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Abstract – We present the design of an enhanced
monopole antenna for on-chip applications using a
metasurface composed of an array of Jerusalem cross
unit cells to improve the radiation and electrical
properties. The monopole antenna operates from 67.83
GHz to 81.93 GHz, covering a part of the E-band. The
achieved enhancement was from 1 to 2.33 dBi, from
0.02 dBi to 0.31 dBi, and from 19% to 49% for gain,
directivity, and radiation efficiency, respectively, de-
rived from full-wave simulations. The topology was
designed on a 300 lm thickness high-resistivity silicon
wafer and an 18 lm silicon dioxide insulation layer
between the monopole antenna and metasurface. The
total size of the proposed device is 1.2 3 1.2 3 0.330
mm3. The frequency range, size, simplicity, and
materials used for the design are suitable for on-chip
applications, such as in vehicular radar systems, as well
as other E-band applications.

1. Introduction

To meet the huge public demand for compact,
wireless systems, antennas, besides the other necessary
electronic modules, must be integrated on the same
silicon chip, and thus research on on-chip antennas has
become a very important field of endeavor.

For years, in order to improve the gain, directivity,
and radiation efficiency while keeping the size of the
antennas small, different types of metamaterials have
been proposed, such as artificial magnetic conductors
[1, 2], high-impedance surfaces [3, 4], electromagnetic
band rejecting structures [5], doubly negative materials
[6, 7], zero-order resonators [8], composite left-right-
handed metamaterials [9], and metasurfaces [10] and
the use of split ring resonators and their complement
[11–13].

In other works, external resonator substrates
placed in the vicinity of the antenna [14] or lenses
[15, 16] have been used. Other alternatives are 1)
micromachining, which consists of the removal of small
amounts of silicon under or in the vicinity of the
radiating device [17]; 2) local doping around the
antenna [18]; 3) optimization of the position so that
the antenna has fewer devices nearby to avoid coupling,
interference, and other parasitic effects [19]; 4)
metallization of printed circuit board cards so that they
act as reflectors [20]; and 5) the use of high-resistivity

semiconductor substrates [21] to reduce losses due to
the substrate.

This article is based on a conventional monopole
antenna topology to design a new metamaterial-based
antenna, keeping design simplicity and compactness
while improving the gain, directivity, radiation efficien-
cy, and impedance bandwidth. The enhanced monopole
antenna was designed using a high-resistivity silicon
(HR-Si) wafer, a silicon dioxide insulation layer, and
copper metal layers.

2. Design

A conventional monopole antenna was previously
designed to operate in a part of E-band range, from 76
GHz to 81 GHz, using a full-wave simulator. The
monopole antenna without the metasurface is depicted
in Figure 1, which also includes its dimensions.

The design of the well-known metamaterial unit
cells (commonly named Jerusalem crosses) was carried
out in the full-wave simulator, using the methodology
shown in Figure 2 and proposed in [22], to extract the
complex refractive index, complex permittivity, and
complex permeability.

The metamaterial cells were designed iterating
until an appreciable enhancement was attained for the
monopole antenna. Roughly, the steps were as follows:
1) a metamaterial cell was modeled, 2) this primary
metamaterial cell was arranged in an array above the
monopole antenna, 3) the variation of position and
distances was analyzed, and 4) the radiation and electric
parameters were studied to judge if the achieved
improvement was sufficient; otherwise, the iteration
process was begun anew.

The right side of Figure 2 depicts the declaration
of wave ports and perfect electrical conductor (PEC)–
perfect magnetic conductor (PMC) boundary conditions
used for the full-wave simulations of the unit cell.

The refractive index is plotted in Figure 3 (a),
which shows a value of about�1.36 since the imaginary
part is very close to zero. Figure 3 (b) shows the
complex permittivity and permeability values of the
simulated unit cell. The Jerusalem cross metamaterial
cell presents a left-handed behavior since the permit-
tivity and permeability are negative.

Figure 4 shows the electric and magnetic fields
plotted in the SiO2 insulation layer for the two different
simulations carried out. Figures 4a and 4b correspond to
the E and H fields, respectively, when only one isolated
Jerusalem cross unit cell was simulated, and Figures 4c
and 4d show these fields when the array of Jerusalem
cross unit cells (or metasurface) are placed above the
monopole antenna.
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Comparing the field distribution of (a) versus (c)
and (b) versus (d) from Figure 4, it is easy to see the
similarity even though the boundary conditions, the
geometry, and the excitation are different. Thus, we can
assert that the simulation of the unit cell was performed
correctly.

These figures show that the electric field is
concentrated between each metamaterial cell and that
the magnetic field is concentrated along them. The
metasurface ‘‘catches’’ the electromagnetic field, being
then concentrated above the monopole, that is, in the
substrate with the lowest loss (SiO2) instead of in the
substrate with the higher loss (HR-Si).

Figure 5a depicts the top view of the proposed
enhanced monopole antenna and its appropriate dimen-
sions. Moreover, Figure 5b shows the top view of the
metamaterial unit cell and Figure 5c the cross-sectional
view of this design, which was built on a high-resistivity
silicon wafer and silicon dioxide with two/three copper
metal layers.

Most of the known material properties were
incorporated during the design process, such as finite
metal conductivity (rCu ¼ 5:8 3 107s=m), dielectric
loss coefficient (tan dSiO2

¼ 0:001, tan dHR�Si ¼ 0:01),
dielectric constant (erHR�Si ¼ 11:9, erSiO2

¼ 3:9), and
substrate resistivity (qHR�Si ¼ 7; 000X � cm) [23].

3. Results

The reflection coefficient at the input port of the
initial design of the monopole antenna topology is
plotted in Figure 6. The reflection coefficient of the
proposed enhanced monopole antenna is also superim-
posed on the same figure for comparison.

Figure 1. Monopole antenna without metasurface.

Figure 2. Methodology for unit cell design and simulation.

Figure 3. (a) Complex refractive index and (b) complex permittivity
(e) and permeability (l) versus frequency from simulated metamate-
rial unit cell (Jerusalem cross).

Figure 4. Electric and magnetic fields. (a) E-field; (b) H-field,
simulation of metamaterial unit cell using PEC-PMC boundary
conditions; (c) E-field; and (d) H-field, simulation of monopole
antenna and metamaterial array above using radiation boundary
condition.
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The change in the central frequency of operation

is caused by the variation of the effective permittivity

and permittivity of the medium; that is, the metamate-

rials change said parameters, and therefore the frequen-

cy shifts. Figure 6 shows the changes in frequency when

the metasurface is employed.

Figures 7a–c show the comparison of three

principal radiation parameters: gain, directivity, and

radiation efficiency versus frequency, respectively, of

the monopole antenna with and without metamaterials.

The enhancement of the gain and radiation

efficiency are remarkable since the arrangement of

Jerusalem cross unit cells causes a change in the

electromagnetic field distribution, with the electromag-

netic field being concentrated above the monopole, a

material with a lower loss.

Moreover, the change in the effective permittivity

and effective permeability of the material generates an

improvement of the coupling coefficient, which gives

rise to a wider impedance bandwidth. Furthermore,

since the metallic Jerusalem cross structures reduce the

quality factor, the bandwidth increases.

Figure 8 shows the two-dimensional radiation
patterns generated by the full-wave simulator. The
improvement in the radiation pattern shape can be
easily noted by the increment in the magnitude of the
main lobe and in the enhancement of its symmetry.

Table 1 shows a comparison of the proposed
design in this article with other published works. The
enhancements achieved in this article are very good
since we attain an adequate average gain, good radiation
efficiency, and moderate impedance bandwidth while
keeping design simple and size compact.

For the implementation of the proposed design,
some changes can be done. The ground plane can be
replaced with a printed circuit board by placing the chip
directly on it; the metal of the monopole and
metamaterial cells can be either aluminum or copper
in order to be integrated into a HR-SOI-CMOS process,
specifically in the uppermost layer of the BEOL. The
layer of silicon dioxide can be replaced with another
material, such as polyamide or polyimide; however, all
dimensions should be adjusted to ensure good perfor-
mance.

4. Conclusion

The proposed metamaterial-based antenna design
in this work shows an easy way to improve the figures
of merit of a conventional monopole antenna by

Figure 5. (a) Enhanced monopole antenna for on-chip applications,
(b) Jerusalem cross unit cell, and (c) cross-sectional view.

Figure 6. Comparison of reflection coefficient of monopole antenna
with and without metamaterials from full-wave simulations.

Figure 7. Comparison of gain, directivity, and radiation efficiency
between proposed antenna of this work and monopole antenna, from
simulation.

Figure 8. Comparison of two-dimensional radiation patterns (top
/ ¼ 08; below / ¼ 908) at 80 GHz from simulation.
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exploiting metamaterial properties without an increase
in the size or in manufacturing complexity. The
proposed enhanced monopole operates from 67.83
GHz to 81.93 GHz over a high-resistivity silicon wafer
and a silicon dioxide insulating layer, entirely adequate
for on-chip E- and W-band applications. The proposed
structure has an acceptable value of bandwidth and
gain, with a considerably good radiation efficiency. The
design offers a low-cost alternative for on-chip
integrated antennas to be used for a host of applications
in this frequency range. The design is suitable for its
implementation on the HR-SOI-CMOS process with
slight modifications.
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