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Abstract—A new type of metallic electromagnetic structure
has been developed that is characterized by having high sur- ] 1 1 ] | 1 |
face 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
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surface does not support propagating surface waves, and its / \ / \ / \ / \
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A. Electric Conductors

: . (b)
FLAT METAL sheet is used in many antennas as a ) o ) )
(a) Cross section of a high-impedance surface, fabricated as a printed

reﬂec_tor or ground plane [1]. The _pres_ence of a grouiﬁ#gc.uilt‘ board. The structure consists of a lattice of metal plates, connected

plane redirects one-half of the radiation into the opposite a solid metal sheet by vertical conducting vias. (b) Top view of the
direction, improving the antenna gain by 3 dB, and partiauly'gh-impedance surface, showing a triangular lattice of hexagonal metal plates.
shielding objects on the other side. If the antenna is too close to
the conductive surface, the image currents cancel the currerggtically if scattered by bends, discontinuities, or surface
in the antenna, resulting in poor radiation efficiency. Thitexture.
problem is often addressed by including a quarter-wavelengthSurface waves appear in many situations involving antennas.
space between the radiating element and the ground plane,®uta finite ground plane, surface waves propagate until they
such a structure then requires a minimum thickness/af reach an edge or corner, where they can radiate into free space.

Another property of metals is that they support surfacehe result is a kind of multipath interference or “speckle,”
waves [2], [3]. These are propagating electromagnetic wavwabich can be seen as ripples in the radiation pattern. Moreover,
that are bound to the interface between metal and free spdtanultiple antennas share the same ground plane, surface
They are called surface plasmons at optical frequencies [dlirrents can cause unwanted mutual coupling.
but at microwave frequencies, they are nothing more than the
normal currents that occur on any electric conductor. If tH2. High-Impedance Surfaces

metal surface is smooth and flat, the surface waves wiII_ NOtBy incorporating a special texture on a conducting surface,
couple to external plane waves. However, they will radiaig js possible to alter its radio-frequency electromagnetic

. ) ) ) roperties [5], [6]. In the limit where the period of the surface
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They are arranged in a two-dimensional lattice, and can be
visualized as mushrooms or thumbtacks protruding from the X
surface. The structure is easily fabricated using printed-circuit- e
board technology. The protrusions are formed as metal patches @-»z

on the top surface of the board, connected to the solid lower Y
conducting surface by metal plated vias.

If the protrusions are small compared to the operating wave-
length, th?'r e.IeCtromagnet'C propert'es Can be described Usﬁi‘@ 2. Surface wave bound to a dielectric interface, decaying exponentially
lumped-circuit elements—capacitors and inductors. They hgvay from the surface.
have as a network of parallel resonab€ circuits, which
act as a two-dimensional electric filter to block the flow o . , .

or the waves described above, Maxwell’s equations can be
currents along the sheet. In the frequency range where h(? : ! i
. . . . - .. §Qlved to obtain the following results [7]:
surface impedance is very high, the tangential magnetic figld

is small, even with a large electric field along the surface. Such £ w

a structure is sometimes described as a “magnetic conductor.” k= 14ec (3)
Due to this unusual boundary condition, the high-impedance 1w

surface can function as a unique new type of ground plane for o= — 4

low-profile antennas. The image currents are in-phase, rather ltee

than out-of-phase, allowing radiating elements to lie directly N = —&? w (5)

adjacent to the surface, while still radiating efficiently. For l+ec

example, a dipole lying flat ggainst a high-impedapce groundif . is positive, them and+ are imaginary, and the waves
plane is not shorted out as it would be on an ordinary mei@ not decay with distance from the surface; they are simply
sheet. Furthermore, in a forbidden frequency band, the highane waves propagating through the dielectric interface. Thus,
impedance ground plane does not support propagating surfgfg surface waves do not exist on nonconductive dielectric
waves, thus, the radiation pattern is typically smooth, and frgeterials. On the other hand, if is less than—1, or if it
from the effects of multipath interference along the ground jmaginary, the solution describes a wave that is bound to

plane. the surface. These TM surface waves can occur on metals,

or other materials with nonpositive dielectric constants. The

solution for TE surface waves can also be obtained from the

foregoing analysis by the principle of duality [1]. If the electric
Surface waves can occur on the interface between tyad magnetic fields are exchanged, ani$ substituted foe,

dissimilar materials, such as metal and free space. They #ié solution above can be applied to the TE case.

bound to the interface, and decay exponentially into the sur-

rounding materials. At radio frequencies, the fields associatgd pmetal Surfaces

with these waves can extend thousands of wavelengths into thq_ : . . .

surrounding space, and they are often best described as sun‘acé1e effective, relative dielectric constant of a metal can be

currents. They can be modeled from the viewpoint of at;{(pressed in the following form [7]:

Il. SURFACE WAVES

effective dielectric constant, or an effective surface impedance. coq_ A% ©6)
o Wep
A. Dielectric Interfaces & is the conductivity, which is given by the following equation:
To derive the properties of surface waves on a dielectric ng?r/m
interface [3], [7], begin with a surface in theZ plane, as = T jor (7)

shown in Fig. 2. The regionX > 0 is filled with vacuum,
while the regionX < 0 is filled with dielectrice. Assume 7 is the mean electron collision time; is the electron

a wave that is bound to the surface, decaying in #h&- charge, andn andn are the effective mass and the density,
direction with decay constaant, and in the— X -direction with respectively, of the conduction electrons.

decay constant. The wave propagates in tiidirection with ~ For frequencies much lower thalyr, including the mi-
propagation constant. For a TM polarized surface wave,crowave spectrum, the conductivity is primarily real, and much
E, = 0. The electric field in the upper half-space has thgreater than unity, thus, the dielectric constant is a large

following form: imaginary number. Inserting (6) into (3) leads to a simple
dispersion relation for surface waves at radio frequencies as
Ey = (2E1, + ;::Elz)ejwt*jszaw' (1) follows:
o - e 8)
In the lower half-space, the electric field has a similar form ¢
as follows: Thus, surface waves propagate at nearly the speed of light in
o vacuum, and they travel for many wavelengths along the metal
By = (£Eo, + 2B, )ed«t—ikatne, (2) surface with little attenuation. By inserting (6) into (4), we can
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find the following expression fosy, the decay constant of thein which the surface impedance is given by the following
fields into the surrounding space: expression:

Jja
am S [22 1), (9) Z:(TM) = - (14)

) ) Conversely, TE waves can occur on a capacitive surface, with
For good conductors at microwave frequencies, the surfagg following impedance:

waves extend a great distance into the surrounding space. )
For example, on a copper surface, the electromagnetic fields Z,(TE) = 22 (15)
associated with a 10-GHz surface wave extend about 70 m,
or 2300 wavelengths into free space. Hence, at microwayvfe surface impedance of the textured metal surface described
frequencies they are often described simply as surface currefishis paper is characterized by an equivalent parallel resonant
rather than surface waves. These surface currents are nothigg circuit. At low frequencies it is inductive, and supports
more than the normal alternating currents that can occur P waves. At high frequencies it is capacitive, and supports
any conductor. TE waves. Near theLC resonance frequency, the surface
We can also determing, the surface-wave penetrationmpedance is very high. In this region, waves are not bound to
depth into the metal. By inserting (6) into (5), we obtain thghe surface; instead, they radiate readily into the surrounding
following: space.

LW 1+
7R (1+5)4/ L;OO _ 5 J)- (10) lIl. TEXTURED SURFACES

The concept of suppressing surface waves on metals is not
Thus, we have derived the skin detffrom the surface-wave new. It has been done before using several geometries, such
penetration depth [2]. The surface currents penetrate onlyy@ g metal sheet covered with small bumps [8], [9], or a
very small distance into the metal. For example, at 10 GHggrrugated metal slab [11]-[19]. The novelty of this study
the skin depth of copper is less tharufn. is the application of an array of lumped-circuit elements to
From the skin depth, we can derive the surface impedang@duce a thin two-dimensional structure that must generally
of a flat metal sheet [3]. Using (10), we can express the currgset described by band structure concepts, even though the
in terms of the skin depth, assumitg, is the electric field thickness and preiodicity are both much smaller than the
at the surface operating wavelength.

_ — —=(1+5)/6
J(x) = oE.(z) = o Eoe : (11 A  Bumpy Surfaces

The magnetic field at the surface is found by integrating alongSurface waves can be eliminated from a metal surface over
a path surrounding the thin surface layer of current, extendiagfinite frequency band by applying a periodic texture, such

far into the metal beyond the skin depth as follows: as a lattice of small bumps. As surface waves scatter from
the rows of bumps, the resulting interference prevents them

- 6 i i di i -

Hy :/ J.(z)dx = g E. (12) from propagating, producing a two-dimensional _electromag
0 1+ netic bandgap. Such a structure has been studied at optical

, ) _frequencies by Barneat al. [8] and Kitsonet al. [9] using a
Thus, the surface impedance of a flat sheet of metal is de”‘iﬁ%‘mgular lattice of bumps, patterned on a silver film.

as follows: When the wavelength is much longer than the period of two-
kB, 14y dimensional lattice, the surface waves barely notice the small
Zs = H, Y (13) bumps. At shorter wavelengths, the surface waves feel the

effects of the surface texture. When one-half wavelength fits
The surface impedance has equal positive real and posithustween the rows of bumps, this corresponds to the Brillouin
imaginary parts, so the small surface resistance is accompaniedle boundary [10] of the two-dimensional lattice. At this
by an equal amount of surface inductance. For example, thavelength, a standing wave on the surface can have two
surface impedance of copper at 10 GHDi83(1 + 5) /0.  possible positions: with the wave crests centered on the bumps,

or with the nulls centered on the bumps, as shown in Fig. 3.
C. High-Impedance Surfaces These two modes have slightly different frequencies, separated

By applying a texture to the metal surface, we can alter in a small band_gap, within which surface waves _cannot
surface impedance, and thereby change its surface-wave pr%r _pagatel. Our hlgh—‘l‘mpedance surfz?’c_e can be considered as
erties. The behavior of surface waves on a general impedag eextensmn of th|§ bumpy surface,” in .Wh'Ch th(_a bandgap
surface is derived in several electromagnetics textbooks [ ﬁs been lowered in frequency by capacitive loading.

[3]. The derivation proceeds by assuming a wave that decays

exponentially away from a boundary, with decay constant B+ Corrugated Surfaces

The boundary is characterized by its surface impedance. IfThe high-impedance surface can also be understood by
can be shown that TM waves occur on an inductive surfa@xamining a similar structure, the corrugated surface, which
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a
E
—el e Fig. 5. Origin of the capacitance and inductance in the high-impedance
surface.
(b)
Fig. 3. Bumpy metal sheet has a narrow surface-wave bandgap. (a) Mode .
at the upper edge of the bandgap, in which the electric field wraps around L 5 Layer 1 Capacitor
the bumps. (b) Mode at the lower edge of the bandgap, in which the electric aye‘r
field extends across the bumps. v

Fig. 6. Three-layer high-impedance surface achieves a lower operating fre-
guency for a given thickness by using capacitive loading, but it also suffers
a reduction in bandwidth.

) 4+—

high impedance over a predetermined frequency band. Peri-
Y odic two- or three-dimensional dielectric [20]-[24], metallic
[25]-[28], or metallodielectric [29]-[33] structures that prevent
the propagation of electromagnetic waves are known as pho-
tonic crystals [34]—-[36]. The high-impedance surface can be
NN NN NN considered as a kind of two-dimensional photonic crystal that
prevents the propagation of radio-frequency surface currents
Fig. 4. Corrugated metal slab has high impedance at the top surface if Yf\{lethm the bandgap. . . . .
corrugations are one quarter-wavelength deep. As the structure illustrated in Fig. 5 interacts with electro-
magnetic waves, currents are induced in the top metal plates.

A voltage applied parallel to the top surface causes charges

Is discussed in various textbooks [2], [3], and r-eview articl% build up on the ends of the plates, which can be described
[11], [12]. Numerous authors have also contributed gener a capacitance. As the charges slosh back and forth, they

treatments of corrugated surfaces [13]-[15], and specific stlf w around a long path through the vias and bottom plate.

les of important structures [16]-{19]. A corrugated surface Rssociated with these currents is a magnetic field and, thus
a metal slab, into which a series of vertical slots have be ' '

) g il inductance.
cut, as depicted in Fig. 4. The slots are narrow, so that man e assign to the surface a sheet impedance equal to the

of :\hsmrf't V\;'Ctih'g one Wa;/elllelng}ht ac;:o\;sr:i\e f'ﬁtilinEafrihni'fF}] edance of a parallel resonant circuit, consisting of the sheet
can be regarded as a paraliel-piate transmissio € n {ggacitance and the sheet inductance

down into the slab, and shorted at the bottom. If the slots

are one quarter-wavelength deep, then the short circuit at the 7 = JwlL ) (16)

bottom end is transformed by the length of the slots into an 1-w2LC

open-circuit at the top end. Thus, the impedance at the t9Re surface is inductive at low frequencies, and capacitive

surface is very high. at high frequencies. The impedance is very high near the
If there are many slots per wavelength, the structure c@gsonance frequency,

be assigned an effective surface impedance equal to the 1

impedance of the slots. The behavior of the corrugations is Wy = —. a7)

reduced to a single parameter—the boundary condition at VIO

the top surface. If the depth of the slots is greater than oiée associate the high impedance with a forbidden frequency
quarter-wavelength, the surface impedance is capacitive, dshdgap. In the two-layer geometry shown in Fig. 1, the
TM surface waves are forbidden. Furthermore, a plane wasapacitors are formed by the fringing electric fields between
polarized with the electric field perpendicular to the ridgeadjacent metal patches, and the inductance is fixed by the
will appear to be reflected with no phase reversal since ttieckness of the structure. A three-layer design shown in Fig. 6
effective reflection plane is actually at the bottom of the slotachieves a lower resonance frequency for a given thickness
one quarter-wavelength away. by using capacitive loading. In this geometry, parallel-plate
capacitors are formed by the top two overlapping layers.

C. High-Impedance Surfaces

The high-impedance surface described here is an abstraction
of the corrugated surface, in which the corrugations have beerSome of the properties of the high-impedance surface can
folded up into lumped-circuit elements, and distributed in lbe explained using an effective surface impedance model.
two-dimensional lattice. The surface impedance is model@tie surface is assigned an impedance equal to that of a
as a parallel resonant circuit, which can be tuned to exhilpiarallel resonant.C' circuit, derived by geometry. The use
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30 - . . . ; Below resonance, TM surface waves are supported. At low
frequencies, they lie very near the light line, and the fields
extend many wavelengths beyond the surface, as they do on
a flat metal surface. Near the resonant frequency, the surface
waves are tightly bound to the sheet, and have a very low
group velocity, as seen by the fact that the dispersion curve
resonance frequency is bent over, away from the light line. In the effective surface
15 Twaves impedance limit, there is no Brillouin zone boundary, and
the TM dispersion curve approaches the resonance frequency
10F 1 asymptotically. Thus, this approximation fails to predict the
bandgap.
5| i Above the resonance frequency, the surface is capacitive,
and TE waves are supported. The lower end of the dispersion
k ‘ . . , , curve is close to the light line, and the waves are weakly bound
0 200 400 600 800 1000 1200 to the surface, extending far into the surrounding space. As the
Wave Vector [1/om] frequency is increased, the curve bends away from the light
Fig. 7. Dispersion diagram of the high-impedance surface, calculated uslige: and the waves are more tightly bound to the surface.
the effective surface impedance model. The slope of the dispersion curve indicates that the waves
feel an effective index of refraction that is greater than unity.
;]'ég’s is because a significant portion of the electric field is
ncentrated in the capacitors. The effective dielectric constant
a material is enhanced if it is permeated with capacitor-like
uctures.

25+ high

impedance
region
201

Frequency [GHz]

of lumped parameters to describe electromagnetic structu
is valid as long as the wavelength is much longer than tﬁ%
size of the individual features. This short wave vector ran ?r

is also the regime of effective medium theory. The effective The TE waves that lie to the left of the light line exist as

surface impedance model can predict the reflection propertjes L .
and some features of the surface-wave band structure, bufg%(y waves that are damped by radiation. Radiation occurs

the bandgap itself, which by definition must extend to lar om surfaces \.N'th areal !mpeQance, thus, the leaky modes to
wave vectors. e left-hand side of the light line occur at the resonance fre-

guency. The radiation from these leaky TE modes is modeled
as a resistor in parallel with the high-impedance surface, which
blurs the resonance frequency. Thus, the leaky waves actually

We can determine the dispersion relation for surface wavesliate within a finite bandwidth, as shown in Fig. 7. The
in the context of the effective surface impedance model llamping resistance is the impedance of free space, projected
inserting (1) into Maxwell's equations. The wave veckois onto the surface according to the angle of radiation. Small
related to the spatial decay constantnd the frequencyy wave vectors represent radiation perpendicular to the surface,
by the following expression: while wave vectors near the light line represent radiation at
grazing angles. For a TE polarized plane wave, the magnetic
field, H, projected on the surface at andlewith respect to
normal is H(#) = Hocos(f), while the electric field is just

(6) = Ey. The impedance of free space, as seen by the
surface for radiation at an angle, is given by the following

A. Surface Waves

E? = pogow? + o?. (18)

For TM waves we can combine (18) with (14) to find th
following expression fork as a function ofw, in which

n = +/1o/€o is the impedance of free space ang 1/, /10c0

is the speed of light in vacuum: expression.
E(9) n
Zs )ace(e) = = - (21)
w Z2 ! H(o cos(0
krv = —4/1 - —. (19) L . ) : “)
c n Thus, the radiation resistance is 3T¥ for small wave

. - . .. vectors and normal radiation, but the damping resistance
We can find a similar expression for TE waves by combmmgp o . . L
proaches infinity for wave vectors near the light line. Infinite

(18) with (15) as follows: . . L
resistance in a parallel resonant circuit corresponds to no
w e damping, so the radiative band is reduced to zero width
ke = —4/1— 7k (20) for grazing angles near the light line. The high-impedance
¢ 5 radiative region is shown as a shaded area, representing the
By inserting (16) into (19) and (20), we can plot the dispeplurring of the leaky waves by rad'iation damping. In placg of
sion diagram for surface waves, in the context of the effectifeP@ndgap, the effective surface impedance model predicts a
surface impedance model. Depending on geometry, typiégﬁquency band characterized by radiation damping.
values for the sheet capacitance and sheet inductance of a two- )
layer structure are about 0.05%@nd 2 nH, respectively. The B- Reflection Phase

complete dispersion diagram, calculated using the effectiveThe surface impedance determines the boundary condition
medium model, is shown in Fig. 7. at the surface for the standing wave formed by incident and
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1 x x T , T Although the surface exhibits high impedance, it is not
actually devoid of current. (If there were no current, electro-
magnetic waves would be transmitted right through the ground
w2 - plane.) However, the resonant structure provides a phase shift,
thus, the image currents in the surface reinforce the currents
in the antenna, instead of canceling them.

To the left-hand side of the light line in Fig. 7, we can
determine the frequency range over which the radiation effi-
ciency is high by using a circuit model, in which the antenna is
modeled as a current source. The textured surface is modeled

Reflection Phase [radians]
o

L [ -
2 5 g as anLC circuit in parallel with the antenna, and the radiation
§§ into free space is modeled as a resistor with a value of
Si= Vo o/ cos(8) = 377 Q/cos(d). The amount of power
s 5 10 15 20 25 30 dissipated in the resistor is a measure of the radiation efficiency
Frequency [GHz] of the antenna.

The maximum power dissipated in the resistor occurs at

Fig. 8 Reﬂection phase of the high-impedance surface, calculated usingltH% LC resonance frequency of the ground plane, where
effective surface impedance model. e .

the surface reactance crosses through infinity. At very low

frequencies, or at very high frequencies, the current is shunted
reflected waves. If the surface has low impedance, suchtagugh the inductor or the capacitor, and the power flowing
in the case of a good conductor, the ratio of electric field to the resistor is reduced. It can be shown that the frequencies
magnetic field is small. The electric field has a node at thghere the radiation drops to half of its maximum value occur
surface, and the magnetic field has an antinode. Converseiien the magnitude of the surface impedance is equal to the
for a high impedance surface, the electric field has an antindggedance of free space. For normal radiation, we have the
at the surface, while the magnetic field has a node. Anottfetlowing equation:
term for such a surface is an artificial “magnetic conductor.” iwl
Recent work involving grounded frequency selective surfaces ‘;wa
has also been shown to mimic a magnetic conductor [37]. 1-wLC
However, these structures do not possess a complete surfddes can be solved fow to yield the following equation:
wave bandgap, since they lack the vertical conducting vias, , 1 1 1 T T
agt:gs.mteract with the vertical electric field of TM surface W= + 52C? + prok / 7 + TR (23)

Typical parameters for a two-layer ground plane are 2 nHFor typical geometriesL is usually on the order of 1 nH,

of inductance, and 0.05 pFof capacitance. For these valuesand C is in the range of 0.05-10 pF. With these values, the
the reflection phase is plotted in Fig. 8. At very low frequerterms involving 1/7?C? are much smaller than the/LC
cies, the reflection phase is and the structure behaves likeerms, so we will eliminate them. This approximation yields
an ordinary flat metal surface. The reflection phase slopid® following expression for the edges of the operating band:
downward, and eventually crosses through zero at the reso-
nance frequency. Above the resonance frequency, the phase w=wo1+ 22, (24)
returns to—=. The phase falls withia/2 and—= /2 when the N

magnitude of the surface impedance exceeds the impedance o — _
of free space. Within this range, image currents are in—phﬁg,eh;eiﬁg?ggér‘;;‘iﬂ“ﬁ:;g(ﬁn_celé ¢ jt:Iiiij acr;?cfﬂ _intrfé Ee

rather than out-of-phase, and antenna elements may lie dire&l ) ;
b y rameters forL, C, and »n given above,Z, is usually

adjacent to the surface without being shorted out. paran
significantly smaller than;. Thus, the square root can be

expanded in the following approximation:
C. Radiation Bandwidth < 1 Z0>
W =~ Wo .

An antenna lying parallel to the textured surface will see

the impedance of free space on one side, and the impedangg two frequencies designated by thesigns delimit the
of the ground plane on the other side. Where the texturgghge over which an antenna would radiate efficiently on
surface has low impedance, far from the resonance frequengyeh a surface. The total bandwidth is roughly equal to

the antenna current is mirrored by an opposing current e characteristic impedance of the surface divided by the
the surface. Since the antenna is shorted out by the neaghyedance of free space

conductor, the radiation efficiency is very low. Within the A
forbidden bandgap near resonance, the textured surface has 2v
much higher impedance than free space, so the antenna is “o n

not shorted out. In this range of frequencies, the radiatidrnis is also the bandwidth over which the reflection coefficient
efficiency is high. falls between+n/2 and —7 /2, and image currents are more
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o 22}
(o] o

Fey
o

frequency [GHz]
w
(o]

20 ;
)
if'v# Band Gap Yy
10 b.m cosscssssnesetel
s .
oF X M r

wave vector

Fig. 9. i ing the finite-el l.
'g. 9. Square geometry studied using the finite-element mode Fig. 10. Surface-wave band structure of the high-impedance surface, calcu-

lated using a finite-element model. The radiation broadening of the TE modes
in-phase than out-of-phase. It represents the maximum usa#ieve the light line is indicated by error bars.
bandwidth of a flush-mounted antenna on a resonant surface
of this type.
The relative bandwidttAw/w is proportional to\/L/C,

thus, if the capacitance is increased, the bandwidth suffers. Sﬁ:sgf
Since the thickness is related to the inductance, the more the Test

resonance frequency is reduced for a given thickness, the more
the bandwidth is diminished.

Microwave Absorber |

@

V. FINITE-ELEMENT MODEL

In the effective surface impedance model described above, Coax
the properties of the surface are summarized into a single Probe
parameter, namely the surface impedance. Such a model cor-
rectly predicts the reflection properties of the high-impedance Surface
surface, and some features of the surface-wave bands. How- \ Under

. . Test \
ever, it does not predict an actual bandgap. Nevertheless, \

we have found experimentally that the surface-wave bandgap
edges occur where the reflection phase is equalt@2, thus, icrowave Absorber
this generally corresponds to the width of the surface-wave ®)

bandgap. Within this region, surface currents radiate.

It is necessary to obtain more accurate results using a finifég- 11. (a) TM surface-wave measurement using vertical monopole probe
antennas. The probes couple to the vertical electric field of TM surface waves.

element model, in which the detailed geometry of the surfagg te surface-wave measurement using horizontal monopole probe antennas.
texture is included explicitly. In the finite-element model, th&he probes couple to the horizontal electric field of TE surface waves.

metal and dielectric regions of one unit cell are discretized on

;garllrc\j.e-:—heeniflzt:(:afliEtiitnal\l/v%ci)(lzr:sn?; tgz %2%23%%?::25;?}% the graph by a dotted line. These results agree qualitatively
9 N ' Y With the effective medium model. The finite-element method

Bloch boundary conditions are used, in which the fields a}so redicts hiaher frequency bands that are seen in the
one edge of the cell are related to the fields at the opposﬂe P 9 q y

edge by the wave vector. The calculation yields the allowgaeasurements, but do not appear in the effective medium
frequencies for a particular wave vector, and the proceddﬂ? e .

is repeated for each wave vector to produce the dispersioﬁ%Cordlng to the finite-element model, the TM, band ‘_’065

diagram. The structure analyzed by the finite-element methBt réach the TE band edge, but stops below it, forming a
was a two-layer high-impedance surface with square geomefndgap. The TE band slopes upward upon crossing the light
shown in Fig. 9. The lattice constant was 2.4 mm, the spacih@e- Thus, the finite-element model predicts a surface-wave
between the plates was 0.15 mm, and the width of the via@ndgap that spans from the edge of the TM band, to the
was 0.36 mm. The V0|ume beIOW the Square p|ates was f|||8§|nt Where the TE ba.nd crosses the I|ght Iine. The resonance
with e = 2.2, and the total thickness was 1.6 mm. frequency is centered in the forbidden bandgap.

The results of the finite-element calculation are shown in In both the TM and TE bands, the = 0 state represents
Fig. 10. The TM band follows the light line up to a certairg continuous sheet of current. The lowest TM mode, at zero
frequency, where it suddenly becomes very flat. The TE bafréquency, is simply a sheet of constant current—a dc mode.
begins at a higher frequency, and continues upward withTae highest TM mode, at the Brillouin zone edge, is a standing
slope of less than the vacuum speed of light, which is indicateve in which each row of metal protrusions has opposite
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Fig. 12. (a) TM surface-wave transmission across a flat metal surface. (b) TM surface-wave transmission across a two-layer high-impedance surface.
(c) TE surface-wave transmission across a two-layer high-impedance surface. The strong fluctuations are due to multipath interference. The forbidden
bandgap is shown for cases (b) and (c).

charge. The lowest TE mode is a sheet of current that garface wave. Another method for coupling to surface waves,
continuous in space, but oscillating at tHe” resonance which is more practical at microwave frequencies, is to use a
frequency, at the origin ofs-space. The TE band slopesvery small probe. A point source launches all wave vectors,
smoothly upward in frequency, crossing through the light lingus, a small antenna brought near the surface is capable of
at some point. At the highest TE mode, at the Brillouin zongoupling to surface-wave modes. The antenna geometry can
boundary, transverse currents flow in opposite directions g8 tailored to distinguish surface-wave polarization.
each row of protrusions. In TM surface waves, the electric field forms loops that ex-
In the other upper bands, the electric field is primarilyang vertically out of the surface. TM waves can be measured
concentrated in the region below the capacitor plates. Tiging a pair of small monopole antennas oriented normally
modes in these bands resemble the modes in a parallel-plgif, respect to the surface, as shown in Fig. 11(a). The vertical
waveguide. The first of these modes_occurs at about tQﬁéctric field of the probe couples to the vertical electric field
frequency where one half-wavelength fits between the FO%P the TM surface waves. In TE surface waves, the electric

of metal vias. field is parallel to the surface. They can be measured with a
pair of small monopole probes oriented parallel to the sheet,

VI. MEASURING SURFACE PROPERTIES as shown in Fig. 11(b). The horizontal electric field of the
antenna couples to the horizontal electric field of the TE waves.
A. Surface Waves On a flat metal sheet, a TM surface-wave measurement pro-

Since surface waves cannot generally couple to exters#ices the results shown in Fig. 12(a). The surface under test
plane waves, specialized methods must be used to meadiité a 12-crh sheet of flat metal. The measurement represents
them. At optical frequencies, surface plasmons are oftéie transmission between a pair of monopole probes oriented
studied using a technique called prism coupling [8]. A prism legrtically at the edges of the metal sheet. (A TE surface-
placed next to the surface, and the refractive index of the prismave measurement produces no significant signal because any
is used to match the wave vector of a probe beam to that ohatenna that excites TE waves is shorted out on a conducting
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surface. It is only on the textured surface, with its unusual _
surface impedance, that significant TE transmission signal  Transmitting w§
levels can be obtained.) Horn ]
The TM data has variations of 10-15 dB, but remains ))))))))))) f:;g
relatively flat over a broad spectrum. The variations are KK
produced by multipath interference, or speckle, which occurs —r—<l K K K K K K K & k
in coherent measurements whenever multiple signal paths are rooc " Microwave Absorber
present. Multipath interference can be distinguished from other

effects because it is characterized by narrow'ban_d_ fad'%. 13. Reflection phase measurement performed using a pair of horn
whose details depend on the exact antenna position. Td#nnas. The anechoic chamber used in these experiments measured 30 cm
transmission drops off at low frequencies because the snralB0 cmx 60 cm, and the hole for the sample measured 10>ctt0 cm.
probes are inefficient at exciting long wavelengths.

A typical TM surface-wave measurement on a textured T | TR
surface is shown in Fig. 12(b). The size of the sheet and the WM“\ Out-of-Phase
measurement technique were the same as those used for the,
flat metal surface. The structure consisted of a triangular array § 2 " \%
of hexagonal patches as shown in Fig. 1, with a period of § I
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§ 0 In-Phase —
was 2.2. 8

The transmission is strong at low frequencies, and exhibits & _ .
the same multipath interference seen on the metal surface. Ate * o \‘M\

11 GHz, the transmission drops by about 30 dB, indicating the Out-of-Phase 22

edge of the TM surface-wave band. Beyond this frequency, . ! ¢ I T B N

the transmission level remains low and flat, eventually sloping 0 6 12 18 24 30
upward at much higher frequencies because of weak coupling Frequency [GHz]

to TE surface waves. The TE band edge is not apparentrig. 14. Measured reflection phase of a two-layer high-impedance surface.
this measurement, but the region corresponding to the surface-

wave bandgap is indicated on the graph by an arrow. A ref tis tak ¢ ; ith k
A TE transmission measurement of the same textured surZ' '€'€r€Nce measurement IS taken ot a surtace wi nown

face is shown in Fig. 12(c). It was taken using a pair d]eféectlon ptropernes, SUCT as aglla'.cds:ecta)t otL_metafI, and aI'IA
small coaxial probes, oriented parallel to the surface. T gbsequent measurements are divided by tnis relerence.

transmission is weak at low frequencies, and strong at hi gtor of 7 is adcfiet(:] to thtel pf;]asezl- dartlg r:o. aﬁcount tforhthe
frequencies, the reverse profile of the TM data. A sharp ju éﬁerence scan ot the metal sheet, which IS known to have

of 30 dB occurs at 17 GHz, indicating the TE band edg .;_eglectigl)n f_’hasi O £ the hiah i d f is sh
Beyond this frequency, the transmission is flat, with only small € refiection phase ot the high impedance surface 1S shown

fluctuations due to speckle. The TE probes also couple slightl .F'.g' 14.' At low frequencies, it reflects with a lphase
to TM surface waves, so there is an additional transmissi ift just like a metal surface. As the frequency is increased,
peak at 11 GHZ, at the TM band edge, where the densityt phase slopes downward, and eventually crosses through

TM states is high. Both TM and TE probes tend to coup ero at the resonance frequency of the structure. At higher

slightly to the opposite surface-wave polarizations. Howev Ffaquenclzlles, the prrwlase c\?\?t;?uei to sl_o pebdownwarg, and

the cross coupling is greater with the TE probe because it ladkgEntua y approachesm. ithin the region betweenr/

the symmetry of the vertical monopole and —r /2, indicated on the graph by arrows, plane waves are
A surface-wave bandgap is measured between the TM pdfifjected in-phase, rather than out-of-phase. This range also

edge at 11 GHz and the TE band edge at 17 GHz. Within trﬁgrresponds to the measured surface-wave bandgap, indicated

range, neither polarization produces significant transmissiGh! the graph by a shaded region, with the TM and TE band

Currents cannot propagate across the surface, and anyindLﬁ: s falling approximately at the p.omts where the phase
currents radiate from the surface. crosses through/2 and —/2, respectively.

C. Low-Frequency Structures

B. Reflection Phase With two-layer construction, the capacitors are formed by

The reflection phase of the high-impedance surface canthe fringing capacitance between two metal plates lying edge-
measured using two microwave horn antennas, as showntaredge, usually separated by a few hundred microns. If the
Fig. 13. The measurement is done in an anechoic chambabstrate has a dielectric constant between 2-10, and the
lined with microwave absorbing foam. The two horns arperiod is a few millimeters, the capacitance is generally on
placed next to each other, aimed at the surface. Two windoth& order of a few tens of femtofarads. With a thickness of
are cut in the chamber, one for the antennas, and one for ¢héew millimeters, the inductance is a few nanohenrys, so the
surface under test. resonance frequency is on typically the order of about 10 GHz.
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Fig. 16. (a) Antenna on a flat metal ground plane generates propagating
surface currents, which cause multipath interference and backward radiation.
(b) Surface waves are suppressed on a high-impedance ground plane.
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low enough that the free-space wavelength is much greater
Band than the probe length, which is only a few millimeters, so the
Gap antennas tend to couple equally well to TM and TE modes.
o — e ; ! : ' ' Transmission can be seen in both the TM and TE bands, and
14 18 22 26 3.0 34 a gap is visible between 2.2-2.5 GHz.
Frequency [GHz] The reflection phase is shown in Fig. 15(b). The region
(b) corresponding to the surface-wave bandgap is shaded. Inside
Fig. 15. (a) Surface-wave transmission across a three-layer high-impedatfsigs gap, the reflection phase crosses through zero, and plane

surface. The lower resonance frequency is achieved through capacitive lqaf- i _Af
ing. (b) Reflection phase of a three-layer high-impedance surface. c\%ves are reflected in phase rather than out-of phase.

VII. ANTENNAS

thg :Eissgér:i;isggaggetfﬁgﬁﬁnfé’;:;izzlt:a“?n?tzogt ig:the high-impedance surface has proven useful as an antenna
P y é;gound plane. Related research has also been done on conven-

three-layer constrgctlon, in which the ca'paC|'tors are'form i%nal three-dimensional photonic crystals [38]-[42], but those
between overlapplng metal plates,' as in F',g' 6. \_N'th thlfepend on different principles. Using high-impedance ground
method, a capacitance of several picofarads is easily achifsyas antennas have been demonstrated that take advantage
able. Resonance frequencies of less than 1 GHz can {16, the suppression of surface waves, and the unusual re-
produced, while maintaining the thickness and period QRction phase. An antenna on a high-impedance ground plane
the order of a few millimeters. However, by forcing a thiryoqyces a smoother radiation profile than a similar antenna on
structure to have a low resonance frequency, the bandwidthonyentional metal ground plane, with less power wasted in
is also reduced. the backward direction. Furthermore, radiating elements can
The three-layer high-impedance surface maintains the safe girectly adjacent to the high-impedance surface without
general properties as the two-layer structure, with TM anghing shorted out. These antennas can take on a variety of
TE surface-wave bands separated by a gap, within Whighims, including straight wires to produce linear polarization,
there are no propagating surface-wave modes. A surface-wagy&arious other shapes to generate circular polarization. Patch
measurement is shown in Fig. 15(a) for a typical three-layghtennas are also improved if they are embedded in a high-
structure. This sample had a hexagonal lattice with a periodiafpedance surface.
6.35 mm, and an overlap area between adjacent metal plates dfhe high-impedance surface is particularly applicable to
6.84 mnt. The spacer layer between the plates had a thicknesg field of portable hand-held communications, in which
of 100 zm, and a dielectric constant of 3.25. The thickness dfe interaction between the antenna and the user can have
the lower supporting board was 3.17 mm, with a dielectrig significant impact on antenna performance. Using this new
constant of 4.0. The data shows the transmission between gvound plane as a shield between the antenna and the user in
straight coaxial probes lying parallel to the surface, in whabrtable communications equipment can lead to higher antenna
is usually considered the TE configuration. The frequency éfficiency, longer battery life, and lower weight.
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Fig. 17. (a) Radiation pattern of a monopole antenna on a flat metal ground plane contains many lobes and nulls due to multipath interference from surface
waves. (b) Radiation pattern of a monopole on a high-impedance ground plane is smooth, due to the suppression of surface waves. (c) Within the allowed
TM surface-wave band, the high-impedance ground plane behaves as an ordinary flat metal ground plane, similar to (a).

A. The Vertical Monopole suppressed. While driven currents can exist on any reflective
One of the simplest antennas is a vertical monopole, showfface, they do not propagate on our high-impedance ground
in Fig. 16(a). It can be fabricated by feeding a coaxial cabRlane. Any induced currents are restricted to a localized region
through a metal sheet, and extending the center conductofgund the antenna, and never reach the edges of the ground
form a radiating wire. The outer conductor is shorted to tHdane. The absence of multipath interference results in a
metal surface, which acts as a ground plane. smoother radiation pattern, with less wasted power in the
On an infinitely large ground plane, an antenna of this tyg@ckward hemisphere, as shown in Fig. 17(b).
would ideally have a smooth half-doughnut-shaped radiationFor the radiation pattern in Fig. 17(a), the antenna was 3-
pattern, with a null on the axis of the wire, and no radiatiofm long, and the ground plane was 5°criihe frequency of
in the backward direction. In reality, the ground plane ihe measurement was 35 GHz. The important features are the
always finite, and its edges contribute to the radiation pattefiples that appear in the forward direction, and the amount of
In addition to space waves, the antenna generates surfagsted power in the backward direction. These effects are both
waves in the ground plane, which then radiate from edgéyge to surface waves that propagate away from the antenna and
and corners. The combined radiation from the wire and tti@diate from the ground plane edges.
ground plane edges interfere to form a series of multipathFor the radiation pattern in Fig. 17(b), the flat metal ground
lobes and nulls at various angles, as shown in Fig. 17(a). Tplane is replaced with a textured two-layer high-impedance
edges also radiate backward, causing a significant amountgodund plane, with a thickness of 1 mm and a triangular lattice
wasted power in the backward hemisphere. with a period of 1.4 mm. The TM band edge of this surface was
If the metal ground plane is replaced with a high-impedane¢ 30 GHz, and the measurement was performed at 35 GHz,
ground plane, as shown in Fig. 16(b), the surface waves avigthin the surface-wave bandgap. The radiation pattern in the
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Fig. 18. (a) Patch antenna on a metal ground plane. (b) Patch antenna

embedded in a high-impedance ground plane. Frequency [GHz]

Fig. 19. Measured return loss for patch antennas on two different ground
. o . . planes.
forward direction is smooth, showing only the two main lobes,

and the power wasted in the backward direction is significantly
reduced. substrate has a dielectric constant of 10.2, a thickness of
Two additional features are apparent in Fig. 17(b). Firs®;625 mm, and a size of 5 émCircular patches were used,
the center null is diminished because of asymmetry in tieéth a diameter of 3.5 mm. The patch on the high-impedance
local geometry of the antenna wire and the surrounding me@§pund plane was separated from the metal protrusions of the
patches. With more symmetrical construction, the null cougirrounding high-impedance surface by a guard ring consisting
be recovered. Second, the received power is lower with tRE3 mm of bare dielectric. The high-impedance surface used
high-impedance ground plane, especially at the horizon. TH® this antenna was a two-layer structure with a triangular
is because the image currents on the high-impedance grol@ice, a period of 2 mm, and a bandgap spanning roughly
plane are reversed with respect to their direction on a mel#—16 GHz.
ground plane. For a vertical monopole, this tends to cancel theThe radiation patterns of the two antennas are shown in
antenna current, particu|ar|y at the horizon. Flg 20. The measurements are at a frequency of 13.5 GHz,
If the antenna is operated outside the bandgap, the grouwaﬁre the two antennas have the same return loss. In both
plane behaves very much like an ordinary flat sheet of mettl€ - and E-planes, the patch on the ordinary metal ground
Fig. 17(c) shows the radiation pattern of the monopole antenplane shows significant radiation in the backward direction,
on the high-impedance ground plane, operated within the T¥nd ripples in the forward direction. Furthermore, the pattern
surface-wave band, at a frequency of 26 GHz. Due to t|iﬁ; not rotationally Symmetric, and is much thinner in the
presence of surface waves, the pattern contains many lobE®lane than in theE-plane. Conversely, the patch on the

and nulls, and a significant amount of power is wasted in tfégh-impedance ground plane produces a smooth symmetric
backward hemisphere. pattern with little backward radiation.

B. The Patch Antenna C. The Horizontal Wire Antenna

The beneficial effects of surface-wave suppression can alsd’he benefits of surface-wave suppression have been es-
be applied to patch antennas. An example of a patch antemaldlished through two examples: the vertical monopole and
fed using a coaxial probe is shown in Fig. 18(a). The radiatidghe patch antenna. The other important property of the high-
pattern of the patch antenna is degraded by surface wavesnipedance surface is that its image currents are in-phase rather
much the same way as the wire monopole. Surface wawuban out-of-phase. This unusual property allows antennas to be
radiate from the edges of the ground plane, causing ripplescionstructed that are not possible on a flat conducting ground
the antenna pattern, and radiation in the backward directigifane. An example, shown in Fig. 21(a), is a wire antenna that
If the substrate is thick, or it has a high dielectric constant, tias been bent over so that it lies parallel to the ground plane.
surface-wave problem is exacerbated. A horizontal wire radiates very poorly on an ordinary metal

Surface waves can be suppressed by embedding the patapround plane because the image currents cancel the currents
a high-impedance ground plane, as shown in Fig. 18(b). Thethe antenna. A similar wire antenna on a high-impedance
presence of the nearby metal protrusions tends to raise greund plane is shown in Fig. 21(b). This antenna performs
resonance frequency of the patch because the effective cawsll because the image currents in the high-impedance ground
volume is reduced. This can be corrected by leaving a smplane reinforce the currents in the antenna.
guard ring of bare substrate around the patch, or by adjustingrhe return loss of the horizontal antenna on the metal
the size of the patch. ground plane is shown in Fig. 22. Most of the power is re-

Fig. 19 shows the return loss at the coax feed of two patlibcted back toward the generator, thus, the radiation efficiency
antennas—one on an ordinary metal ground plane, and dsepoor. In this example, the antenna was 1-cm long, and
on a high-impedance ground plane. In both cases shown, separated by a distance of 1 mm from a 32agnound plane.
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Fig. 21. (a) Horizontal wire antenna on a metal ground plane. Image currents
interfere destructively. (b) Horizontal wire antenna on a high-impedance
ground plane. Image currents interfere constructively.
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Fig. 22. Return loss in the coax feed of a horizontal wire antenna on two
different ground planes.

the surface-wave bandgap, where it produces a smooth pattern.

— High-Impedance Outside the bandgap, the pattern contains many lobes and nulls

"""" Ordinary Metal due to excitation of propagating surface waves. The radiation

(b) pattern for the metal ground plane and the high-impedance

Fig. 20. (a)H- and (b)E-plane radiation patterns of patch antennas on twground plane is shown in Fig. 23. The data in the radiation
different ground planes. patterns supports the return loss data, in that the signal level

is about 10 dB higher on the high-impedance ground plane.

The return loss of the antenna is much lowed( dB) on the L
high-impedance ground plane, also shown in Fig. 22. In th Portable Communications
measurement, the high-impedance ground plane was identicaDne important application of the high-impedance ground
to the one measured in Figs. 12 and 14, with a bandgplane is in the area of portable communications. At present,
spanning from 11 to 17 GHz. Below the TM band edge, thbe standard antenna geometry is a monopole, which is part of
antenna performance is poor, and similar to the metal groutie® handset and lies in close proximity to the user’'s head. It
plane. The surface impedance is low, and the image currehts been shown that with this configuration, roughly 50% of
cancel the antenna currents. Within the bandgap, with a rettine radiated power is absorbed by the user [43]. The effect of
loss of —10 dB, only 10% of the power is being reflected bacthe radiation on the user has not been evaluated conclusively,
to the generator. In this range, the image currents are reverdad, the effect of the user on the antenna is significant. If
and they reinforce the antenna currents. this lost power could be reclaimed, the benefits for portable
Above the TE band edge, the return loss is low becausea@fmmunication equipment could be an improvement in battery
coupling to TE surface waves. There is also strong couplinglite, or a reduction in battery weight.
TM waves near the TM band edge, below the bandgap whereThe power lost to absorption can be reduced by using a
the density of states is very high. In both cases, the low retutlivectional antenna. Directional antennas might appear im-
loss is not accompanied by good antenna radiation. Althoughactical for portable communications. However, in a real
the antenna radiates over a broad band, it is only useful witténvironment, scattering from buildings and other objects tends
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Fig. 23. (a)E- and (b) H-plane radiation pattern of two horizontal wire (b)

antennas, measured at a frequency of 13 GHz.
Fig. 25. (a) Reference radiation pattern of a dipole antenna in free space.

(b) Radiation pattern of a dipole antenna near the jar of water, and a dipole
shielded from the water by a high-impedance ground plane. The antenna
efficiency of the shielded antenna is about 9%%, comparable to the free
space case.

Antenna

but they are only directional when combined with a reflector.
Slg’:é‘d If the reflector is a flat metal sheet, it requires a minimum
thickness of one quarter-wavelength, which is impractical.
Fig. 24. Experiment to measure effects of the user in portable communié-goqd altema.ltlve IS a hlgh-lmpedam_:e grounq plane, with
tions, modeling the user's head as a jar of water. a horizontal wire antenna mounted directly adjacent to the
top surface. The frequency of operation is determined by the
surface rather than the wire, and since the surface resonance

to randomize the signal direction. For commercial producty controlled by the internal coupling between the individual
cost is the most significant design factor, thus, the antenggments, the structure is not readily detuned.

must be inexpensive to produce, and simple to integrate intoThe experiment shown in Fig. 24 is designed to simulate a
the handset hardware. Patch antennas are cheap, but #e@y communications environment. The presence of the user
have the disadvantage that they are easily detuned by nedgbynodeled by a jar of tap water measuring roughly 15-cm
dielectric objects. Wire antennas are not as easily detundihmeter by 20 cm tall. The dielectric constant of water is
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similar to most human tissues. Fig. 25(a) shows Hglane [6] D. Sievenpiper and E. Yablonovitch, “Circuit and method for eliminating
radlatlon pattern of a half_Wave d|p0|e antenna |n free Spa(:i_,A surface currents on metals," U.S. Patent 60/079953, Mar. 30, 1998.
t

N. Ashcroft and N. MerminSolid State Physics Orlando, FL: Saun-
to be used as a reference. The frequency of the measurement yers college, 1976.

is 2.3 GHz. The radial scale is decibels with respect t@8] W. Bames, T. Priest, S. Kitson, and J. Sambles, “Physical origin of

an isotropic radiator (dBi), and the dipole has the expected photonic energy gaps in the propagation of surface plasmas on gratings,”
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average gain value of around 2 dBi. [9] S. Kitson, W. Barnes, and J. Sambles, “Full photonic band gap for

The plot shown in Fig. 25(b) is théd-plane radiation surface modes in the visiblePhys. Rev. Lett., vol. 77, pp. 2670-2673,
pattern of the same dipole antenna placed near the jar of 199

. . . . h . e h?dl] L. Brillouin, Wave Propagation in Periodic Structures; Electric Filters
water, oriented in the direction of the jar axis. The radiation ~ ang cCrystal Lattices2nd ed. New York: Dover, 1953.

is blocked from propagating through the water, as indicatdtl] A. Harvey, “Periodic and guiding structures at microwave frequencies,”

: ; ; ; ; IRE Trans. Microwave Theory Teghvol. 8, pp. 30-61, June 1959.
by the deep null in the direction of the jar. The overall sign C. Elachi, “Waves in active and passive periodic structures: A review,”

level is also reduced in all directions due to a combination of Proc. IEEE, vol. 64, p. 1666-1698, Dec. 1976.
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