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Abstract

Invasive and implantable biomedical devices useddfagnostic and therapy, ranging
from neural prosthesis to video-capsule endoscdi3E( systems, are emerging innovative
technologies and they are expected to originatgifgignt business activity in the near future.
The success of such systems is in part due todhena of microtechnologies, which made
possible the miniaturization of several sensors actdators, as well their integration with
readout and communication electronics.

The new biomedical devices offer the possibilityimproved quality of life, as well cost
savings associated with health care services. Hemyewne open challenging is to
communicate to and from a biomedical device placsitle the human body with devices
outside the human body. The lack of antennas, snalligh to be integrated with the sensing
microsystem, is a difficult task to overcome beeassch communications must be made at
relatively low frequencies, due to live tissue sigattenuation. The straightforward solution is
to increase the devices size to dimensions whdyecdbmes possible to integrate an antenna.
Up to now solutions, use conventional antennasth@genith miniaturization techniques to
achieve the smallest antennas possible. Howewesitle of such devices is usually limited by
the antenna and, is some cases, also by the batire.

Micro-Electro-Mechanical Systems (MEMS) are becaman available option for RF
communication systems since they can offer, simattasly, devices with improved
performance and they use IC-compatible materidltsyeng their integration in a silicon chip,
side by side with semiconductor circuits. Up to ndMEMS have been used for antenna
applications to obtain non-conventional front-enedish improved, or new characteristics.
However, some preliminary tests have shown thatestEMS structures could have the
ability to operate as an antenna itself and thistem would have the potential to be smaller
than the conventional antennas.

In this chapter, it is first discussed the needsimall wireless biomedical devices. This
requires the use of a microsystem completely imategl, from sensors to communications,
thus requiring the use of integrated antennas.€léetrical properties of substrates available
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in integrated circuit technology are very importéotantenna design and one method used to
characterize wafer materials is presented. Morgotler antenna integration requires the

availability of an electrically small antenna falaied on materials compatible with the

fabrication of integrated circuits. This integratioequires the use MEMS techniques, like

micromachining and wafer level packaging.

Finally, MEMS structures previously used for nomreentional front-ends will be
introduced and investigated, having in mind a npplieation, the MEMS structure itself will
be operating as an antenna. The development of inegrated antennas using MEMS
solutions has the potential to make the devicedlsmand more reliable, which will make
them cheaper and adequate for mass productioritingsin a key advantage for competitors
in the RF market. Also, the availability of smallBomedical wireless devices can lead to new
applications not yet fully envisioned. The new solus envisions power saving, smaller
volume, lower cost, and increased system lifetinvich are very important features in
biomedical microsystems for diagnosis and therapy.

Wireless Biomedical Devices

Introduction

Sensor networks are expected to be th&@htury holly Graal in sensing. Wireless sensor
networks are an emerging technology that bringsombg numerous opportunities but also
many technological challenges. Ranging from autoredio home applications, sensor are
expected to become part of our daily live. Them arious physical quantities in different
environments that, when measured and recordedj toing new quality to our lives. If, e.g.,
soil properties like humidity, temperature, cherhicamposition, could be measured in a
distributed way, providing detailed local data fam entire farm field, the watering and
nutrition supply could be adapted locally resultingoptimum growing conditions and thus
significant environmental savings.

To be effective and to have the ability to adapélftto complex environments, like a
farm field, an office building, or a human body¢clkeaensor node has to be autonomous. This
means that, desirably, it should be self-powerati@ovided with wireless communications.
This type of systems usually requires low powersconption (battery life-time) and uses low
data-rate communications (small bandwidth), reggirspecial design. The wireless sensor
networks technology is also moving to biomedicgblaations. Due to the high number of
microsensors and microactuators, the monitorizatibiseveral physiological parameters is
now available. Moreover, application of distributsehsing systems will highly be facilitated
if cheap and easy-to-use ‘on-chip’ or ‘in-packagelutions, equipped with short-range
wireless communication capabilities, would be aldé.

With a widespread and increased sophistication edical implants, new solutions will
be required for flexible and small modules to comioate with the implant. Today’s most
common solution is to use an inductive link betw#es implant and an external coil. The
main drawback of this solution is the small rangkieved (not more than a few centimetres).
However, this link can be used also to power thalamied device.

Application of wafer-level chip-scale packaging (@&P) techniques like adhesive
wafer bonding and through-wafer electrical via fatimn, combined with the selected radio
frequency (RF) structures allows a new level ofeana integration. However, these new
techniques require the combination of new matendth the standard materials used for



MEMS Micro-Antennas for Wireless Biomedical Systems 231

integrated circuits fabrication. In this way, tdget with substrate processability, the
knowledge of accurate electrical parameters isxobBme importance when designing for RF
or microwave applications.

Applications

The traditional endoscopic techniques shows limoitest in their range for the different
segments of the digestive tract, namely in the lsmgdstine. Through the gastroscopy, it is
possible to access the gastrointestinal proxinaat tfgullet, stomach, and duodenum). In the
other hand, through colonoscopy the access is aliimdted to the colon, leaving
inaccessible some parts of the small intestine. Wéngatient suffers from bleeding in the
gastrointestinal tract and the endoscopy doessivanthe diagnostic needs, it is necessary to
use the traditional radiographic or cintilograptéchniques. However, with these techniques
is very hard to detect bleeding sources in the Isimt@stine [1]. Moreover, the endoscopic
diagnostic is a very uncomfortable procedure fa fatients and requires highly skilled
medical doctors.

One possible solution to overcome those limitatim$o use an innovative technique
known by video capsule endoscopy, also known byrispith, capsule camera, or wireless
capsule camera. The patient swallows the endosagmsule and it takes photos from the
different places during its travel through all tthgestive tube. In this way, it is possible to
obtain access, even in a limited way, to areabeérstnall intestine previously accessible only
by surgical and invasive procedures [2]. The canrepill is a very promising technique
since after its availability the approx. 5 metefste small intestine become accessible [3].
Since its development in the eighties, the endadscogpsule is changing the way we deal
with the diseases in the small intestine, andstsis now being extended to the gullet [4].

The endoscopic capsule is neither provided witlodoation nor with stop mechanism,
making its way due to peristaltic movements. Thetd of the capsule locomotion would
allow new procedures like biopsies (detection afidurs) or drug delivery, and is an ongoing
research topic. Together with locomotion, beforecaa fully benefit from this technology,
miniaturized modules are required to implementwireless communications to and from the
capsule with devices outside the human body.

This is an open challenge, not only for VCE, bsbdlor all the biomedical devices that
are implanted inside the human body, like FES syst¢s]. As an application example,
several people from all ages suffer from incontageror other urinary pathologies. The
bladder and the intestines perform their functioram autonomous way, independently from
the voluntary control. However, any disorder in tealthy behaviour leads to the problem of
urinary incontinence, bladder infections, low bladdapability and faecal incontinency. The
International Continence Society (ICS) defines itceence as the involuntary loss of bladder
or bowel control. Urinary incontinence (Ul) is &statised, underreported, under-diagnosed,
under-treated condition that is erroneously thoughie a normal part of aging. One-third of
men and women ages 30-70 believe that incontineneepart of aging to accept [6]. The
social costs of Ul are high and even mild symptaiffisct social, sexual, interpersonal, and
professional function [7].

The healthy working of the urinary tract is ess@rfor health and well-being in general,
and even more critical for patients with lesionghia spinal cord. In this situation, catheters
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are commonly used to control the daily volume dherinside the bladder. However, the
complications related to the use of catheters,thagevith the fact that, most of the times, the
spinal segments which controls the bladder aretngae driving the development of several
devices to improve the control the inferior urinagstem [8].

From the anatomy of the spinal cord, the microsysteuld be designed to operate, or in
the epidural space, or in the subarachnoid spdlosyiag the duramater to be completely
closed after surgical intervention. The availahibasachnoid space varies between 3 mm and
9 mm [9]. This is room enough to accommodate aIlsmi&rodevice, but the antenna may
become a problem.

Other field becoming very popular, where the nactatelogies are giving a contribution,
is related with neural signal recording and stirtiafa The accurate record of neural signal
requires the use of very small wireless bio-devfoeénvasive biopotential monitoring [10].

The full system integration is difficult to achiev®cause the communications must,
preferably, be made at low frequencies, due to fissue signal attenuation, and there is a
lack of antennas small enough to be integrated thighsensing microsystem. The adopted
solution is to increase the devices size to dinmssivhere it becomes possible to integrate
an antenna. Up to now solutions, use conventiontsnmas together with miniaturization
techniques to achieve the smallest antennas pesgifil 12]. However, the size of such
devices is usually limited by the antenna andpieescases, also by the batteries size.

System Requirements

Frequency and Bandwidth

A wireless microsystem uses the surrounding enmient as the communicating channel.
This channel is available in different spectralioag, which corresponds to a different
channel frequency, bandwidth, and attenuation.f@amedical applications, the surrounding
environment is the human body, a highly heterogesemvironment.

In this environment, the attenuation may becomehligsevere when the antenna
miniaturization is required because a smaller areteéa commonly obtained with an increase
in the operating frequency. Fig. 1 shows the sigitginuation for a tissue with a high content
of water [13]. The figure shows the penetrationtdepe., the depth where the power density
is 13.5 % below the incident power density.

This figure must be used carefully and only asnalication for attenuation since it can be
very different for different water concentrationthre tissue. However, it can be observed an
increase in the attenuation for higher frequencidgs means that the biomedical devices
should use low frequencies if low power is requif@dcommunications. Despite all freedom
of choice about the frequencies that should be,ubede is an adoption of ISMndustrial,
Scientific and Medicalbands. These bands plays a very important rolemmunications
since they allow the development of wireless deyjigehere the constraints in terms of power
level, frequency, and bandwidth are very well definThe most common frequency bands
we can find are in the 433 MHz range and in the\it®& range. These frequencies are very
popular since they allow a good signal range ie-fig and they are able to reach a few
centimeters inside the human body. Moreover, ttsigdeof microdevices operating at such
frequencies is a well-known process that requivesdost technology.
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Figure 1. Penetration depth for a radio-frequengyga in a human body tissue.

Besides the radio-frequency communications, opiicalltrasonic communications are
also very attractive options due to their posgibdi for miniaturization. In optical
communications, the main drawback are the higheldaside the human body and for
ultrasonic the main drawback are the interfaceghef different tissues, which results in
several reflections of the ultrasonic wave. Besithas, there is the interface air-human body
that may kill the chance of a reliable communiaatidlotwithstanding all the drawbacks
associated with signal attenuation and antenngratien, the radio frequency is one of the
favourites for use in biomedical devices.

Despite all the deregulation that dominates thesless communications for biomedical
devices, except for the definition of ISM bandg BEuropean Telecommunications Standards
Institute (ETSI) has made an effort for standatttizaand specified the Medical Implant
Communication System (MICS) [14]. The ETSI documepplies to devices wiling to
communicate between a base station and an implatgeite and for devices wiling to
communicate between medical implants within theeshody.

The MICS uses the frequency band from 402 MHz t&6 MHz, with a maximum
emission bandwidth of 300 kHz. Moreover, the maximpower limit is set to 2uW
Equivalent Radiated Power (ERP), i.e., the maxinfiefd-strength in any direction should be
equal to, or lower than, what a resonant dipole ld/give in its maximum direction at the
same distance, with the dipole being fed with aaigf 25uW.

Power

Like for frequency requirements, it's very diffitdb define what are power requirements for
a biomedical device. Depending on the device poawgquirements, the power is provided

either remotely or locally. Despite the MICS poverel constrain, the power requirements

for wireless biomedical devices are highly depehdenthe target device. Some systems may
have local power, using batteries or energy hangsand other systems require the use of
remote power.
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For devices that are power hungry, like functiorldctrical stimulating devices, the
power, together with the required stimulus inforiowat is provided by the wireless link.
Depending on the use, a FES device for bladderaomiay require fived Volt batteries for
one day of operation. On the other extreme are, bBapring prosthesis, which use local
power where power consumption must be below 1 mi&b Aower hungry are the emerging
VCE technology. These devices use local batterieseghey are moving inside the human
body and it is difficult to deliver power using tbemmon solution with coils. In this system,
the wireless link is only used for data transmissio

Antenna Design Options

From the previous sections it can be concluded tivate is an emergent need for small
biomedical devices fully integrated, antenna inetlildVioreover, the traditional coil does not
provide a solution for systems requiring short-emgpmmunications [12]. This means that
one must look for new solutions to integrate thieana inside the biomedical microdevices.
Merging of antenna and circuitry leads to innovatRF front-end designs possessing
several desirable features such as compactnesst fmwer consumption, and added design
flexibility . Several approaches have been used to achievenaritéagration as summarized
in Fig. 2. Antenna integration is a hard task te@omeplish since it requires joining the
knowledge from antennas, microwaves, circuit deségrd materials. Moreover, the on-chip
antenna integration requires an electrically sraatenna, due to wafer cost and devices size
constrains, and operating on a substrate that wtagitially intended for that purpose.

New materials L
Substrate materials | Ceramics | LTCC || SiHRS || Gaas | |BCB,Glass, Quarfz

New types

Antenna type | Patch | | Monopole| Loop, H, Folded patdh

New aproach

Integration level |On- packag|5 | On-chip | On-wafer|

New application

Antenna application | Intra—chip| |Short-rang+ Sensors|

Figure 2. Summary of solutions for on-chip anteimtegration.

Substrates

The antenna integration can be achieved with thectdplacement of a radiator on the low-
ohmic silicon. However, this approach requiresyaiaf thick oxide to reduce the losses or a
proton implantation and still the obtained efficers are very low (~10 %).

Due to the high-losses observed on low-ohmic sili@ane way to improve the properties
of integrated antennas may be to look for new rasewith lower losses, but compatible
with silicon processing. Up to now, several différenaterials have been used to implement
on-chip antennas. GaAs has been used very oftantasna substrate due to its lower losses
and high dielectric constant, which allows smalll afficient antennas. However, since cost
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and integrability is pushing RF circuitry to be iimmented in CMOS, the use of high-
resistivity silicon (HRS) was also been subject$everal works. The use of HRS increases
the antenna efficiency, keeps the antenna dimessiorall, and allows easy integration with
electronics. The main drawback is the increasedcemsatost. On the other hand, efficiency
can also be increased using bulk micromachiningrigcies. A different approach to obtain
good efficiency values is to use non-standard riz$efor antenna substrate. Using this
approach, it is possible to use materials like B@Bartz, glass, or artificial substrates.
Another attractive option is to use ceramics fa #mtenna substrate. It has a high dielectric
constant, which allow further size reduction and ba found with low losses. The attempts
made so far to use ceramics are based on the L&Cdlogy or in the use of a ceramic
package to place the antenna.

Antenna Types

A good substrate material is essential to obtairamenna with good radiation properties.
However, finding a good substrate is only parthe solution. Also critical, is the antenna
type selection. It must be small to fit in a snudlip area, it should be easy to design, fabricate
and characterize, and it should interfere as lowp@ssible with the remaining circuitry.
Notwithstanding all the requirements, mainly twpdg of antennas have been suggested for
integration — patch and dipole or monopole anteni&®se antennas have been chosen
mainly due to their simplicity to design and toeiriace with the RF front-end. Nevertheless,
even if in a small nhumber, slots, loops, and otlypes have also been proposed. Another
antenna very popular for miniaturization is the slotenna.

Antenna I ntegration

Also important, is how the antenna is integratethvidF front-end: on-package, on-chip, or
on-wafer. Integration on-package is a very stréightard concept where the chip package is
used for antenna housing. Despite the great adyarmfusing, for free, a dummy package
for antenna placement, it also shows some disadgast The use of package as antenna
substrate requires a good control of the electnmaberties of the package material, the
package becomes more complex since its necessprg\umle feeding to the antenna, and the
advantage of integration gets lost a bit since wiatget is more an antenna connected on-
chip then an antenna integrated on-chip. On-chiggiation is the easiest, simplest, and used
more often since the antenna is simply designedpterate on the same substrate as the
circuitry. However, despite its simplicity, this Igtbon has to deal with the usual low
efficiencies obtained. Moreover, noise couplingatal from RF circuitry, interference with
RF passive components, such as inductors, idatking analysis. Also very important, this
approach consumes very expensive chip area.

On-chip Antennas

The integration of antennas requires the avaitgbdf simple, small, and efficient antennas
that can be designed and fabricated with technicures materials compatible with I1C
processing. Since the substrate materials avaifabletegrated circuits fabrication were not
chosen to design antennas on it, first it's neagsgacharacterize those substrates and find
the most suitable one for this purpose.
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Substrate Characterization

Several different methods can be used to extraeteflectrical intrinsic properties of a
material. From the most widely used techniqueshi@io those properties in the microwave
region, the transmission line technique is the #@stp method for electromagnetic
characterization in wideband frequencies [15, T®B}e S-parameters measurements of a
planar test cell can be used to obtain the degegdmeters, where either a microstrip or a
coplanar waveguide (CPW) can be used as test cell.

In this work, the CPW was used, with its parametéigsen to allow only the dominant
quasi-TEM mode to be present. For on-wafer measemesnthe CPW, without bottom
ground, is the easiest structure to feed and thleepstation tips are able to touch directly the
CPW lines. The S-parameters are then easily mahsutte a vector network analyzer.

Extraction Method

The electrical properties were obtained from thpaBameters measurements of a planar
transmission line test-cell. The coplanar waveguwidss used because of the possibility to
define a planar shape that can propagate a domimade (quasi-TEM). In the case of
dominant mode, the coplanar characteristic impegl@quasi-constant in a broad frequency
range, for a large variety of substrates and asteltture obeyingp > W + 2S[15]. This cell
has also the advantage of avoiding the use oftgigsound.

The CPW cell geometry used for S-parameter measumsns shown in Fig. 3.

hf

Figure 3. CPW cell used for S-parameters measuremen

The effective dielectric constant for this typeGR#W can be obtained from [15]:

2
greff = _{_InTJ (l)
gOlL(O

wherewis the angular frequency; andyy are the free space permittivity and permeabitity,
is the coplanar line length antl is the first transmission coefficient. The transsion
coefficient can be obtained from the measured extadf parameters using the following
equation [16]:
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The electrical permittivity is obtained from the uatjons characterizing a coplanar
waveguide with finite-width ground planes [17]. this way, the effective electrical
permittivity is given by:

E it :1+1(5r -1 Kk K(k,) ©)
2 K(K) K (k)

whereg, is the relative permittivity of the substrakejs the complete elliptical integral of the
first kind andk'=+y/1-k? [18]. The argumentk andk” are dependent on the line geometry

and are given by [19]:
c [b®-a’
k== (6)
bVc*-a?

and

Sinhgz/2h) [sint? (7b/2h) ~sint? (7a/2h) @)
' sinh@b/2h) | sink? (7 /2h) - sink? (7a/ 2h)

The characteristic impedance of the coplanar cafli also be computed from the
measured S-parameters [20]:

722720+ S)° =S, ®)
0-5)7-S;

whereZ, is the reference impedance @)
To compute the attenuation, its necessary to ol&@rpropagation constapt=a + j3

for the CPW cell. This can be computed by mearj@ 4t
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e ={1_3121+8221 + K}_ 9)
25,
where
K = {(Sﬁ =S +)° - (S’ } (10)
(2S2)

Attenuation in microwave lines occurs due to radigt metal and substrate losses.
Assuming that radiation losses are very smallgtssible to obtain the dielectric loss tangent
from the value of the total attenuation and coneolulctsses.

The attenuation due to conductor losses in theecaitip conductor and ground planes of
a CPW is given by [22]:

PR L .{1In{2"" (b‘a)]ﬂm(z'o (b‘a)j} (1)
16Z,K2(K)b°-a’) |a \ & (b+a)) b A (b+a)
with
R =t Im( cot(kct)k+tcsc(<ct)J 12)

where k; is the wave numberw the angular frequency and. the permeability of the
conductor.

From the knowledge of the total and metal lossesaveobtain the dielectric loss tangent
from the attenuation constant due to the dieletdsses [18]:

£r

_n
Jo e

whereq is the filling factor that depends on the geometry
Next, the description of the test cells requirechiasure the S-parameters is presented.

a, qtand (13)

CPW CeéllsDesign

Because the substrate losses are relatively stivadls with 5-mm length were used to
increase the calculations accuracy. The metal areme fabricated with a fm layer of
aluminium on top of each wafer. A sample of theifadied lines is shown in Fig. 4. Since the
exact electrical permittivity value at the desifeelqguencies was not known, several CPW
cells were designed in order to obtain a suitalolefiguration for the material properties
extraction. It is recommended the use of some nidmia order to obtain a good accuracy
[15]. In this way, the CPW cells were designed vdifierent W/Sratios in order to obtain
different characteristic impedances. Namely, liné the following dimensions were used:
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(W=75um, S=15um), W =50pum, S= 35um), (W= 75um, S=50um) and W = 100
pm, S= 60um).

Figure 4. Sample of the fabricated coplanar wawdggiused for S-parameter measurement.

Materials Properties

The measured S-parameters of a coplanar waveg@R/] propagating the dominant mode
were used to obtain the electrical permittivity dhd dielectric loss tangent of three different
glass wafers: non-alkaline Schott AF45, Corning eRy#7740 and Hoya SD-2. These
properties were obtained up to 10 GHz. A vectownét analyzer and a probe station were
used to perform the on-wafer measurements of tleepwt network S-parameters. It was
calibrated by means of TRL method, providing a magag reference plane at the edge of the
coplanar lines.

Glass Wafers Characterization

The electrical permittivity is presented in Figfds the three glass wafers under. As can be
seen from that figure, for high frequencies, andeggsected, the electrical properties show
only a slight variation with frequency. Also, wencabserve an abrupt change on the
measured characteristics at low frequencies. Tappéns because at those frequencies the
assumptions behind the theoretical formulationreveanymore valid. At the frequencies of
interest (5-6 GHz), the dielectric constants for-&borofloat and AF45 are 4.7, 5.9 and 6.1,
respectively.

The losses are difficult to obtain since they alatively small for such line lengths. The
results can change significantly from one measun¢nmeanother, if not enough attention is
paid when the contact between probes and linest&blkshed. To compute loss values, the
remaining data after discarding the inaccurate oreasents were again submitted to a new
selection. Only the ones giving the lower valuesth® losses were used. It was considered
that the higher losses were due to imperfect cttaetween probes and CPW cells.
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Figure 5. Measured permittivity for three glass evaf

In Fig. 6, the total attenuation measured in a CB&N is plotted together with the
attenuation due to conductor loss, computed frooaton 11. Assuming the radiation losses
being very small, the difference between total dgssnd conductor losses give us the

substrate losses.
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Figure 6. Computed and measured attenuation ofve €&l with W = 75um andS= 50pum.

From the above figure we can see that the SD-2A&#b substrates suffer from almost
the same losses, but the #7740 substrate sufferifroreased losses. When designing RF and
microwave elements, the structures on the Pyrexfdnd5 wafers should be similar but not
the device losses.

The data from Fig. 6 was used to compute the lasgents. The obtained results are
plotted in Fig. 7. As expected from total lossds SD-2 and AF45 wafers show similar
values, and Pyrex wafer presents a higher valuehfodoss tangent. When possible, AF45

should be used instead of Pyrex #7740.
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High-resistivity Polycrystalline Silicon

The electrical permittivity of HRPS was also ob&lrfrom the measured S-parameters and is
displayed in Fig. 8. This plot shows the resulttamied from the three different CPW cells.
As can be observed in that figure, for high freques, and as expected, the electrical
properties show only a slight variation with freqag. Also, we can observe an abrupt
change on the measured characteristics at low dregjess. This happens because at those
frequencies the assumptions behind the theordtoalulation are not anymore valid. At the
frequencies of interest (5-6 GHz), the obtainededieic constant is, =11.5.

12.0
- 1154
——CPW 1
————— CPW 2
rrrrrrr CPW 3
11.0 T T T T T T T T T
0 2 4 6 8 10

Frequency (GHz)

Figure 8. Extracted electrical permittivity for #er different CPW cells.
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Together with dielectric constant, loss tangentlso a fundamental parameter as it
represents the performance achievable with thegdedi passives. The results obtained for
loss tangent are plotted in Fig. 9. As expectedthal CPW lines show similar values since
the substrate is always the same.

The method used to obtain the data in Fig. 8 iedas the measured total losses coming
from the CPW lines. Then, assuming no radiatiosdesit is possible to identify the metal
losses and substrate losses. In this way, it i®itapt to refer that the obtained values for loss
tangent are heavily dependent on the models usetdoribe the losses in these kinds of
transmission lines.

tg3

Frequency (GHz)

Figure 9. Extracted loss tangent for three diffe@RW cells.

Patch Antennas

One of the simplest structures that can be useah astegrated antenna is a patch antenna. It
is planar and can be fabricated using only two hiay&rs, one to form the ground plane and
other to form the radiating element.

The next antenna design was performed with 3D nsdoiglt using a 3D FEM simulator
tool. The layout was then obtained with the stadid@rlayout tools. From the set of available
materials compatible with IC fabrication, standailicon was not chosen for use as substrate
due to its low resistivity. The option was to usBR$itogether with insulating layers, to keep
the losses as low as possible, and HRPS. Sincartemna dimension is related with its
electrical length, which is inversely proportiortalthe operating frequency, we have chosen
to start the antenna design for operation in tlle@Hz ISM band. This is an available free
band where the antennas can be relatively smalstilhechieving a good range.
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Patch Antennas Using HRS

To obtain the smallest antennas it was used theeriahtwith the highest electrical
permittivity. Fig. 10 shows the cross-section of 8tacked materials with the configuration
used in the fabrication.

2 um Aluminum

300 nm SiG HRS{& =11.7
525 um o =.05S/

Figure 10. Cross-section view of the realized patttenna on HRS substrate.

The patch antenna design was supported with a mumd#l using a high frequency
structure simulator based on finite elements made(FEM) (Fig. 10). A tool with 3D
modeling capabilities was necessary due the fadf thr small ground planes, the antenna
behavior depends on the ground size.

The two critical steps in designing the patch amdewere the definition of the patch
dimensions and the feeding configuration. The pdiofensions have direct influence on the
operating frequency and on the antenna gain. Thieuly to predict accurately the patch
dimensions is related to the fringing fields togetkvith the small size of the ground plane
used. The starting value used for the antennatlehgtvas half wavelength in the substrate,
which is known to give a close value for the ogarptfrequency. This value was then
trimmed by simulation.

The antenna feeding should be designed carefuligesit must provide a correct
impedance matching. At high-signal frequencies ihécessary to design a feeding line with
specific characteristic impedance. Also, that limest be connected in a point of the antenna
where the input impedance is the same than theli@edharacteristic impedance. The patch
antenna was fed with a microstrip line connected fwint inside the patch where the input
impedance matches 30. This connection was achieved with an inset, wiield to be
properly adjusted with the help of the antenna rhode

The model, as well the projected antenna dimengsisqsesented in Fig. 11.

w

W Wy L
‘(yo
(@) (b)

Figure 11. FEM meshed model (a), and layout (b)cideisg the studied square patch antenna
(L=7.7,W=7.6,y=3.1, w=0.36, w=0.32, in mm).
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Fig. 12 shows several different patch antennagdstgron the top of a HRS wafer. The
HRS substrate shown has a dielectric permittivityld.7, conductivity in the range of
0.02-0.05 S/m, and the wafer thickness is 5285 um. A 300 nm layer of thermal silicon
dioxide layer between the silicon substrate andntleéal patch was used for insulation. This
layer has amg, of 3.9 and for design purposes it is assumed tanbeasulator. The metal patch
and ground plane were obtained using a 2-um layatuminum. Instead, copper could be
used to further reduce the metal losses.

Figure 12. Patch antennas fabricated on a HRS wafer

To measure the antenna characteristics, it wagfactdl with a 3.5 mm coaxial
connector. This was achieved by placing the dig¢ainimg the patch antenna on top of a PCB
board with the coaxial connector soldered undeme@ne fabricated prototype, ready for
measurements, is shown in Fig. 13.

Figure 13. A 7.7x7.6 mmpatch antenna realized on a HRS substrate readyrefitection
measurements.
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All the return loss measurements were performedguan HP vector network analyzer,
which was previously calibrated with one-port cadiibn. The antenna operating frequency,
bandwidth, and efficiency were obtained from thastarn loss measurements.

The simulated and measured values for the pate@maatusing HRS substrate are plotted
in Fig. 14. The simulated data shows good agreem#htthe measurements. The obtained
operating frequency was 5.705 GHz, providing adBQeturn-loss bandwidth of 90 MHz.

Return Loss [dB]

-30| -x-- Measured with cap [

Measured without cap |

-35| - Simulated with cap I ]
|

|
-------- Simulated without cap | !

-4
8.5 5.6 57 5.8 59
Frequency [GHZ]

Figure 14. Measured and simulated return loss gdreguency used to obtain the operating frequency,
bandwidth and efficiency.

The antenna efficiency was measured using the Whealp method. This method is
based on the measurements of the antenna inpunritss when it is radiating or not
radiating. The last condition is usually met withmetallic cap enclosing the antenna under
test. With those measurements the efficiency caeasdy computed. The antenna efficiency
was also obtained from simulations and comparel thié¢ measured values. Using the data
from measurements, it was obtained an efficienc¥806 %, which is in good agreement with
the value computed by the 3D model, that was 19.6 %

The suitability of an antenna to be integrated ddpealso on its gain and radiation
pattern. The antenna should contribute to a gowodlegs link range and should not interfere
with the already on-chip sensors and electronibss Tequires the antenna to radiate mainly
in the upward direction, with the backside lobewasaker as possible. The radiation to the
backside can be reduced if the ground plane isdngugh. However, all the antenna
components should be as small as possible, ingutlia ground plane. The far-field gain
patterns measurements were obtained using an doedmamber facility. The results are
plotted in Fig. 15.

As it was expected, the patch antenna exhibiteeati polarization characteristic, and as
it was desired the power is mainly radiated upwakltisvertheless, it would be desirable to
further decrease the power level at the back ofathienna to keep the interference with
backside components as low as possible. This didwiesults from the small size of the



246 P.M. Mendes and J.H. Correia

ground plane. The maximum gain registered was &B.3This small gain is essentially due
to low efficiency of the antenna, since the sultstsaffers from high losses.

Measured copolar H-Plane
—— Measured crosspolar

—— Measured copolar E-plane
—&- Simulated copolar E-plane
—6— Simulated copolar H-plane

Figure 15. Measured and simulated co-polar and [4rgar-field gain patterns obtained at 5.705 GHz.

After model validation by the measured data, tHfliémce of a few material tolerances
were analyzed by simulation. Substrate thicknagsstsate conductivity, and oxide thickness
were studied. It was observed that varying the tsatesthickness from 500m to 550um
and the oxide thickness frompin to 10um, the operating frequency changed from about
5.7 GHz to 5.85 GHz. If the substrate conductivitgreases from 0.02 S/m to 0.05 S/m, the
efficiency decreases from 30.1 % down to 19.6 %.

Patch Antennason HRPS

The fabrication of patch antennas on HRPS followedimilar process than the antennas
fabricated on HRS. The patch antenna was also riifpr fabrication on top of an HRPS
wafer, without any insulating layer between the ahgitch and the substrate. The antenna
was designed to operate in the 5-6 GHz ISM bandctwiields antenna dimensions of
7.7x7.6 mm. The patch metal layer was made withu® of sputtered aluminum and the
feeding was realized through a microstrip line.

The measured values used in the Wheeler cap metteoglotted in Fig. 16. The figure
shows measured values when the antenna is radatohgvhen it is not. Using the data from
measurements, it was obtained an efficiency of 2&.6vhich is in good agreement with the
value computed by the 3D model, that was 28.6 %.

It was also verified that this antenna has an dipgrdrequency of 6.25 GHz, with a
-10 dB return loss bandwidth of ~200 MHz.

For comparison, a similar patch antenna was fafedcaon a Pyrex #7740 wafer.
Similarly, 2 um of sputtered aluminum were used to obtain theamgatch layer. Such
antenna has a measured operating frequency of 53495 and the -10 dB return loss
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bandwidth is=100 MHz. From the measurements we obtained anezftig of 51%, which is
higher than the obtained with HRPS. The drawbathkeddncrease in the antenna size.

0

- oz

-10

Return Loss (dB)

| —— Without Cap \/ HRPS
---=--- With Cap
r T i I

5.9 6.0 6.1 6.2 6.3 6.4 6.5
Frequency (GHz)

Figure 16. Measured return loss versus frequeneg tis obtain the operating frequency, bandwidth
and efficiency.

MEMS Micro-Antennas

What is the challenge to design wireless commuioieatfor biomedical applications? At a
first glance, if we make a quick survey in the tlde databases, it seems that there is no
problem since it is not easy to find many referente this topic. However, in previous
sections, it was already shown the difficulty ire tHesign of integrated antennas. In this
section, the fundamental limits will be revisiteddasolutions will be discussed to achieve
smaller antennas.

Electrically Small Antennas

The physical dimension of the host microsystem tfinthe available room for antenna
integration. In this way, the antenna must be aallsss possible, including the ground plane
dimensions. This has several implications in theermma performance and in the neighbour
circuits.

Fig. 17 shows the antenna integration using wafeell chip-scale packaging (WLCSP),
together with radio-frequency passives. To saveepthe antenna is placed on top of the
active circuits. Nevertheless, since the antenoargt plane is very small, not exceeding the
antenna dimensions, the system performance isteffec

The antenna is very close to the circuits, allowangossible coupling between it and any
passive devices (inductors or transmission linEsg perfect solution is to obtain an antenna
small enough to grant extra space for an antermangrplane larger then the antenna itself.
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Several small and planar antenna types have begoged for wireless communications
[23], but none of them was designed to fulfill #le restrictions and requirements set by on-
chip integration. Those restrictions include theparties of available substrate materials and
the way they can be processed. Many of the prelyiopposed solutions to integrate
antennas on-chip have been based on the desidarafr@ntennas using silicon as substrate.
Since the low-ohmic silicon substrate suffers frioigh losses, high-resistivity silicon or bulk
micromachining have to be used in order to incrélaseantenna efficiency. Nevertheless, the
afore-mentioned solutions have the drawback ofem®ed cost, and the micromachining
solution have also the penalty of large area usediiitenna implementation. In this way, a
preferable solution to decrease the antenna loaagsbe to use a combination of a low-loss
material with silicon. The new material can be ussdantenna substrate and any required
high-quality factor passives [24], and the silicaill be used to implement the necessary
circuitry.

Integrated passives Integrated antenna

Low-loss
material

RF CMOS/
BiCMOS

Figure 17. Envisioned application of WLCSP for ami& and other passives integration.

The combination of materials may be achieved with tse of WLCSP techniques, like
adhesive wafer bonding and through-wafer electngalformation, which allows the use of
silicon together with different silicon-compatibdaibstrates [25]. However, typical silicon-
compatible substrates (e.g. glass, BCB, polyimi@e-8) have lower dielectric constant
compared to silicon. In this way, the use of sucttamals reduces the losses at the expense of
a size increase in the integrated antenna. Thexefoe use of an advanced antenna design
may be required to overcome this drawback, progidismall and effective radiator.

In our previous work [26] and other related work]j2the use of shorted-folded patch
antennas was considered as a solution to obtairalh antenna. Notwithstanding the obtained
success, the dimensions of the developed antesrsdilhrather large.

Fundamental Limits

A common question asked when the antenna miniatioiz is required is: “What is the
theoretical limit for antenna size reduction?”. Tirst work trying to answer this question
dates back from 1947 [28]. In that work, Wheelevestigated the fundamental limits of
electrically small antennas. An electrically smalhitenna was defined to have overall

A
dimensions smaller thenz—. Sometimes, this is also referred under the mldta < 1,
7l

2n
where k = 7 whereA is the free space wavelength anthe radius of the smaller sphere
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enclosing the antenna, also called the radian-spheig. 18 shows the concept widely
adopted to characterize an electrically small arden

/

a

/
/ z 27272
Iectrlcally mall antenn }
f7///////////’7////////A

Figure 18. Electrically small antenna enclosedhgyradian-sphere.

In his work, Wheeler analysed which could be thghbst efficiency of an electrically
small antenna, considering it as a capacitive aludtive load. Some time later, Chu
published his work about electrically small anterja9]. In that work, spherical wave
functions were used to describe the antenna figlih, and quality factor. One research topic
was to find the maximum gain achievable by an ardeof moderate complexity. This is
equivalent to find the minimum quality factor fdret antenna. Other research topic was to
find the maximum ratio gain/quality factor.
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Figure 19. Tradeoffs in antenna parameters asdaifumof antenna complexiti.
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From there on, Chu results have been widely used asference in antenna size
reduction. Several authors have since then stulleeehaviour of electrically small antennas
[30-40]. From those studies it is possible to codel that, theoretically, it is possible to
obtain an antenna with an extremely high gain. H@wme there are other important
parameters in an antenna, namely efficiency antitgdactor (bandwidth).

Fig. 19 shows the tradeoffs in antenna parametsrgha antenna complexityy,
increases, for two antenna dimensions. It can Berobd that the gaiG, and quality factor,
Q. increases with the antenna complexity, and tfieiericy, /7,, is reduced. It can also be

observed that the larger antenna has a smalletygfadtor and a larger efficiency.
Other interesting analysis is to observe the behaviof antenna quality factor,

efficiency, and gain for an antenna operating i@ flndamental mode. Fig. 20 shows the
results of such analysis, where it can be obseilvatdall antenna parameters are improved as
the antenna dimension increases. It can also benadis the fast degradation of antenna

efficiency forka< 0.4.
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Figure 20. Influence of antenna dimensions on gaialjity factor, and efficiency.

Wafer Level Packaging
The properties of a small antenna are dependeitioanit fills it radian-sphere [40]. This

means a dipole antenna will have worst properties ta patch antenna, since the patch
antenna uses more space inside the radian-sphettas lway, a very attractive option is the
antenna integration using stacked wafers, whereaiitenna uses not only two dimensions,
but also a third dimension, at a reduced cost.

The technical solution for this integration appioé&the application of wafer-level chip-

scale packaging (WLCSP) techniques. This approaphesents a truly added value as at a
limited cost 3D passive structures can be realiggthout increasing the chip active



MEMS Micro-Antennas for Wireless Biomedical Systems 251

dimensions. Also, WLCSP allows combination of afetént substrate (e.g. HRS, glass)
together with low-ohmic silicon. The use of new aramaterials may reduce the losses with
the potential of allowing the integration of otlgssive devices. Moreover, the possibility to
fabricate 3D structures allows the implementatidnnmre advanced antenna structures,
where size and efficiency restrictions may be metereasily. Fig. 21 shows two options on
how to use the WLCSP concept to integrate anteand®r other passive devices.

ymEEEEmm s s mmnnnnn Y, .
¥ Antenna

RF Circuits RF Circuits

Figure 21. Integration of a small size antenna \REnhcircuitry.

In the next section, we will introduce the use oL®EP for integration of planar
antennas built using silicon compatible substraiés suitability of folded patch antennas,
built on HRS and glass, are investigated as catedidBor on-wafer integration. The 3D
antenna models were built and the measured antearsameters were compared with the
values obtained by simulation. Despite its highedrication complexity, the folded patch
antenna has an increased performance when compattedhe patch antenna, and at the
same time allows reduction of the used chip arpathis way, the use of glass substrate
enables a small on-wafer antenna and RF electralimiest coupling. This offers potential of
low cost, low profile and simplified assembly.

Folded-patch Antenna

The possibility to integrate on-chip antennas fimmiedical devices is highly dependent on
the achievable antenna dimensions and efficien@duBtion of dimensions together with
efficiency improvement can be obtained through progevice geometry. Since the patch
antennas are rather large for on-chip integratiom,use of a shorted-folded patch antenna on
glass was considered.

Antenna Modelling

The proposed, on-chip integrated, folded shortfpatttenna (FSPA) is shown in Fig. 22. It
consists of three horizontal metal sheets thaebeetrically connected by two vertical metal
walls.

All structure is embedded in a dielectric substfa®ing certain electrical permittivity
and dielectric losses. These two parameters togefitie the antenna geometry and its actual
dimensions will determine its radiation character$sand overall performance.

For the best performance, the metal sheets shaé minimum resistivity and the
dielectric should be a low-loss material, whicloat high efficiency. Also, to achieve small
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antenna dimensions, a substrate with high elettpeemittivity is desirable. High antenna
efficiency requires thicker substrates (>300 png Hrerefore high aspect ratio vias in glass
are required.

Top wafer

7

|
Bottom wafer Shorting wall Feeding via B

Ground plane

Figure 22. Proposed shorted-folded patch antenna.

At frequencies above 1 GHz, glass becomes a vegchve option. Its main advantages
are low losses, reasonalzle availability in a form of wafers with any requir¢hickness and
diameter, and last but not least low cost. Theradge sufficient experience in processing of
glass wafers from MEMS and WLP applications.

The antenna was designed to operate at 5.7 GHzgaehcy chosen to be inside the
5-6 GHz ISM band. All the simulation analysis wasfprmed with an antenna model that
was built using the High Frequency Structure Sitauldrom Ansoft, a 3D tool based on
finite element modeling. This simulation tool wasensively used previously in our patch
antenna design, where good match of modeling apdramental results were achieved. The
developed antenna model is displayed in Fig. 23.

Radiating patch Metallic wall

Top wafer —— gl

Bottom wafer —m

Shotting vias P
Middle metal patch

Feeding ma

Ground plane l

"“*--‘ Coaxial cable
(used for feeding

purposes)

Figure 23. 3D FEM model of the fabricated foldedrséd-patch antenna.
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From the fabrication point of view, it is preferalib keep the overall antenna thickness
small. To achieve this, thin or thinned wafers barnused. However, the wafer thickness is a
relevant parameter that influences the antennaoieaince, since it corresponds to the
antenna substrate thickness. To study this effddldlye FSPA dimensions were kept constant,
except the wafer thickness, which was as a parameter. The obtained resultthéoreturn
loss are presented in Fig. 24.
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Figure 24. Return loss of the FSPA for differertistrate thickness values.

It can be observed that decreasing the wafer tegkrirom 500 um down to 100 pm
leads to a reduction of the antenna operating &ecyt This is a desirable effect since, for the
same operating frequency, the antenna can be sntdtievever, a thinner substrate, and thus
a smaller volume of the antenna dielectric, wilus@ reduction of the antenna radiation
efficiency as well as reduction of the antenna badth. If the wafer thickness is increased to
800 the operating frequency starts to decreasa aigatead of a monotonously increase with
thickness increment. In opposition to what we cdaddnduced by observation of Fig. 24, the
expected behavior would be a decrease in the apgriequency as the wafer thickness is
increased since the electrical length of the arstdsetomes larger. However, the gap between
the middle patch and the ground plane has a signifi effect in the antenna operating
frequency. In this particular design, that gaptstéw be the dominating effect in setting the
operating frequency when the wafer thickness isenmtben 500um, which explains the
frequency decrease with wafer thickness decrease.

Together with the reduction in the antenna dimensind increased efficiency, despite
the added cost of fabrication complexity, with ttype of antenna the following material
combinations can be formed: glass/glass, HRPS/HRP§lass/HRPS. An option to avoid
the difficult task of doing through-wafer vias ifags could be to replace the glass wafers by
HRPS. This will inevitably increase a bit the date losses, but at the same time the
antenna dimensions could be reduced. Other opsicio isubstitute only the bottom glass
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wafer by HRPS. In this way, the vias in glass apé required and the overall losses are
expected to be smaller.

All the proposed options were analyzed based onFEM modelling built using.
Considering a 10 ®-cm substrate, the predicted results are summaiizetable 1. For
various substrate options, the dimensions of theens@a model were kept constant as
possible, only some minor adjustments were impléetketo adjust the operating frequency
and/or to achieve impedance matching.

Table 1. Summary for the different stack options.

glassglass HRPS/HRPS HRPS/glass
Fe 5.66 GHz 5.66 GHz 5.64 GHz
BW 60 MHz 57 MHz 63 MHz
Eff. 66 % 64 % 65 %
L, 3.2mm 1.8 mm 3.2mm
L 2.6 mm 1.65 mm 2.3 mm

Parameters shown:.F operating frequency, BW — bandwidth, Eff. -@fncy, L; - top patch length,
L - middle patch length.

As can be seen from Table 1, the antenna built staek of two glass wafers has the
highest efficiency and the largest dimensions. dikenna on a stack of two HRPS wafers is
the smallest and has the lowest efficiency. Whengthss/HRPS stack is used, a compromise
can be obtained. The losses are slightly increamed the dimensions don’t change
significantly. The antenna dimensions are stromgigendent on the projected efficiency and
bandwidth and also on the substrate thicknessifone use HRPS/HRPS, they can fit inside
an area of 3x3 mf The achievable —10 dB return loss bandwidth sumd 50 MHz
(+/- 10 MHz).

The use of a 10(R-cm HRPS wafer makes on-chip antenna integratiasipke with an
antenna efficiency and electrical performance sintib the one obtained with glass, but with
the benefit of a smaller size (12.4x11.7 vs. 7.8xWnf for patch antenna and 4x4 vs. 3x3
mmn for folded-patch antenna at 5.7 GHz) since théedigc constant is two times higher for
HRPS. Next to that, the inherent problems assatiatéh glass substrate processing
(e.g. difficulty to form high-aspect ratio viaskamvoided.

Antenna Fabrication
Despite the potential of HRPS, it was decided talwate the suitability of glass wafers for
antenna applications because of its popularityi@mbdical diagnostic devices (e.g. lab-on-
chip) that may also benefit from on-chip antenna.
The folded-patch antenna fabrication sequencehisrsatically shown in Fig. 25. Two
AF-45, 100 mm diameter and 500 um thick glass vsadee used as the starting material.
Firstly, 200 um diameter through-wafer vias wenerfed in the bottom glass substrate. A
laser system at Philips CFT with a 30:1 reductiaasknwas used for ablation of the feeding
and shorting vias. Because the selected glassratésnaterial exhibits sufficient light
absorption in the UV region only, a 193 nm exciaeser was required. The initial tests with
248 nm laser were not successful due to formatfocracks. The vias were then metallized
by sputtering of 4um Al layers from both sidestw tvafer. Due to the low aspect ratio of the
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vias (2.5:1) and the fact that the sidewalls arepeofectly vertical, it was possible to form a
continuous conductive layer within the vias. Theddfe antenna patch was then patterned
using electroplated photoresist and plasma etdisieg Fig. 26).

laser ablated vias and via fences

glass

4 pm Al sputtered on both sides

Al o=

patterning of the middle patch
¥ 4
| |
adhesive bonding using BCB
glass

0 ] e e

pre-dicing

(| | g — | S
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foil as a temporary carrier

V-groove by dicing

_ID:*:IEII_

‘ Al sputtering \
— 10 |5

singulation by dicing

e\ A
W v

antenna feed pad definition
by laser cutting

Figure 25. Schematic fabrication sequence usedrfianna fabrication.

Then, the second glass wafer was adhesively boasied ~5-7 um thick BCB layer as
the adhesive. This wafer stack was attached tonpdeary carrier (foil or Si wafer) to allow
formation of the slanted antenna sidewall by V-blaticing. The sidewall shaping was
performed in two steps. First, a vertical trenciotigh the wafer stack was formed using a
400 um wide dicing blade. In the second step, &3fed dicing blade (60 deg. angle) was
applied to shape the antenna sidewalls. The accuwhcahis step is critical for antenna
electrical properties and care has to be takerchiege alignment with the middle antenna
patch. The achievable accuracy of blade positiosnglose to 2 um, which is more than
sufficient.
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Figure 26. Photograph showing detail of the bottgass substrate with the 200 um diameter ablated
vias and the patterned middle Al antenna patch.

The antenna fabrication then continues by Al-lagputtering to metallize the second
glass wafer including the V-shaped trenches. RBipallstandard dicing with vertical sidewalls
is applied to define the remaining three antendavealls and thus the lateral dimensions of
the final antenna. The fabricated antenna prototgpmpared to a 1 eurocent coin, is shown
in Fig. 27.

Figure 27. Photograph of the folded shorted-patdbrana prototype realized on a stack of two AF-45
glass substrates.

Antenna Results

For fabrication simplicity, laser cutting on thelie-measured samples defined the antenna-
feeding pad. For the measurement purposes, therenteas attached to a PCB with a®0
microstrip line, and the antenna feeding pad wasnected using multiple bond wire
connections (see Fig. 28).
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=

Figure 28. Close-up of antenna backside feedingtmainnected to a PCB, using multiple bond wires.

A prototype was fabricated with the technique déscr before, where the laser ablation
was used to obtain the through-wafer vias. To meashe fabricated antenna, it was
necessary to attach it to a PCB board, where @ Bficrostrip line was designed to interface
the antenna with a coaxial connector that provithes connection to the vector network
analyzer. The connection between the microstrip &nd the antenna feeding via was made
by wire bonding. The return loss measurements vperformed with an E8358A vector

network analyzer. Fig. 29 shows the measured amilaied values for a fabricated
prototype.
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Figure 29. Measured and simulated return losseofahricated antenna prototype.
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The simulated values on this plot were obtainedrafhtenna fabrication, where relevant
process dependent parameters were updated to Ipedtieh the values obtained during
antenna processing. Also, it was included the efééahe ground plane that was used to
mount the antenna for simulations. The differeneéwben the projected and measured
bandwidth are mainly due to the thickness of théafmaside the shorting and feeding vias, as
we were able to verify by simulation. If the methickness of vias metallization changes
from, e.g., 2 to 0.02um it was obtained by simulation that the bandwiclthnges from ~50
to ~200 MHz. The small shift in the desired opegtirequency from 5.1 to 5.05 GHz is due
to a small increase in the dimensions of the topahpatch. This top metal patch was first
designed to be defined by patterning but to reduwsts, was defined by the singulation step
(Fig. 25), resulting in a larger patch.

The simulated values on Fig. 29 were obtained @ftéenna fabrication, where relevant
process dependent parameters were updated to Iedtieh the values obtained during
antenna processing. Also, it was included the eféédhe ground plane that was used to
mount the antenna for simulations. After that amhest, it was possible to obtain a good
agreement between the measured and the simulatadTdee final antenna dimensions are
4x4x1 mnd, the operating frequency is 5.03 GHz with a banithwof ~200 MHz.

Cantilever Antenna

From the previous antenna design sections, itaarcthat the FSPA shows advantage in
occupied area requiring, however, a more complbxdation process. The dimensions of the
FSPA is suitable for small biomedical devices like required for spinal cord stimulation or
for implants used in neural signal recording. Treemarawback is that it operates only inside
the 5-6 GHz ISM band. This results in high lossesignal propagation inside the human
body, requiring placement of the biomedical devieg¢sthe body surface. This is not a
satisfactory solution for, e.g., human hear im@amtr implants required to be inside the
spinal cord.
To communicate with those devices its necessafintba new solution, which will be

discussed next.

MEM S Magnetic Sensors

Micro-Electro-Mechanical Systems (MEMS) are an kdé¢ option for RF communications
systems, since they can offer, simultaneously, adsviwith improved performance and
integration capability in a silicon chip, side biges with semiconductor circuits, since they
use IC-compatible materials.

The basic principle of micromachined cantileveréersf an interesting possibility to
measure a variety of physical parameters [41]. Ttey be applied as magnetometers for
measuring the magnetization [42, 43] and as vigcesinsors [44]. These devices are excited
at the resonant frequency to achieve high sertgitivi

Up to now, MEMS have been used in antenna apmitgtinot as an antenna itself, but to
obtain non-conventional front-ends with improvednew characteristics However, it is well
known that some MEMS structures can be used as etiagitux sensors, allowing the
detection of time varying fields [45].



MEMS Micro-Antennas for Wireless Biomedical Systems 259

When used as a sensor, a MEMS structure requieeash of a sensing mechanism and
the most widely used is the capacitive method. mbging structure, and a fixed plate, forms
a parallel plate capacitor, where the structureenmant is translated into a capacity change.
On the other hand, when it has to be used as aatactthe electrostatic actuation is widely
used as the actuating mechanism due to its siryplithe two main structures used are comb
drives [46] and parallel plates [47]. While in tbemb drive, which is based on area-varying
capacitors, the displacement varies linearly with gap, in actuators that relies on gap-width
varying capacitors (parallel-plate) the pull-in pbenenon has to be considered [47]. Pull-in
causes the displacement range due to electrofatie to be limited to one-third of the gap
between the electrodes, in case of a motion perpdad to the capacitor plate orientation.
This effect also limits the dynamic range of cafieei accelerometers operating in the
feedback mode. Charge drive (current drive witheges capacitance), rather than direct
voltage drive can be used to circumvent pull-inwbeer, at the expense of attainable
maximum force for given device dimensions.

A U-shaped cantilever, proposed to detect a timgivg magnetic field, is presented in
Fig. 30.

Figure 30. Cantilever used to detect a time-varyiragnetic field.

To measure magnetic fields with cantilever strueguthe Lorentz-force is utilized on a
current carrying lead [50-52]. A cantilever of thigpe measures only the magnetic flux
density in the direction parallel to the arms of tantilever, i. e., x-axis of Fig. 30. The
Lorentz-force acting on a lead is used to bendaamiachined cantilever. Deflections, which
are small compared to the length of the cantileass,a directly proportional measure of the
applied force. To reach an as high as possiblatséysit is advisable to utilize a resonant
mechanism where the cantilever is excited by ancA@ent with a frequency equal to an
eigenfrequency of the elastic structure. Due tohilgla quality factors of Si structures, which
are at least several hundred, this is an effickayt to enhance the sensitivity.

Wafer Level Packaging

Fig. 31 shows how WLCSP can be used as an advatuagesgrate the proposed antenna
structure. It consists of three stacked wafers,reviibe bottom wafer is used to place the
reading and controlling electronics, the middle evais used to implement the U-shaped



260 P.M. Mendes and J.H. Correia

cantilever, and the bottom wafer encapsulates ¢vice, enabling a very small microsystem
with integrated antenna.

Figure 31. Use of WLCSP to integrate the propos&i@ antenna.

Additionally, if it is added an energy-harvestirgheme, the microdevice is ready for use.
If batteries are required, an extra step will beassary to implement the required interface.

The starting MEMS structure is a cantilever plattedperate as a magnetic sensor, using
the Lorentz force (see Fig. 30), where the elecaigmetic field can be sensed using an
optical, capacitive, or piezoelectric sensing solut The most attractive options are
capacitive and piezoelectric. These solutions canehbsily integrated with the MEMS
structure and have the potential for low power ocomgtion (except the optical solution).
Since the desirable displacement depends on steuditmensions and material properties,
electrostatic actuation can be used as the actuatechanism for MEMS micro-antennas.
However, if large displacements are required oth@ MEMS structure area becomes too
small for capacitive detection, the use of a piexidac material can be the solution since it
can act both as sensor and actuator. Moreoveggéeation is only voltage based, leading to
low power driving operation. Furthermore, it prods@ voltage in response to a deflection
leading to simple readout electronics.

Piezoelectric is a promising mechanism for realjizRF MEMS structures with low
driving power and a wide continuous tuning range.fev papers have reported on
piezoelectric actuators [48], which adopt ferroglecPZT and a bulk MEMS process with
wet etched holes through a Si DIE. PZT containggh kiapour pressure oxide of PbO, and
requires repeated annealing at more than 600° €seTlimaterials and processes make it
difficult to be employed as a CMOS compatible pescelo overcome those drawbacks, it
was proposed piezoelectric actuator, which uses SM&mpatible AIN and Al as
piezoelectric and electrode materials, and surfaderomachining processes [49]. The
deflection was proportional to the voltage and \aghe range 0 — 10 um for a voltage
range 0-5 V.

To radiate, the operation of the MEMS structureusthdoe reversed and a field will be
produced by an electrostatic or piezoelectric ditina
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Antenna Modelling

The research focus is now in MEMS structures fan-oonventional front-ends, where the
MEMS structure itself will be operating as an an@nMEMS will be explored as a new
solution to obtain structures that can sense amgergée an electromagnetic field. Thus,
instead of having the need to design very advaaogehna structures to achieve antenna size
reduction, the standard MEMS devices, e.g. camilgwvill be used to save system space and
improve system integration.

The proposed MEMS structures will be engineeredawse the desired electrical and
geometrical properties, as well the requirementshéoused in a post-process module
compatible with integrated circuit (IC) fabrication

Fig. 31 shows the model being used to analysedbeiving properties for a cantilever
operating as an antenna.

Figure 32. Model of structure used to sense thetrelmagnetic field.

The main goal is the design, fabrication and charemation of an electrically very small
antenna using a MEMS structure. The main target bé implantable and invasive
biomedical devices requiring low frequency wirelessmmunications. However, the
structures under research could also become aimoltdr underwater and underground
communications. The research will allow to fullydenstand the bi-directional radiating
properties and to optimise the radiation propefties an oscillating beam or cantilever. The
driving properties of a piezoelectric material Wik explored to obtain structures with large
and bi-directional displacement. All the researdh focus on low-power, low-size devices,
as well the requirements to be used in a post-psoceodule compatible with integrated
circuit (IC) fabrication.

Antenna Results
To check the ability to operate as an antenndf,itseme preliminary tests were conducted
where it was verified that this MEMS structure abalso have the potential to operate as a
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bi-directional wireless link, together with the eotial to be smaller than the conventional
antennas.

To explore the possibility to use a magnetic sensovas used a scaled model of the
proposed structure. A commercially available magnsénsor was connected to a signal
acquisition board that was connected to a persoor@puter. A current was injected into a
scaled structure of Fig. 32 and the signal wasrdezbwith the magnetic sensor. When the
transmitting structure was oscillating at 100 Kltayas possible to easily detect that signal
with the magnetic sensor.

The received signal was compared with the signe¢ived by a conventional dipole
antenna and it was verified that the signal reckiby the magnetic sensor was easily
detected. Thus, instead of having the need to deslgy advanced antenna structures to
achieve antenna size reduction, the standard MEM& ek, e.g. cantilevers, can be used to
save system space and improve system integrattoen wompared to the actual solutions.

Conclusion

This chapter described the design, fabrication test of chip-size antennas for short-range
wireless microsystems. These antennas allow thécédion of a microsystem with integrated
wireless communications. The antenna integrationbased on wafer-level packaging
techniques, which enables the integration of newter@s with the standard silicon
processing steps, as well the fabrication of comtileee-dimensional structures. Wafer-level
packaging techniques, like the adhesive wafer bandnd through-wafer vias, were used to
overcome the challenge of obtaining a fully intégdamicrosystem, including the antenna, in
an economically acceptable way.

The use of a folded patch was first explored aslatien for significant antenna area
reduction, enabling the antenna integration witliewsevel packaging techniques and giving
rise to a good spatial cover. The chip-size antemoriks in the 5-6 GHz ISM band, with the
small size making it well suited for low data-rated short-range applications. Two types of
antennas were fabricated: patch and folded patche Ppatch antenna on glass
(11,7x12,4 mrﬁ), operating at 5,995 GHz, has a gain of 3 dB, MIB{x of bandwidth, and an
efficiency of 51%. On the other hand, the patctemana on silicon (8x8 m?h designed to
operate at 5,705 GHz, has a gain of 0,3 dB, a baitichwf 90 MHz and an efficiency of 19%.
Finally, a folded patch antenna was designed ossgldx4 mrf) to operate at 5,1 GHz. It
revealed a measured gain of approximately -8 dBaradwidth of ~200 MHz and a radiation
efficiency of ~32%.

MEMS are then explored as a new solution to ob#imctures that can sense and
generate an electromagnetic field. Thus, insteadasfng the need to design very advanced
antenna structures to achieve antenna size redudfi® standard MEMS devices, e.g.
cantilevers, will be used to save system spacemapibve system integration.

The original contributions are: novel electricaleery small antenna using MEMS
structures, a model to describe the bi-directionération of that structure; a radiating
element that can be integrated on the same miderayas the RF circuits, without affecting
circuit requirements, and different material conifpass in order to maximize the
performance for the proposed applications.
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