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ABSTRACT 

Distributed measurement and control capability has been a 
primary goal for military and civil transportation, manufacturing, 

biomedical, environmental management, safety and security sys­

tems. Microsensor networks, coupled with the high performance of 

compact computing systems, can provide powerful monitoring and 

control capability. However, the cost, volume, physical limitations, 

and installation requirements for cable interfaces has seriously hin­

dered the development of distributed sensor networks with conven­

tional technology. Specifically, while the cost of microsensors may 

be low, the infrastructure complexity for field deployment or incor­

poration of sensors dominates the cost of a distributed sensor sys­

tem. A wireless microsensor network offers the capability of rapid, 

low cost deployment and installation. Advances in integration are 

required to combine microsensors, analog mixed-signal systems, 

processors, and wireless communication. This paper presents new 

methods that provide diverse sensor capability, with new low 
power solutions for wireless sensor networks. 

INTRODUCTION 

New product opportunities and new system capabilities are 

enabled by the development of a low cost distributed Microelectro­

mechanical Systems (MEMS) technology. The development and 

deployment of distributed monitoring and controls has been hin­

dered in the past by the requirements of complex installation and 

communication network requirements. Conventional distributed 

sensors have required cable interface, and therefore, extensive mod­

ification to structures and capitol equipment for their installation. In 

contrast, a wireless microsensor network may be distributed rapidly 

and without modification to large structures and systems. The wire­

less network architecture allows LWIM nodes to be rapidly 

deployed in a broad spectrum of military applications ranging from 
battlefield perimeter security and shoreline reconnaissance to per­

sonnel health monitoring. Wireless sensors may also be applied in 
areas where volume and mass constraints limit the application of 

conventional wireline interface sensors. In particular, LWIM nodes 

may be applied to rotating machinery for condition based mainte­

nance without the complex slip-ring systems that would normally 

be required for a sensor electrical interface. 

A set of unique requirements exist for distributed wireless 

microsensor networks. The individual low cost sensor nodes must 

be 1) reconfigurable by their base station, 2) autonomous to permit 

local control of operation and power management, 3) self-monitor­
ing for reliability, 4) power efficient for long term operation, and 5) 

must incorporate diverse sensor capability with highly capable 

microelectronics. 

LWIM intelligent node technology, based on commercial, 
low cost CMOS fabrication and bulk micromachining, has demon­

strated capability for multiple sensors, electronic interfaces, con­

trol, and communication on a single device. LWIM nodes are 
fabricated by the new CMOS Integrated Microsystems (CIMS) 

process. CIMS provides high sensitivity devices for vibration, 

acoustic signals, infrared radiation and other diverse signal sources. 
The central challenges for low cost, manufacturable, LWIM devices 

are the requirements for micropower operation and the complete 

integration of a CMOS RF transceiver. The CIMS process, 

micropower measurement, and micropower RF communication 

systems are described below. 

WIRELESS MICROSENSOR NETWORKS 

The wireless microsensor network architecture described 

here depends on micropower nodes operating with a single, micro­

processor base station, (supplied by conventional power sources), 

and numerous distributed wireless microsensors. Network architec­

ture and communication protocols are developed to exploit the 
asymmetry of distributed sensor communication. Specifically, most 

information flow is from the sensor nodes to the base station with 

substantially less flow in the form of commands to the sensor nodes 

from the base station. 

Typical applications may be optimally serviced by sensor net­

works having local signal processing by sensor nodes. Thus, indi­

vidual nodes may propagate measurements of battlefield 

environment, machine condition, or patient condition, periodically 

to the base station at low duty cycle. In particular, only upon an 

alarm condition will continuous data transmission be required. This 

method permits a base station to service a much larger network than 

would be possible for simple continuous communication with sen­

sor node. In addition, low duty cycle operation, combined with 

proper power management, allows low power operation. Periodic 
updates of the network base station, by distributed network sensor 

nodes permits detection of changes in environmental or system 

operation. For example, individual sensor nodes may provide con­

tinuous measurement of a vibration spectrum, while only transmit­

ting the observation of a change in this spectrum. By exploiting the 

low duty cycle requirements for sensor communication, large effi­
ciencies may be obtained in sensor node and base station operation. 

Remote programmability (enabled by including transmit and 

receive capability at each node) permits high data rate operation at 

any time that a request is made by the base station. 

Completely independent LWIM nodes must operate at micro­
ampere current levels and low voltage. This allows long operating 
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life from compact battery systems. Alternatively, for some condi­

tion based maintenance applications, with nodes mounted directly 

on a motor or drivetrain shaft, LWIM nodes may receive power by 

continuous or periodic reception of RF energy from a nearby power 

source via an inductive coupling. Typical low duty cycle, low data 

rate (10kbps) and short range (10 - 30m) communication permit 30 

µA average current for an LWIM node operating at 3V. A conven­

tional Li coin cell provides this current level for greater than a 

three-year unattended operating life. 

WIRELESS MICROSENSOR FABRICATION 

Rapid reductions in the fabrication cost of CMOS digital cir­

cuit technology, along with improvements in performance, provide 

motivation for the development of microsensor structures and mea­

surement circuits in this technology. CMOS technology now con­
veniently provides the embedded control and micropower digital 

systems needed for L WIM nodes. Challenges remain for low noise, 

micropower analog measurement and RF communication systems. 

Demonstrated micropower CMOS measurement systems [1] for 

MEMS devices will be described below. CIMS provides devices 

ranging from inertial to infrared,[2] and acoustic sensors in the 

same process (Figures 1, 2 and 3). CIMS combines commercial 

CMOS (post-processed after foundry-fabrication by XeF2 micro­

machining)[3] with high performance bulk micromachined sensor 

and actuator structures (Figure 2 and 3) by flip chip bonding. 

Finally, micropower CMOS RF circuits (Figure 4) are being devel­

oped for the wireless microsensor network. 

The CIMS process offers several advances over previous 

techniques. First, by separating the CMOS and bulk micromachin­

ing processes, conventional low cost CMOS technology may be 

directly applied. This offers the system developer flexibility to 

update the circuit technology rapidly to exploit the most optimum 

processes that become available. In addition, the separation of 

CMOS and sensor element fabrication permits the introduction of 

novel materials, for example pyroelectric systems,[2] without dis­
turbing critical CMOS processing. 

High performance accelerometers are implemented in surface 

and bulk micromachined structures. Polysilicon, surface microma­

chined accelerometer proof mass and flexure structures are readily 

combined with integrated circuit technology. However, the limita­

tions of surface micromachining constrain proof mass thickness 

and area. Thus, typical surface micromachined structures display 
high mechanical resonance frequencies and, therefore, low respon­

sivity to acceleration signals. In contrast, bulk micromachined 

structures provide proof mass values that maybe two orders-of­

magnitude larger than those of surface micromachined structures. 

However, while these structures provide adequate mechanical 

responsivity, conventional bulk micromachined structures are not 

conveniently integrated with microelectronics. 

Accelerometer structures for high performance applications 

present an additional unique requirement. High sensitivity accelera­

tion measurement relies on high resolution capacitive detection of 

proof mass position. This is accomplished by measurement of the 
capacitance between parallel, planar electrodes mounted on the 

proof mass surface and on the accelerometer structure. The pres­

ence of parasitic capacitance between the measurement electrode 

and its supporting ground plane, may drastically degrade measure­

ment sensitivity. Thus, Si-on-glass processes have appeared for this 

application. 

The CIMS process offers performance advantages for 

microsensors. Specifically, the use of bulk micromachined struc­

tures enables large proof mass values for inertial and vibration sen­

sors. Single crystal flexures provide stability. Finally, the long 

standing problem of parasitic capacitance is directly addressed by a 

unique suspended electrode structure (Figures 1 and 2). The sus­

pended electrode eliminates the need for Si-on-glass for many 

applications. Also, the proper design of the suspended electrode 

permits control of squeeze-film damping. 

suspended capacitive measurement 

electrode 

loop antenna 

detail view 

Figure 1. Wireless Microsensor Interface Die. The Interface Die 

provides sensor measurement, sensor interface, control, and RF 

communication functions in a single integrated component. The 
Interface Die, fabricated in commercial 2.0µ CMOS, may be inte­

grated with high perfonnance sensor elements by flip chip bonding. 
These micrographs display the low parasitic capacitance, sus­
pended measurement electrodes, and suspended inductor I loop 
antenna. The CMOS die was processed after fabrication by a mask­

less etch in XeF2 
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CMOS INTEGRATED MICROSYSTEMS 

ACCELEROMETER 

The acceleration and infrared sensors, implemented by the
CIMS process, are shown in Figures 1, 2, and 3. Figure 1 displays
the CMOS interface die component of the CIMS process. The inter­
face die may support low parasitic capacitance measurement, data
conversion and RF communication capability. The CIMS acceler­
ometer relies on a single crystal flexure supporting a proof mass
with a resonance frequency that may be adjusted (by design) from
l00Hz to l0kHz. With the established low noise performance of
CMOS low power amplifiers ( l00nV/(Hz) 112) and with capacitive
bridge excitation amplitudes of less than 3V, sensor capacitor gap
values of 20µ, the l00Hz accelerometer suspension may provide a
system sensitivity ofless than lµg/(Hz) 112 .

suspended capacitive 
low parasitic 

measurement electrode 

accelerometer 
chip micrograph 

Die

Figure 2. CIMS Accelerometer. The CIMS accelerometer employs 

capacitive sensing with a suspended measurement electrode. A 

micromachined cavity drastically reduces substrate parasitics that 

limit conventional devices. Membrane perforation provide control 

of squeeze film damping without requirements to perforate the proof 

mass. 

CMOS INTEGRATED MICROSYSTEMS: 

INFRARED SENSOR 

Infrared sensor systems are required in applications ranging
from military surveillance, manufacturing process control pyrome­
try, spectroscopic and gas sensing applications. Wireless integrated
infrared sensors address these applications with low cost, rapidly
deployed systems. Uncooled, broad band, thermal infrared MEMS
sensors have been implemented with bolometric, thermopile, and
pyroelectric methods. Pyroelectric structures are of particular inter­
est due to their large responsivity. However, the incompatibility of
pyroelectric materials with conventional CMOS processing has
hindered the development of this technology.

Single crystals of LiTaO3, bulk ceramics of PbTiO3 (and related
compounds), KTN, [4] organic polymers and Mylar have all been

used in pyroelectric IR detectors. Ferroelectric PbTiO3 (PTO) and
Pb1-xCax TiO3 (PTCX) are attractive materials for this application
because of their large pyroelectric coefficient P, low dielectric con­
stant value and low specific heat value. This results in optimal
responsivity and frequency response characteristics. Now, addi­
tional capability is offered by the tunable (composition dependent)
Curie temperature of Pb1_xCax TiO3 . Curie temperature may be
varied continuously from 490° to 0° C as x increases from Oto 0.5.
Thus the proper choice of x provides a pyroelectric film with a
Curie temperature slightly above room temperature, placing the
maximum in the temperature dependent value of P at the desired
device operating temperature.

In addition to a large pyroelectric response, a high-sensitivity
pyroelectric detector requires both small thermal capacitance and
small thermal conductance to maximize the temperature change
and signal induced by incident IR radiation. Thin film geometries
provide optimal response for pyroelectric sensors by minimizing
thermal capacitance. In addition, thermal conductance must be
minimized by suspending the thin film structure to provide thermal
isolation.

bulk micromachined
infrared sensor die

detail view 
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Infrared Sensor Response
80mV peak-peak output signal for !Hz, 20mW peak­
peak incident infrared signal measured at transducer

Figure 3. CMOS Integrated Microsystems Infrared Sensor The 

wireless infrared sensor employs a low thermal conductance struc­

ture supporting a sol-gel thin film pyroelectric infrared sensor. Flip 

chip bonding of sensor to interface die permits separation of the 
high temperature, ideal infrared material processing, from CMOS 

fabrication. 
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The CIMS process offers a unique solution to pyroelectric 
materials integration. The CIMS infrared sensor relies on a new sil­
icon-compatible PbTiO3 (PI'O) sol-gel material system that is
applied to the CIMS sensor die in a modular process separated from 
CMOS fabrication. The CIMS structure provides ideal, thermally 
isolated, structures for support of the pyroelectric film detector. 
Flip-chip bonding integrates the optimized detector with a CMOS 
signal processing system, ideally suited for pyroelectric sensor 
measurement. 

The sol-gel synthesis of PTO and PCTx is based on the process 
first developed by J.B. Blum and S.R. Gurkovich[S], but with sig­
nificant modifications. The alkoxide sol-gel precursor of PTO is 
prepared as follows: Pb(C2H3O2)i3H2O), lead acetate trihydrate,
is first dissolved in either 2-methoxyethanol (2-Me) or in metha­
nol at a concentration of 1.0 molar. Acetic acid anhydride, 
(CH3CO)iO, (AAA) is then added in a molar ratio of 3: 1 with 
respect to lead, removing the water of hydration by producing ace­
tic acid. A 10% excess of AAA is used to ensure that any water 
present in the solvent or ambient air is also immediately trans­
formed into acetic acid, thus keeping the precursor anhydrous. 
Titanium isopropoxide, Ti(OC3H7)4, is then added into solution. 
The double metal alkoxide (C2H3O2)-Pb-O-Ti-(OC3H7h is 
formed along with the reaction by-product, isopropyl acetate. Syn­
thesis is conveniently completed in ambient air without 
interference from atmospheric water, since any water absorbed by 
the solution will react with excess AAA. Also, storage of the pre­
cursor solution requires only hermetic container sealing. In 
addition, acetic acid generated in the reaction provides the low pH 
environment necessary for slow hydrolyzation. Precursors 
appeared to have shelf-life longer than 6 months without gelation 
or formation of particulates. This represents an improvement over 
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previous processes which require all procedures to be carried out 
in a dry nitrogen atmosphere, as well as extensive refluxing of the 
solution above 100 °c to remove water and the addition of nitric 
acid to prevent premature gelation. The PCTX precursor is pro­
duced using calcium acetate monohydrate, Ca(C2H3O2)i·H2O, as 
the source of Ca. Methanol is used as solvent for the PCTX precur­
sors due to the low solubility of calcium acetate in other alcohols. 
Precursors were spin-coated onto the silicon substrates with a con­
ventional photoresist spinner to form a gel layer about 0.3 µ thick. 
The samples are then dried at 400 °C for 1 hour to remove most of 
the organics. Multiple spin-dry cycles are used to obtain the 
desired thickness. Final heat treatment at 650 to 750 °c for l to 2 
hours removed all organics, leaving smooth, crack-free films. All 
procedures are performed in air. 

The CIMS thermal infrared sensor structure, with a thin 
membrane sensor support structure, was fabricated by conventional 
bulk rnicromachining. A p+ etch-stop epitaxial layer, of 4µ thick­
ness is deposited on an n-type substrate to form the sensor substrate 
structure. EDP etching releases the suspended membrane shown 
in Figure 3. Spin coating methods deposit PTO or PTCX followed 
by the heat treatment steps. A buffered oxide etch (BOE) provides 
patterning for the thin film and p+ supporting structures. An Al 
electrode completes the sensor structure. The pyroelectric signal is 
detected by measurement of the potential developed between the 
highly conductive p+ substrate and the deposited Al film. 

Detailed thermomechanical response for the thermal infrared 
detector model was implemented using a SPICE simulation 
method. The suspended PTO film, Si supporting membrane, and Si 
low thermal conductance supports (see Figure 3), were treated as 
thermal resistance mesh networks. SPICE simulation of detector 
frequency response is in excellent agreement with experimental 
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Figure 4. Response of the CJMS infrared sensors for two PTO pyroelectric film detector support structures. Frequency depen­
dence of responsivity is shown for continuous p + Si membranes, and for suspended p + Si membranes supported by na"ow 
mechanical bridge elements ( see Figure 3 ). Responsivity enhancement due to the low thermal conductance suspension is seen 
clearly. 
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results.[2]. Direct measurement using a chopped CO2 laser source 
yields a responsivity of 2.SV/Watt at A= 10.6µ for this pyroelectric 
sensor (see Figure 3 for an example of detector transient response). 
This prototype device demonstrates excellent performance without 
an infrared absorber layer. Infrared absorbers for optimized detec­
tors will be deposited by conventional metal "black" and continu­
ous metal film absorbers. Modeling of detector thermal response 
demonstrates that the pyroelectric material response is equal to that 
of bulk PTO material. 

Figure 4 shows measured and calculated frequency depen­
dence of the infrared sensor responsivity. The SPICE thermal 
response simulation and measurements are shown for PTO pyro­
electric films supported by both continuous membrane and sus­
pended membrane (see Figure 3) structures. The large responsivity 
improvement provided by the low thermal conductance suspension 
are apparent. In addition, the excellent agreement between SPICE 
simulation and experiment indicate the capability for accurate ther­
mal infrared sensor design offered by the SPICE simulation method 
and CIMS fabrication. 

Integrated . measurement systems, with micropower opera­
tional amplifiers and data conversion systems (Figure 5) provide 
switched-capacitor measurement capability for CIMS infrared sen­
sors. 

WIRELESS MICROSENSOR COMMUNICATION 

The wireless sensor technology reported here differs from 
prior work in that the sensor, control, and communicatioIJ system 
are integrated together in a single unit. In addition, we have 
addressed the challenge of combining low noise, high performance 
measurement and data conversion sensor interfaces with 
micropower operation in CMOS systems. An important technology 
challenge is the development of micropower, integrated CMOS RF 
systems. This requires advances in both level of integration, sharp 
reduction in operating power, and a conversion from conventional 
bipolar technology to CMOS. 

Powerful wireless microsensor networks may only be imple­
mented with nodes capable of bidirectional communication. 
Remote LWIM nodes must be dynamically reconfigurable by a 
base station or distributed control system. Thus, each L WIM node 
must operate with both receiver and transmitter functions. Now, the 
requirement for operation with compact battery cells presents new 
constraints on transceiver operation. First, average current require­
ment (at 3V supply bias) for the LWIM node must be less than 
30µA to provide desired operating life. This requirement may be 
met partially by proper power management through low duty cycle 
operation of the transceiver system. For example, typical surveil­
lance applications permit duty cycle values less than 1 o-3 for
10kbps data rate. However, in addition, peak operating LWIM node 
current must be less than 1 - 1 OmA due to maximum current restric­
tions for compact Li cell sources. L WIM nodes, therefore, require 
advances in transceiver technology over conventional systems that 
require greater than lOOmA supply current at 3V. In particular, the 
fundamental restriction on input-referred amplifier noise (sensitiv­
ity) and bias current, limit conventional receiver sensitivity. In 
addition, high performance radio technology has not been demon­
strated in conventional CMOS integrated systems. 

The LWIM transceiver system relies on new methods for 

obtaining sensitivity and selectivity with low power CMOS cir­
cuits. First, receiver sensitivity relies on the sensitivity of the RF 
amplifier front-end. The LWIM receiver system obtains low input­
referred noise and low power operation by introduction of high-Q 

.L-C tank circuits that provide passive (noise-free) voltage gain. In 
addition, low oscillator phase noise, required for high selectivity is 
obtained by the use of coupled high-Q L-C resonators and surface 
acoustic wave (SAW) resonators for narrow band stabilization. 

Micropower CMOS operational 
amplifier pair 

Micropower 

'-"---=====;;;;;.;,;==== voltage-frequency converter

CIMS 
Integrated 

Microsensor 

Micropower 
Integrated 

Measurement 

Micropowe 
Analog-to­

Digital 
Converter 

Micropower 
CMOS 

Transceiver 

Micropower receiver system 

Micropower 320MHz 
CMOS receiver oscillator 

Figure S. Wireless Integrated Microsensor Interface and Com­

munication System. Measurement, data conversion, and communi­
cation systems have been demonstrated in commercial 2µ CMOS. 
A micropower operational amplifier (supply current lµA) is com­

bined with micropower voltage-frequency data converters ( supply 
current 2µA). The transceiver is based on a low power CMOS, 
SAW stabilized and digitally-sampled regenerative architecture 
(peak supply cu"ent 30µA). 
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The low operating power and low phase noise of the L WIM 
receiver architecture has been demonstrated by a new regenerative 
receiver system. The high selectivity micropower receiver system 
operates at 310MHz with detector currents of less than 30 µA at 3V 
supply bias. This device relies on the regenerative receiver princi­
ple. However, it differs from previous systems in that analog sam­
pling of the regenerative wave form is employed to provide 
demodulation. Stable operation through automatic gain control is 
now possible. Figure 5 shows a block diagram of the prototype 
LWIM receiver. A SAW-stabilized Colpitts oscillator employs a 
single loop inductor functioning as a receiving antenna RF signal 
is added to oscillator loop signal at the inductor. Periodic quench­
ing and measurement of amplitude of the 310 MHz loop oscillation 
is controlled by a digital sampling system. Received RF signal 
strength modulates oscillator amplitude. Finally, oscillator ampli­
tude is detected through direct measurement of oscillator current. 
Prototypes of this amplitude-shift keying (ASK) receiver operate 
with sampling clock rates as high as 1MHz. Thus, transceiver data 
rate capability greater than 100kbps may be permitted. Prototype 
LWIM nodes operating with lmW transmitter power, 1kbps data 
rate, and I Om range, require single loop antennae of less than l cm2 

area. The SAW stabilized, low phase noise oscillator can also pro­
vide a local oscillator for advanced, frequency-hopped spread spec­
trum micropower transceivers. 

Low power interface and control circuits have also been 
implemented for L WIM nodes. Figure 5 shows micropower opera­
tional amplifiers (1 µA supply current) and voltage-to-frequency 
converters for analog to digital conversion (1 µA supply current at 
250kHz clock rate). Finally, low power, low clock rate digital con­
trol provides sequencing for the LWIM microsensor data conver­
sion and communication system. 

CONCLUSIONS 

The wide range of distributed monitoring and control applica­
tions requires microsensors that integrate network interfaces with 
diverse measurement capability. A low power integrated wireless 
microsensor (L WIM) technology has been developed using new 
processes, circuits, and communication systems. The MEMS 
microsensor structures incorporate high performance, bulk micro­
machined transducers with conventional CMOS microelectronics. 
Low power sensor interface, digital control, and RF communica­
tion systems have been demonstrated. Both RF induction and bat­
tery powered nodes may be implemented with the micropower 
system demonstrated here. L WIM nodes are under development for 
a diverse set of military and commercial distributed MEMS appli­
cations. 
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