurement. Nevertheless, the data follows the same trends as for the two-

layer structure.

7.5 Other features

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 el ectromagnetic features at higher
frequencies, which could be the subject of further study. Some of these features are
illustrated in Figure 7.5.1, which shows the surface wave transmission across the three-
layer structure studied in the previous section.

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.
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Figure 7.5.1 A broad frequency sweep reveals other features of the band structure
At much higher frequencies, another band appears. The modes in this band
probably occupy the space between the top capacitive layer and the lower ground plane,
as shown in Figure 7.5.2. In one such possible mode, the electric field is verticaly
oriented, and the magnetic field runs parallel to the plates, similar to amode in aparalé-
plate waveguide. This upper band begins at the frequency where one-half wavelength fits

between the metal vias.

R SR R R A

Figure 7.5.2 Electric field lines for a possible mode in an upper band
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8 Alternative Structures

The high-impedance surface can be related to several other approaches for
controlling el ectromagnetic waves. However, these alternative structures fail to exhibit
the unique properties of the high-impedance el ectromagnetic ground plane. An
examination of these structures can illustrate the features of the high-impedance surface
that are important for its electromagnetic properties. The ssimplest alternative isathin
sheet of metal islands, without the ground plane or the conducting vias. Such a structure
will not support surface waves over a certain frequency range, but it is a poor reflector. If
aground plane is added, the structure is completely reflective, and it has the favorable
reflection phase properties of the high-impedance surface, but it permits the propagation
of surface waves. It is only when both the ground plane and the vias are included that the
two important properties of the high-impedance surface are obtained: (a) in-phase, 100%

reflection, and and (b) suppression of surface current propagation

8.1 Frequency Selective Surfaces

Consider a structure consisting of only the top layer of the high-impedance
surface — a sheet of metal islands, such as the one shown in Figure 8.1.1. Thistop layer
alone can effectively suppress surface waves, because currents cannot travel across the
breaks between the plates. It isonly at very high frequencies, when the effective
capacitors between neighboring plates behave as shorts, that surface waves can

propagate. It would seem that a structure like this could be used in many of the same
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applications as the high-impedance surface. However, over the frequency range where it

prohibits surface waves, it is only partialy reflective.

Figure8.1.1 A “capacitive’ surface

This structure is often called a frequency selective surface. [38, 39] If the metdl
plates are not connected, it is caled a*“ capacitive” surface, and it transmits low
frequencies while reflecting high frequencies. The inverse geometry, shown in Figure
8.1.2, iscalled an “inductive’ surface, and it transmits high frequencies while reflecting

low frequencies.

Figure 8.1.2 An “inductive” surface

The behavior of these two surfaces is easily understood from the following
argument. For the inductive surface, waves that are short compared to the diameter of the
holes will easily fit through the mesh, while longer waves see the sheet as continuous

metal. Since each structure represents the Babinet compliment of the other, [2] they have
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complimentary transmission spectra. Therefore, the sheet of metal islands transmits long
wavelengths, while reflecting short wavelengths. At low frequencies, where it can
prevent the propagation of surface waves, the capacitive sheet is not completely
reflective. Conversely, while the inductive sheet is reflective at low frequencies, surface
waves can propagate easily along the continuous metal wires.

The high-impedance surface represents a new class of electromagnetic structures,
distinct from frequency selective surfaces. Since it is backed by continuous, solid metal,
it reflects at all frequencies. Nonetheless, the phase of the reflected waves can vary

greatly with frequency. In addition, surface current propagation is controlled.

8.2 Addition of a Ground Plane

By augmenting the sheet of metal islands with a conducting ground plane, shown
in Figure 8.2.1, it can be made completely reflective. In this example, the capacitance has
been enhanced by overlapping the metal plates, but the same idea applies to any

capacitive surface.

Figure 8.2.1 A capacitive sheet backed by a solid metal ground plane

We can calculate the reflection phase using an effective medium approach. We
found earlier that a sheet of capacitors can be considered as an effective dielectric dlab.

The layer has thickness, d, the capacitors are arranged with lattice constant, a, and they
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are filled with dielectric e. The effective dielectric constant of the slab, which is shown in

Figure 8.2.2, is given by the following expression, derived in Chapter 5.

a2

Ceff =€—
q2

Equation 8.2.1

K}
T 1

Figure 8.2.2 Effective medium model for a capacitive sheet above a ground plane

ceff

metal ground

The reflection properties of alayered structure can be calculated using a

transmission matrix approach. [40] Each layer or interface is described as a two-port

network, shown in Figure 8.2.3.

al —
b1

port 1
port 2

Figure 8.2.3 A two-port network

The network is expressed mathematically asa 2° 2 matrix. The incident, transmitted,

and reflected wave amplitudes on either side of the network are related by the following

matrix equation.
equ_eMy Mgtz

D1l M2 Moidol

Equation 8.2.2
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Stacking additional layers corresponds to cascading additional two-port networks, and the
complete structure is described by the product of the individual matrices.

The transmission matrix across an interface from a materia with impedance h; to
amaterial with impedance h, can be shown to be equal to the expression below.
éhi+hy hi-hyi
€ 2hy 2h; Y

e u
éhl' h2 h1+h2l:I
g€ 2h; 2h; §

Mhi® h2 =

Equation 8.2.3

The transmission matrix for a wave traveling through a material with index of refraction

n, with thickness x, at frequency w is easily derived.

€ agwnx o u
e 0
Mnx,w =€ 2 WX U
¢ o0 expg o
& e ¢ &

Equation 8.2.4

The matrices for each interface or thickness are multiplied in reverse order with
respect to the direction of the impinging wave because of the convention chosen in

Equation 8.2.2. Finally, the transmission coefficient of the entire stack is given by the

following equation.

Equation 8.2.5

The reflection coefficient is similarly obtained
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R=. M2
M22
Equation 8.2.6

This method can be used to analyze structures containing dielectrics, magnetic materials,
metals, and other lossy materials. One only needs the impedance and refractive index, or

the dielectric constant and magnetic permeability, which can be complex.
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Figure 8.2.4 Reflection phase of a capacitive sheet above a ground plane

A typical structure might have a 50 nm thick dielectric layer with e=4. If the

embedded capacitor plates are 2 mm long, the effective dielectric constant, from Equation

8.2.1,isequal to 4” (2/ 0.05)2 =6400. A typical thickness for the lower portion of the

structure is 1.5 mm. For these parameters, the transmission matrix model gives the

reflection phase shown in Figure 8.2.4. At low frequencies, the reflection phase begins at
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p. It crosses through zero at some resonance frequency, and continues toward -p at higher
frequencies.

When the capacitive layer is very thin, with avery high effective dielectric
constant, the resonance frequency appears to scale according to a simple set of rules. By
simulating numerous structures, we can determine the dependence of the resonance
frequency on various parameters. It appears to depend on the inverse square root of both
the effective dielectric constant, and thickness of the capacitive sheet. It does not depend
significantly on the dielectric constant of the thick lower layer, but it variesinversely
with the square root of its thickness. If the lower layer is assigned a magnetic
permeability other than unity, the resonance frequency also has an inverse square root
dependence on that quantity. These observations are summarized by the following

empirical formula.

c

A Eeff >d>1T} 3t

W »

Equation 8.2.7

eqf and d are the effective dielectric constant and thickness of the capacitive layer,

while m and t are the relative permeability and thickness of the spacer layer.

Substituting the expression for the effective dielectric constant into the above equation

yields the following simplification.
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d & dj

Equation 8.2.8

Thus, the empirical formula obtained from the simulations reduces to the same
expression derived earlier from the effective circuit model. These calculations support the
assumption that the thick lower region can be considered the inductive part of the

structure, and its dielectric constant isimmaterial.

8.3 Grounded Dielectric Slab

For plane waves impinging on a high-impedance ground plane at normal
incidence, the electric field is parallel to the surface. The current through the viasis zero,
so they do not influence the reflection phase. Furthermore, we have seen that a layered
dielectric structure can have the same reflection phase behavior as what has been
measured on the complicated metallic structure. It might appear that the vias and metal
plates are unnecessary, and a simple dielectric sab on a ground plane can produce the
same results. However, such a structure cannot prevent the propagation of surface waves.

The analysis of the grounded dielectric dlab can be found in many
el ectromagnetics textbooks. [3, 4] Its surface wave properties are summarized in the
dispersion diagram shown in Figure 8.3.1. Unlike the high-impedance surface, the
grounded dielectric dlab supports TM waves at al frequencies, and TE waves above a

cutoff frequency given by the expression below.
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Equation 8.3.1

At this frequency, the thicknessis slightly over one-quarter wavelength, and the surface
impedance is capacitive. Higher order TM and TE surface waves also occur at multiples

of the TE; cutoff frequency.

> k

Figure 8.3.1 Dispersion curvesfor surface waveson a grounded dielectric sab
Although the surface impedance is capacitive when the dielectric layer is more

than one-quarter wavelength thick, the TM dispersion curve has no upper limit. The wave

simply adjusts its position toward the metal surface, asillustrated in Figure 8.3.2, so that

the apparent surface impedance remains inductive, as required by TM surface waves.
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Figure 8.3.2 Surface waves shifting toward the ground plane at higher frequencies
The high-impedance surface behaves similarly if the vias are drilled out. A
measurement of its TM surface wave properties without vias yields a similar result as an
ordinary metal surface. The suspended sheet of capacitors acts as an additional dielectric

layer, and is ineffective at preventing TM surface waves.

8.4 The Role of Conducting Vias

The importance of the conducting vias can be understood by adding metallic
corrugations to the grounded dielectric lab. As the frequency increases, the wave
attempts to move downward into the dielectric material. The more it interacts with the
corrugations, the more it is slowed down. Eventually the wave fits entirely inside one of
the corrugations, and ceases to propagate. This condition, illustrated in Figure 8.4.1,
occurs when the structure is one-quarter wavelength thick. We saw in an earlier section
that this condition is analogous to the resonance frequency of the high-impedance

surface.
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Figure 8.4.1 Metal corrugations preventing high frequency TM surface waves

TM waves are similarly suppressed on the high-impedance surface by the
presence of vertical conducting vias. These necessary vertical connections occur naturally
as the “bumpy surface” is extended into a circuit model, but their significance has not
been adequately explored. A possible circuit for a structure without conducting viasis
shown in Figure 8.4.2. Although the capacitive layer does not support propagating TM
surface waves, the inductive metal surface below it does. The two are not electrically

connected, and the capacitive sheet behaves as nothing more than a dielectric film

N

++ + - - -

suspended above the metal.

Figure 8.4.2 Effective circuit in the absence of conducting vias

When conducting vias are added, the nature of the structure is changed. The
vertical electric field of a TM surface wave causes currents to flow through the vias, as

shown in Figure 8.4.3. The two surfaces are linked together, and the combined structure
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has the impedance of a parallel resonant circuit. Above the resonance frequency, the

circuit is capacitive, and the structure does not support TM surface waves.

Figure 8.4.3 Vertical conducting vias linking the two surfaces together

Thus, one can conclude that the specific two-dimensional topology of the high-

impedance surface is necessary for its full range of valuable properties.
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9 Antennas

The high-impedance surface has proven useful as an antenna ground plane.
Antennas have been demonstrated that take advantage of both the suppression of surface
waves, and the unusual reflection phase. As aresult of the suppression of surface waves,
an antenna on a high-impedance ground plane produces a smoother radiation profile than
asimilar antenna on a conventional metal ground plane, with less power wasted in the
backward direction. This can be applied to avariety of antenna designs, including patch
antennas, which often suffer from the effects of surface waves. For phase-arrays, the
suppression of surface waves can reduce inter-element coupling, and help to eliminate
blind angles.

Various workers have studied antennas on photonic crystals, which are closely
related to the high-impedance surface. [41, 42, 43, 44, 45] The unique reflection phase
properties of the high-impedance surface can allow for new, low-profile antenna designs,
with radiating elements lying flat against the ground plane. These antennas can take on a
variety of forms, including straight wires to produce linear polarization, or various other
shapes to generate circular polarization.

The high-impedance surface is particularly applicable to the field of portable
hand-held communications, in which the interaction between the antenna and the user can
have a significant impact on antenna performance. Using this new ground plane as a
shield between the antenna and the user in portable communications equipment can lead

to higher antenna efficiency, longer battery life, and lower weight.
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9.1 The Vertical Monopole

One of the simplest antennas is a vertical monopole, shown in Figure 9.1.1. It can
be fabricated by feeding a coaxial cable through a metal sheet, and extending the center
conductor to form aradiating wire. The outer conductor is shorted to the metal surface,
which acts as aground plane. The wire is usually one-quarter wavelength long, and acts
asone half of adipole. The other half of the dipole is formed by the image currents that

are driven in the ground plane.

R

e e e T
Surface
Waves

Figure 9.1.1 Surface wavesradiating at ground plane edges

On an infinitely large ground plane, an antenna of this type would ideally have a
smooth, half-doughnut shaped radiation pattern, with a null on the axis of the wire, and
no radiation in the backward direction. In reality, the ground plane is always finite, and
its edges contribute to the radiation pattern. In addition to space waves, the antenna
generates surface waves in the ground plane, which then radiate from edges and corners.
The combined radiation from the wire and the ground plane edges interfere to form a
series of multipath lobes and nulls at various angles. The edges radiate backwards as well

as forwards, causing a significant amount of wasted power in the backward hemisphere.
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Figure 9.1.2 Radiation pattern of a monopole antenna on a flat metal ground plane

The radiation pattern of a monopole antenna on ametal ground planeis shown in
Figure 9.1.2. The antennais 3 mm long, and the ground planeis 5 cm square. The
frequency of the measurement is 35 GHz. The important features of the antenna pattern
are the ripples that appear in the forward direction, and the amount of wasted power in
the backward direction. These features are both due to surface waves that propagate away
from the antenna and radiate from the ground plane edges.

If the metal ground plane is replaced with a high-impedance ground plane, as
shown in Figure 9.1.3, the surface waves are suppressed. While driven currents can exist
on any reflective surface, they do not propagate on our high-impedance ground plane.
Any induced currents are restricted to alocalized region around the antenna, and never
reach the edges of the ground plane. The absence of multipath interference resultsin a

smoother radiation pattern, with less wasted power in the backward hemisphere.
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Figure 9.1.3 Surface wave suppression on a high-impedance ground plane
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Figure 9.1.4 Radiation pattern of a monopole on a high-impedance ground plane

For the radiation pattern shown in Figure 9.1.4, the flat metal ground planeis
replaced with atextured, high-impedance ground plane. The frequency and dimensions

are the same as in the previous example. The radiation pattern in the forward direction is
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smooth, showing only the two main lobes, and the power wasted in the backward
direction is significantly reduced.

Two additional features are apparent in Figure 9.1.4. First, the center null is
diminished because of asymmetry in the local geometry of the antenna wire and the
surrounding metal patches. With more symmetrical construction, the null could be
recovered. Second, the received power is lower with the high-impedance ground plane,
especidly at the horizon. This is because the image currents on the high-impedance
ground plane are reversed with respect to their direction on a metal ground plane. For the

vertical monopole, this tends to cancel the antenna current, particularly at the horizon.

Monopole antenna

T

forward

High-Impedance Ground Plane
Outside Band Gap

Figure 9.1.5 Monopole radiation pattern below the TM surface wave band edge.

If the antenna is operated outside the band gap, the ground plane behaves very

much like an ordinary flat sheet of metal. Figure 9.1.5 shows the radiation pattern of the
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monopol e antenna on the high-impedance ground plane, operated within the TM surface
wave band, at afrequency of 26 GHz. Because of the presence of surface waves, the
pattern contains many lobes and nulls, and a significant amount of power is wasted in the

backward hemisphere.

9.2 The Patch Antenna

The beneficial effects of surface wave suppression can also be applied to patch
antennas. A patch antennais aflat, metal shape printed on a dielectric substrate, which
acts as aleaky cavity. The metal patch often takes the form of acircle or rectangle, but
other shapes are possible. Antennas of this type are low profile, but because they are
highly resonant, they also tend to have narrow bandwidth. A patch antenna can be fed by
amicrostrip line on the top surface, by a ot in the ground plane below the patch, or by a
coaxial probe. An example of a patch antennafed using the coaxia probe method is
shown in Figure 9.2.1. The probe is placed off-center to excite an asymmetric mode,

because the symmetric modes do not radiate efficiently.

Figure 9.2.1 A patch antenna on a metal ground plane

The radiation pattern of the patch antenna is degraded by surface wavesin the
same way as the wire monopole. Surface waves radiate from the edges of the ground

plane, causing ripples in the antenna pattern, and radiation in the backward direction. If
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the substrate is thick, or it has a high dielectric constant, the surface wave problem is

exacerbated.

Figure 9.2.2 A patch antenna embedded in a high-impedance ground plane

Surface waves can be suppressed by embedding the patch in a high-impedance
ground plane, as shown in Figure 9.2.2. The presence of the nearby metal protrusions
tends to raise the resonance frequency of the patch, since the effective cavity volumeis
reduced. This can be corrected by leaving a small guard ring of bare substrate around the

patch, or by increasing the size of the patch.

S11 Measurement of Patch Antennas

'40 " amEmn Ordlnary Metal T
| = High-Impedance -

Reflection [dB]
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Figure 9.2.3 S11 measurementsfor patch antennas on two different ground planes

106



Figure 9.2.3 shows the S11 measurement of two patch antennas — one on an
ordinary, metal ground plane, and one on a high-impedance ground plane. This
measurement, also called the antenna return loss, is a measure of the amount of power
reflected by the antenna toward the generator. A low return |oss suggests that the antenna
is radiating.

In both cases shown, the substrate has a dielectric constant of 10.2, a thickness of
0.625 mm, and a size of 5 cm square. Circular patches were used, with a diameter of
3.5 mm. A coaxia probe was used to feed the antennas. The patch on the high-impedance
ground plane was surrounded by a guard ring consisting of 3 mm of bare dielectric. The
presence of the surrounding metal protrusions tends to confine the electromagnetic fields,

reducing the effective size of the cavity, and increasing the resonance frequency slightly.

Patch Antennas
H-Plane

== High-Impedance Ground Plane
===: Ordinary Metal Ground Plane

Figure 9.2.4 H-plane radiation patter ns of two patch antennas.
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The radiation patterns of the two antennas are shown in Figure 9.2.4 and Figure
9.2.5. The measurements are at a frequency of 13.5 GHz, where the two antennas have
the same return loss. In both the H-plane and E-plane, the patch on the ordinary, metal
ground plane shows significant radiation in the backward direction, and ripplesin the
forward direction. The pattern is not rotationally symmetric, and is much thinner in the
H-plane than in the E-plane. Conversely, the patch on the high-impedance ground plane

produces a smooth, symmetric pattern with little backward radiation.

Patch Antennas
E-Plane

== High-Impedance Ground Plane
===* Ordinary Metal Ground Plane

Figure 9.2.5 E-plane radiation patter ns of two patch antennas.

The high-impedance ground plane is related to the patch antennain that both are
highly resonant, radiating structures. The frequency and bandwidth of the patch antenna
can be expressed in the same form as we derived earlier for the high-impedance surface.

Begin with the patch shown in Figure 9.2.6.
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Following the method of Chapter 5, the patch can be considered as a resonator

Figure 9.2.6 Patch antenna

with a particular capacitance and inductance. The capacitance is given by the following

eguation.

C=ze—

Equation 9.2.1

If the electric field of the patch is directed along /, then the inductance is given by the

following expression.

Equation 9.2.2

If we assume that the resonance frequency is proportional to the inverse square root of
the inductance and the capacitance, asit is in the high-impedance surface, we obtain the

following.

1 ¢
W PR
ol e T

Equation 9.2.3
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In the above expression, ¢ is the speed of light in vacuum, and n is the index of refraction

of the substrate material. The resonance frequency is therefore inversely proportional to

the length of the patch, and the index of refraction, which is known to be correct. [46]
The fractional bandwidth of the patch can be estimated using the same formula

derived previoudly for the high-impedance surface.

JL/C _ m .t

M/ &g B € W

B.W. u

Equation 9.2.4

Therefore, the bandwidth is proportional to the substrate thickness, and inversely
proportiona to the width of the patch. Thisis reasonable, because thinner, wider patches
confine the electromagnetic fields more, resulting in a higher Q.

Finally, we can determine the natural frequency of the patch, as was donein
Section 5.7 for the high-impedance surface. The fractional bandwidth can be described in

terms of the ratio of the resonance frequency to the natural frequency, which is then

easily derived
D _ W
WO Wnatural
W _
natural u mt ﬁ

Equation 9.2.5

If the patch isroughly square, w// » 1, then the natural frequency reduces to the same
result obtained for the high-impedance surface. It only depends on the magnetic

permeability and the thickness.

110



9.3 The Horizontal Wire

Metal Ground Plane
(Canceling Image)

Figure 9.3.1 Horizontal wire antenna on a metal ground plane
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Figure 9.3.2 Reflection loss of a horizontal wire antenna on a flat metal ground

The benefits of surface wave suppression have been established through two
examples: the vertical monopole, and the patch antenna. The other important property of
the high-impedance surface is that it reflects in-phase, rather than out-of-phase. Thisis
equivalent to areversal of the direction of the image currents. This unusual property

allows antennas to be constructed that are not possible on aflat, conducting ground plane.
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An example, shown in Figure 9.3.1, is awire antenna that has been bent over so that it
lies parallel to a conducting surface.

A horizontal wire radiates very poorly on an ordinary, metal ground plane
because the image currents cancel the currentsin the antenna. The S11 measurement, or
return loss of this antennais shown in Figure 9.3.2. Most of the power is reflected back
toward the generator, so the radiation efficiency is poor. In this example, the antenna was

1 cm long, and separated by a distance of 1 mm from a 3 cm sguare ground plane.

High Impedance
Ground Plane
(Reinforcing Image)

Figure 9.3.3 A horizontal wire antenna on a high-impedance ground plane
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Figure 9.3.4 Reflection loss of a horizontal wire on a high-impedance ground plane
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A similar wire antenna on a high-impedance ground plane is shown in Figure
9.3.3. Within the band gap, which spans from 11 GHz to 17 GHz, this antenna has a
much lower return loss, as shown in Figure 9.3.4. Below the TM band edge, the antenna
performance is similar to the one on the metal ground plane. The surface impedanceis
low, and the image currents cancel the currents in the antenna.

Within the band gap however, the return loss is about -10 dB, indicating that only
10% of the power is being reflected back to the generator. In this range, the image
currents are reversed, and they reinforce the antenna currents. Above the TE band edge,
the return loss is also low because of coupling to TE surface waves. Thereis also strong

coupling to TM waves near the TM band edge, where the density of statesis very high.

Horizontal Wire, E-Plane

= High-Impedance Ground Plane
=== Ordinary Metal Ground Plane

Figure 9.3.5 E-Planeradiation pattern of two horizontal wire antennas
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Horizontal Wire, H-Plane

= High-Impedance Ground Plane
=== Ordinary Metal Ground Plane

Figure 9.3.6 H-plane radiation pattern of two horizontal wire antennas

Although the antenna radiates over a broad band, it is only useful within the
surface wave band gap, where it produces a smooth pattern. Outside the band gap, the
pattern contains many lobes and nulls due to excitation of propagating surface waves.

The radiation pattern of both antennas is shown in Figure 9.3.5 and Figure 9.3.6.
The dotted line is for the metal ground plane, and the solid line is for the high-impedance
ground plane. The data in the radiation patterns supports the return loss data, in that the
signal level is about 10 dB higher on the high-impedance ground plane. The data also
contains an absolute calibration, referenced to an ideal isotropic radiator. The maximum
gain of 7 dBi represents atypical value for an antenna on a high-impedance ground plane,

regardless of the type of radiator used. Another typical feature of antennas on these high-
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impedance ground planesis the rotationally symmetric nature of the radiation pattern,
with both E- and H-planes displaying a characteristic apple-shape on alog-polar plot.

The horizontal wire antenna aso performs well on high-impedance surfaces with
three-layer construction, and produces a similar radiation pattern to that shown for the
two-layer structure. The antenna radiates efficiently within the bandwidth of the ground
plane, and the performance is best at the resonance frequency. For a smooth radiation
pattern and an input impedance near 50W, the length of the wire should be between | /3
and | /2. If the wire istoo short, the input impedance is much higher than 50W. If it is
longer than | /2, an extralobe appears in the radiation pattern.

It can sometimes be difficult to match the input impedance of the antennato a
50W coaxial cable. Thisis often due to an unmatched capacitive component in the input
impedance, and can be corrected by tuning the geometry of the horizontal wire, as shown
in Figure 9.3.7. A small kink placed near the feed point can add a small amount of

inductance, which is used to cancel the capacitive input reactance.

Impedance Matching
/ Section

/ Wire Antenna

Feed Point
Ground Plane

Figure 9.3.7 A small kink placed near the feed point for impedance matching
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9.4 Circular Polarization

In some situations, circular polarization is desired. For example, satellite-to-earth
communications are generally broadcast in circular polarization because it allows the
receiver to have any orientation with respect to the transmitter. A ssmple way of
generating nearly circular polarization isto use a circular wire, lying parallel to a high-
impedance ground plane, as shown in Figure 9.4.1. The wireisfed at one end, and has a
circumference of about one wavelength. The other end of the wire is usually left open,

but similar results are produced if it is shorted to the ground.

Feed Point

/

Circular
Wire Antenna Ground Plane

Figure9.4.1 A circular wire antenna on a high-impedance ground plane

An antenna of this type produces a radiation pattern that is similar to that of the
straight horizontal wire —a smooth, round pattern that is free from ripples or significant
backward radiation. The polarization is nearly circular in the normal direction. However,
as with most circular antennas, the polarization is generally elliptical at other angles. At
the horizon, where the profile of the circle reduces to a straight wire, the polarization is

linear.
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The degree to which an antennaiis circularly polarized can be determined by
measuring the ratio of the power received by two antennas having opposite circular
polarizations, which we will call the polarization ratio. The polarization ratio of this
antennain the normal direction has been measured to be 7.3 dB. In other words, the
signal received by an antenna with the desired circular polarization is 7.3 dB higher than
the signal received by an antenna with the opposite polarization. This simple circular wire
isacrude form of the curl antenna, [47] which has been shown to produce nearly perfect

circular polarization by careful tuning of the wire geometry.

Feed Point

P A2

Plus-Shaped
Wire Antenna Ground Plane

Figure 9.4.2 A plus-shaped wire antenna

Another way of producing circular polarization is to use a plus-shaped antenna
such as the one shown in Figure 9.4.2. This antenna is based on the idea that a circularly
polarized wave is a combination of two linearly polarized waves that are out of phase by
one-quarter wavelength. The plus-shaped antenna functions as a pair of dipoles, fed in
parallel, with one dipole having a one-quarter wavelength delay. The polarization ratio of

this antenna has been measured to be 9.2 dB, somewhat better than the circular wire
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antenna. The plus-shaped antenna could have an additional advantage when used in an
array. For agiven spacing, the inter-element coupling should be smaller for the plus-
shaped antenna than for the circle-shaped antenna. This can be understood by considering
that the plus-shaped antenna consists primarily of two orthogonal dipoles. E-plane
coupling between each dipole is small because of the null along the dipole axis. H-plane
coupling is also small because neighboring dipoles maintain alarger separation along that
direction.

The polarization ratio of the plus-shaped antenna can be improved by considering
the origin of each component of the polarization. The radiation of the two half-wave
dipoles combine to produce circular polarization in the normal direction. However, the

guarter-wavelength delay section also radiates, adding an additional linear component.

Feed Point

Figure-8-Shaped
Wire Antenna  Ground Plane

Figure 9.4.3 A figure-8-shaped wire antenna

An improvement is the more symmetrical, figure-8-shaped antenna shown in

Figure 9.4.3. In this antenna, the radiation from both quarter-wavelength curved sections
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cancel. The result is ameasured polarization ratio of 11.8 dB, better than both the circular

wire antenna, and the plus-shaped antenna.

9.5 Large and Small Antennas

Examples have been presented that illustrate the advantages of using a high-
impedance ground plane for various types of antennas. The benefits arise from the
reflection phase, which allows for low-profile antennas, and from the suppression of
surface current propagation, which has been shown to produce improvements in the
radiation pattern. A quantitative analysis of the degree of coupling between nearby
antennas has a bearing on the design of large, multi-element arrays, as well asthe
minimum size ground plane that can be used for a single, compact radiator.

The coupling strength was determined by measuring the transmission between
two antennas positioned near the high-impedance surface, and near a metal surface for
comparison. For TM polarization, shown in Figure 9.5.1, the probe antennas were of the
flared, parallel-plate waveguide type. They were moved across the surface, and the
transmission between them was measured as a function of separation distance. For TE
polarization, shown in Figure 9.5.2, wire antennas were aligned parallel to the surface.
The data were taken at about 15 GHz, within the band gap of the high-impedance surface.
Microwave absorbing foam was positioned several millimeters above the surface, in
order to confine the measurement to the region just above the ground plane, and to
eliminate interference from waves propagating through the surrounding space.

The results represent a combination of two factors: the coupling strength from the

antennas to the surface determines the intersection with the vertical axis, while the
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transmission across the surface is shown by the slope of each line. For TM polarization,
shown in Figure 9.5.1, the coupling strength on the high-impedance surfaceis
significantly reduced, and the signal decreases much more rapidly with distance than on
the metal surface. However, for TE polarization, shown in Figure 9.5.2, the coupling
strength on the high-impedance surface is greater than on the metal surface, and the
signal decreases more slowly with distance. This can be understood by interpreting the

graphs from the viewpoint of the surface as a boundary condition.

TM Coupling vs. Distance
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Figure 9.5.1 Coupling between two antennasin TM configuration

When an antennais placed next to aflat metal surface, it generates plane waves,
aswell as currentsin the surface. TM polarized waves and currents will readily be

excited on ametal sheet, asthe electric field is primarily perpendicular to the conductor.
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The ensemble of fields and currents propagates unhindered by the metal, and radiates
rather poorly.

On the high-impedance surface, the situation is reversed. This can be understood
by recalling that the high-impedance surface functions as a kind of magnetic conductor.
Just as a metal surface repels transverse electric fields, the high-impedance surface
abhors transverse magnetic fields. Hence, TM transmission is very small, asis the
coupling strength to a TM polarized antenna. In other words, if a surface current with TM

polarization is generated on the high-impedance surface, it will rapidly radiate.

TE Coupling vs. Distance
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Figure 9.5.2 Coupling between two antennasin TE configuration

For TE polarized waves, the electric field is parallel to the surface. The image

currents generated in aflat metal surface tend to cancel the nearby electromagnetic wave,
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so TE waves are rapidly repelled. TE surface currents tend not to be excited on aflat
metal sheet.

TE surface modes exist on the high-impedance surface throughout the band gap,
but they consist of radiative, leaky waves. They are not bound to the surface, but they do
not radiate as rapidly as they do on a conducting sheet. Due to the high impedance, the
antennais not shorted, and readily excites them. Thisis evident in the fact that the TE
transmission is higher on the high-impedance surface than it is on the metal surface.

The measurements described above have an impact on the design of phased array
antennas. [48] In phased arrays, in which the ground plane is very large, surface currents
can form standing waves, and contribute to multipath interference. This can lead to blind
angles — angles for which the antenna gain drops significantly. This effect can also be

seen asripples in the radiation pattern of a single antenna on a metal ground plane.

Radiation
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Leaky Waves

Figure 9.5.3 Leaky TE wavesradiate, and never reach the ground plane edge

On a high-impedance ground plane, surface currents radiate efficiently, and never
reach the edge. Even the leaky TE modes that exist within the band gap will radiate much
of their power before reaching the edge of alarge ground plane, asillustrated in Figure
9.5.3. Thisis apparent in both the attenuation measurements shown in this section, and
the radiation patterns shown in previous sections. The fact that antennas on the high-

impedance surface produce a smooth, symmetrical pattern in both the E- and H-planesis
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evidence that both TE and TM surface current propagation is suppressed. Therefore,
using a high-impedance ground plane for phased arrays should reduce blind angles.
Another problem with phased arrays is the presence of coupling between nearby
elements, due to both surface waves and space waves. This coupling complicates steering
of the beam, and degrades performance. According to the results of this section, TM
coupling can be reduced by using a high-impedance surface in place of a metal ground
plane. TE coupling could be worse on the high-impedance surface, so a good design
might consist of stripes of high-impedance material, augmented by interleaving stripes of

metal, such as the example shown in Figure 9.5.4.

Radiating Elements

II\1III

High-Impedance Metal
Figure 9.5.4 Array design using stripes of metal and high-impedance material
The results of this section also have an impact on the design of small antennas.
The degree to which the signal is diminished with distance determines how much
radiation will end up in the backward hemisphere for a given size ground plane. As the

size is reduced, more power will spill over into the backward direction. In practice, if the
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separation between the radiating element and the edge of a high-impedance ground plane
ison the order of one-half wavelength, a front-to-back ratio of roughly 10 dB can easily
be achieved. Using alarger ground plane, the backward power can be reduced even
further.

For many applications, a compact design is required. However, if the ground
plane istoo small, its properties will have little impact on the antenna performance. This
is because the reactive near field of the antenna wraps around to encircle the entire
structure. For a small antenna, the reactive near field extends roughly | /2p, or one-sixth
of awavelength in all directions, a distance designated by Wheeler as the “radiansphere”.
[49, 50] Within this radius, the electromagnetic field is primarily reactive, rather than
radiative. Thus, if the ground plane is smaller than about one-third wavelength across, the
reactive near field of the antenna completely surrounds the ground plane, and there is
little that can be done to improve the directivity.

The bandwidth of an antennais also related to its size. In general, the fractional
bandwidth of a small antennais roughly equal to the volume of the smallest sphere that
can fit around the antenna, divided by the volume of the radiansphere. Thisis a genera
truth about electrically small antennas, and can be derived severa different ways. [51, 52,
53] For an antenna employing a high-impedance surface, the bandwidth of the ground
plane usualy limits the bandwidth of the antenna. Therefore, the antenna does not need to
be any larger than what is necessary to match the bandwidth of the high-impedance
surface. For example, to achieve a bandwidth of 10%, consistent with atypical three-

layer structure, the antenna only needs to have alength of about | /10. Thus, much
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smaller designs should be possible than those discussed in this chapter. In one extreme, a
single resonant element of the high-impedance surface could be modified to act as the

antenna.

9.6 Portable Communications

One important application of the high-impedance ground plane isin the area of
portable communications. At present, the standard antenna geometry is a monopole,
which is part of the handset and lies in close proximity to the user’s head. It has been
shown that with this configuration, roughly 50% of the radiated power is absorbed by the
user. [54] The effect of the radiation on the user has not been evaluated conclusively, but
the effect of the user on the antennais significant. If thislost power could be reclaimed,
the benefits for portable communication equipment could be an improvement in battery
life, or areduction in battery weight.

The power lost to absorption can be reduced by using a directional antenna.
Directional antennas might appear impractical for portable communications. However, in
area environment, scattering from buildings and other objects tends to randomize the
signal direction. For commercial products, cost is the most significant design factor, so
the antenna must be inexpensive to produce, and simple to integrate into the handset
hardware. Patch antennas are cheap and directional, but they have the disadvantage that
they are easily detuned by nearby dielectric objects. Wire antennas are not as easily
detuned, but they are only directional when combined with areflector. If the reflector isa
flat, metal sheet, it enforces a minimum thickness of one-quarter wavelength, which is

unpractical. A good aternative is a high-impedance ground plane, with a horizontal wire
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antenna mounted directly adjacent to the top surface. The frequency of operation is
determined more by the surface than the wire, and since the resonance is controlled by

the interna coupling between the individual elements, the structure is not easily detuned.

10

Figure 9.6.1 Reference radiation pattern of a dipole antenna in free space

Figure 9.6.1 shows the H-plane radiation pattern of a half-wave dipole antennain
free space, to be used as areference. The frequency of the measurement is 2.3 GHz. The
radia scaleis dBi, decibels with respect to an isotropic radiator, and the dipole has the
expected average gain value of around 2 dBi. The experiment shown in Figure 9.6.2 is
designed to ssmulate areal communications environment. The presence of the user is
modeled by ajar of water roughly the size of a human head. The dielectric constant of
water issimilar to most human tissues.

The plot shown in Figure 9.6.3 is the radiation pattern of the same dipole antenna
placed near ajar of water. The radiation is blocked from propagating through the water,

as indicated by the deep null in the direction of the jar. The overall signal level isalso
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reduced in al directions due to a combination of absorption, and modification of the

antenna input impedance. The maximum gain is about OdBi, in the direction away from

the jar of water.

Water

Antenna

Figure 9.6.2 Experiment to measur e effects of the user in portable communications

So@

Figure 9.6.3 Radiation pattern of a dipole antenna near ajar of water

The radiation pattern shown in Figure 9.6.4 was produced by a wire antennaon a
high-impedance ground plane. The jar of water was placed behind the ground plane, on

the opposite side from the antenna. The antenna has a maximum gain of about 6dBi, in
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the direction normal to the ground plane. The high-impedance surface acts as a shield
between the radiating antenna and the absorbing water, blocking not only the direct
radiation, but also the surface currents that would wrap around to the back side. The
ground plane redirects the radiation that would otherwise be absorbed into the user,
recovering it as useful power in the opposite direction. The combination of the antenna
and the ground plane is compact and lightweight, allowing it to fit within the packaging

of most portable communications equipment.

Figure 9.6.4 Wire antenna on high-impedance ground plane, near jar of water
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10 Design

Using afew simple design rules, a high-impedance surface can be built according
to predetermined frequency and bandwidth specifications. Numerous examples have been
fabricated using printed circuit board technology, with resonance frequencies ranging
from hundreds of megahertz to tens of gigahertz. These do not represent upper or lower
limits however, and it should be possible to design high-impedance surfaces for any
desired radio frequency. The primary limitation is on the bandwidth, which depends on

the thickness of the structure with respect to the center wavelength.

10.1 Frequency and Bandwidth

In the effective medium model described in chapter 5, the structure is
characterized by its surface impedance, which is equal to the impedance of an effective
paralel LC circuit. According to the model, the properties of the high-impedance surface
can be described entirely in terms of its sheet capacitance and sheet inductance, which are
obtained from the geometry of the surface texture. This forms the basis for a set of smple
design equations, which can accurately predict the properties of the textured surface.

For two-layer construction, in which the capacitors are defined by the fringing
electric fields between pairs of co-planar metal plates, the value of each capacitor is given
by the following equation, derived in section 5.1.

c=WEL*e) oy 1280

p Jg
Equation 10.1.1
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The dielectric constants of the circuit board material and the surrounding space are e; and
&. The center-to-center spacing of the viasis a, the gap between the platesis g, and the
width of the capacitor isw. The dimensions are illustrated in Figure 10.1.1 for an

example of atriangular lattice of hexagonal patches.
> w e
r()
4 2
O

Figure 10.1.1 Dimensionsfor calculating fringing-field capacitance

Typical materials used for microwave printed circuit boards have dielectric
constants ranging from 2 to 10. Using standard printed circuit fabrication techniques, the
minimum gap width between adjacent metal regionsis around 100 to 200 microns. For
microwave structures, the lattice constant is typically several millimeters. Using
variations of the geometry and materials given here, the achievable value for each
capacitor can cover a broad range of roughly 0.01 to 1 picoFarad using two-layer
construction.

With athree-layer structure, the capacitance can be much higher. The value of

each capacitor is given by the following formula, in which e is the dielectric constant of

the insulating material, A isthe area of the capacitor plates, and d is their separation.
Equation 10.1.2
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As an example, atypical insulator is polyimide, which is commonly available for usein
flexible printed circuits. With a dielectric constant of 4, a thickness of 50 microns, and a
|attice constant of afew millimeters, values ranging from around 1 picoFarad to several
tens of picoFarads or more are easily achievable.

The important parameter for the surface impedance is not the individual
capacitance, but rather the sheet capacitance, in Farads-square. The difference can be
understood by considering an arrangement of capacitors covering a square area. Long,
thin capacitors provide more sheet capacitance than an equal number of short, wide
capacitors. In other words, the sheet capacitance is higher if they arein parallel rather
than in series. Thisis evident in the formulafor the sheet capacitance derived in section

5.1, in which the length squared appears in place of the area.

“ T

Equation 10.1.3
In the above equation, ais the length of the capacitors aong the direction from one viato
the next. In effect, the sheet capacitance is equal to the individual capacitance multiplied
by the aspect ratio of each capacitor. If the capacitor plates do not cover the entire surface
area, amore accurate formulais given below, also derived using the method of Section

5.1

_eaa)

Cs r

Equation 10.1.4
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In the above equation, a is the separation between neighboring vias, which may not equal
the lattice constant, and @ is the overlap distance, as shown in Figure 10.1.2. Obvioudly,
this expression is only approximate, because the overlapping plates can take on various

shapes.

Figure 10.1.2 Dimensions for calculating sheet capacitance

The smplest method for calculating the sheet capacitance is to use the individual
capacitance between adjacent lattice points, multiplied by a geometrical correction factor,
which we will cal F.

Coest = Cingviawa  F
Equation 10.1.5

The correction factor can be calculated as the ratio of Equation 10.1.3 to Equation
10.1.2, for a structure in which the capacitors consume the entire surface area. Thisis
also equal to the ratio of the length to the width, for each individual capacitor. The
necessity of a geometrical factor is confirmed experimentally by the fact that structures
having capacitors of equal value, but arranged in a different geometry, have different

resonance frequencies. The correction factors are given in Table 10.1.1 for the square and
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triangular lattices, as well as for hexagonal geometry, a version of the triangular lattice in

which each unit cell is composed of two individual members.

Correction
Geometry Factor (F)
Square 1
Triangular V3
Hexagonal i
ag J3

Table 10.1.1 Sheet capacitance correction factorsfor various geometries

The sheet inductance is easier to calculate, since it depends only on the overall
thickness, as derived in Section 5.1.
Le=m

Equation 10.1.6
In the above equation, mis the magnetic permeability of the circuit board material, and t
isits thickness. For most materials, mis unity at microwave frequencies. If the structureis
afew millimeters thick, the sheet inductance is several nanoHenrys/square. In the
derivation of Equation 10.1.6 we assumed a solenoid of current, and neglected any direct
contribution from the diameter of the vias. By using extremely thin vias, coils, or other
specia geometries, it may be possible to generate larger sheet inductance without the use

of magnetic materials.
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Once the sheet capacitance and sheet inductance are known, the resonance

frequency and bandwidth are easily calculated from the following equations.

1
Wo = ——
JLC
Equation 10.1.7
Dw_ JL/C
Wo my/ e

Equation 10.1.8

Equation 10.1.7 is the L C resonance frequency, and Equation 10.1.8 is the bandwidth,

derived in Section 5.5. wy is the frequency where the reflection phase is zero, and where

the surface behaves as a magnetic conductor. Thisis aso the frequency where an antenna
will perform best on such a ground plane. The bandwidth in Equation 10.1.8 corresponds
roughly to the width of the surface wave band gap, or equally well, the frequency range
over which the reflection phase falls between +p/2 and -p/2. The bandwidth of the actual
antenna might be smaller, depending on the geometry of the antenna, and the size and
shape of the ground plane.

Clearly, any radio frequency can be obtained by adjusting the value of the sheet
capacitance and sheet inductance. The goal is usually to make the thickness much less
than the operating wavelength. Since the thickness is linked to the inductance, low
frequencies are usually achieved by loading the structure with large capacitors. However,
this reduces the bandwidth. Therefore, the primary trade-off in the design of a high-

impedance surface is usually the thickness versus the bandwidth.
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10.2 Geometry and Materials

From the explanation given in the previous section, the design of a high-
impedance surface is a simple matter of determining what frequency and bandwidth are
needed, and then calculating the required capacitance and inductance. The inductance
depends only by the thickness of the circuit board, while the capacitance can be generated
in severa ways, two of which are described above. Using typical materials and
dimensions, capacitors of less than about 1 picoFarad can be built using the two-layer
technique, while larger capacitors generally require three layers. With a thickness of a
few millimeters, two-layer structures can generally be employed above 5 or 10 GHz,
while three-layer structures are usually required for lower frequencies.

The choice of materialsis aso related to the frequency of operation. For three-
layer structures, the electric field is concentrated in the thin insulator between the
capacitor plates, and the energy stored in the lower bulk region is primarily magnetic.
Therefore, dielectric losses in this region are not significant, and a thermoset fiberglass
laminate such as standard FR4 is an ideal material. In the thin insulator, the electric field
is much higher, and a material with low dielectric loss should be used. Polyimideis a
good choice, asit iscommercialy available for use in flexible printed circuits, and
withstands conventional processing. In contrast to the three-layer structures, the fringing
electric fields in the capacitors of atwo-layer structure extend into the bulk, causing
dielectric losses in that region to be significant. Since two-layer construction is usually
used for high frequencies, where FR4 can be lossy, a teflon-based fiberglass laminate is

often used instead.
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In two dimensions, the two most obvious lattices are triangular, and square. In
addition, there is hexagona geometry, which is actually just a triangular lattice with two
members per unit cell. Other, less symmetrical |attices are aso possible. In fact,
periodicity is not required, although it simplifies the design. The three geometries
mentioned above are shown in Figure 10.2.1. One choice of unit cell is outlined in each,

to illustrate the fact that the triangular and hexagonal structures are variations of the same

|attice.

® [ ] [ ] [ ] ® [ J [ J ® o o o o

® [ ] ®
e o o o o d ® o ‘ * *
o ® ® o o o o

® o ®
e e o o ¢ . . ° ° .
[ J [ ] [ J ® o o

e e |e o o ° ° )
° ° ® ® o o ®
e e ¢ o o ° ° ° o o o o
square triangular "hexagonal”

Figure 10.2.1 Three common geometries used for 2-D periodic structures

For two-layer construction, the dots in Figure 10.2.1 could be the positions of
vertical metal vias. Each via connects to a metal patch on the top surface, and a
continuous metal ground plane on the bottom surface. The configurations that have been
studied consisted of simple shapes, such as a square lattice of squares, or atriangular
lattice of hexagons. In some cases, adielectric paste is used to fill the narrow slots
between the patches, producing a dightly higher capacitance. It should also be possible to
increase the capacitance using other methods, such as an interdigitated geometry.

More variety exists for three-layer construction, and severa structures that have

been studied are illustrated below. Figure 10.2.2 shows a three layer hexagonal structure.
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The top layer is shown as outlines, while the second layer is shown as shaded regions.
The third layer is the continuous metal ground plane, which is not shown. The vias are

indicated by black circlesin the centers of the patches.

Figure 10.2.2 Three-layer hexagonal structure

In hexagonal geometry, each unit cell is made up of two individual members,
represented here by one upper patch and one lower patch. Each individua layer appears
asatriangular lattice, interlaced with the triangular lattice of the other layer. Each
element is capacitively coupled to its three nearest neighbors on the other layer. This
structure has the interesting feature that one subset of patchesis completely hidden by the
other, and half of the vias connect only to the upper surface, while the other half connect
only to the hidden surface. If the vias are removed from one subset, the structure will still
suppress surface waves. However, if the structure is to be used as an antenna ground
plane, it may be desirable to retain as many vias as possible surrounding the antenna, for
maximum surface wave suppression.

An alternate structure, in which none of the elements are completely hidden, is

shown in Figure 10.2.3. Thisisatriangular lattice, in which each via connects to both the
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upper and lower metal layers. Each element may be visualized as a flower with six petals,
three on the upper layer, connected through a vertical viato three on the lower layer. In
this geometry, each element is capacitively coupled to its six nearest neighbors. This
structure has the advantage that the geometrical correction factor, described in Section
10.1, is three times higher than in the hexagonal structure discussed previously. Thus, if
both structures have the same via spacing, they will have the same resonance frequency,
even though the individual capacitors are three times smaller in the triangular lattice.
Therefore, for the same resonance frequency, the triangular lattice can have a higher
density of vias. This can be an advantage when designing small antennas, in which the

ground plane may have a limited number of vias.

Figure 10.2.3 Three-layer triangular structure

Square structures have also been studied. In the example shown in Figure 10.2.4,
one layer completely covers the other, asin the hexagonal structure described previoudly.
For equal capacitor areas, the square and triangular structures have different resonance

frequencies, serving as evidence for the necessity of the geometrical correction factor.
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Figure 10.2.4 Three-layer square structure with a hidden layer

Two other configurations of the square geometry are also possible. In Figure
10.2.5, each element is exposed, as in the triangular design. The resonance frequency and
bandwidth are the same as the previous square structure that has one layer completely
hidden. It appears that having a hidden layer has no effect on the electromagnetic

properties, and it is only the sheet capacitance and inductance that matter.

Figure 10.2.5 Three-layer square structure with no hidden layer

A less symmetrical structure is shown in Figure 10.2.6. In this case, half of each

square is on the top layer, and half is on the bottom layer. This geometry had the same
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frequency and bandwidth as the other two square structures. Furthermore, is surface wave

properties appeared to be independent of direction.

Figure 10.2.6 Three-layer, lower-symmetry square structure

10.3 Validation of the Model

Throughout this text, a model has been used in which the properties of a textured
surface are described by an effective surface impedance. The impedance is equal to that
of aparallée resonant LC circuit, made up of the sheet capacitance and the sheet
inductance. The sheet capacitance is determined by the value of the individual
capacitors, and a geometrical correction factor, while the sheet inductance depends on the
thickness of the structure. The surface impedance derived in this way has been shown to
predict the reflection phase, as well as the behavior of surface waves. The model was
derived from ssimple ideas, but it has proven to be an accurate tool for analyzing and
designing textured metal surfaces. A final check of the accuracy of the model is shownin

the following graphs.
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Figure 10.3.1 shows the measured resonance frequency plotted against the
calculated resonance frequency, as determined by the effective medium model. The error
bars represent the measured and cal culated bandwidths of the surface wave band gap or
the reflection phase, depending on the data available, for 23 different structures built
during the course of this study. A dotted line is drawn with a slope of unity, and the
proximity of the pointsto this line indicates the accuracy of the model in determining the
resonance frequency. The degree to which the horizontal and vertical error bars have

equal length indicates the accuracy of the model in determining the bandwidth.
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Figure 10.3.1 Graph of measured frequency ver sus calculated frequency

The graph represents data from structures having square, triangular, and

hexagona geometry, in both the two-layer and three-layer configurations. The calculated
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values agree well with the measured data, considering the smplicity of the effective
medium model. Inaccuracies are caused by the approximation used in calculating the
capacitance, particularly for the two-layer design, and also the formula used for
inductance, which admittedly neglects many effects, such as additional contributions
from the vias. Furthermore, the use of alumped parameter model is itself questionable for
structures in which free-space wavel ength approaches the lattice constant, which is true
for the higher-frequency surfaces. The model is most valid for the low-frequency, three-

layer structures. The data for these structures are plotted on an expanded scale in Figure

10.3.2.
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Figure 10.3.2 Measured versus calculated frequenciesfor three-layer structures
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11 Conclusion

A new type of metallic electromagnetic structure has been presented 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. Instead, any currents that are induced in the surface radiate efficiently into
surrounding space. This new surface also reflects el ectromagnetic waves with no phase
reversal, behaving as a kind of magnetic conductor. The structure can be described using
alumped parameter circuit model, which accurately predicts many of its electromagnetic
properties. This unique materia is applicable to avariety of electromagnetic problems,

including new kinds of low-profile antennas.

11.1 Summary

We have seen that while a conductive sheet is useful as areflector, it also has
several drawbacks such as permitting the propagation of surface waves, and a phase
reversal for reflected plane waves. The presence of surface waves has been explored
through analytical modeling and computational analysis. These surface waves have been
identified as the normal AC currents that occur on any electrical conductor. Their
relationship to optical plasmons, and to the skin depth of metals has also been illustrated.

It has been shown that texturing a metal surface can suppress surface currents.
Thiswas illustrated through two examples, a bumpy metal surface, and a corrugated slab.
In the high-impedance surface, the corrugations are folded up into lumped elements,

capacitors and inductors, and distributed in two dimensions.
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The high-impedance structure is easily fabricated using printed circuit technology,
and two different designs were presented. Using small probes, or specialized antennas,
surface wave properties can be measured. It was shown that surface waves propagation is
suppressed over a certain frequency range on the new textured surface. Within this same
frequency range, plane waves are reflected with no phase reversal. By adjusting the
geometry, the surface properties can be tuned to cover aimost any radio frequency.

The high-impedance surface can be described using an effective medium model,
in which it is parameterized according to its sheet capacitance and sheet inductance. This
model can predict the reflection phase, the effects of material losses, and the surface
wave dispersion. The model can also determine the bandwidth of an antenna placed near
such a surface, and the behavior of leaky waves. The bandwidth is fundamentally limited
by the thickness of the structure, with respect to the operating vacuum wavelength.

The effective medium model is confirmed by a more accurate, finite element
model, in which detailed geometry is explicitly included. The finite el ement model
illustrates the nature of the band gap, and other electromagnetic features, including higher
bands, and leaky waves. The calculations aso confirm the importance of the vertical
conducting vias.

Various alternative structures are presented, and their relationship to the high-
impedance surface is explored. These include frequency selective surfaces, and the
grounded dielectric dab. The necessary role of the conducting viasisillustrated by

contrast to other options.

144



The high-impedance surface is studied in the context of an antenna ground plane,
and its benefits are illustrated in severa examples. These include a vertica monopole, a
patch antenna, and various horizontal wire antennas that can produce either linear or
circular polarization. The applicability to phased arrays and the limitations of small
antennas are also discussed.

Finally, the design of high-impedance surfaces is presented in terms of equations
for frequency and bandwidth. Construction methods and materials issues are discussed,
and several example designs are shown. Data from numerous structures are summarized

to illustrate the validity of the effective medium model.

11.2 Future Research

The invention of this new electromagnetic structure leaves many avenues for
further research, some of which have already been mentioned. Since capacitive loading
tends to limit the bandwidth, it is desirable to explore inductive loading. This could be
done using cails, thin wires, or other possible techniques. Idedlly, the inductance and
capacitance would be used in equal ratio to the impedance of free space.

Severa high-frequency features have appeared both in measurements and
simulations, such as the existence of a second band gap, and higher-order bands.
Studying the nature of these features, and their possible usefulness for elecromagnetic
devices can provide many opportunities for future research. With a deeper understanding
of the interaction between textured surfaces and el ectromagnetic waves, one can

anticipate designs that are even more imaginative.
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Another area of future research involves the design of new kinds of antennas
employing the high-impedance surface. Variations of the current topology could be
explored, including graded structures to produce wider bandwidth, as well as tunable
structures. Currently, antennas consist of wires or patches that use the surface as a ground
plane. It has been shown that smaller designs should be possible, since it usualy the
ground plane that limits the bandwidth. In one possible embodiment, the surface itself

could act as the antenna, with leaky surface waves producing the radiation.
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