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INTRODUCTION

The ability to use wireless techniques for measurement
and control of various physiological parameters inside
human and animal bodies has been a long-term goal of
physicians and biologists going back to the early days of
wireless communication. From early on, it was recognized
that this capability could provide effective diagnostic, ther-
apeutic, and prosthetic tools in physiological research and
pathological intervention. However, this goal eluded scien-
tists prior to the invention of transistor in 1947. Vacuum
tubes were too bulky and power hungry to be of any use in
many wireless biomedical applications. During the late
1950s, MacKay performed his early pioneering work on
what he called Endoradiosonde (1). This was a single-
transistor blocking oscillator designed to be swallowed
by a subject and was able to measure pressure and tem-
perature in the digestive track. Following this early work,
came a number of other simple discrete systems each
designed to measure a specific parameter (temperature,
pressure, force, flow, etc.) (2). By the late 1960s, progress in
the design and fabrication of integrated circuits provided
an opportunity to expand the functionality of these early
systems. Various hybrid single and multichannel teleme-
try systems were developed during the 1970s and the 1980s
(3). In addition, implantable therapeutic and prosthetic
devices started to appear in the market. Cardiac pace-
makers and cochlear prosthetics proved effective and reli-
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able enough to be implanted in thousands of patients. We
direct the interested readers to several excellent reviews
published over the past several decades summarizing these
advances in their perspective time periods. These include a
review article by W. H. Ko and M. R. Neuman in the Science
covering the technologies available in the 1960s (4) and
another similar paper by Topich covering the 1970s period
(5). Three subsequent reviews detailed the efforts in the
1980s (6-8) followed by the most recent article published in
1999 (9). An outdated, but classic reference book in biote-
lemetry, is by MacKay, which still can be used as a good
starting point for some simple single channel systems and
includes some ingenious techniques used by early investi-
gators to gain remote physiological information (10).

The latter part of the 1990s witnessed impressive
advances in microelectromechanical (MEMS) based trans-
ducer and packaging technology, new and compact power
sources (high efficiency inductive powering and miniature
batteries), and CMOS low power wireless integrated cir-
cuits that provided another major impetus to the develop-
ment of biotelemetry systems (11-18). These advances
have created new opportunities for increased reliability
and functionality, which had been hard to achieve with
pervious technologies. The term biotelemetry itself has
been for most part superseded by Microbiotelemetry or
Wireless Microsystems to denote these recent changes in
technology. Furthermore, the burgeoning area of nano-
technology is poised to further enhance these capabilities
beyond what have been achievable using current minia-
turization techniques. This is particularly true in the
biochemical sensing and chemical delivery areas and will
undoubtedly have a major impact on the future genera-
tions of implantable biotelemetry microsystems.

This review article is intended to complement and
expand the earlier reviews by emphasizing newer develop-
ments in the area of biomedical telemetry in particular
attention is paid to the opportunities created by recent
advances in the area of microbiotelemetry (i.e., systems
having volumes ~1 cm? or less) by low power CMOS wire-
less integrated circuits, micromachined-MEMS transdu-
cers, biocompatible coatings, and advanced batch-scale
packaging. We have both expanded and narrowed the tradi-
tional definition of biotelemetry by including therapeutic—
rehabilitative microsystems and excluding wired devices
that although fit under the strict definition of biotelemetry;
do not constitute an emerging technology. In the following
sections, after discussing several major components of such
biotelemetry microsystems, such as transducers, interface
electronics, wireless communication, power sources, and
packaging, we will present some selected examples to
demonstrate the state of the art. These include implantable
systems for biochemical and physiological measurements,
drug delivery microsystems, and neuromuscular and visual
prosthetic devices. Although our primary definition of bio-
telemetry encompass devices with active electronics and
signal processing capabilities, we will also discuss passive
MEMS-based transponders that do not require on-board
signal processing and can be interrogated using simple
radio-frequency (rf) techniques. Finally, we should mention
that although in a strict sense biotelemetry encompasses
systems targeted for physiological measurements, this
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narrow definition is no longer valid or desirable. A broader
scope including neuromuscular stimulation and chemical
delivery is currently understood to be more indicative of the
term biotelemetry.

BIOTELEMETRY SYSTEMS

For the purpose of current discussion biotelemetry systems
can be defined as a group of medical devices that (1) incor-
porate one or several miniature transducers (i.e., sensors
and actuators), (2) have an on-board power supply (i.e.,
battery) or are powered from outside using inductive cou-
pling, (3) can communicate with outside (bidirectional or
unidirectional) through an rf interface, (4) have on-board
signal processing capability, (5) are constructed using bio-
compatible materials, and (6) use advanced batch-scale
packaging techniques. Although one microsystem might
incorporate all of the above components, the demarcation
line is rather fluid and can be more broadly interpreted. For
example, passive MEMS-based microtransponders do not
contain on-board signal processing capability, but use
advanced MEMS packaging and transducer technology
and are usually considered to be a telemetry device. We
should also emphasize that the above components are inter-
related and a good system designer must pay considerable
attention from the onset to this fact. For example, one might
have to choose a certain power source or packaging scheme
to accommodate the desired transducer, interface electro-
nics, and wireless communication. In the following sections,
we will discuss various components of a typical biotelemetry
system with more attention being paid to the wireless
communication block. For other components, we provide a
brief discussion highlighting major recent developments
and refer the reader to some recent literature is these areas.

Transducers

Transducers are interfaces between biological tissue and
readout electronics—signal processing. Their performance is
critical to the success of the overall microsystem (19-24).
Current trend in miniaturization of transducers and their
integration with signal processing circuitry have consider-
ably enhanced their performance. This is particularly true
with respect to MEMS-based sensors and actuators, where
the advantages of miniaturization have been prominent.
Development in the area of microactuators has been lagging
behind the microsensors due to the inherent difficulty in
designing microdevices that efficiently and reliably generate
motion. Although some transducing schemes, such as
electrostatic force generation, has advantageous scaling
properties in the microdomain, problems associated with
packaging and reliability has prevented their successful
application. The MEMS-based microsensors have been more
successful and offer several advantages compared to the
macrodomain counterparts. These include lower power con-
sumption, increased sensitivity, higher reliability, and
lower cost due to batch fabrication. However, they suffer
from a poor signal/noise ratio, hence requiring a close by
interface circuit. Among the many microsensors designed
and fabricated over the past two decades, physical sensors
have been by and large more successful. This is due to their

inherent robustness and isolation from any direct contact
with biological tissue in sensors, such as accelerometers and
gyroscopes. Issues related to packaging and long-term sta-
bility have plagued the implantable chemical sensors. Long-
term baseline and sensitivity stability are major problems
associated with implantable sensors. Depending on the type
of the sensor, several different factors contribute to the drift.
For example, in implantable pressure sensors, packaging
generated stresses due to thermal mismatch and long-term
material creep are the main sources of baseline drift. In
chemical sensors, biofouling and fibrous capsule formation
is the main culprit. Some of these can be mitigated through
clever mechanical design and appropriate choice of mate-
rial, however, some are more difficult to prevent (e.g.,
biofouling and fibrous capsule formation). Recent develop-
ments in the area of antifouling material and controlled
release have provided new opportunities to solve some of
these long standing problems (25-27).

Interface Electronics

As mentioned previously, most miniature and MEMS-
based transducers suffer from poor signal/moise ratio and
require on-board interface electronics. This, of course, is
also more essential for implantable microsystems. The
choice of integrating the signal processing with the MEMS
transducer on the same substrate or having a separate
signal processing chip in close proximity depends on many
factors, such as process complexity, yield, fabrication costs,
packaging, and general design philosophy. Except for post-
CMOS MEMS processing methods, which rely on under-
cutting micromechanical structures subsequent to the fab-
rication of the circuitry (28), other integrated approaches
require extensive modifications to the standard CMOS
processes and have not been able to attract much attention.
Post-CMOS processing is an attractive approach although
packaging issues still can pose roadblocks to successful
implementation. Hybrid approach has been typically more
popular with the implantable biotelemetry microsystem
designers providing flexibility at a lower cost. Power con-
sumption is a major design consideration in implantable
wireless microsystems that rely on batteries for an energy
source. Low power and subthreshold CMOS design can
reduce the power consumption to nanowatt levels (29-33).
Important analogue and mixed-signal building blocks for
implantable wireless microsystems include amplifiers,
oscillators, multiplexers, A/D and D/A converters, and
voltage references. In addition, many such systems require
some digital signal processing and logic function in the
form of finite-state machines. In order to reduce the power
consumption, it is preferable to perform the DSP functions
outside the body although small finite-state machines can
be implemented at low power consumptions.

Wireless Communication

The choice of appropriate communication scheme for a
biotelemetry system depends on several factors, such as
(I) number of channels, (2) device lifetime, and (3) trans-
mission range. For single (or two) channel systems, one can
choose a variety of modulation schemes and techniques.



These systems are the oldest type of biotelemetry devices
(1) and can range from simple blocking oscillators to single
channel frequency modulation (FM) transmitters. They are
attractive since one can design a prototype rather quickly
using off-the-shelf components. Figure 1 shows a schematic
of the famous blocking oscillator first used by MacKay to
transmit pressure and temperature (10). It consists of a
single bipolar transistor oscillator configured to periodi-
cally turn itself on and off. The oscillation frequency
depends on the resonant frequency of the tank circuit that
can be made to vary with parameters, such as pressure, by
including a capacitive or inductive pressure sensor. The
on—off repetition frequency can be made to depend on the
temperature by incorporating a thermistor in the circuit.
This is an interesting example of an ingenious design that
can be accomplished with a minimum amount of effort and
hardware. An example of a more recent attempt at single
channel telemetry is a two-channel system designed by
Mohseni et al. to transmit moth electromyograms (34). The
circuit schematic and a picture of the fully assembled
device are shown in Fig. 2. As can be seen, each channel
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Figure 1. Schematic circuit of a blocking oscillator used to trans-
mit pressure and temperature.
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Figure 2. Schematic diagram and
photograph of a biotelemetry system
used to transmit flight muscle elec-
tromyograms in moths showing the
polyimide flex circuit and various
components (the Colpitts Oscillator
inductor is used as the transmitting
antenna).
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consists of a biopotential amplifier followed by a Colpitts
oscillator with operating frequency tunable in the 88—
108 MHz commercial FM band. The substrate for the
biotelemetry module was a polyimide flex circuit in order
to reduce the weight such that the Moth can carry the
system during flight. The overall system measures
10 x 10 x 3 mm, weighs 0.74 g, uses two 1.5 V batteries,
dissipates ~ 2 mW, and has a transmission range of 2 m.

Multichannel systems are of more scientific and clinical
interest. These systems rely on different and more elabo-
rate communication schemes. For the purpose of current
discussion, we will divide these systems into the ones that
operate with a battery and the ones that are powered from
outside using an inductive link. Battery-operated biotele-
metry microsystems rely on different communication
schemes than the inductively powered ones. Figure 3
shows a schematic block diagram of a time-division multi-
plexed multichannel system. It consists of several trans-
ducers with their associated signal conditioning circuits.
These might include operations, such as simple buffering,
low level amplification, filtering, or all three. Subsequent to
signal conditioning, different channels are multiplexed
using an analogue MUX. Although recent advances in
AD technology might allow each channel to be digitized
prior to multiplexing, this is not an attractive option for
biotelemetry systems (unless there are only a few chan-
nels), since it requires an increase in power consumption
that most biotelemetry systems cannot afford. All the
timing and framing information is also added to the out-
going multiplexed signal at this stage. After multiplexing,
an AD converter is used to digitize the signal. This is
followed by a rf transmitter and a miniature antenna.
The transmitted signal is picked up by a remote receiver
and the signal is demodulated and separated accordingly.
The described architecture is the one used currently by
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most investigators. Although over the years many different
modulation scheme (pulse-width-modulation, pulse-posi-
tion-modulation, pulse-amplitude-modulation, etc.) and
system architectures have been tried; due to the prolifera-
tion of inexpensive integrated low power AD converters,
the pulse-code-modulation (PCM) using an integrated AD
is the dominant method these days.

The transmission of the digitized signal can be accom-
plished using any of the several digital modulation
schemes (PAM, PFM, QPSK, etc.), which offer standard
trade offs between transmitter and receiver circuit com-
plexity, power consumption, and signal/noise ratio (35).
Typical frequencies used in such systems are in the lower
UHF range (100-500 MHz). Higher frequencies result in
smaller transmitter antenna at the expense of increased
tissue loss. Although tissue loss is a major concern in
transmitting power to implantable microsystems, it is less
of an issue in data transmission, since a sensitive receiver
outside the body can easily demodulate the signal. Recent
advances in low power CMOS rf circuit design has resulted
in an explosive growth of custom made Application Specific
Integrated Circuits (ASIC), and off-the-shelf rf circuits
suitable for a variety of biotelemetry applications (36—
38). In addition, explosive proliferation of wireless commu-
nication systems (cell phones, wireless PDAs, Wi-Fi sys-
tems, etc.) have provided a unique opportunity to
piggyback major WLAN manufacturers and simplify the
design of biotelemetry microdevices (39,40). This cannot
only increase the performance of the system, but also
creates a standard platform for many diverse applications.
Although the commercially available wireless chips have
large bandwidths and some superb functionality, their
power consumption is higher than what is acceptable for
many of the implantable microsystems. This, however, is
going to change in the future by the aggressive move
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Figure 3. Block diagram of a multichannel biotelemetry system.



toward lower power handheld consumer electronics. A
particularly attractive WLAN system suitable for biotele-
metry is the Bluetooth system (41). This system, which was
initially designed for wireless connection of multiple sys-
tems (computer, fax, printer, PDA, etc.) located in close
proximity, has been adopted by many medical device man-
ufacturer for their various biotelemetry applications. The
advantage of Bluetooth compared to other Wi-Fi system,
such as 902.11-b, is its lower power consumption at the
expense of a smaller data rate (2.4 GHz carrier frequency, 1
Mbps data rate, and 10 m transmission range). This is not
critical in most biotelemetry applications since the fre-
quency bandwidth of most physiologically important sig-
nals are low (<1 kHz). However, note that since the
Bluetooth carrier frequency is rather high (2.4 GHz), the
systems using Bluetooth or similar WLAN devices can not
operate from inside the body and has to be worn by the
subject on the outside.

Inductively powered telemetry systems differ from the
battery operated ones in several important ways (42). First
and foremost, the system has to be powered by an rf signal
from outside; this puts several restrictions on frequency and
physical range of operation. For implantable systems, the
incoming signal frequency has to remain low in order for it to
allow enough power to be coupled to the device (this means a
frequency range of 1-10 MHz, see next section). In addition,
if the device is small, due to a low coupling coefficient
between the transmitter and receiver coil, the transmission
range is usually limited to distances <10 cm. Finally, in
inductively powered systems, one has to devise a method to
transmit the measured signal back to the outside unit. This
can be done in several different ways with the load-modula-
tion being the most popular method (43). In “load modula-
tion”, the outgoing digital stream of data is used to load the
receiver antenna by switching a resistor in parallel with the
tank circuit. This can be picked up through the transmitter
coil located outside the body. A second technique that is
more complex requires an on-chip transmitter and a second
coil to transmit the recorded data at a different frequency.
The inward link can be easily implemented using amplitude
modulation, that is, the incoming rf signal that powers the
microsystem is modulated by digitally varying the ampli-
tude. It is evident that the modulation index cannot be 100%
since that would cut off the power supply to the device
(unless a storage capacitor is used). The coding scheme is
based on the pulse time duration, that is,“1” and “0” have the
same amplitude, but different durations (42). This modula-
tion technique requires a simple detection circuitry (envel-
ope detector) and is immune to amplitude variations, which
are inevitable in such systems.

In addition to the above mentioned differences between
the battery operated and inductively powered biotelemetry
systems, the implanted circuit in the latter case also
includes several modules that are unique and require
special attention. These have mostly to do with power
reception (rectifier and voltage regulator), clock extraction,
and data demodulation. Figure 4 shows a block diagram of
the receiver circuit for an inductively powered microsystem
currently being developed in the author’s laboratory for
the measurement of intraocular pressure in glaucoma
patients. It consists of a full-bridge rectifier, a voltage
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Figure 4. Block diagram of an implantable biotelemetry system
used in the measurement of intraocular pressure in glaucoma
patients.

regulator, a piezoresistive pressure sensor, and voltage
to frequency converter. The incoming rf signal is first
rectified and used to generate a stable voltage reference
being used by the rest of the circuit (amplifiers, filters, etc.).
The clock is extracted from the incoming rf signal and is
used wherever it is needed in the receiver circuit. The
pressure sensor bridge voltage is first amplified and con-
verted to a stream of pulses having a frequency propor-
tional to the pressure. This signal is then used to load-
modulate the tank circuit. The receiver circuitry for most of
the reported inductively powered biotelemetry systems
were fabricated through CMOS foundries, such as MOSIS.
This is due to the fact that one can simply design a single
chip performing all of the mentioned functions in a CMOS
technology, and hence save valuable space. In the sections
dealing with various applications, we will describe several
other inductively powered telemetry systems.

There has not been much effort in the area of antenna
design for biotelemetry applications. This is due to the
basic fact that these systems are small and operate at
low frequencies, hence, most antennas employed in such
systems belong to the“small antenna” category, that is, the
antenna size is much smaller than the wavelength. In such
cases it is difficult to optimize the design and most inves-
tigators simply use a short electrical or magnetic dipole.
For example, in many situations the inductor in the output
stage can be used to transmit the information. Or alter-
natively, a short wire can be used in the transmitter as an
electrical dipole. These antennas are usually low gain and
have an omnidirectional pattern (44). Systems operating at
higher frequencies, such as externally worn Wi-Fi mod-
ules, however, can benefit from an optimized design.

In addition to using an rf signal to transmit information
that constitutes the majority of the work in the bioteleme-
try area, the use of ultrasound and infrared (IR) have also
been explored by some investigators (45,46). The use of
ultrasound is attractive in telemetering physiological
information from aquatic animals and divers. This is due
to the fact that rf signals are strongly absorbed by seawater
while ultrasound is not affected to the same extent. The use
of IR is also limited to some specific areas, such as systems
that can be worn by the animal on the outside and are not
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impeded by solid obstructions. This is due to the inability of
IR to negotiate solid opaque objects (line of sight propaga-
tion) and its severe absorption by tissue. The advantage of
free space IR transmission lies in its very wide bandwidth
making it useful for transmitting neural signals. The rf,
ultrasonic, and IR systems share many of the system
components discussed so far, with the major difference
between them having to do with the design and implemen-
tation of the output stage. The output transmitter for the
ultrasonic biotelemetry systems is usually an ultrasonic
transducer, such as PZT or PVDF, whereas for the IR
systems it is usually a simple light-emitting diode
(LED). The driver circuitry has to be able to accommodate
the transducers, that is, a high voltage source for driving
the ultrasonic element and a current.

Power Source

The choice of power source for implantable wireless micro-
systems depends on several factors, such as implant
lifetime, system power consumption, temporal mode of
operation (continuous or intermittent), and size. Progress
in battery technology is incremental and usually several
generations behind other electronic components (47).
Although lithium batteries have been used in pacemakers
for several years, they are usually large for microsystem
applications. Other batteries used in hearing aids and
calculators are smaller, but have limited capacity and
can only be used for low power systems requiring limited
lifespan or intermittent operation. Inductive powering is
an attractive alternative for systems with large power
requirements (e.g., neuromuscular stimulators) or long
lifetime (e.g., prosthetic systems with >5 years lifetime)
(14,15). In such systems, a transmitter coil is used to power
a microchip using magnetic coupling. The choice of the
transmission frequency is a trade-off between adequate
miniaturization and tissue loss. For implantable microsys-
tems, the frequency range of 1-10 MHz is usually consid-
ered optimum for providing adequate miniaturization
while still staying below the high tissue absorption region
(>10 MHz) (48). Although the link analysis and optimiza-
tion methods have been around for many years (49), recent
integration techniques that allow the fabrication of micro-
coils on top of CMOS receiver chip has allowed a new level
of miniaturization (50). For applications that require the
patient to carry the transmitter around, a high efficiency
transmitter is needed in order to increase the battery
lifetime. This is particularly critical in implantable micro-
system, where the magnetic coupling between the
transmitter and the receiver is low (< 1%). Class-E power
amplifier/transmitters are popular among microsystem
designers due to their high efficiency (>80%) and rela-
tively easy design and construction (51,52). They can also
be easily amplitude modulated through supply switching.

Although ideally one would like to be able to tap into the
chemical reservoir (i.e., glucose) available in the body to
generate enough power for implantable microsystems
(glucose-based fuel cell), difficulty in packaging and low
efficiencies associated with such fuel cells have prevented
their practical application (53). Thin-film batteries are also
attractive, however, there still remain numerous material

and integration difficulties that need to be resolved (54).
Another alternative is nuclear batteries. Although they
have been around for several decades and were used in
some early pacemakers, safety and regulatory concerns
forced medical device companies to abandon their efforts
in this area. There has been a recent surge of interest in
microsystem nuclear batteries for military applications
(565). It is not hard to envision that due to the continuous
decrease in chip power consumption and improve in batch
scale MEMS packaging technology, one might be able to
hermetically seal a small amount of radioactive source in
order to power an implantable microsystem for a long
period of time. Another possible power source is the
mechanical movements associated with various organs.
Several proposals dealing with parasitic power generation
through tapping into this energy source have been sug-
gested in the past few years (56). Although one can gen-
erate adequate power from activities, such as walking, to
power an external electronic device, difficulty in efficient
mechanical coupling to internal organ movements make an
implantable device hard to design and utilize.

Packaging and Encapsulation

Proper packaging and encapsulation of biotelemetry micro-
systems is a challenging design aspect particularly if the
device has to be implanted for a considerable period. The
package must accomplish two tasks simultaneously: (1)
protect the electronics from the harsh body environment
while providing access windows for transducers to interact
with the desired measurand, and (2) protect the body from
possible hazardous material in the microsystem. The sec-
ond task is easier to fulfill since there is a cornucopia of
various biocompatible materials available to the implant
designer (57). For example, silicon and glass, which are the
material of choice in many MEMS applications, are both
biocompatible. In addition, polydimethylsiloxane (PDMS)
and several other polymers (e.g., polyimide, polycarbonate,
parylene) commonly used in microsystem design are also
accepted by the body. The first requirement is, however,
more challenging. The degree of protection required for
implantable microsystems depends on the required life-
time of the device. For short durations (several months),
polymeric encapsulants might be adequate if one can con-
formally deposit them over the substrates (e.g., plasma
deposited parylene) (568). These techniques are considered
non-hermetic and have a limited lifetime. For long-term
operation, hermetic sealing techniques are required (59).
Although pacemaker and defibrillator industries have been
very successful in sealing their systems in tight titanium
enclosures; these techniques are not suitable for microsys-
tem applications. For example a metallic enclosure pre-
vents the transmission of power and data to the
microsystem. In addition, these sealing methods are serial
in nature (e.g., laser or electron beam welding) and are not
compatible with integrated batch fabrication methods used
in microsystem design. Silicon—glass electrostatic and sili-
con—silicon fusion bonding are attractive methods for
packaging implantable microsystems (60). Both of these
bonding methods are hermetic and can be performed at
the wafer level. These are particularly attractive for
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Figure 5. Schematic of the IOP measurement microsystem (61).

inductively powered wireless microsystems since most
batteries cannot tolerate the high temperatures required
in such substrate bondings. Other methods, such as metal
electroplating, have also been used to seal integrated
MEMS microsystems. However, their long-term perfor-
mance is usually inferior to the anodic and fusion bondings.
In addition to providing a hermetic seal, the package must
allow feeedthrough for transducers located outside the
package (18). In macrodevices, such as pacemakers, where
the feedthrough lines are large and not too many, tradi-
tional methods, such as glass—metal or ceramic-metal has
been employed for many years. In microsystems, such
methods are not applicable and batch scale techniques
must be adopted.

DIAGNOSTIC APPLICATIONS

Diagnostic biotelemetry microsystems are used to gather
physiological or histological information from within the
body in order to identify pathology. Two recent examples
are discussed in this category. The first is a microsystem
designed to be implanted in the eye and to measure the
intraocular pressure in order to diagnose low tension glau-
coma. The second system, although not strictly implanted,
is an endoscopic wireless camera-pill designed to be swal-
lowed in order to capture images from the digestive track.

Figure 5 shows the schematic diagram of the intraocular
pressure (IOP) measurement microsystem (61,62). This
device is used to monitor the IOP in patients suffering from
low tension glaucoma, that is, the pressure measured in the
doctor’s office is not elevated (normal IOP is ~10-20 mmHg,
1.33-2.66kPa) while the patient is showing optic nerve
degeneration associated with glaucoma. There is great
interest in measuring the IOP in such patients during their
normal course of daily activity (exercising, sleeping, etc).
This can only be achieved using a wireless microsystem. The
system shown in Fig. 5 consists of an external transmitter
mounted on a spectacle, which is used to power a microchip
implanted in the eye. A surface micromachined capacitive
pressure sensor integrated with CMOS interface circuit is
connected to the receiving antenna. The receiver chip imple-
mented in an n-well 1.2 pm CMOS technology has overall
dimensions of 2.5 x 2.5 mm? and consumes 210 pW (Fig. 6).
The receiver polyimide-based antenna is, however, much

BIOTELEMETRY 423

Figure 6. Micrograph of the IOP measurement microsystem re-
ceiver chip showing surface micromachined capacitive pressure
sensors and other parts of the receiver circuitry (62).

larger (1 cm in diameter and connected to the receiver
using flip chip bonding) requiring the device to be
implanted along with an artificial lens. The incoming
signal frequency is 6.78 MHz, while the IOP is transmitted
at 13.56 MHz using load-modulation scheme. This example
illustrates the levels of integration that can be achieved
using low power CMOS technology, surface micromachin-
ing, and flip chip bonding.

The second example in the category of diagnostic micro-
systems is an endoscopic wireless pill shown in Fig. 7
(63,64). This pill is used to image small intestine, which
is a particularly hard area to reach using current fiber optic
technology. Although these days colonoscopy and gastro-
scopy are routinely performed, they cannot reach the small
intestine and many disorders (e.g., frequent bleeding) in
this organ have eluded direct examination. A wireless
endoscopic pill cannot only image the small intestine,
but also will reduce the pain and discomfort associated
with regular gastrointestinal endoscopies. The endoscopic
pill is a perfect example of what can be called Reemerging
Technology, that is, the rebirth of an older technology
based on new capabilities offered by advances in modern
technology. Although the idea of a video pill is not new,
before the development of low power microelectronics,
white LED, CMOS image sensor, and wide-band wireless
communication, fabrication of such a device was not fea-
sible. The video pill currently marketed by Given Imaging
Inc. is 11 mm in diameter and 30 mm in length (size of a
large vitamin tablet) and incorporates: (I) a short focal
length lens, (2) a CMOS image sensor (90,000 pixel), (3)
four white LEDs, (4) a low power ASIC transmitter, and (5)
two batteries (enough to allows the pill to go though the
entire digestive track). The pill can capture and transmit
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Figure 7. A photograph (a) and internal block diagram (b) of
Given Imaging wireless endoscopic pill. (Courtesy Given Imaging.)

two images per second to an outside receiver capable of
storing up to 5 h of data.

THERAPEUTIC APPLICATIONS

Therapeutic biotelemetry microsystems are designed
to alleviate certain symptoms and help in the treatment
of a disease. In this category, two such biotelemetry
microsystems unit be described. The first is a drug delivery
microchip designed to administer small quantities of
potent drugs upon receiving a command signal from the
outside. The second device is a passive micromachined
glucose transponder, which can be used to remotely moni-
tor glucose fluctuations allowing a tighter blood glucose
control through frequent measurements and on-demand
insulin delivery (pump therapy or multiple injections).
Figure 8 shows the central component of the drug
delivery microchip (65,66). It consists of several microre-
servoirs (25 nL in volume) etched in a silicon substrate.
Each microreservoir contains the targeted drug and is
covered by a thin gold membrane (0.3 wm), which can be

dissolved through the application of a small voltage (1 V vs.
Saturated Calomel Electrode). The company marketing
this technology (MicroCHIPS Inc.) is in the process of
designing a wireless transceiver that can be used to
address individual wells and release the drug upon the
reception of the appropriate signal (67). Another company
(ChipRx Inc.) is also aiming to develop a similar micro-
system (Smart Pill) (68). Their release approach, however,
is different and is based on conductive polymer actuators
acting similar to a sphincter, opening and closing a tiny
reservoir. Due to the potency of many drugs, safety and
regulatory issues are more stringent in implantable drug
delivery microsystems and will undoubtedly delay their
appearance in the clinical settings.

Figure 9 shows the basic concept behind the glucose-
sensitive microtransponder (69). A miniature MEMS-
based microdevice is implanted in the subcutaneous tissue
and an interrogating unit remotely measures the glucose
levels without any hardwire connection. The microtras-
ponder is a passive LC resonator, which is coupled to a
glucose-sensitive hydrogel. The glucose-dependent swell-
ing and deswelling of the hydrogel is coupled to the
resonator causing a change the capacitor value. This
change translates into variations of the resonant fre-
quency, which can be detected by the interrogating unit.
Figure 10 shows the schematic drawing of the microtran-
sponder with a capacitive sensing mechanism. The glucose
sensitive hydrogel is mechanically coupled to a glass mem-
brane and is separated from body fluids (in this case inter-
stitial fluid) by a porous stiff plate. The porous plate allows
the unhindered flow of water and glucose while blocking
the hydrogel from escaping the cavity. A change in the
glucose concentration of the external environment will
cause a swelling or deswelling of the hydrogel, which will
deflect the glass membrane and change the capacitance.
The coil is totally embedded inside the silicon and can
achieve a high quality factor and hence increased sensi-
tivity by utilizing the whole wafer thickness (reducing
the series resistance). The coil-embedded silicon and the
glass substrate are hermetically sealed using glass—silicon
anodic bonding.

REHABILITATIVE MICROSYSTEMS

Rehabilitative biotelemetry microsystems are used to sub-
stitute a lost function, such as vision, hearing, or motor
activity. In this category, two microsystems are described.
The first one is a single-channel neuromuscular microsti-
mulator used to stimulate paralyzed muscle groups in
paraplegic and quadriplegic patients. The second micro-
system is a visual prosthetic device designed to stimulate
ganglion cells in retina in order to restore vision to people
afflicted with macular degeneration or retinitis pigmen-
tosa.

Figure 11 shows a schematic of the single channel
microstimulator (13). This device is 10 x 2 x 2 mm?® in
dimensions and receives power and data through an induc-
tively coupled link. It can be used to stimulate paralyzed
muscle groups using thin-film microfabricated electrodes
located at the ends of a silicon substrate. A hybrid capacitor
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is used to store the charge in between the stimulation
pulses and to deliver 10 mA of current to the muscle every
25 ms. A glass capsule hermetically seals a BiCMOS
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Figure 8. MicroCHIP drug delivery chip (a), a
reservoir before and after dissolution of the gold
membrane (b,c), the bar is 50 pm (65).

on top of the silicon substrate. Figure 12 shows a photo-
graph of the microstimulator in the bore of a gauge 10
hypodermic needle. As can be seen, the device requires a
complicated hybrid assembly process in order to attach a
wire-wound coil and a charge storage capacitor to the

A

Passive LC Resonator
Figure 9. Basic concept behind the

glucose-sensitive microtransponder.
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Figure 11. Schematic of a single-channel implantable neuromus-
cular microstimulator.

receiver chip. In a subsequent design targeted for direct
peripheral nerve stimulation (requiring smaller stimula-
tion current), the coil was integrated on top of the BICMOS
electronics and on-chip charge storage capacitors were
used thus considerably simplifying the packaging process.
Figure 13 shows a micrograph of the chip with the electro-
plated copper inductor (70). A similar microdevice (i.e., a

Exposed links
for tuning

Figure 13. Microstimulator chip
with integrated receiver coil and
on-chip storage capacitor (70).

Connections between
coil and circuitry

Figure 10. Cross-section of glucose micro-
transponder.

Figure 12. Photograph of the microstimulator in the bore of a
gage 10 hypodermic needle.

single channel microstimulator) was also developed by
another group of investigators with the differences mainly
related to the packaging technique (laser welding of a glass
capsule instead of silicon—glass anodic bonding), chip tech-
nology (CMOS instead of BICMOS), and electrode material
(tantalum and iridium instead of iridium oxide) (42).
Figure 14 shows a photograph of the microstimulator
developed by Troyk, Loeb, and their colleagues.

Figure 15 shows the schematic of the visual prosthetic
microsystem (71,72). A spectacle mounted camera is used
to capture the visual information followed by digital con-
version and transmission of data to a receiver chip
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up to 16 electrodes
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Figure 14. Photograph of a single channel microstimulator deve-
loped by Troyk (42).

implanted in the eye. The receiver uses this information to
stimulate the ganglion cells in the retina through a micro-
electrode array in sub or epi-retinal location. This micro-
system is designed for patients suffering from macular
degeneration or retinitis pigmentosa. In both diseases,
the light sensitive retinal cells (cones and rods) are
destroyed while the more superficial retinal cells, that is,
ganglion cells, are still viable and can be stimulated. Con-
sidering that macular degeneration is an age related
pathology and will be afflicting more and more people as
the average age of the population increases, such a micro-
system will be of immense value in the coming decades.
There are several groups pursuing such a device with
different approaches to electrode placement (epi-or sub-
retinal), chip design, and packaging. A German consortium
that has also designed the IOP measurement microsystem
is using a similar approach in antenna placement (receiver
antenna in the lens), chip design, and packaging technol-
ogy to implement a retinal prosthesis (61). Figure 16 shows
photographs of the retinal stimulator receiver chip, stimu-
lating electrodes, and polyimide antenna. The effort in the
United States is moving along a similar approach (72,72).

CONCLUSIONS

In this article, several biotelemetry microsystems currently
being developed in the academia and industry were
reviewed. Recent advances in MEMS-based transducers,
low power CMOS integrated circuit, wireless communica-
tion transceivers, and advanced batch scale packaging have
provided a unique opportunity to develop implantable bio-
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Figure 16. Retinal stimulator receiver chip, stimulating elec-
trodes, and polyimide antenna (61). Chip size.

telemetry microsystems with advanced functionalities not
achievable previously. These systems will be indispensable
to the twenty-first century physician by providing assis-
tance in diagnosis and treatment. Future research and
development will probably be focused on three areas: (1)
nanotransducers, (2) self-assembly, and (3) advanced bio-
materials. Although MEMS-based sensors and actuators
have been successful in certain areas (particularly physical
sensors), their performance could be further improved by
utilizing nanoscale fabrication technology. This is particu-
larly true in the area of chemical sensors where future
diagnostic depends on detecting very small amounts of
chemicals (usually biomarkers) well in advance of any

Encapsulated
stimulator-chip
(flexible silicon chip)

Microelectrode

array

Stimulation
circuitry

Figure 15. Schematic of a visual prosthetic mi-
crosystem (61).
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physical sign. Nanosensors capable of high sensitivity che-
mical detection will be part of the future biotelemetry
systems. In the actuator—delivery area, drug delivery via
nanoparticles is a burgeoning area that will undoubtedly be
incorporated into future therapeutic microsystems. Future
packaging technology will probably incorporate self-assem-
bly techniques currently being pursued by many micro—
nanoresearch groups. This will be particularly important in
microsystems incorporating multitude of nanosensors.
Finally, advanced nanobased biomaterials will be used in
implantable microsystems in order to enhance biocompat-
ibility and prevent biofouling. These will include biocompa-
tible surface engineering and interactive interface design
(e.g., surfaces that release anti-inflammatory drugs in order
to reduce postimplant fibrous capsule formation).
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