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Abstract—A high-impedance electromagnetic surface is a new
type of metallic structure exhibiting high surface impedance
and the suppression of propagating surface currents at a par-
ticular frequency band. We experimentally characterize such a
high-impedance surface designed near 2.4 GHz. We describe an
antenna built on such a surface, integrated into a printed circuit
board that was designed for the form factor of a portable handset.
Measurement shows high radiation efficiency near 2.4 GHz.

Index Terms—Antennas, bandgap, coupling, handset communi-
cations, surface impedance, surface waves.

I. INTRODUCTION

RECENTLY, a new kind of ground plane has been devel-
oped that is capable of suppressing the propagation of

radio-frequency surface currents [1]. This new surface is im-
portant for antenna applications because it is has the property of
partially isolating the radiating elements from the nearby elec-
tromagnetic surroundings. For example, the property of surface
current suppression can be very useful to portable telephony,
where current handset telephone designs radiate nearly one-half
of the emitted power into the user’s head [2]. While the biolog-
ical implications of this are yet to be determined, the absorption
by the user’s head decreases the radiation efficiency by roughly
3 dB. By shielding the antenna from the user, this radiation effi-
ciency can be greatly increased, resulting in greater battery life,
which, in turn, affects the weight of the phone.

The new surface also provides a high electromagnetic surface
impedance, which allows the antenna to lie directly adjacent to
the ground plane without being shorted out. This allows com-
pact antenna designs where the radiating elements are confined
to limited spaces. Hence, the two properties described above
result in a low-profile antenna that can fit into the small form
factor of a cordless handset, while also partially shielding the
antenna from the effects of the user. As an example, we have
built an antenna using a high-impedance electromagnetic sur-
face as a ground plane, and integrated it into the circuit board
of a portable handset. Measurement shows the antenna achieves
high radiation efficiency, even in the presence of a lossy dielec-
tric body.
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II. HIGH-IMPEDANCEELECTROMAGNETICSURFACE

The high-impedance electromagnetic surface is made of
continuous metal, and it conducts dc currents, but it does not
conduct ac currents within a forbidden frequency band. The
physical geometry consists of a metal sheet, textured with a
two-dimensional lattice of resonant elements, which act as
a two-dimensional filter to prevent the propagation of electric
currents [3].

The high-impedance properties occur near the resonance fre-
quency of the surface , where is the effec-
tive sheet inductance and is the effective sheet capacitance.
The high-impedance electromagnetic surface studied is shown
in Fig. 1. It consists of a three-layer printed circuit board, in
which the lowest layer is solid metal and the top two layers con-
tain nearly hexagonal metal patches. The inductance of the sur-
face is related to the thickness of the circuit board by ,
where is the magnetic permeability andis the thickness of
the board. For a standard 1.6-mm circuit board, the sheet induc-
tance is 2.01 nH/square. To produce a bandgap in the 2.4-GHz
frequency range, a capacitance of 2.19 pFsquare is needed.
This high capacitance is obtained by using two parallel metal
plates with a thin insulating layer between them. The patches
are roughly 5-mm wide, and are connected to the ground plane
by plated metal vias. The two layers of patches are separated
by 0.05 mm of polyimide insulator ( ). The patches
in the lower layer are separated from the solid metal layer by
a 1.6-mm substrate made of standard fiberglass printed-circuit-
board material, commonly known as FR4 ( ). The overlap
between neighboring patches provides a sheet capacitance of
about 2.13 pF square. The structure shown in Fig. 1 has a res-
onance frequency of GHz.

The width of the bandgap can be shown to be
, which translates to a bandgap

frequency range of 2.33–2.53 GHz. In this frequency range,
the electromagnetic surface exhibits high surface impedance,
does not conduct ac currents, and suppresses the propagation of
radio-frequency surface waves. For portable communications,
the suppression of surface waves can improve performance by
effectively confining antenna radiation to only one hemisphere,
acting as a shield between the antenna and the user.

A TE surface-wave measurement using current loop probe
antennas was performed [3]. In TE surface waves, the electric
field is parallel to the surface, and the magnetic field forms ver-
tical loops that arc out of the surface. They can be measured
using small loop antennas, as shown in Fig. 2. This type of probe
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Fig. 1. (a) Side view of the high-impedance electromagnetic surface. (b) Top view of the high-impedance electromagnetic surface.

Fig. 2. Experimental setup to measure the transmission of TE surface waves.

can be constructed as a small wire loop connecting the two con-
ductors of a coaxial cable. The plane of the loop is parallel to
the surface, creating a vertical magnetic field that couples to the
magnetic field of the TE surface waves.

The result of the measurement is shown in Fig. 3, confirming
the bandgap. A sharp jump in transmission of about 20 dB oc-
curs at 2.53 GHz, indicating the TE band edge. Beyond this fre-
quency, transmission is much higher compared to the bandgap
frequency band, with only small fluctuations due to speckle.
Since the probe used in this experiment can also couple to TM
waves, the TM band edge is also visible in this measurement at
about 2.3 GHz.

III. CORDLESSHANDSET PROTOTYPE—MEASUREMENT AND

ANALYSIS

The antenna geometry that we studied consisted of a hori-
zontal copper wire etched on a piece of FR4 board. This an-
tenna geometry was a bent-wire horizontal antenna fabricated
as an additional printed circuit layer. An impedance-matching

Fig. 3. Measurement of the transmission of TE surface waves.

pattern was employed on the end near the feed point to ensure
low reflection ( ) over a wide band.

The high-impedance electromagnetic surface with the
attached antenna was soldered to a 5 cm15 cm FR4 circuit
board to simulate the presence of the phone circuitry. This
prototype simulates a design in which the antenna is integrated
into the circuit board of the phone to minimize cost. One
side of the circuit board was solid copper, and the other side
etched clean to reveal bare FR4. The solid metal back side of
the antenna ground plane was soldered to the copper side of
the blank circuit board. The addition of real circuit traces and
components may tend to increase absorption into the board,
thus, this may be considered a best-case situation. The antenna
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Fig. 4. Portable handset prototype with an antenna using a high-impedance
electromagnetic surface as a ground plane.

Fig. 5. MeasuredS11 plot of the antenna using a high-impedance electro-
magnetic surface as a ground plane.

geometry along with the prototype is shown in Fig. 4. The
of the antenna and prototype is shown in Fig. 5.

The radiation pattern of the antenna on a high-impedance
electromagnetic surface is shown in Fig. 6. The frequency
shown is 2.44 GHz, which is inside the bandgap. At the 0
polar angle, the cordless telephone prototype has its antenna
facing the horn and its attached FR4 Circuit Board pointing
toward the 270polar angle. Note that the front-to-back ratio is
approximately 10 dB. Antenna measurements were performed
from 2.2 to 2.8 GHz. Since the designed bandgap is from 2.33
to 2.53 GHz, frequencies both inside and outside the bandgap
were analyzed.

Fig. 6. Radiation pattern of an antenna on a high-impedance electromagnetic
surface. The frequency is 2.44 GHz.

Fig. 7. Radiation efficiency versus frequency.

The radiation efficiency as a function of frequency shown
in Fig. 7 was obtained by comparing the radiation pattern of
the antenna on a high-impedance electromagnetic surface to a
standard gain horn whose radiation properties were well docu-
mented [4]. The radiation transmissions of both the antenna on a
high-impedance electromagnetic surface and the standard gain
horn were measured. The first steps in the calculation are ob-
taining the cross sections associated with the full-width at half-
maximum (FWHM) values for both radiation transmissions. If

is the standard gain horn’s cross section andis the cross
section of the antenna on a high-impedance electromagnetic sur-
face, then antenna efficiencyis defined as follows:

where is the absolute value difference between the peak trans-
mission values of the horn and antenna. The antenna efficiency
definition above compares the efficiency of the antenna on a
high-impedance electromagnetic surface to the efficiency of the
horn.
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The peak antenna efficiency occurs at 2.44 GHz, which is
also the near the center of the designed bandgap of the high-
impedance ground plane. For frequencies near the center of the
bandgap, the antenna efficiencies are quite high (above 80%).
For frequencies outside the bandgap, however, the antenna effi-
ciencies decrease below 50%.

This result can be explained as follows. Within the bandgap,
the suppression of surface currents tends to confine the radia-
tion to the forward hemisphere and limit the interaction of the
antenna with its electromagnetic surroundings. For frequencies
outside the bandgap, the antenna couples strongly to the nearby
electromagnetic surroundings, including the attached circuit
board. Significant energy leaks away as induced currents in
the circuit board, and is then absorbed. Hence, it eventually
becomes lost radiation and decreases the antenna efficiency.

IV. CONCLUSION

High-impedance electromagnetic surfaces have two note-
worthy characteristics over a designed frequency band that
makes it an ideal choice for antenna ground planes. Its ability
to suppress the propagation of surface currents allows it
to partially isolate the radiating elements from the nearby
electromagnetic surroundings. The surface also has a high
electromagnetic surface impedance that allows the radiating
elements to be placed very close to the ground plane. These
two properties were utilized when we built a compact low-pro-
file antenna integrated to a small cordless handset while the
antenna itself was shielded from the user. The peak antenna
efficiencies were inside the bandgap of the high-impedance
electromagnetic surface.
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