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Abstract. This paper is a state-of-the-art review of solid-state integrated and 
smart sensors. Smart sensors are defined as sensors that provide analog signal 
processing of signals recorded by sensors, digital representation of the analog 
signal, address and data transfer through a bidirectional digital bus and 
manipulation and computation of the sensor-derived data. In this paper the 
overall architecture and functions of circuit blocks necessary for smart sensors are 
presented and discussed. Circuit fabrication technologies are briefly discussed and 
CMOS technology is found to be ideally suited for many sensor applications. The 
cha!!eng-s 2nd t-chniqces for the packaging of smart sensors are briefly reviewed 
and several specific examples of solid-state integrated and smart sensors are 
presented. It is believed that smart sensors will be needed in future closed-loop 
instrumentation and that control systems will be required in many application 
areas, including automotive, health care, industrial processing and consumer 
electronics 

1. Background 

The term 'smart sensor' has been used by various 
researchers in a number of different contexts, ranging 
from sensors incorporating a few active devices to pro- 
vide a more reliable interface to the sensor t o  enhance the 
quality of the sensed signal, to integrated sensors 
incorporating a sophisticated electronic circuit block 
including both digital and analog circuitry that helps 
transform the sensor from a passive component into a 
'smart' periphery of a control/instrumentation system. 
However, over the past few years, a rather broad consen- 
sus has been achieved whereby a smart sensor is defined 
as one that is capable of (i) providing a digital output; (ii) 
communicating through a bidirectional digital bus; (iii) 
being accessed through a specific address; and (iv) execut- 
ing commands and logical functions [l, 21. In the context 
of this paper, the smart sensor is defined as one that 
should possess these features. In addition, it is also 
desirable for the smart sensor to perform such functions 
as compensation of secondary parameters (e.g. temper- 
ature), failure prevention and detection, self-testing, auto- 
calibration and various computationally intensive opera- 
tions. The development of such sensors will greatly 
enhance the capabilities of many control and instru- 
mentation systems that are nowadays lacking in their 
interface with the external world. 

Figure 1 shows the elements of a typical electronic 
control system. Sensors provide analog information on 
the system being monitored through signal conditioning 
circuits to a microprocessor-based controller. The pro- 
cessor interprets the information, makes appropriate 
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decisions (perhaps in conjunction with higher level con- 
trol), and implcmcnts those decisions via the actuators. 
Sensors currently represent the weakest link in the 
development of most next-generation instrumentation 
and control systems. Where sensors exist a t  all, they are 
frequently unreliable, rarely attain an accuracy of 8 bits 
and may cost more than the processor. This situation is 
especially true in biomedicine, where the problems are 
particularly difficult. Only in the past few years has this 
situation begun to change. 

Sensors have progressed through a number of 
identifiable generations, as shown in figure 2. First- 
generation devices had little, if any, electronics associated 
with them, while second-generation sensors were part of 
purely analog systems with virtually all of the electronics 
remote from the sensor. By the third generation, where 

Figure 1. A typical electronic control system [22] 
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Figure 2. Evolution of solid-state sensors. (Reprinted 
courtesy of IEEE [Zl].) 

the majority of the systems currently reside, a t  least the 
first stage of amplification occured in the sensor module 
or on the sensor chip itself. Thus, the output from these 
systems is a high-level analog signal, encoded either as a 
voltage amplitude or as a variable pulse rate. This signal 
is digitized remotely and then processed by a microcom- 
puter. Many automotive sensing systems fit into this 
category. We are now evolving into the fourth- 
generation sensors, where more analog and digital 
electronics are on-chip, making the sensor addressable 

cation between the sensor and the host microcomputer. 
Some large-area visible imaging devices [3] and pressure 
sensors [4,5] represent fourth-generation components. 

On the horizon are fifth-generation sensors, in which 
data conversion is accomplished on the sensor (or, a t  
least, in the sensor module) so that the bidirectional 
communication link with the microcomputer is digital. 
These devices will likely be digitally compensated using 
field-programmable read-only memories (PROMS) to 

accuracies are not available in sensors today. From a 
system viewpoint, the standardization of communication 
protocols and formats is badly needed for this fifth 
generation of devices. Figure 3 shows the block diagram 
of a generic fifth-generation VLSI sensor. The device is 
addressable, self-testing and communicates over a bi- 
directional digital bus. It can measure the outputs of a 
variety of sensors, use some of these outputs for second- 
ary parameter compensation, perform digital signal pro- 
cessing tasks and retain only the useful and required 
signals and then communicate the acquired signals with 
the higher level computer. For example, a gas sensor 
might sense gas pressure, temperature, flow and include 
an array of gas sensors to improve selectivity and 
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Figure 3. Block diagram of a generic fifth-generation VLSl 
sensor [22]. 

sensitivity. The required device counts for such a sensor, 
estimated in the range of ten thousand, are still low 
enough that the circuitry would occupy no more than a 
few square millimeters and would not be a major cost 
factor as most of the cost would be in testing and 
packaging. 

Based on the evolution of both sensor technologies 
and electronic systems, it is evident that solid-state 
sensors will continue to incorporate more sophisticated 
electronic circuits. The integration of high-performance 
solid-state sensors and sophisticated signal processing 
and control circuitry into a smart sensor module serves a 
dual purpose: it allows the sensor to become a much 
more versatile component in terms of its sensing function 
and accuracy; and will enable the smart sensor to become 
an active and compatible component of an overall 
'sensing system'. I t  is believed that unless these systems 
are developed and demonstrated to be capable of sur- 
passing the performance of many of the existing sensors, 
solid-state sensors will not be fully utilized in terms of 
their capabilities and features. The development of such 
systems will naturally require the development of indiv- 
idual components and circuit blocks that make up the 
overall system. 

2. Overall system architecture and functions 

Implementation of smart sensors for many applications 
requires the inclusion of three main circuit blocks. These 
are signal processing, digital control and manipulation, 
and external communication and bus interaction. Each 
of these areas are discussed in more detail below. 

2.i. Signai processing 

The signals recorded by many sensors are typically low in 
amplitude, and the sensor interface usually exhibits a 
high impedance a t  frequencies of interest. Integration of 
interface electronics and signal processing circuitry at the 
sensor site (monolithic or hybrid) serves a number of 
functions, including signal amplification, impedance 
transformation, signal filtering and buffering, and 
multiplexing. 

Amplification of sensor signals remains one of the 
most important functions in many applications for which 
the amplitude of the signal is typically low. Amplification 
of these signals at the sensor site before transmission to 
the outside world not only enhances the overall signal-to- 
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noise ratio thus reducing the effects of noise from the 
environment, but also allows for the full utilization of the 
dynamic range of an analog-digital converter for those 
sensors that incorporate an ADC in the sensor module. 
For many integrated sensors this amplification can be 
achieved by using MOS and bipolar amplifiers that require 
only a minimal amount of circuitry with nominal gain, 
bandwidth and performance specifications. CMOS 
amplifiers are perhaps the most suitable since they 
provide high gain and high input impedance through a 
relatively simple and compact circuit and are readily 
compatible with integration of high-density digital circui- 
try on the same chip [SI. CMOS amplifiers are now easily 
capable of prividing open-loop gains of 90dB, are 
fast, can be compensated for their offset using various 
techniques involving charge storage and cancellation, 
and consume little power and area. These amplifiers are 
3-5 times smaller than bipolar amplifiers, making it 
possible to include tens of amplifiers per-channel on a 

amplifiers is very high, which makes them ideal for sensor 
applications. Although MOS amplifiers have typically had 
larger noise levels than their bipolar counterparts, vari- 
ous circuit and fabrication techniques are used to mini- 
mize the noise in applications in which the noise level of 
the interface electronics determines the resolution of the 
sensing system [7]. More sophisticated amplifiers in- 
corporate programmable gain capability to maximize 
signal-to-noise ratio and optimize the amplifier output 
range for zna!q-digi!a! converters. Many integrz!d 
sensors typically incorporate the amplifier on-chip, es- 
pecially those designed for biomedical applications for 
which small size and signal amplification are two of the 
most important requirements. 

In addition to signal amplification, impedance 
transformation is also often required for both resistive 
and capacitive sensors. A low impedance output from the 
sensor is required not only to ensure maximum signal 
transfer to the next stage but also to drive output leads 

environmental noise. Transconductance amplifiers im- 
plemented in a typical CMOS operational amplifier are 
best suited for this purpose. Often the amplification and 
impedance transformation can be achieved simulta- 
neously in such circuits. For other applications where 
gain is not immediately necessary on the sensor chip, a 
simple buffer circuit can be integrated. This is particular- 
ly important for capacitive-type circuits. 

Signal filtering can also be incorporated in these 
drrlp""c1 b. ru, u,urnprsrcu IIIUILI>LillDUI bysrGrrlJ,  "1LC""E, 

of the signal is often required to prevent such problems as 
aliasing that can introduce high frequency noise into the 
signal passband, thus overriding the low-amplitude 
sensed signal. Signal filtering can also improve the 
signal-noise ratio of the sensor as it filters the out-of- 
band high frequency noise that may be introduced by the 
electronic devices themselves. A variety of low-pass 
bandpass and high-pass filter circuits are available using 
switched-capacitor circuit techniques or more conven- 
uonai resisior-capacliur icuuuqucs. 
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Reducing the number of output leads is another 
important function for a majority of sensors. Data 
multiplexing can not only reduce the amount of circuitry 
required for the sensor (circuit blocks such as the ADC can 
be shared among several sensors), but also reduces the 
number of external leads by either multiplexing several 
sensed signals onto a single output lead, or by superim- 
posing clock and control signals over the power lines [SI. 
Low-noise analog multiplexing is an especially important 
function in sensing arrays and systems that reqcire the 
simultaneous measurement of many signals in order to 
accurately measure the parameter of interest. In addition, 
reducing the number of leads that are interconnected to a 
sensor package is very important in simplifying the 
packaging, reducing the cost and improving the long- 
term reliability of the system in which the sensor is 
integrated. In automotive applications of sensors this has 
been found to be of paramount importance and it is 
expected that almost all sensors fabricated for this area 
wi!! hive pirticc!ir ittes!ion paid to !=ad redacticn CY,. 

In addition to these primary functions, the interface 
signal processing circuitry is increasingly used to perform 
functions such as self-testing of the analog circuit blocks 
and offset cancellation that will permit full utilization of 
the dynamic range of the ADC [lo]. It should be em- 
phasized once again that signal amplification, filtering, 
and multiplexing of several data channels onto a single 
data line also reduce packaging problems and inherently 
improve the reliability of the device by enhancing the 

many external leads. 
Two points should be mentioned with regard to the 

sensor interface circuitry. First, although the design and 
layout of many of these circuit blocks is still custom, the 
progress made in the last few years in the computer aided 
design (CAD) of many analog integrated circuits and the 
availability of many cell designs for analog functions 
have greatly simplified the implementation of many of 
the functions discussed above. Silicon compilers are now 

the sensor designer from performing detailed circuit and 
layout designs [ll]. Many of these CAD tools have 
reduced design time and increased design reliability. 
Therefore, it is now possible to design a semi-custom 
analog integrated circuit for a particular sensor and fully 
test its functionality without committing the design to 
silicon. The integration of many of these circuits with the 
sensor has become less complicated as integrated sensors 
have evolved towards greater compatibility with in- 
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later. Second, with regard to fabrication and process 
compatibility, it is noted that some sensors, such as 
photodiodes and piezoresistive pressure sensors, rely on 
the operation of an electronic device anyway and in- 
corporating additional circuitry into the existing process 
does not greatly complicate the overall fabrication pro- 
cess and cost. Other sensors, however, are fabricated in 
such a way that the introduction of any electronics is 
more involved. For example, for capacitive pressure 
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process to a larger degree than for a piezoresistive 
pressure sensor. Therefore, the question of whether cir- 
cuitry should be integrated on-chip becomes not only 
dependent on performance but also on how complicated 
the final process becomes and how this complication 
affects the yield and cost of the final device.. 

2.2. Digital control and manipulation 

One of the main requirements for smart sensors is their 
compatibility with digital control and microprocessor- 
based systems. Most high-performance sensors should 
provide a digital output that can be accessed through a 
digital bus. Once the sensor data is digitized, a variety of 
signal processing schemes can be used to correct for a 
number of errors and shortcomings. These inciude offset 
cancellation, auto-calibration, self-testing, fault detection 
and correction and linearity correction. While some of 
these functions can be achieved using analog circuits, 
digital signal processing techniques are somewhat easier 
to implement using straightforward circuit techniques. 
Furthermore, it may be simpler to perform some of these 
functions using a remote host processor than to have to 
implement them at the sensor site. In the following 
paragraphs these features and their importance in smart 
sensors wiii be discussed. 

The main circuit block required before digital control 
and manipulation of sensor data can take place is the 
analog-digital converter. Analog-digital converters have 
seen tremendous growth and progress over the past few 
years. Many of the designs for ADCS today utilize 
switched-capacitor circuits [12,13]. These techniques 
have allowed the integration of high-performance analog 
functions with low-power and high-density CMOS digital 
circuitry, thus allowing the implementation of very high- 
accuracy analog-digital converters [14,15]. For most 
sensor applications, conversion rates of 10-20 kHz at 12 
hits are probably adequate and this performance level 
can be readily achieved in CMOS technology today, 
although there is a continuing need for reduced die size 
and power dissipation. For some applications it may be 
necessary to either precede the ADC with a programmable 
gain amplifier in order to utilize the full range of the ADC, 
or to employ an ADC with an accuracy higher than 12 bits 
in order to cover the full dynamic range of the sensor. It 
shouid be noted that for sensor appiications it is import- 
ant to keep the overall design of the converter as simple 
as possible and to keep die area and power dissipation at 
a minimum. Therefore, the design of a converter for 
sensor applications may require a different set of trade- 
offs than for more general purpose applications. It may 
also be possible to improve overall converter accuracy by 
externally compensating for converter errors, in much 
the same way as it is performed for the sensor data. It is 
believed that the design of the ADC for different sensor 
applications will depend on the requirements for the 
particular application and on the complexity of the 
fabrication process. 

After the sensor signal is digitized, a number of 
functions can be performed on the sensor, its interface 

electronics and the digitized data itself. Auto-calibration 
is a very desirable function for smart sensors. Most 
sensors should be adjusted for changes in gain and offset, 
usually at factory test and before packaging. The perfor- 
mance of many sensors is influenced strongly by these 
parameters, and how well these parameters can be set 
will determine the level of precision and accuracy 
achieved. In addition, the long-term stability of sensors is 
also affected as these two parameters can drift over time, 
thus affecting the accuracy of the sensor. Therefore, it is 
desirable to not only calibrate the sensor at factory test, 
but also to have the ability to auto-calibrate in the field. 
In order to perform auto-calibration remotely, however, 
a known input signal needs to be generated and the 
sensor should be capable of being controlled in a closed- 
b o p  fashion. This can be achieved using some of the 
techniques developed recently for microactuators, in- 
cluding actuation and control of micromachined ele- 
ments using electrostatic forces. These techniques are 
already being employed to calibrate accelerometers [16] 
and ultrasensitive pressure sensors [17], and it is expec- 
ted that many future sensors fabricated using either bulk 
or surface micromachining techniques will incorporate 
some type of force feedback for auto-calibration and self- 
testing. As for calibrating the circuitry (such as the ADC), 

additionai circuitry and complexity is required. it is 
possible to use either analog trim, most likely with a 
specific amount ofcharge stored on an on-chip capacitor, 
or digital trim, with correction parameters stored either 
in on-chip memory or at a central controlJprocessing 
computer [15, 18,191. In order to avoid complicating the 
design of the circuitry, and in order to improve overall 
yield, it is believed that the entire sensor-signal path can 
be calibrated using the external host processor which can 
access the sensor PROM. In addition to personality 
information such as address and the type of sensor, the 
PROM will store information such as coefficients of poly- 
nomials that are used to digitally compensate the sensor. 
Digital compensation of sensor data appears to be a very 
attractive technique for achieving accuracies beyond the 
IO-bit level [18]. 

Sensor data compensation is thought to be one of the 
main advantages and features of a smart sensor. Data 
compensation can be used to correct for secondary 
parameter sensitivities (e.g. sensitivity to temperaturej, 
for non-linearity either in the sensor signal or in the 
analog signal path, for drift of the sensor signal over time 
if one can measure the amount of drift, and also for noise. 
Compensating any, or all, of these sources of error will 
result in a more accurate and higher-performance sensor. 
Although sensor data compensation can be minimized 
and somewhat reduced by proper design of the sensor 
structure, it may be easier to compensate the sensor data 
after it has been digitized and transmitted to the host 
controller. Compensation for secondary parameters 
(such as temperaturej is best achieved in this way since in 
smart sensors multiple physical and environmental 
variables can be measured and the desired sensor data 
can be extracted from the combination of these sensed 
signals. This technique is videly used in many physical 
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transducers including pressure sensors and acceler- 
ometers. 

In addition to the above functions, a large number of 
digital signal processing (DSP) tasks can be performed by 
the sensor circuitry. These DSP techniques can be used to 
improve the sensor performance, and the added 
computational power to the sensor itself will make it 
behave more like a system component. The sensor is now 
able to perform logical functions and perhaps monitor its 
own integrity and inform the host controller in the event 
of a failure. The added computational power can be 
utilized to automatically range the amplifiers, the ADCS, 

and other circuit blocks so that maximum gain, sensitiv- 
ity and dynamic range is achieved for many sensors at all 
times, thus utilizing the entire dynamic range and 
bandwidth of the sensor electronics. 

Besides calibration and compensation, self-testing 
and diagnosis are other important functions required for 
smart sensors. The ability to self-test is a very desirable 
feature since it allows the host processor to determine the 
functionality of the sensor without having to physically 
remove the sensor from its environment. Self-testing can 
be initiated under external control, perhaps by the 
external host processor, to ensure that the sensor and the 
entire signal path are functional corresponding to a given 
set of specifications. Notice that self-testing is often 
performed to detect gross malfunction of the sensor- 
electronics and may not be required for exact calibration. 
This was described above as auto (self)-calibration. 

A third issue of importance for many control and 
instrumentation systems is that of reliability. This is 
especially important in distributed sensing systems where 
access to a particular sensor may not be easy and it is 
desirable (and often required) that the sensor be extreme- 
ly reliable. Smart sensors can provide a clear advantage 
in this area as compared with passive sensors. The 
simplest means of improving reliability is to add redund- 
ancy to the sensor and the circuit. Because of their small 
size, integrated sensors can be easily replicated on the 
sensor chip in order to improve the reliability of the 
overall sensor. Therefore, multiple sensing paths can be 
created and if one fails (either at factory test or in the 
field), i t  can be taken out and a 'good' sensor can be 
programmed in. This technique has been used for a long 
time in the I C  industry to improve the yield of many VLSI 
circuits, including DRAM chips. It is also possible to 
replicate the on-chip circuit blocks to increase the overall 
yield. Such replication does not affect processing, since all 
of the process steps are required by a single implementa- 

required. In many sensors, particularly those made with 
bulk micromachining, there is a significant amount of 
space between the outer edge of the transducer and the 
outer edge of its mechanical support [20]. This is where 
circuits will be located whenever possible, since this area 
is obtained at no cost. Analog switches and pass gates 
can be used to select the circuit path dynamically, or a 
destructive trim technique (such as cutting of unneeded 
interconnect lines) can be applied on a one-time basis. 
AnAthor onnrnnrh to ;mnmriinn rri&i slnA relinhilito 

tien of 2 given circuit. The on!y constraint is the space 
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would be to simplify both the circuit and the sensor 
design. By simplifying the circuit blocks, the possibility of 
device failure becomes smaller. It should be noted that 
there exists a trade-off between the level of complexity 
(and therefore the level of functionality) achieved for the 
sensor and the overall cost and perhaps yield. The issue 
of reliability is certain to remain a topic of discussion for 
many smart sensors and the pros and cons are believed to 
be as widespread as the number of application areas. 

2.3. Communication and bus interaction 

As mentioned above, a smart sensor should be capable of 
interacting with a higher level controller that manages 
the overall system. Therefore, a portion of the circuitry 
associated with smart sensors should be dedicated to 
interface with the bus in order to exchange information 
with the controller. Two issues are of particular im- 
portance. First, each smart sensor should be capable of 
interfacing with the different buses and bus protocols, 
especially in the face of the lack of a universally accepted 
bus for sensing systems. Efforts are currently underway 
to develop such a standard bus for sensor applications 
that is uniquely designed to optimize functionality, speed 
and overall cost [21]. In order to accommodate various 
buses, the bus interface circuitry can be custom designed 
for the specific bus of interest to communicate with the 
controller. In order to reduce the complexity of the bus 
interface design and reduce the overhead for the 
circuit!system designer, a library of cells designed for 
various buses can be created and utilized at the end of the 
design process for different smart sensors. Second, and 
perhaps more important, is the communication interface 
and its complexity. As mentioned above, a variety of 
information can be exchanged between the sensor and 
the controller over the bus, including calibration and 
compensation data, addresses and personality informa- 
tion, measured data, and programming data initiated by 
the controller. In its most complex form, the communica- 
tion interface should have the ability to receive and 
transmit information over the bus at a fairly high speed 
with not only the central controller, but perhaps with 
other sensing units in a distributed system. For other 
applications, on the other hand, the major requirements 
are reliability, low lead count and low noise. The auto- 
motive environment is one such application. Various 
serial buses are being developed and particular attention 
is being paid to reduce the number of bus lines, perhaps 
at the expense of speed. However, i t  should be noted that 
many sensor signa!s have !imi!cd bandwidth and even in 
the case of a multisensor system, the bus data rate may be 
sufficient to accommodate all sensors. For other applica- 
tions where not only large numbers of sensors exist, but 
where these sensors are faster and are more accurate, a 
serial bus may not be adequate, Various parallel buses 
have been used and developed such as the Michigan 
Parallel Standard (MPS) [213. 

In summary, irrespective of the particular data bus 
and the particular sensor application, it is evident that 
"ma:: sensors s'.au!d be capab!e af communiCa!ing With 
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a host computer through a bidirectional data bus. The 
interface between the semi-standard signal processing 
and digital electronics on the sensor chip (module), and 
the digital bus can be formed as a last step in the overall 
sensor design by selecting the appropriate bus interface 
circuitry from a previousiy designed library of standard 
cells. 

3. Fabrication technologies  

If sensors are to be effectively integrated into a multi- 
sensor distributed environment, they have to be more 
versatile and should function more like a system compo- 
nent than a passive module. In order to achieve this and 
to improve the sensitivity, stabiiity and reiiabiiity ior 
many sensors that will have to operate in harsh environ- 
ments, electronics should be incorporated in the same 
module as the sensor in either a monolithic or hybrid 
fashion. As discussed above, smart sensors need not have 
electronics integrated monolithically. However, as 
fabrication technologies for microsensors mature, more 
integrated smart sensors (sensors with on-chip integrated 
electronics) will be developed and fabricated. For these 
sensors, a number of important issues need to be con- 
sidered, inciuding the seiection of proper sensor tech- 
nology, of appropriate circuit fabrication technology and 
of compatible sensor-circuit fabrication processes. 

The choice of the sensor technology is often forced by 
the required performance characteristics of the sensor. 
The two main sensor fabrication technologies are bulk 
silicon and surface micromachining 122-243, both of 
which can produce microsensors that are superior in 
many respects to their discrete counterparts. In the 
selection of a proper sensor on-chip circuitry, a number 
oi requirements have to be satisfied, These inciude high 
packing density (small die area), low power dissipation, 
functional versatility since the on-chip circuitry requires 
the integration of both analog and digital electronics on 
the same substrate, fabrication simplicity (high yield), 
and drive capability. Historically, integrated circuits have 
been fabricated using three main technologies: (i) bipolar 
junction transistor (BIT); (ii) metal oxide semiconductor 
(MOS); and (iii) complementary MOS (CMOS). 

Bipolar ICS have typically been used in very high- 
speed and high-drive applications in which iarge loads 
need to be driven at fairly high speeds. They therefore 
consume large amounts of power and area. In the digital 
circuit arena, bipolar technologies have been mostly 
replaced by MOS technologies due to their complicated 
processing and low packing density. In the analog 
regime, however, many bipolar circuits and functions are 
being used because of the inherently higher gain and 
speed of bipolar analog circuits and because of the higher 
uniformity achieved with bipolar transistors. However, 
bipoiar technoiogies do not iend themseives easily to the 
implementation of a number of analog functions that are 
critical to circuits required in sensor applications. The 
first important requirement is the need for high input 
impedance interfaces for a variety of sensors, which is 

usually difficult to achieve with bipolar devices unless 
area and power consuming circuit techniques are em- 
ployed. Secondly, bipolar device structures do not lend 
themselves easily to analog multiplexing and cannot be 
used as bilateral switches. To overcome some of the 
shortcomings of the BJT, other technoiogies such as 
integrated injection logic [25] and Bipolar-Mos (BIMOS) 
[26] have been developed. BIMOS technologies have 
become more popular as they combine the high packing 
density/low power dissipation of MOS technology and the 
high drive/gain capability of bipolar devices. They do 
however have a more complex fabrication process which 
restricts their application to very high performance 
applications (e.g. very high-speed VLSI circuits). 

 circuit technologies, on the other hand, olfer very 
high packing density and iow power dissipation, which 
makes them very suitable for many applications. In 
addition, their very simple fabrication process results in 
high yield and increased reliability. They best satisfy the 
requirements for integrated microsensors. MOS devices 
can be easily used as bilateral analog switches (or 
transmission gates), this being useful for making a small 
multiplexer. Although they have a higher l/f noise than 
BJT devices, the noise level is still lower than the required 
level for many sensor applications. The two most fre- 
quently used MOS technoiogies nowadays are enhance- 
ment-depletion N-channel MOS (ED NMOS), and CMOS. 
Because of the aforementioned characteristics, it is 
believed that CMOS is presently best suited as the circuit 
technology of choice in  most integrated sensors and 
actuators. It provides a higher gain per stage than an 
NMOS circuit, is capable of implementing digital as well as 
high-performance analog circuits, has a low-power 
dissipation, offers good packing density and high speed 
and has a mature fabrication technology that is reliable 
and high yield. A number of sensors have been deveioped 
which incorporate CMOS circuitry [S, 8,203. 

Although standard CMOS technology satisfies most of 
the circuit requirements for integrated sensors, the 
implementation of a number of functions still requires 
bipolar devices. Some of these functions include voltage 
references, voltage regulators, low-voltage current 
sources and sinks, and precision current sources. Voltage 
regulation is of special interest since as integrated sensors 
become more autonomous in terms of the amount of 
circuit functions on them, it wiii become increasingly 
desirable for them to handle all their power regulation 
and referencing locally. This is even more desirable for 
implantable biomedical sensors that operate using 
radiofrequency telemetry. Based on these overall require- 
ments, a BICMOS process technology that offers moderate 
bipolar device performance in terms of device speed and 
power handling capabilities will be required for many 
future integrated sensors and micromechanical systems. 
The use of parasitic bipolar devices and modified CMOS- 
bipoiar technoiogies to satisfy this need is perhaps the 
easiest and least expensive approach. 

Figure 4 shows the cross-sectional view of a standard 
CMOS process that utilizes lateral and parasitic bipolar 
transistors for circuit applications [27J The CMOS circui- 
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Figure 4. Cross-sectional view of a CMOS-bipolar micromachining compatible 
fabrication technology for use in smart sensors [27]. 

try is integrated on a n epi layer that is grown over a p 
substrate. This layering combination not only permits 
the fabrication of the CMOS circuitry, but also allows a 
number of micromachining steps to be performed to 
fabricate a variety of microstructures. Deep boron diffu- 
sion from the front side of the wafer allows the use of 
boron etch-stop techniques to be used for forming beams 
and diaphragms, while electrochemical etch stops be- 
tween the n epi layer and the p substrate allow the 
fabrication of a variety of other microstructures, includ- 
ing diaphragms, beams, etc. Ishihara et al have used this 
technique to fabricate CMOS circuitry together with a 
piezoresistive pressure sensor by using electrochemical 
pn junction etch stops [S I .  Although this sensor operates 
solely tising the CMOS circuitry, it is possible to in- 
corporate the parasitic bipolar devices to  implement a 
number of different circuit functions requiring BITS. 

Our group at the University of Michigan has devei- 
oped a standard 3 pm bulk p well CMOS process together 
with deep boron diffusion and boron etch stop to 
fabricate multichannel active recording electrodes for 
biomedical applications [E]. Figure 5 shows the fabrica- 
tion sequence for an active 32-channel electronically 
configurable multielectrode recording array with on-chip 
CMOS signal processing circuitry, while figure 6 shows a 
photomicrograph of the fabricated chip. The process 
utilizes a total of IO masking steps and results in high- 
performance CMOS devices and circuiiry. i n  this process, 
the CMOS circuitry is integrated in the lightly-doped n epi 
layer grown over a p substrate. A deep boron diffusion is 
performed which diffuses through the n epi layer and 
connects to the underlying p substrate, thus creating 
isolated n epi regions that will house the circuitry. These 
p+ -diffused regions will protect the sensor from lateral 
etching during the EDP etching process, while the etch 
from the back side is timed to prevent the removal of the 
p substrate. In addition, the p+-diffused regions can be 
u s ~  LO pruviuejuncuon Isouauon iur me ~ M U S  puruon of 
the circuitry and to create isolated n epi regions that form 
the collector of high-performance vertical npn BITS, as 
shown in figure 4. We have obtained vertical npn bipolar 
devices with a current gain in the range 100-150 using 
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the above process C271. In addition to the vertical 
transistors, one can utilize lateral npn and pnp bipolar 
transistors that are naturally formed through the CMOS 
process [28J Both parasitic vertical and lateral bipolar 
devices have been utilized in integrated sensors and have 
been used to  implement such functions as temperature 
sensors [ZO]. 

This CMOS technology utilizes two polysilicon layers 
in order t o  implement on-chip integrated capacitors 
which are often required in many switched capacitor and 
analog circuits. In addition, it allows the use of refractory 
interconnections instead of the conventional aluminum, 
when desired. Refractory interconnects are desirable in 
many sensor/actuator applications since they can be 
further insulated on top with low-pressure chemical 
vapor deposited (LPCVD) thin films thus allowing the 
entire sensor/circuit structure to be isolated from de- 
siruciive and ofien corrosive exiernai environmenis. in  
effect, LPCVD nitride and oxide films provide a long-term 
non-hermetic package for the circuit while still allowing 
the sensor to interface with the external world for 
parameter measurement. 

Compatible integration of the sensor and the circui- 
try, is perhaps one of the main concerns when fabri- 
cating sensors with on-chip circuitry. The combined 
sensor/circuit process should be such that the circuit 
process is minimally interrupted by the sensor process, 
WLlllC SL111 arlvwlrrg pIcCLbL: ,,,,~,v,,l*~,,,,,,,,g U! ,,IC SLIIGVII 

substrate. The ideal merging of the sensor and the circuit 
processing is best achieved when the sensor process is 
performed at the beginning or the end of the circuit 
process. In the sensor-CMOS-bipolar process described 
above, etch stops are formed at  the beginning of the 
process in order to avoid exposure of the circuit to high 
thermal budgets required for the deep boron diffusion, 
followed by a nearly unaltered circuit process, in this case 
CMOS. The final silicon etch completes the process. With 
snch a azqiiziicz, iniiiimal change is reqi;i:ed in :he 
normal circuit recipe. In the case of a deep boron sensor 
diffusion (for a diaphragm or other microstructures), the 
p well drive in can be performed simultaneously with the 
boron etch-stop diffusion. For sensors fabricated using 
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Figure 5. Fabrication sequence for an active multichannel recording electrode 
with on-chip CMOS circuitry (a) Selectively diffuse substrate to define probe 
shape; ( b )  process circuitry and pattern electrodes; (c) etch substrate and 
separate probes. (Reprinted courtesy of IEEE [81.) 

surface micromachining technologies, it is also possible 
to incorporate electronics with the sensor. A number of 
groups worldwide have demonstrated sensor-circuit in- 
tegration using a standard CMOS process [29,30]. Thus in 
most cases, while merging the transducer and the circuit 
processes requires careful study and possibly altering 
individual process steps, it can usually he accomplished. 

4. Packaging 

The package for an integrated sensor should satisfy 
several requirements that are sometimes in conflict. First, 
it must provide the sensor with access to the parameter of 
interest, while protecting the interface electronics from 
the potentially hostile environment. It must also provide 

elprical access to the interface circuits for data, control 
and power. For biomedical applications, the package 
should satisfy the added requirement of not adversely 
affecting the biological tissue with which it is in contact. 
In addition to these requirements, the package must be 
small, cheap and stable over time. Indeed, the package 
cost for many sensors can easily become a major part of 
the overall cost and can degrade the performance charac- 
teristics of the sensor. Therefore, careful attention to the 
design of the package should be paid at an early stage of 
the sensor design process to  alleviate some of these 
problems. 

Packaging techniques for smart sensors can be div- 
ided into two categories. Many present sensors fall into 
the first category where a standard outline IC package has 
been modified. DIP packages and TO cans have been used 
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package should satisfy the added requirement of being 
very small, approaching the size of the silicon chip itself. 
For many of these new applications, new packaging 
techniques that utilize technologies such as wafer-to- 
wafer hermetic bonds and polymer or inorganic chip 
coatings are being utilized. 

One technique for encapsulating smart sensors at the 
wafer level utilizes hermetic sealing of two or more chips 
(wafers) to provide a hermetic seal that can protect the 
electronics. Silicon-glass electrostatic bonding [35], 
silicon-silicon eutectic bonding [I 61, or silicon-silicon 
electrostatic bonding using an intermediate sputtered 
glass layer [36,37] have all been used and illustrated to 
satisfy the needs of their particular application areas. The 
advantage of many of these packaging techniques is that 
they can he performed at the wafer level and can he 
performed selectively over the electronics. Recent at- 
tempts have used custom designed glass packages for 
hermetic packaging of the electronics while providing 
sealed feedthroughs for access to the electronics, and 
allow access between the sensor and the environment of 
interest [38]. Another packaging technology that has 

for some commercial sensors with minor modifications received attention over the past few years is that of non- 
[16], while some custom packages have been designed hermetic sealing of ICS using organic and inorganic thin 
for other sensors, including pressure sensors, using injec- films. This is of particular interest to the military, and 
tion molding [31,32]. It is believed that these packaging major progress has been made in this area over a very 
techniques will be utilized to a large extent in the future short period. A variety of materials including deposited 
to package smart sensors, especially if selective en- inorganic thin films such as silicon nitride and organic 
capsulation of sensor electronics is not required. Accele- thin films such as parylene and spin-on glass have been 
rometers are perhaps one of the few sensors that benefit used in various applications and early results indicate 
most from the already available packages and techniques that the electronics can he adequately protected against 
available for integrated circuits. moisture and ionic contamination for extended periods 

For many other sensors, however, the use of conven- of time. This type of packaging may be ideal for sensor 
tional IC packages is not desirable, and different packag- applications since the package is small, can he formed at 
ing schemes have to be developed. As mentioned above, the wafer level and can he performed selectively over the 
for some sensors such as accelerometers, magnetic-field electronics. These films are also very important in many 
sensors, visible imagers and some temperature sensors, smart implantable biomedical sensors where package 
the device can he encapsulated by a hermetic metal or size should he kept as small as possible C-191. 
metal-glass can. However, for other sensors, such as Packaging of solid-state sensors in  general, and pack- 
pressure, gas and chemical sensors, the device must he in aging of smart sensors in particular, will remain one of 
direct contact with the environment. Therefore, selective the most challenging problems facing the sensor com- 
encapsulation is required rather than overall protection munity. However, it should be noted that by integrating 
from the environment. There is one environmental para- on-chip circuitry it is possible to amplify and buffer the 
meter against which one cannot protect in most recorded signals before transmission to the outside world 
packages, namely temperature. This is perhaps the mast and relieve the package from having to protect otherwise 
important parameter challenging future development of weak signals. This is even more important for long-term 
smart sensors. If the sensor has to  operate in a high- reliability of the sensor. For multisensor devices, multi- 
temperature environment, the electronic circuitry should plexing of several data channels onto a single data line 
also he able to withstand the high-temperature environ- not only relieves packaging and encapsulation hut also 
ment. Most notable of these applications is under-the- improves the lifetime and yield of the final product by 
hood automotive sensors. A large amount of effort is now minimizing the number of leads and bonds, which are 
being expended by the electronics industry to extend the potential points of failure. Therefore, the sensor designer 
high-temperature operation range of IC circuits using a should weigh the advantage of improved performance 
variety of technologies including improved layout and and reduced lead count when incorporating the circuitry 
fabrication techniques [33], and silicon-on-insulator cir- into the sensor module against the disadvantage of 
cuit approaches [34]. This trend is certainly of great having to protect this circuitry against harsh environ- 
importance to smart sensors. The package for a smart ments encountered by the sensor. It is believed that for 
sensor should be capable of encapsulating the circuitry many applications the advantages of incorporating 
from other environmental factors such as moisture. In signal processing circuitry at the sensor site will outweigh 
some implantable biomedical applications, the sensor the disadvantages. 
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Figure 6 .  Photograph of the back end of a second- 
generation 32-channel active recording microprobe. 
(Reprinted courtesy of IEEE [E].) 
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5. Examples 

Although the development of truly smart sensors has 
been a relatively new trend, and prototype smart sensors 
remain to be demonstrated, integration of on-chip circui- 
try and solid-state sensors has been illustrated by many 
researchers for a number of years. One of the first 
attempts at fabricating an integrated sensor was by 
Borky and Wise [40]: a piezoresistive pressure sensor 
based on a resistive bridge and a bipolar amplifier were 
integrated on a silicon diaphragm formed using isotropic 
etching. This work in pressure sensors was followed by 
the development of a series of pressure sensors in- 
corporating varying amounts of on-chip circuitry and 
finally paved the way for the development of improved 
integrated pressure sensors that were commercially pro- 
duced [41]. Most of these integrated sensors utilized only 
a minimal amount of circuitry, typically in the form of a 
single amplifier, in order to keep cost down and maintain 

matured and as sensor designers gained more experience 
with circuit and sensor design and fabrication, the level of 
sophistication of on-chip circuitry on integrated sensors 
increased. The following three examples represent in- 
tegrated sensors developed at the University of Michigan 
and illustrate the implementation of some of the features 
of smart sensors in actual devices. 

high yie!d. However, 1s sC"s0r ??Ed circuit !ecbno!ogies 

5.1. Active multielectrode intracortical recording probes 

One of the first integrated sensors that incorporated a 
substantial amount of signal processing circuitry on the 
sensor chip was an active multichannel recording micro- 
probe developed for recording extracellular activity of 
brain cells [42]. The use of microelectrodes to record 
extracellular hiopotentials generated electrochemically 
within individual neurons has been one of the principal 
techniques for studying the central nervous system at 
the cellular level. Long-term recording of electrical dis- 
charges from several neurons simultaneously will help 
us gain more understanding of the neural systems at the 

Figure 7.  Structure of a silicon-based multichannel 
recording microprobe. 

1 I 

TEST-WAVEFORM CENLRATION 

Figure 8. Block diagram of the  on-chip circuitry for the 
multichannel recording microprobe. 

circuit !eve!. Therefore, IC irtlp!entab!e mc!!ie!ectrode 
recording microprobe that can record neural activity 
over an extended period of time is required. Figure 7 
shows the structure of a micromachined silicon micro- 
probe developed for this application by our group. The 
micromachined silicon substrate supports an array of 
recording sites that interface with individual neurons and 
record their electrical discharges. The recorded signals 
are fed to a bank of per-channel amplifiers that amplify 
the recorded signals and filter out the high frequency 

circuitry that is integrated on the rear of the probe 
substrate. The silicon substrate is formed using deep 
boron diffusion and boron etch-stop techniques. Boron 
doping is also used around the perimeter of the rear of 
the probe for dimensional control of the probe, while a 
silicon well of normal resistivity is retained for circuit 
fabrication. 

The on-chip circuitry consists of ten per-channel pre- 
amplifiers followed by an analog multiplexer and a 
broad-band output filter to drive the external data line. 
In order to allow the external regeneration of the on-chip 
clock, a synchronization pulse is inserted once each 
frame as an eleventh channel. The external electronics 
strips off these pulses, regenerates the sample clock, and 
demultiplexes the neural signals for external recording 
and processing equipment. The on-chip electronics is 
also capable of self-testing the electrode impedance levels 
on demand. When testing is desired, the power supply is 
pulsed from its normal value of 5 V to 8 V, enabling the 
test-waveform generation circuitry. +his circuit generates 
a 50 mV, 1 kHz signal that is capacitively coupled to all 
the recording electrodes. The resulting induced electrode 
voltages are amplified and multiplexed out in the normal 
way, providing an indication of the electrode impedance 
levels and of the functionality of the on-chip electronics. 
After testing is performed the circuitry can be returned to 
its normal mode by turning the power supply off and 
then back on again. 

The design for the on-chip circuitry requires only 
three output leads for power, ground and data while 
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maintaining self-test capability. The fabrication tech- 
nology chosen for this first generation active probe was a 
6 pm, single-metal, triple-implanted, LOCOS ED NMOS pro- 
cess. Figure 9 shows a scanning electron microscope view 
of a fabricated ten-electrode array with associated on- 
chip circuitry. The probe is 15 pm thick and 4.7 mm long 
overall, with a 3.2" long shank that tapers from a 
width of 160pm at the bottom to less than 20pm near 
the tip. 

A second-generation 32-channel microprobe has also 
been developed [SI that extends the functionality of the 
on-chip circuitry and scales the overall dimension of the 
probe shank to reduce damage to the tissue. This second- 
generation design utilizes a 3 pm p well CMOS process to  
realize the on-chip circuitry that maintains the three-lead 
system designed for the first-generation microprobe, 
while allowing for the probe to be programmed extern- 
ally. Figure 10 shows the block diagram of the circuitry 

Figure 9. SEM views of a ten-electrode silicon-based 
recording microprobe with on-chip circuitry. 
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Figure 10. Block diagram of the on-chip circuitry for the 

microprobe. (Reprinted courtesy of IEEE [81.) 
sE.cond-genPr2tion. progrmmab!e. 32-channe! rec0rdi.g 

and figure 6 shows a photomicrograph of a fabricated 
probe. An input channel selector is used to select eight 
active recording sites from among 32 sites located on the 
probe. This approach allows the channels selected for 
processing to be optimized for maximum electrode-cell 
coupling and effectively implements electronic site posi- 

to per-channel amplifiers for amplification whose out- 
puts are subsequently multiplexed onto a single data line 
that is transmitted to the outside world. The amplifiers 
are designed with low-pass filters implemented using a 
new diode-capacitor approach. These filters are required 
to filter out the DC input drift generated by the recording 
site-tissue interface and the amplifier offset voltage. This 
will permit the amplifiers to be designed for maximum AC 

gain while avoiding saturation due to these DC offsets. 
Channel selection is obtained over the same lead norm- 
ally used for multiplexed data output from the probe. A 
5 V pulse applied externally to this lead selects its mode. 
In the output mode, the eight signal samples and frame 
marker are time-multiplexed to the external circuitry, 
while in the input mode binary input data and clock 
signals are superimposed on the data lead. On-chip 
circuitry separates these signals and clocks the input 
channel selector to enter the desired selection mode. On- 
chip self-test capability is also maintained in this second 

These two integrated sensors represent an important 
step forward in the implementation of smart sensors. 
They perform some of the most important functions 
required for many smart sensors. Signal amplification, 
filtering, multiplexing, self-testing and calibration, and 
bidirectional communication with a higher level con- 
troller are among their most important features. Perhaps 
as important as the circuit functions is the integration of 
the sensor and circuit process into a single high-yield 
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process. Boron etch-stop and CMOS/NMOS fabrication 
technologies are combined to implement a device that 
offers the best of silicon micromachining and IC fabrica- 
tion technologies. 

5.2. Multi-element thermally based sensors 

Thermally based sensors are widely used in a variety of 
applications to measure gas flow, temperature, infrared 
radiation and a number of other parameters [20,431. 
Most of these sensors utilize silicon micromachining 
techniques'to create a thermally isolated area where a 
specific sensor is located and is subjected to the environ- 
ment of interest. One such sensor developed by re- 
searchers at the University of Michigan is a multi- 
element monolithic mass flowmeter with on-chip signal 
processing electronics [20]. Figure 11 shows a cross- 
sectional view and plan of this sensor. The transducing 
structures are fabricated on dielectric diaphrams that 
provide thermal isolation from the support rims. Four 
.o..,:nn -.-_.. .-+..--" :.,...I.,.,.~-+.A +- ...Ono...rD an%., 

flow direction and gas type. Two sensors to measure flow 
velocity use a thin gold-chromium film as a temperature 
detector and polysilicon as a heater. Flow direction is 
measured using a third window, which contains two 
orthogonal pairs of polysilicon-gold thermopile de- 
tectors together with a polysilicon heater. The fourth 
window contains a conductivity cell for the measurement 

",,"".U& JIL"LL"l%.D 'I,,. ""y,c"1U'",c" L" l l l l P I U L l  sal" I."", 

Figure 11. Cross-sectional view and plan of a multi- 
element thermally-based mass flowmeter. (Reprinted 
courtesy of I E E E  [ZO].) 
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of gas type 1441. A piezoresistive polysilicon pressure 
sensor is located in a separate well for the measurement 
of ambient pressure. 

The outputs of these sensors are received by the on- 
chip circuitry which is fabricated on the unetched bulk 
portion of the silicon chip. Figure 12 shows the block 
diagram for the on-chip circuitry. Switched-capacitor 
offset-zeroing amplifiers are used to amplify sensed sig- 
nals and to filter out DC offset levels. The thermally-based 
sensors (for flow velocity, Row direction and gas type) 
operate in constant temperature mode, with temper- 
atures set by on-chip feedback loops and heater drivers. 
After amplification, the sensor outputs are multiplexed 
out and transmitted to the outside world through an 
output buffer. Self-testing circuitry is also implemented 
on-chip to measure changes in the electrothermal charac- 
teristics of the diaphragm windows in-situ. An on-chip 
temperature sensor implemented using CMOS and parasi- 
tic bipolar devices available in the bulk CMOS process is 
used to measure the substrate temperature and provide a 
feedback signal for heater control. This circuitry requires 
a total of ten output leads and dissipates 120mW of 
power from * 5 V supplies and measures 3.5 mm x 5 mm 
in a 3 pm bulk p-well CMOS technology. The windows are 
defined using deep boron diffusion and the diaphragms 
are formed by anisotropic etching from the back side of 
the wafer. Figure 13 shows a photomicrograph of the 
finished sensor showing the five sensors and the on-chip 
circuitry. One of the major functions of this on-chip 
circuitry has been the reduction of output leads as 
without it the mere number of different sensors required 
for true mass flow measurement would have overburde- 
ned the final packaging and assembly process. The Same 
technology described above is also used to fabricate a 
monolithic RMS-DC converter [45]. 

These devices clearly illustrate the capabilities of on- 
chip circuitry in providing amplification, filtering and 
multiplexing, as well as feedback control for sensors and 
actuators. In addition, the on-chip circuitry is an integral 
part of this particular sensor and helps provide such 
functions as temperature sensing and heater control. 

Figure 1 3 .  Photomicrograph of a multi.element maSS 
flowmeter fabricated us ing  bulk silicon micromachining 
and bulk P-well CMOS technologies. (Reprinted courtesy 
of IEEE [ZO].) 

Indeed, it is believed that on-chip circuitry will be 
increasingly used to test, diagnose and calibrate micro- 
sensors and microactuators to improve accuracy, relia- 
bility and long-term stability. The above integrated 
sensors have maintained an analog interface with the 
outside world, and require a standardized interface with 
an external processor which is custom-designed for their 
particular applications. It is extremely desirable to 
standardize the external interface through a digital bus 
thus allowing the host controller to  communicate with 
the sensor, and implement more sophisticated functions 
that are desirable in fifth-generation sensors. Efforts are 
currently underway to develop such sensors. 

5.3. vLs, smart SenSOrS 

An important requirement for many future sensing sys- 
tems is true compatibility with microprocessor driven 
instrumentation/control systems. The sensors utilized in 
these systems should be capable of performing many 
computationally intensive functions at the sensor site and 
should be able to communicate with the controlling 
processor through a bidirectional bus, thus making them 
behave more like a system periphery than a passive 
component whose condition is generally unknown to the 
controller. Therefore, in addition to the standard signal 
processing functions such as amplification and multi- 
plexing, these sensing systems should be capable of 
converting the sensed signal into a digital form and 
should be capable of manipulating the data at the 
command of the controller before transmission to the 
controller over the digital bus. The question of whether 
the required circuitry should be integrated monolithi- 
cally on the sensor chip or hybrid connected to the sensor 
chip in a multi-chip module will be determined by such 
issues as cost and performance requirements for the 
particular application. In either case, from the system 
designer's standpoint this is unimportant as the standard 

Figure 12. Block diagram of the on-chip circuitry for a 
thermally-based mass flowmeter. (Reprinted courtesy of 
IEEE [ZO].) 
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Figure 14. Block diagram of a smart sensor interface 
chip. (Reprinted courtesy of IEEE [46].) 

interface offered by the sensor to the system is the 
primary feature. One of the best efforts aimed at the 
development of appropriate architectures and interfaces 
for smart sensing systems is described in [21]. The 
following will provide a summary of this work. 

The overall architecture for a VLSI smart sensor was 
shown in figure 3, and the block diagram of a monolithic 
smart sensor interface chip under development at Mich- 
igan [21,46] is shown in figure 14. The first-generation 
design of this chip accepts voltage-amplitude inputs from 
a front-end transducer chip, which are amplified and 
digitized under the control of a custom-designed micro- 
processor. The chip also accepts digital (event) inputs as 
well as pulse-rate (FM) inputs. Digitized sensor data is 
stored in on-chip RAM. An off-chip PROM stores ihe 
program code for the processor, personality information 
regarding the variables measured, the compensation 
techniques to be used with the data and the compensa- 
tion coefficients themselves. The interface between the 
processor chip and the PROM is implemented in parallel to 
allow the use of a commercial PROM, in this case a 2716. 
The communication interface is configured for the Mich- 
igan parallel standard (MPS) developed at the University 
of Michigan [21]. The processor here employs a 12-bit 

12-bit level. Table 1 summarizes the characteristics of this 
interface chip in a 3 pm single-metal double-poly CMOS 
technology. The microprocessor and communication 

inietnai bus, consisien; harr&ifig serrsOi data at the 

interface are custom designed, while the amplifier and 
ADC are realized with the aid of a silicon compiler. 
Substantial compaction of this circuit is thought to be 
possible as circuits are further optimized and as finer 
feature sizes are used for the circuitry. The amplifier is 
designed for an open loop gain of 87 dB and a closed loop 
gain of 20 dB. The switched-capacitor analog-digital 
converter has a simulated conversion time of 13.5 ps at 12 
bits and a clock rate of 8 MHz. A discrete version of this 
interface chip has been implemented, is fully functional 
and is used to obtain a variety oi sensor data through a 
digital bus and a personal computer. 

Because of the rather large area and complexity of 
this first generation design, N Najafi et al [21] have 
designed a second-generation interface chip whose char- 
acteristics are also summarized in table 1. The main 
difference between these two designs is that the second- 
generation chip accepts either digital data or frequency 
data only (it is assumed that the transducer chip pro- 
duces a digital data stream using an on-chip ADC before 
interfacing with the smart sensor chipj. Therefore, an ADC 
is not required, which makes the interface chip all digital. 
The technology used here is a 1.25pm double-metal 
single-poly CMOS, and the chip runs from a single 5 V 
supply, occupies 11.7mm2 and requires only 12 pads. 
This second-generation design utilizes a serial interface, 
thus reducing the number of output leads 
drastically [21]. 

Although these sensor interface chips represent the 
most sophisticated and versatile smart sensors developed 

interface chips that attempt to achieve similar functions 
[47,48]. Many of these designs and sensing systems 
illustrate the need and power of smart sensors and will 
eventually pave the way for the development of in- 
tegrated sensing systems compatible with computer- 
based instrumentation and control systems. 

io date, research groups &..eioping sensor 

6. Conclusion 

We have observed tremendous growth and progress in 
solid-state sensor technology during the past two de- 
cades. This progress is brought about principally by the 

Table 1. Characteristics of two sensor interface chips for use in smart sensors [46]. 

Parameter First smart sensor interface Second smart sensor interface 

Technology 

pproc clock frequency 
No. of pads 
FDC conversion accuracy 
ADC conversion time 
ADC area 
Active chip area 
Bus interface 
PROM interface 
Input interface 
Input data types 

E......,., .l,.l+3nsF 
C'upp'" ""8.a3-0 

3pm. 1 metal. 2-poly, CMOS 
+5\! 
T M H ~  
63 
8-bit 
14ps@12-bits 
20 mm2 
87 mm2 
MPS (parallel) 
Parallel (2716) 
8-line standard 
Analog-level, binary word, frequency 

1.25 pm, 2-metal, 1 -poly. CMOS 
'-5 \I 
8 MHz 
12 
12-bit 
- 
- 
11.7 mm2 
MSS (serial) 
Serial (4-line) 
8-line standard 
Binaw word, frequency 

- 
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development of silicon micromachining techniques and 
the utilization of the wide array of technologies already 
in place for the fabrication of integrated circuit chips. 
These sensors are potentially cheaper, offer higher perfor- 
mance and reliability, and are much smaller in size than 
their discrete counterparts. They have been employed in 
applications including transportation and health care 
and in large part have fulfilled their promise. They 
remain to be widely applied in all areas of instrumenta- 
tion and control due to a number of interrelated and 
complex factors including the initial cost of research and 
development, the effort and cost required to upgrade 
existing systems that is necessary to accommodate the 
new sensor, and the training and eflort required to train 
engineers and system designers to enable them to take 
full advantage of the new device. As a result, many solid- 
state sensors have often been used as direct replacements 
for their discrete predecessors and in the process have not 
realized their full potential. Indeed, many of the most 
successfu! so!id-state sensors have resu!!ed from I 
complete redesign and overhaul of the system environ- 
ment in which they operate. It is in this context that the 
author believes smart integrated sensors will see continu- 
ing growth and development. 

Smart sensors take full advantage of the worlds of 
solid-state sensors and integrated circuits by combining 
the best features these have to offer. Sensor signals can be 
amplified and properly processed, are multiplexed and 
are buffered ready to be received by microprocessor- 

on these signals and offer a standard data stream to the 
user thus making the entire sensing module behave like a 
system periphery rather than a passive component. The 
system designer can now operate the sensing module as 
one that can he manipulated remotely and programmed 
for self-testing, calibration, and for performing spec- 
ialized tasks. This added flexibility and versatility will, in 
turn, reduce system overheads in terms ofcost, configura- 
tion and software requirements, and will immensely 

Many obstacles still remain to be overcome before 
smart sensors become commonplace. First, and perhaps 
most important, is the further development of truly 
compatible sensor-circuit fabrication processes so that 
the overall yield can be maintained at a high level and the 
total cost can be kept low. Second, the fabrication cost of 
smart sensors should be reduced. This will require the 
fabrication of solid-state sensors using specialized equip- 
ment, and the fabrication of ICS using fabrication 

,U aYULU ,,IC I*,ljr; Laplml LLLIG-SLIIICLLL 

required for integrated circuit fabrication. Two markets 
will he more likely to see the emergence of smart sensors: 
very high performance sensor applications where the unit 
cost is not as important as the level of performance 
achieved by the sensor, and high volume markets where 
both high-performance and low cost are desired, such as 
medical and consumer electronics which have the potent- 
ial for very large volumes. The very high volume auto- 
motive market requires that the unit cost of the sensor be 
kept iow. T'nese high-voiume mariteis are beiier abie io  
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absorb the initial development and capital investment; 
although they are also more sensitive to unit cost. Third, 
computer-aided design tools need to be developed for 
sensor design and simulation. This is a very important 
aspect of the development of a smart sensor since one can 
check the functionality of both the sensor and the circuit 
before committing to fabrication. A number of programs 
around the world are developing such CAD tools for 
sensor/actuator design, including our program at the 
University of Michigan where a fully integrated CAD 
system for microelectromechanical system design is being 
developed [49]. Fourth, standardization of sensing sys- 
tems and their various modules are badly needed and 
should be pursued at all levels. The question of standard 
architectures and interfaces are being addressed by a 
number of groups [Zl]. Standard circuit modules and 
interfaces need to he developed in order to avoid design 
duplications and reduce the overhead when a new sensor 
is to he developed. This will inevitably require closer 

system designers and process engineers. It is interesting 
that such cooperation and interaction was also required 
for the development of many VLSI circuits and systems. 

The author believes that the promise of solid-state 
sensors will he fully realized when they are integrated 
into closed loop instrumentation systems incorporating 
both microsensors and microactuators. Many of the 
advantages and advanced functionality of solid-state 
sensors can only be realized by considering the overall 

possible through the development of 'smart sensors'. 
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