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Abstract—This paper presents the use of selective lateral
etching based on micromachining techniques to enhance the
performance of rectangular microstrip patch antennas printed
on high-index wafers such as silicon, GaAs, and InP. Micro-
machined patch antennas on Si substrates have shown superior
performance over conventional designs where the bandwidth and
the efficiency have increased by as much as 64% and 28%,
respectively. In this work, the silicon material is removed laterally
underneath the patch antenna to produce a cavity that consists
of a mixture of air and substrate with equal or unequal thick-
nesses. Characterization of the micromachined patch antenna is
presented herein and includes a discussion on the bandwidth
improvements, radiation patterns, and efficiency of the patch.
In addition, antenna placement on the reduced index cavity
with respect to the high-index substrate is described to achieve
efficiency improvements over conventional patch antennas.

Index Terms—Microstrip antennas.

I. INTRODUCTION

M ICROSTRIP antennas are used in a broad range of
applications from communication systems (radars,

telemetry, and navigation) to biomedical systems, primarily
due to their simplicity, conformability, low manufacturing
cost [1], and enormous availability of design and analysis
software. As system requirements for faster data transmission
in lighter compact designs drive the technology area, higher
frequency design solutions with large density layouts require
integration of microwave devices, circuitry, and radiating
elements that offer light weight, small size, and optimum
performance. Compact circuit designs are typically achieved
in high-index materials, which is in direct contrast to
the low-index substrates imposed by antenna performance
requirements. The ideal solution requires the capability to
integrate the planar antenna on electrically thick low-index
regions while the circuitry remains on the high-index regions
in the same substrate. In the past, this requirement was satisfied
by selecting the substrate that offers optimum component
performance; unfortunately this led to hybrid integration
schemes and high development cost. As the frequency
increases, however, this approach becomes increasingly
difficult and costs are prohibitively high. Microstrip patch
antennas printed on high-index substrates are revisited in this
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Fig. 1. Geometry of the micromachined patch antenna with mixed
air-substrate region that has been laterally etched away.

work with the primary objective to develop design solutions
that can be integrated into monolithic circuit layouts while
enhancing antenna performance.

Microstrip antenna designs show significant performance
degradation due to the pronounced excitation of surface waves
in high-index materials. As a result, the antenna has lower
efficiency, reduced bandwidth, degraded radiation patterns and
undesired coupling between the various elements in array
configurations. Optimum antenna performance depends on the
choice of dielectric material as well as the choice of feeding
network and is achieved when the radiated power occurs
primarily as space waves with little or no components of
“undesired” surface waves. Such microstrip designs are typi-
cally fabricated on electrically thick low-index materials and
characterized by maximum antenna bandwidth and efficiency
as reported by a vast number of theoretical and experimental
researchers.

Only a few experimental approaches have been put forth
to resolve the excitation of substrate modes in microstrip
antennas. In 1984, a substrate–superstrate configuration [2]
using a horizontal antenna element showed an increase in
the radiation efficiency. Superstrate materials such as GaAs
or Si, however, require a very thin substrate thickness that
yields exceedingly small values of radiation resistance. In
the past three years, researchers have begun to use physical
substrate alterations as a means of perturbing the surface wave
excitation. Circular patch designs in duroid [3] are based on
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Fig. 2. Geometries used to determine the capacitance model for the mi-
cromachined patch antenna for (a) radiating edges into the high-index silicon
substrate and (b) radiating edges over the mixed air-substrate cavity. (c) Graph
of effective dielectric constant versus air gap thickness (percent) for the silicon
based micromachined patch using the cavity and FDTD model compared to
the measured response of the micromachined antenna [(a) geometry].

the choice of an appropriate patch radius to suppress the
excited surface waves. Given the patch radius for a desired
operating frequency, the antenna is forced to resonate at the
first higher order mode (TM120) rather than the dominant
(TM110) one. Other approaches rely on suspending the rectan-
gular patch over an air cavity through the use of a membrane
or over closely spaced periodic holes in the substrate (either
drilled or micromachined) [4], [5]. In both cases, the radiation
efficiency is increased and antenna patterns are improved
considerably as a result of the elimination of surface wave
propagation. Herein, an approach different from the ones
described above is followed that does not require the use of
holes or dielectric membranes [6]–[8]. In this study, material
is removed underneath the antenna by using selective etching
techniques and the excitation of surface waves is suppressed
by creating a micromachined cavity (as shown in Fig. 1)
that produces a low permittivity environment for the patch
antenna.

The micromachined planar antenna design can be integrated
on the same wafer with Si and GaAs IC’s without affecting
circuit requirements. In order to demonstrate the capability
of a micromachined antenna to be integrated effectively with
circuits, an example of a microstrip patch fed by a microstrip
line is studied. More specifically, the antenna is printed on a
cavity region that is comprised of two dielectric sections: 1)
air and 2) silicon substrate. Using micromachining techniques,
silicon is laterally removed from the cavity region producing
a silicon area that has thickness less than or equal to 50%
of the original substrate thickness and an air region that is
created by the removal of material. Described herein is the
characterization of a silicon micromachined patch antenna. In
order to characterize the patch, a cavity model is used to esti-
mate the reduced effective dielectric constant while bandwidth

Fig. 3. Return loss measurement of the regular and micromachined patch
antenna printed on a full thickness substrate and substrate with mixed
air-silicon thickness ratio (1 : 1), respectively.

and radiation patterns are measured to evaluate the antenna’s
performance. Lastly, evaluation of the antenna’s efficiency
using available test equipment is achieved by fabricating and
measuring a duroid-based scaled model.

II. M ICROMACHINED PATCH ANTENNA

To integrate patch antennas into circuit designs on high-
index substrates without losing the advantages of low-index
materials, the regions in the substrate, which will house the
radiating elements must have low index of refraction. This
is achieved by using micromachining to eliminate a portion
of the substrate material (see Fig. 1). The micromachined
antenna configuration consists of a rectangular patch centered
over the cavity, sized according to the effective index of the
cavity region, and fed by a microstrip line. To produce the
mixed substrate region, silicon micromachining is used to
laterally remove the material from underneath the specified
cavity region resulting in two separate dielectric regions of
air and silicon. In this work, the amount of silicon removed
varies from 50 to 80% of the original substrate thickness
underneath the patch and a cavity model is described in the
next section to provide an estimate of the reduced index
value. The walls of the hollowed cavity are in general slanted
due to the anisotropic nature of the chemical etching. In
Section II-B, the scattering parameter measurements illustrate
the antenna’s bandwidth, while field patterns indicate the
radiated power.

A. Calculation of Reduced Dielectric Constant

A cavity model is used to predict the effective dielectric
constant of the mixed air–silicon region for varying thickness
ratios underneath the patch antenna. A quasi-static model
based on series capacitors is used to determine the patch
capacitance in the mixed region [Fig. 2(a)]

C =
"e�A

t
(1)

where "e� = "re�"0. For simplicity the walls of the cavity
are asumed to be vertical and the effective dielectric constant
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TABLE I
DESIGN PARAMETERS FOR THE ANTENNAS ON SILICON SUBSTRATES

("re� ) is estimated by the following expression:

"re� = "cavity

0
B@
L+ 2�L

"fringe

"cavity

L + 2�L

1
CA (2)

"fringe

"cavity
=

"air + ("sub � "air)xair
"air + ("sub � "air)xfringe

where

"cavity =
"air"sub

"air + ("sub � "air)xair
: (3)

In the above expressions,"cavity represents the relative
dielectric constant of the mixed substrate region and"fringe
represents the relative dielectric constant in the fringing fields
region. Equation (2) includes the open-end effect extension
length�L to the antenna, which can be found from [9] where
"fringe is the permittivity used for the calculation of�L. The
thickness parametersxair and xfringe are ratios of the air to
full substrate thickness in the mixed and fringing field regions,
respectively. For the silicon micromachined case shown in
Fig. 2(a) xfringe is taken as zero, whereas for the case of
Fig. 2(b) xfringe = xair.

A plot of the theoretical and measured effective dielectric
constant versus the air gap thickness for silicon substrate
("r = 11:7) can be found in Fig. 2(c), where an effective
dielectric constant of approximately 2.2 is achieved for a
mixed air–silicon ratio of 1 : 1 using the capacitor model
[(2) with �L = 0] and 3 : 1 ratio for the capacitor model
with �L extension length ((2) with�L calculated from [9]).
The dimensions for the micromachined patch that was used
to produce the results of Fig. 2(c) can be found in Table I
(parameters a, b, and c, are actual values since the walls
are assumed vertical). Included also in Fig. 2(c) is a data
point based on the finite difference time-domain model of
the micromachined patch geometry. The finite-difference time-
domain (FDTD) calculation was based on a three-dimensional
(3-D) full-wave scheme that yields the return loss of the
micromachined antenna and the effective permittivity of an
1 : 1 air-silicon substrate for a range of frequencies. Once
the resonant frequency is determined from the return loss,
the effective permittivity of interest is found. Only one case
of air-silicon substrate ratio has been simulated with FDTD
in order to validate the quasi-static results for the effective
dielectric constrant of the antenna that was fabricated and
tested. Regarding the measured (“micromachined”) data point
of Fig. 2(c), the resonant frequency of the fabricated antenna
was measured and [10] was used to extract the dielectric
constant of the substrate for a patch having the same di-
mensions as the measured one. In the following sections,

more extensive experimental data will be presented that prove
the superiority of this type of micromachined antenna. The
conventional and micromachined antennas will be defined
as a patch fabricated on a regular substrate or as a patch
fabricated on a substrate that has locally reduced index region,
respectively.

B. K-Band Micromachined Patch

Two antennas were fabricated on silicon, with resonant
frequencies in the K-band and air/substrate thickness ratios of
1 : 1 (see Table I for dimensions). In the silicon micromachined
patch (SMP) antenna, the conductor has been electroplated to
a metal thickness of approximately 3.2�m and the substrate
is chemically etched (EDP process) in a single-etch step
underneath the antenna. Since the walls of the resulting cavity
are not vertical due to the anisotropic etching, dimensions for
a, b, and c in Table I represent average values. The lower
ground plane is achieved by attaching adhesive copper tape
of 25.4 �m thickness and the size of the silicon substrate
where the antennas were fabricated was approximately 2.8
� 3 cm. Return loss measurements are shown in Fig. 3 and
were obtained using an HP 8510 Network Analyzer where
the bandwidth (jS11j � �10 dB) increases from 2.9% for
the “regular” antenna to 5% for the SMP. Since bandwidth
is inversely proportional to the quality factor Q, defined
as the ratio of total energy stored in the antenna to the
energy dissipated or radiated from the antenna, the increase
in bandwidth provides the first indicator of an increase in total
radiation from the antenna. Efficiency measurements, however,
need to be made in order to observe the increase in power
radiated into space waves as opposed to power radiated into
surface waves.

Radiation patterns were also taken for the two antennas and
the results are shown in Fig. 4, where significant differences in
the E-plane pattern are observed while theH-plane patterns
remain similar as expected. For measurement purposes, the
silicon substrates that hosted the antennas were mounted on a
5.6 � 5 cm metallic holder that served as the ground plane.
The silicon antenna pattern exhibits many ripples, that are due
to the diffraction of strong surface waves from the edges of
the finite ground plane. In contrast, the micromachined an-
tenna pattern is much smoother. Conclusive evidence, needed
to show the suppression of surface waves, is obtained by
evaluating the antenna gain and measured efficiency. Since
test equipment at this frequency was unavailable, a scaled
model has been developed for designs printed on high-index
(10.8) duroid substrate that operate at Ku-band resonant fre-
quencies.
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(a)

(b)

Fig. 4. E- andH-plane radiation patterns of the (a) micromachined antenna on silicon and of the (b) regular antenna on silicon.

Fig. 5. Test fixture with micromachined antenna mounted.

III. CHARACTERIZATION OF

MICROMACHINED PATCH ANTENNAS

The last step in characterizing the micromachined patch per-
formance is the evaluation of the antenna’s efficiency. In order
to utilize existing test equipment, a scaled model of the antenna
is fabricated on a mixed air-substrate cavity and is realized by
machining a high-index (10.8) duroid substrate. During this
phase, a comparison is made between the micromachined patch
and conventional designs operating at the same frequency.
Similar measurements to those of the micromachined antennas
are obtained to determine the bandwidth and radiation pattern
of the scaled models in addition to the measured efficiency.

Fig. 6. Measured return loss for the scaled model patch antenna"re� = 2:3

(etched) and regular patch antennas"r = 2:2 and"r = 10:8.

In the remaining sections, the theory of radiation-efficiency
measurements is described first. Next, the antenna performance
is characterized based on bandwidth, radiation patterns, and
efficiency. Lastly, design parameters are discussed regarding
the size of the micromachined cavity to produce enhanced
efficiency over conventional designs.

A. Theory of Radiation Efficiency

To obtain the antenna gain of the patch antenna, radiation
efficiency based on a radiometric method is used, which
compares the noise power of a lossy antenna under test (AUT)
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TABLE II
DIMENSIONS OF THE FABRICATED SCALED MODEL AND REGULAR ANTENNAS

TABLE III
INPUT IMPEDANCE CHARACTERISTICS OF THEREGULAR AND SCALED MODEL ANTENNAS

to a known load [11], [12]. Antenna efficiency is obtained
by characterizing the system receiver and then the composite
system (system receiver plus antenna). By measuring output
powers of the receiver when connected to a hot (PH

L
) or cold

(PC

L
) 50 
 load, the noise factor is given in [13] as

Fr =
(THL � TCL)

THL(1� 1=Yr)
(4)

where the measured power ratioYr is PH
L
=PC

L
and the

temperatures areTHL = 295 K and TCL = 77 K for hot
and cold load, respectively.

Individual AUT’s are measured in the composite system
to obtain hot and cold measurements where the black body
absorber (Ecosorb), placed in front of the antenna element,
has been held at room temperature (THA = 295 K) for the
hot load and has been immersed in liquid nitrogen (TCA = 77
K) for the cold load. Note that the 50-
 calibration load is
submersed into the liquid nitrogen. The resulting composite
system noise factor is expressed as

FC =
(THA � TCA)

THA(1� 1=YC)
(5)

where the measured power ratio of the antennaYc is PH
A
=PC

A
.

Since the measured output noise powers of the receiver and
the composite system with the hot load is known, the antenna
gain can be obtained from the following expressions:

PH
L

=KTHLBGrFr (6)

PH
A

=KTHABGrGAFC (7)

whereGr andGA are the receiver and antenna gain, respec-
tively. After dividing the two hot-load power equations [(7)
by (6)] and substituting in the noise factor parameters [Fr (4)
andFc (5)], the antenna gain expression becomes

GA =
PH
A
� PC

A

PH
L
� PC

L

: (8)

Equation (8) assumes equal temperatures for the 50-
 load
and AUT in either the cold (THL = THA = 295 K) or hot
(TCL = TCA = 77 K) load measurement.

A modified gain expression is shown in (9) that accounts
for temperature differences observed in the application of the
test methodology in the measurement of the cold 50-
 load
and AUT. Since the absorber is immersed into liquid nitrogen
and then removed to cover the antenna, the cold temperature
is slightly elevated and is taken asTCA = 88 K while the
50-
 load, submersed continuously into the liquid nitrogen,
maintains a constant temperatureTCL of 77 K. Hence,

GA = 1:038
PH
A
� PC

A

PH
L
� PC

L

: (9)

B. Ku-Band Micromachined Patch Antenna

Since the available measurement setup imposes an operating
frequency range between 12.5 and 13.5 GHz, several rectan-
gular patch designs are fabricated on duroid substrates of high
(10.8) and low (2.2) index constants with substrate thicknesst
of 635 and 500�’s, respectively. Scaled model micromachined
antennas were also fabricated in which the cavity is created by
machine milling. The final geometry is similar to those shown
in Fig. 1 without the sloping sidewalls and the dimensions
for the various antennas can be found in Table II, where the
parametersa andb are given by their actual values and not the
average ones since the sidewalls are vertical. To describe the
findings of the various patch configurations investigated, the
notation used in the following sections refers to antennas on
full thickness substrates as “regular” high- (10.8) or low- (2.2)
index designs and those printed on a mixed air-duroid cavity as
scaled models. Each patch is fed by a 50-
 microstrip feedline,
is fabricated on a (75 mm)2 substrate, and is mounted in the
test fixture shown in Fig. 5. Since the micromachined scaled
model antenna resides over the mixed dielectric material,
approximately 3.65 mm of the feed line has an impedance
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Fig. 7. Radiation patterns of a regular high-index patch antenna ("r = 10:8 and t = 635 �m) at 12.84-GHz resonant frequency.

(a)

(b)

Fig. 8. E- andH-plane radiation patterns for (a) patch antenna on low-index duroid substrate ("r = 2:2 andt = 500 �m) at resonant frequency of 13.044
GHz and (b) scaled model on a duroid substrate ("r = 10:8 and t = 635 �m) at resonant frequency of 13.165 GHz.

based on the mixed air-duroid region compared to the feedline
of regular antennas on full thickness material. The width of the
feeding line (560�m) for the scaled model patch is maintained
over the mixed region and is the same width of the 50-


line on full substrate resulting in a characteristic impedance of
approximately 96
. The return loss is measured (Fig. 6) and
the input impedance values referenced at the RF connector
are shown in Table III; notice the good agreement between
the scaled model and regular low-index antenna. In Fig. 6 the
bandwidth of the scaled model increases to 2.3%, a 100%
increase over the�10-dB bandwidth of the regular patch
printed on the high-index material. This increase in bandwidth
is also observed in the silicon micromachined antenna and is

an indication of the expected increase in total power (space
and surface waves) radiated from the patch.

To minimize the interaction between the connector and the
antenna in the radiation pattern measurements, a small piece of
absorber is placed over the RF connector to reduce the effects
of secondary reflections on the antenna pattern. In Fig. 7 the
“regular” high-index pattern has a large peak in theE plane at
approximately�50�, indicating large power leakage to surface
waves. This behavior is also observed in [4]. In contrast, the
scaled model patch shown in Fig. 8 has a much smootherE-
plane pattern and is very similar to theE-plane pattern of
the “regular” low-index antenna. As expected, theH-plane
patterns are similar in all cases. The difference between theE-
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Fig. 9. System diagram of the efficiency measurement setup.

plane patterns of Figs. 4(b) and 7 (both antennas are “regular”)
can be attributed to the slightly different dielectric constant, the
different experimental setup used for the pattern measurements
and the fact that the distance between the antenna and the edge
of the finite ground plane is not the same in terms of guided
wavelengths.

C. Efficiency Measurements

The system configuration [5] is illustrated in Fig. 9 and has
component specifications consisting of an RF bandpass filter
with an insertion loss of 3 dB in the 12.5–13.5 GHz range
and a mixer intermediate frequency (IF) of 1.5 GHz. Since
the calibration plane of the system is at the RF connector, the
measured efficiency values include the feed line, connector and
mismatch losses. In order to determine the de-embedded an-
tenna efficiency, the losses must be determined and extracted.
The losses associated with the feed line lengths (Table III) are
calculated using HP Momentum [5], [14], the RF connector
loss is based on an empirical value, and the mismatch loss is
determined from the measured return loss data.

In Fig. 10, the measured efficiency data, which are averaged
values, show 73± 3% for the scaled model having an air-
substrate thickness ratio of 3 : 1 and 56� 3% for the “regular”
antenna printed on the high-index material. The patch printed
on 2.2 duroid was found to have an efficiency of 76�
3%. In Table IV, a summary of the measured efficiency,
specific losses, and de-embedded efficiency are documented.
The scaled model case shows sensitivity to the distancec

between the radiating edges of the antenna and the edges of
the micromachined cavity. From the results summarized in
Table V, it can be observed that for an air-substrate thickness
ratio of 1 : 1 and separationc = 0, the efficiency of the

Fig. 10. Measured efficiency for the scaled model and regular patch antenna
designs.

scaled model is similar to that of a patch on high-index
substrate. However, when the distance is at least twice the
substrate thickness 2t for the same air-substrate thickness ratio,
the de-embedded efficiency increases by about 10%. This is
further validated in the measured data shown in Table IV for
a distance ofc = 3:783 mm (six times the substrate height
6t). The improvements observed are attributed to the presence
of fringing fields that usually extend one to two times the
thicknesst beyond the radiating edges of the antenna into
the substrate environment. The above results emphasize the
importance of the air-substrate thickness ratio on bandwidth
and also the importance of the distance between the radiating
edge of the antenna and the micromachined cavity in order to
enhance the antenna’s efficiency.
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TABLE IV
DE-EMBEDDED EFFICIENCY FOR THE SCALED MODEL AND REGULAR PATCH ANTENNAS AT RESONANCE

TABLE V
EFFICIENCY RESULTS AND DIMENSIONS FOR TWO SCALED MODEL ANTENNAS ON DUROID SUBSTRATE WITH "r = 10:8

The de-embedded efficiencies of the individual antenna
elements (see Table IV) are 85% for the micromachined scaled
model and 66% and 82% for the antennas on 10.8 and 2.2
duroid substrate, respectively. As a result, the efficiency of the
micromachined patch increases by 28% over the high-index
patch and the efficiency performance approaches the patch
on low-index duroid within the bounds of measurement error.
When the modified efficiency expression is used to account for
differences in the cold measurement of the 50
 load and AUT,
the measured and de-embedded efficiencies increase by 2–3%
as seen in Table IV. In this case, no significant difference is
observed between either approach since the accuracy of the
measurement system is 3%.

IV. CONCLUSIONS

The approach presented herein uses silicon micromachin-
ing techniques to physically alter the air-silicon thickness
ratio by laterally removing material in selective regions of
a high-index substrate. To meet design space constraints and

antenna performance requirements (bandwidth and radiation
efficiency), this approach offers an easy method to optimize
antenna size and maximize antenna performance in selective
regions of circuits designed on high-index substrates. The
overall dimensions of the radiating element are determined by
the effective dielectric constant (or index) of the material and
can range from its smallest size in a high-index material such
as silicon ("

r
= 11:7) to its largest size in an air substrate

("r = 1:0) region.1

Characterization of the micromachined patch antenna has
been presented to illustrate the advantages of selectively reduc-
ing the dielectric constant in specific locations of a high-index
material in order to enhance patch antenna performance. Both
antenna configurations show an increase in the impedance
bandwidth and smootherE-plane radiation patterns compared
to patch designs in high-index materials. Antenna efficiency
measurements were performed on the scaled model reflecting

1A dielectric membrane supports the antenna element over an air cavity
formed by etching the silicon entirely away.
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similar values to the low-index patch antenna ("r = 2:2). For
micromachined antennas, it is also shown that placement of
the antenna’s radiating edges with respect to the high-index
region is critical to improving the power radiated as space
waves and must be at least twice the substrate thickness.
Finally, a comparison between the high-index patch and the
micromachined scaled model shows bandwidth improvements
by 64% from values of 1.4–2.3% and efficiency improvements
by 28% from values of 66–85%, respectively. Therefore,
enhanced antenna performance has been achieved using this
micromachining approach where the bandwidth and efficiency
improvements indicate that patch elements can be integrated
in compact monolithic microwave integrated circuit (MMIC)
designs on high-index environments.
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