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Abstract — A rectangular microstrip patch antenna
realized as silicon based monolithic millimeter-wave in-
tegrated circuit (SIMMWIC) is presented. The antenna
was designed for an operating frequency of 122 GHz and
manufactured on micromachined high resistivity silicon
on insulator (SOI) substrate. Since direct measurements
of the far field pattern of an integrated antenna element
are difficult at this frequency, a scaled version of the an-
tenna was also manufactured. Far field measurements
were performed, to determine the antenna performance
and compare with numerical results.

. INTRODUCTION

Monolithic integration of a complete millimeter wave
frontend on silicon is much desired. This way low cost sen-
sor devices, operating in the millimeter wave range can be
achieved [1]. One key element of such an integration ef-
fort is the antenna. The integration of the antenna element
promises a much simpler packaging, as all millimeter wave
signals remain on the silicon chip and do not have to be
passed on to an external off-chip substrate, using millimeter
wave capable transitions.

There have been a number of publications researching
integrated antennas, like [2] or more recently [3]. The tech-
nology we have chosen to realize an integrated antenna el-
ement has been described in [4]. It is based on silicon bulk
micromachining, in order to create a thin silicon membrane.
This thin membrane can be used to realize microstrip cir-
cuits, in this case a half wavelength rectangular patch an-
tenna.

Micromachining technology was selected, because it of-
fers reliable manufacturing with small tolerances and favor-
able manufacturing costs. Silicon bulk micromachining is
already deployed at a large scale for a number of sensor cir-
cuits in production [5].

Il. MICROMACHINING

Because of the high permittivity of silicon, a microstrip

This yields in a substrate thickness of less than 200

for silicon at a frequency of 122 GHz, in order to suppress
higher surface wave modes. Also coupling of lower sur-
face wave modes becomes stronger with increasing sub-
strate thickness.

Handling a silicon wafer having a thickness of less than
200um can be quite difficult, because the wafer becomes
very fragile. Our proposed approach is to use a SOI wafer
with a thickness of 450m and a buried oxide layer (BOX)
that separates two silicon layers. The top silicon layer is
50um thick and is available with very small thickness toler-
ances. Typically, the tolerance is below 10 percent @m5
for the 50um sheet.

Using bulk micromachining, only the part of the wafer
where the antenna element is placed will be etched away,
forming a 5Qum tick membrane. The rest of the wafer will
keep its original thickness of 4%0n. Therefore, the overall
stability of the wafer can be retained.

Figure 1 shows a schematic cross section view of such a
micromachined wafer.
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Fig. 1: Schematic cross section view of a micromachined
wafer with additional backside metallization.

The backside micromachining is performed utilizing the
so calledBosch Processa high performance anisotropic
plasma etch process [5]. The thin silicon oxide layer in be-
tween the two silicon layers acts as an etch stop, so after
the etching step only the the bottom silicon layer has been
removed. After etching, the wafer backside is metallized by

patch antenna requires a very small substrate thickness. ThesPuttering an aluminum layer with a thickness of a few mi-
influence of substrate thickness and high permittivity sub- Crons: The patch antenna structure on the top side is created

strates on the performance on patch antennas has been exX2y Structuring aluminum with a thickness ofun.

amined a number of times, e.g. in [6]. Although an elec-
trically thick substrate improves the antenna bandwidth, it
can also excite surface waves, leading to a low radiation ef-

ficiency. Surface waves propagate along the substrate andsta
can be reflected back or radiated at the edges of the sub-

strate, leading to a poor antenna pattern.

The fundamental surface wave mode is Ih&l/, mode,
which has a zero cutoff frequency. The cutoff frequency for
higher ordefl'E,, or T'M,, modes is given in [6]:

nc

fe= 4d/e, — 1

I1l. ANTENNA DESIGN

The rectangular microstrip patch was designed using a
ndard design procedure given in [7]. For excitation, a
center microstrip feedline was used, with additional slots for
impedance matching. Using a relative permittivity of 11.7
for Silicon and a substrate thickness of| 88, the antenna
dimensions were calculated to a resonant lehgthB48 pm
andw = 483 um (see figure 2). The matching slots were
calculated having a length ef= 138 um.

The microstrip feedline is 42m wide, corresponding to



, 3840 uym , also been computed, assuming a finite micromachined area
- as shown in figure 2. The thick silicon substrate is set to in-
finite, so only a 180 degree radiation pattern has been com-

puted.
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Fig. 2: Top view on micromachined patch antenna layout

a 50 line and extends to the outer edge of the microma-
chined area. An onwafer probe tip can be used to contact -
the antenna, using a coplanar to microstrip transition which 270

extends to the thick silicon area. The transition has been de- ) )
scribed in more detail in [4]. The contact pads are placed on Fig. 4: E-plane (solid) and H-plane (dashed) of the simu-

the thick part of the wafer, so a probe tip can safely contact 'ated patch antenna farfield pattern at 122 GHz

the antenna without damaging the thin silicon membrane. )
The layout of the patch antenna is shown in figure 2. The ~ The 3dB angles are about 100 degrees in the E- and H-

light grey area shows the extent of the thin micromachined Plane. The dents in the E-plane at 90 and 270 degrees are
due to surface waves. The simulated antenna shows a gain

membrane. 4 A .
of 3.2dBi. Although the antenna is quite narrow band, a -
10 dB input reflection bandwidth of more than 2 GHz is suf-

IV. ANTENNA PERFORMANCE
ficient for the 122 GHz frequency band.

Using the 3D fullwave simulation prograiicrowave
Studiq the antenna characteristics have been computed.

Figure 3 shows the simulation results of the input match

and the measured data from the fabricated patch antenna. A Measuring the farfield radiation pattern of an integrated
antenna on silicon is difficult at 122 GHz. If there are no ac-

tive components integrated on the chip, a low loss millime-
ter wave signal transition is needed, to get the antenna signal
off the chip. The required millimeter wave signal transition
is supposed not to radiate itself and not to influence the an-
tenna pattern measurements. This is hard to achieve for an
antenna geometry of only a few hundred microns.

An alternative is to build a scaled-size model of the an-

V. SCALED MODEL
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:: oy {i tenna at a lower operating frequency, where the antenna can
i be connected more easily. Applying the scaling principle
-20r " leads to the following relations [7]:
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Fig. 3: Reflection coefficientS;1| of the simulated and 7' =7 Input Impedance
measured antenna Gy =Gy | Gain

match of better than -20 dB is observed, with a -10 dB band-
width of more than 2 GHz. The slightly different resonance Table 1: Relations between the scaled and nonscaled param-

frequencies are due to the buried oxide layer (BOX), which eters

has been neglected in the simulations.
In the computer simulation, the farfield patterns have



According to table 1, all geometrical dimensions are have been performed. A comparison between measured and
scaled by a factor. Using a standard silicon wafer for  simulated patterns in the E- and H-plane is shown in the
manufacturing the scaled model, the scaling factor was setfigures 7 and 8.

ton = 12.5. This leads to a new silicon substrate thick- The antenna gain was computed to be 3.7 dBi. The mea-
ness of 62fm and antenna dimensions bf= 4850 um, sured antenna gain was 3.6 dBi, with a measurement uncer-
w = 6100 ym ands = 1725 um. The silicon substrate size  tainty of 0.5dB.

is 48x48 mm.

_ The influence of the antenna feed can be seen in a dent
Because of the available process technology, the alu- in the E-plane. The ripples in the antenna pattern are partly
minum conductor thickness and conductivity could not be due to surface waves.

scaled and remain unchanged. Also, the silicon substrate
has the same electrical properties, i.e. the permittivity and
resistivity remain unchanged.

The silicon wafer was cut and mounted on a metal plate.
A coaxial SMA connector was attached to the plate with its
inner conductor bonded to the antenna feedline. Figure 5
shows a photo of the antenna setup.

270°

Fig. 7: Measured (solid) and simulated (dashed) E-plane
farfield pattern of the scaled patch antenna

90° 0aB
Fig. 5: Photo of the scaled antenna with a SMA connector
The resonant frequency of the scaled model is deter-

mined to be at about 9.6 GHz. Figure 6 shows the input
match of the scaled antenna.
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Fig. 6: Measured and simulated input match of the scaled VI. LOSSES
antenna

To study the antenna losses, it is convenient to make use
For the scaled antenna, farfield pattern measurementsof the antenna efficiency. It is defined as the ratio between



the radiated poweP,..; and the total input powep;,, : left unchanged, because of the available process technol-
ogy. The resistivity of the silicon wafer was changegte
n= Prad 10000Q2cm, a scaling factor of 10 instead of 12.5. There-
P; fore, the scaling process will reduce the conductor losses
, gp
and leave the dielectric losses at about the same amount.
The individual loss contributions of the scaled antenna
have been computed tg; = 0.89, . = 0.89 andn, =
0.75. The overall efficiency is, therefore, somewhat higher
e 7, - Impedance mismatch. Neglected in the following than for the original antenna, at 60 % (= 0.6). As
section, because the impedance match is better than -expected, the conductor losses decrease and the dielectric

The total efficiency can be split into several parts:

N="nr7d""c" s

20dB for all simulations. This yields a value gf > losses stay about the same. The surface wave losses remain
0.99. unchanged.
e 7). - Conductor losses, caused by the finite conductivity VIl. CONCLUSION

of the metal conductor.
e 1, - Dielectric losses, caused by the dielectric loss factor A silicon based integrated patch antenna at an operating
of silicon. frequency of 122 GHz has been simulated, manufactured
e 11, - Surface wave losses, caused by the excitation of sub- and measured. Far field pattern measurements have been

strate surface waves, that do not contribute to the antennaIoerformecj with a spgled version of the antenna. It has begn
radiation. shown that the efficiency of the 122 GHz patch antenna is

about 50%, leading to a gain of 3.2dBi. The excitation of

Simulations using the method of moments have been Surface waves accounts for about 25% loss.
carried out to calculate the losses and differentiate between
the different loss factors.

Figure 9 shows the effect that the substrate thickness has  The authors would like to thank A. Urban and S. Czar-
on the efficiency of a patch antenna, due to surface wavespeckj from Robert Bosch GmbH for micromachining the
[8]. Numerical simulations for the micromachined patch resented silicon devices and supporting the farfield pattern
antenna confirm these values. measurements. M.Morschbach is acknowledged for discus-

sions.
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