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(57) ABSTRACT 
A response-adjustable temperature sensor (306, Rext), par 
ticularly for a transponder (102, 200, 400) capable of 
measuring one or more parameters (e.g., temperature, pres 
sure) and transmitting a data stream (FIGS. 3C, 4B) to an 
external reader/interrogator (106). The transponder typically 
operates in a passive mode, deriving its poWer (Vxx, Vcc, 
Vdd) from an RF interrogation signal received by an antenna 
system (210, 410), but can also operate in a battery-powered 
active mode. The transponder includes memory (238, 438) 
for storing measurements, calibration data, programmable 
trim settings (436b), transponder ID and the like. The 
temperature sensor is a temperature measurement device 
characterized by a resistance (Rext, 216, 416, 716) and a 
temperature sensing circuit (306) comprising a temperature 
sensing transistor (Q1) Which exhibits a predictable change 
in its base-emitter voltage due to temperature, and transis 
tors (P1, N1, P2, N2) connected for mirroring a current 
(I(T)) through the temperature sensing transistor and 
through the resistance. The resistance may be a ?xed, 
temperature-independent resistor or a resistance that has a 
resistance value that predictably varies With temperature, 
such as a thermistor (716). Temperature response and reso 
lution can be adjusted While maintaining desired current 
levels by varying the value of the resistance and also by 
selecting a thermistor With a suitable temperature coef? 
cient. User-settable trimming bits can be used to determine 
scaling of the transponder output. Replacing an external 
pressure-sensing capacitor With a ?xed-value capacitor 
alloWs further ?exibility in scaling of the output When only 
temperature readings are needed. 
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RESPONSE ADJUSTABLE TEMPERATURE 
SENSOR FOR TRANSPONDER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application relates to copending PCT appli 
cation Serial No. PCT/US99/29723 entitled POWER ON 
RESET FOR TRAN SPONDER; copending PCT application 
Serial No. PCT/US99/29827 entitled PROGRAMMABLE 
MODULATION INDEX FOR TRANSPONDER; and 
copending PCT application Serial No. PCT/US99/29840 
entitled PROGRAMMABLE TRIMMING FOR TRAN 
SPONDER, all ?led Dec. 15, 1999. 

[0002] This application is a continuation-in-part of com 
monly-oWned, copending PCT application Serial No. PCT/ 
US99/29890 entitled RELAXATION OSCILLATOR FOR 
TRANSPONDER, ?led Dec. 15, 1999, Which in turn claims 
the bene?t of US. Provisional Patent Application No. 
60/134,455, ?led May 17, 1999 by Yones. 

TECHNICAL FIELD OF THE INVENTION 

[0003] The present invention relates to temperature sen 
sors and, more particularly, temperature sensors in conjunc 
tion With transponders for measuring and transmitting pres 
sure and temperature measurements to an external receiver 

(reader, or reader/interrogator) and, more particularly, for 
temperature response adjustment for the temperature sen 
sors. 

BACKGROUND OF THE INVENTION 

[0004] Safe, efficient and economical operation of a motor 
vehicle depends, to a signi?cant degree, on maintaining 
correct air pressure in all (each) of the tires of the motor 
vehicle. Operating the vehicle With loW tire pressure may 
result in excessive tire Wear, steering difficulties, poor road 
handling, and poor gasoline mileage, all of Which are 
exacerbated When the tire pressure goes to Zero in the case 
of a “?at” tire. 

[0005] The need to monitor tire pressure When the tire is 
in use is highlighted in the context of “run-?at” (driven 
de?ated) tires, tires Which are capable of being used in a 
completely de?ated condition. Such run-?at tires, as dis 
closed for example in commonly-oWned US. Pat. No. 
5,368,082, incorporated in its entirety by reference herein, 
may incorporate reinforced sideWalls, mechanisms for 
securing the tire bead to the rim, and a non-pneumatic tire 
(donut) Within the pneumatic tire to enable a driver to 
maintain control over the vehicle after a catastrophic pres 
sure loss, and are evolving to the point Where it is becoming 
less and less noticeable to the driver that the tire has become 
de?ated. The broad purpose behind using run-?at tires is to 
enable a driver of a vehicle to continue driving on a de?ated 
pneumatic tire for a limited distance (e.g., 50 miles, or 80 
kilometers) prior to getting the tire repaired, rather than 
stopping on the side of the road to repair the de?ated tire. 
Hence, it is generally desirable to provide a loW tire pressure 
Warning system Within in the vehicle to alert (e.g., via a light 
or a buZZer) the driver to the loss of air pressure in a 
pneumatic tire. 

[0006] To this end, a number of electronic devices and 
systems are knoWn for monitoring the pressure of pneumatic 
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tires, and providing the operator of the vehicle With either an 
indication of the current tire pressure or alerting the operator 
When the pressure has dropped beloW a predetermined 
threshold level. 

[0007] For example, US. Pat. No. 4,578,992 (Galasko, et 
al; 04/86), incorporated in its entirety herein, discloses a tire 
pressure indicating device including a coil and a pressure 
sensitive capacitor forming a passive oscillatory circuit 
having a natural resonant frequency Which varies With tire 
pressure due to changes caused to the capacitance value of 
the capacitor. The circuit is energiZed by pulses supplied by 
a coil positioned outside the tire and secured to the vehicle, 
and the natural frequency of the passive oscillatory circuit is 
detected. The natural frequency of the coil/capacitor circuit 
is indicative of the pressure on the pressure-sensitive capaci 
tor. 

[0008] It is also knoWn to monitor tire pressure With an 
electronic device that is not merely a passive resonant 
circuit, but rather is capable of transmitting a radio fre 
quency (RF) signal indicative of the tire pressure to a 
remotely-located receiver. Such a “transmitting device” may 
have its oWn poWer supply and may be activated only When 
the pressure drops beloW a predetermined threshold. Alter 
natively, the transmitting device may be activated (“turned 
ON”) by an RF signal from the remotely-located receiver, in 
that case the receiver is considered to be an “interrogator”. 
Additionally, the transmitting device may be poWered by an 
RF signal from the interrogator. Additionally, the electronic 
device Which monitors the tire pressure may have the 
capability of receiving information from the interrogator, in 
Which case the electronic device is referred to as a “tran 
sponder”. 

[0009] As used herein, a “transponder” is an electronic 
device capable of receiving and transmitting radio frequency 
signals, and impressing variable information (data) in a 
suitable format upon the transmitted signal indicative of a 
measured condition (e.g., tire pressure) or conditions (e.g., 
tire pressure, temperature, revolutions), as Well as optionally 
impressing ?xed information (e.g., tire ID) on the transmit 
ted signal, as Well as optionally responding to information 
Which may be present on the received signal. The typical 
condition of paramount interest for pneumatic tires is tire 
pressure. “Passive” transponders are transponders poWered 
by the energy of a signal received from the interrogator. 
“Active” transponders are transponders having their oWn 
poWer supply (e.g., a battery), and include active transpon 
ders that remain in a “sleep” mode, using minimal poWer, 
until “Woken up” by a signal from an interrogator, or by an 
internal periodic timer, or by an attached device. As used 
herein, the term “tag” refers either to a transponder having 
transmitting and receiving capability, or to a device that has 
only transmitting capability. Generally, tags that are tran 
sponders are preferred in the system of the present invention. 
As used herein, the term “tire-pressure monitoring system” 
(TPMS) indicates an overall system comprising tags Within 
the tires and a receiver that may be an interrogator disposed 
Within the vehicle. 

[0010] It is knoWn to mount a tag, and associated condi 
tion sensor (e.g., pressure sensor) Within each tire of a 
vehicle, and to collect information from each of these 
transponders With a common single interrogator (or 
receiver), and to alert a driver of the vehicle to a loW tire 
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pressure condition requiring correction (e.g., replacing the 
tire). For example, US. Pat. No. 5,540,092 (Hand?eld, et 
al.; 1996), incorporated in its entirety by reference herein, 
discloses a system and method for monitoring a pneumatic 
tire. FIG. 1 therein illustrates a pneumatic tire monitoring 
system (20) comprising a transponder (22) and a receiving 
unit (24). 
[0011] Examples of RF transponders suitable for installa 
tion in a pneumatic tire are disclosed in US. Pat. No. 
5,451,959 (Schuermann; 09/95), US. Pat. No. 5,661,651 
(Geschke, et a1.; 08/97), and US. Pat. No. 5,581,023 (Hand 
?eld, et a1.; 12/96), all incorporated in their entirety by 
reference herein. The described transponder systems include 
interrogation units, pressure sensors and/or temperature sen 
sors associated With the transponder, and various techniques 
for establishing the identity of the tire/transponder in mul 
tiple transponder systems. In most cases, such transponders 
require battery poWer. 

[0012] In some instances, a transponder may be imple 
mented as an integrated circuit (IC) chip. Typically, the IC 
chip and other components are mounted and/or connected to 
a substrate such as a printed circuit board (PCB). 

[0013] Some proposed systems have relatively complex 
transponder-sensor capabilities, including measurement and 
reporting of tire rotations and speed, along With tire ID, 
temperature, and pressure. For example: US. Pat. No. 
5,562,787 (Koch, et a1.; 1996), and US. Pat. No. 5,731,754 
(Lee, Jr., et a1.; 1998), incorporated in their entirety by 
reference herein. 

Transponder Environmental Considerations 
[0014] The environment Within Which a tire-mounted tran 
sponder must reliably operate, including during manufacture 
and in use, presents numerous challenges to the successful 
operation of the transducer. For example, the sensors (e.g., 
pressure, temperature) used With the transponder preferably 
Will have an operating temperature range of up to 125° C., 
and should be able to Withstand a manufacturing tempera 
ture of approximately 177° C. For truck tire applications, the 
pressure sensor must have an operating pressure range of 
from about 50 psi to about 120 psi (from about 345 kPa to 
about 827 kPa), and should be able to Withstand pressure 
during manufacture of the tire of up to about 400 psi (about 
2759 kPa). The accuracy, including the sum of all contribu 
tors to its inaccuracy, should be on the order of plus or minus 
3% of full scale. Repeatability and stability of the pressure 
signal should fall Within a speci?ed accuracy range. 

[0015] HoWever it is implemented, a tire transponder (tag) 
must therefore be able to operate reliably despite a Wide 
range of pressures and temperatures. Additionally, a tire 
transponder must be able to Withstand signi?cant mechani 
cal shocks such as may be encountered When a vehicle 
drives over a speed bump or a pothole. 

[0016] A device Which can be used to indicate if a tran 
sponder or the tire has been exposed to excessive, potentially 
damaging temperatures is the “MTMS” device or Maximum 
Temperature Memory SWitch developed by. Prof. Mehran 
Mehregany of Case Western Reserve University. It is a 
micro-machined silicon device that sWitches to a closed state 
at a certain high-temperature point. The sensor sWitches 
from an “open” high resistance state of, for example, over 1 
mega-ohm to a “closed” loW resistance state of, for example, 
less than 100 ohm. 
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[0017] Although it is generally Well knoWn to use pressure 
transducers in pneumatic tires, in association With electronic 
circuitry for transmitting pressure data, these pressure-data 
systems for tires have been plagued by difficulties inherent 
in the tire environment. Such dif?culties include effectively 
and reliably coupling RF signals into and out of the tire, the 
rugged use the tire and electronic components are subjected 
to, as Well as the possibility of deleterious effects on the tire 
from incorporation of the pressure transducer and electron 
ics in a tire/Wheel system. In the context of “passive” RF 
transponders that are poWered by an external reader/inter 
rogator, another problem is generating predictable and stable 
voltage levels Within the transponder so that the circuitry 
Within the transponder can perform to its design speci?ca 
tion. 

[0018] Suitable pressure transducers for use With a tire 
mounted transponder include: 

[0019] (a) pieZoelectric transducers; 
[0020] (b) pieZoresistive devices, such as are dis 

closed in US. Pat. No. 3,893,228 (George, et a1.; 
1975) and in US. Pat. No. 4,317,216 (Gragg, Jr.; 
1982); 

[0021] (c) silicon capacitive pressure transducers, 
such as are disclosed in US. Pat. No. 4,701,826 

(Mikkor; 1987), US. Pat. No. 5,528,452 (K0; 1996), 
US. Pat. No. 5,706,565 (Sparks, et a1.; 1998), and 
PCT/US99/16140 (Ko, et a1.; ?led Jul. 7, 1999); 

[0022] (d) devices formed of a variable-conductive 
laminate of conductance ink; and 

[0023] (e) devices formed of a variable-conductance 
elastomeric composition. 

The Effect of Temperature on Gas Pressure 

[0024] In a broad sense, for a mass of any gas in a state of 
thermal equilibrium, pressure P, temperature T, and volume 
V can readily be measured. For loW enough values of the 
density, experiment shoWs that (1) for a given mass of gas 
held at a constant temperature, the pressure is inversely 
proportional to the volume (Boy1e’slaW), and (2) for a given 
mass of gas held at a constant pressure, the volume is 
directly proportional to the temperature (laW of Charles and 
Gay-Lussac). This leads to the “equation of state” of an ideal 
gas, or the “ideal gas law”: 

[0026] p is the mass of the gas in moles; and 

Where: 

[0027] R is a constant associated With the gas. 

[0028] Thus, for a contained (?xed) volume of gas, such as 
air contained Within a pneumatic tire, an increase in tem 
perature (T) Will manifest itself as an increase in pressure 

(P) 
[0029] Because of the ideal gas 1aW relationship, it is 
recogniZed that in the context of pneumatic tires, one 
problem that arises during operation of tire pressure sensors 
of any kind is that tires heat up as they are run for longer 
periods of time. When a tire heats up, air that is con?ned 
Within the essentially constant and closed volume of the tire 
expands, thus causing increased pressure Within the tire, 
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though the overall amount of air Within the tire remains the 
same. Since the pressure nominally is different, a tire pres 
sure sensor can provide different pressure readings When a 
tire is hot than Would be the case if the tire Were cold. This 
is Why tire and vehicle manufacturers recommend that 
oWners check their tire pressure When the tire is cold. Of 
course, With a remote tire pressure sensor, an operator may 
receive a continuous indication of tire pressure Within the 
vehicle, but the indication may be inaccurate because of the 
temperature change. Thus, it is necessary to compensate for 
changes in temperature of the in?ating medium (“gas” or 
air) Within the pneumatic tire. 

[0030] Patents dealing in one Way or another With gas laW 
effects in pneumatic tires include: US. Pat. No. 3,596,509 
(Raffelli; 1971), US. Pat. No. 4,335,283 (Migrin; 1982), 
US. Pat. No. 4,126,772 (Pappas, et al.; 1978), US. Pat. No. 
4,909,074 (Gerresheim, et al.; 1990), US. Pat. No. 5,050, 
110 (Rott; 1991), US. Pat. No. 5,230,243 (Reinecke; 1993), 
US. Pat. No. 4,966,034 (Bock, et al.; 1990), US. Pat. No. 
5,140,851 (Hettrich, et al.; 1992), US. Pat. No. 4,567,459 
(Folger, et al.; 1986), all of Which are incorporated in their 
entirety by reference herein. 

[0031] US. Pat. No. 4,893,110 (Hebert; 1990), incorpo 
rated in its entirety by reference herein, discloses a tire 
monitoring device using pressure and temperature measure 
ments to detect anomalies. As mentioned therein, a ratio of 
temperature and pressure provides a ?rst approximation of a 
number of moles of gas in the tire, Which should remain 
constant barring a leak of in?ation ?uid from the tire. 
(column 1, lines 18-26). More particularly, on each Wheel 
are installed sensors (4) for pressure and sensors (6) for 
temperature of the tire, as Well as elements (8 and 10) for 
transmitting the measured values as coded signals to a 
computer (12) on board the vehicle, such as disclosed in the 
aforementioned US. Pat. No. 4,703,650. The computer 
processes the measured values for pressure and temperature 
for each tire, and estimates for the pressure/temperature ratio 
(P/T estimate) are calculated for each Wheel. Generally, the 
ratio for one of the tires is compared With the ratio for at least 
another one of the tires, and an alarm is output When a result 
(N) of the comparison deviates from a predetermined range 
of values. 

Techniques for Transmitting Pressure and 
Temperature Readings from a Tire 

[0032] Given that pressure and temperature conditions 
Within a pneumatic tire can both be measured, various 
techniques have been proposed to transmit signals indicative 
of the measured pressure and temperature conditions to an 
external interrogator/receiver. For example, the folloWing 
patents are incorporated in their entirety by reference herein: 

[0033] transmit the signals individually, distin 
guished by phase displacements: US. Pat. No. 
4,174,515 (MarZolf; 1979); 

mut1 extes1nas: .. at. o. , , 0034 l'pl h 'g 1 USP N 5285189 
(NoWicki, et al.; 1994), US. Pat. No. 5,297,424 
(Sackett; 1994); 

[0035] encoding the signals as separate segments of a 
data Word: US. Pat. No. 5,231,872 (BoWler, et al.; 
1993), and US. Pat. No. 4,695,823 (Vernon; 1987) 
Which also incorporates both the telemetry and the 
pressure and/or temperature sensors on the same 
integrated circuit chip; 
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[0036] transmission betWeen coils mounted on the 
Wheel and on the vehicle: US. Pat. No. 4,567,459 
(Folger, et al.; 1986); 

[0037] use a frequency-shift key (FSK) signal: US. 
Pat. No. 5,228,337 (Sharpe, et al.; 1993); 

[0038] backscatter-modulate the RF signal from the 
interrogator With the tire condition parameter data 
from the sensors, then return the backscatter modu 
lated signal to the interrogator: US. Pat. No. 5,731, 
754 (Lee, Jr., et al.; 1998). 

[0039] US. Pat. No. 4,703,650 (Dosjoub, et al.; 1987), 
incorporated in its entirety by reference herein, discloses a 
circuit for coding the value of tWo variables measured in a 
tire, and a device for monitoring tires employing such a 
circuit. The coding circuit comprises an astable multivibra 
tor Which transforms the measurement of the variables, for 
instance pressure and temperature, into a time measurement. 
The astable multivibrator delivers a pulse signal Whose pulse 
Width is a function of the temperature and the cyclic ratio of 
Which is a function of the pressure. 

[0040] US. Pat. No. 5,054,315 (Dosjoub; 1991), incorpo 
rated in its entirety by reference herein, discloses a technique 
for coding the value of several quantities measured in a tire. 
As disclosed therein: 

[0041] “Coding of the value of any number of quan 
tities measured in a tire, for example its pressure and 
its temperature, is carried out using a ratio of time 
intervals TP/T r, Tt/Tr. This frees the device from the 
effect of the time shift of the modulation system, the 
time shift affecting simultaneously the numerator 
and the denominator of said ratio.” (Abstract) 

SUMMARY OF THE INVENTION 

[0042] According to the invention, a temperature measure 
ment device is disclosed Which comprises a resistance, and 
a temperature sensing circuit comprising a temperature 
sensing transistor Which exhibits a predictable change in its 
base-emitter voltage due to temperature, and transistors 
connected for mirroring a current through the temperature 
sensing transistor and through the resistance. 

[0043] According to the invention, the resistance is a ?xed 
resistor or a resistance that has a resistance value that 
predictably varies With temperature, such as a thermistor, for 
example. The ?xed resistor has a resistance value that is 
substantially independent of temperature, and Which resis 
tance value may be betWeen about 20.5 kilohms and about 
455 kilohms, or Which alternatively may be greater than 
about 200 kilohms. 

[0044] According to the invention, Within a desired tem 
perature measurement range, the resistance has a resistance 
value great enough to prevent unacceptable levels of the 
current. 

[0045] According to the invention, there is disclosed a 
method of adjusting temperature response for a temperature 
sensing circuit connected to a voltage-to-current converting 
resistance Wherein the temperature sensing circuit includes 
a temperature sensing transistor Which exhibits a predictable 
change in its base-emitter voltage due to temperature, and 
transistors connected for mirroring a current through the 
temperature sensing transistor and through the resistance. 
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This method is characterized by the step of selecting the 
resistance value in order to produce a desired slope for the 
temperature response. 

[0046] According to the invention, the method includes 
utilizing a ?xed resistor for the resistance, or alternatively 
utiliZing a resistance that predictably varies With tempera 
ture. 

[0047] According to an embodiment of the invention 
utiliZing a resistance Which predictably varies With tempera 
ture, the method includes selecting a temperature coef?cient 
for the resistance Which has a value great enough compared 
to the temperature coef?cient of the temperature sensing 
transistor in order to increase the slope of the temperature 
response compared to the slope Which Would result from 
utiliZing a minimum resistance valued ?xed resistor for the 
resistance; and selecting a nominal value for the resistance 
such that the resistance values are great enough to prevent 
unacceptable levels of the current Within a desired tempera 
ture measurement range. 

[0048] According to another embodiment of the invention 
utiliZing a resistance Which predictably varies With tempera 
ture, the method includes selecting a temperature coef?cient 
for the resistance Which counterbalances the temperature 
coef?cient of the temperature sensing transistor in order to 
produce an approximately Zero slope of the temperature 
response Within a portion of a desired temperature measure 
ment range; and selecting a nominal value for the resistance 
such that the temperature-varying resistance value is great 
enough to prevent unacceptable levels of the current Within 
the desired temperature measurement range. 

[0049] According to the invention, an RF transponder is 
disclosed Which comprises a resistance; a temperature sens 
ing circuit comprising a temperature sensing transistor 
Which exhibits a predictable change in its base-emitter 
voltage due to temperature, and transistors connected for 
mirroring a temperature-indicative current through the tem 
perature sensing transistor and through the resistance; cir 
cuitry for converting the mirrored current to a temperature 
reading Which is proportional to the mirrored current; and a 
value for the resistance Which predictably varies With tem 
perature, such as, for example, a thermistor. 

[0050] According to the invention, the RF transponder is 
further characteriZed in that: Within a desired temperature 
measurement range, the resistance has resistance values 
great enough to prevent unacceptable levels of the mirrored 
current. The RF transponder may be further characteriZed in 
that the resistance has a temperature coefficient great 
enough, relative to the temperature coefficient of the tem 
perature sensing transistor, to increase the slope of the 
temperature reading versus temperature compared to the 
slope Which Would result from utiliZing a minimum resis 
tance valued ?xed resistor for the resistance. Alternatively, 
the RF transponder is further characteriZed in that the 
resistance has a temperature coef?cient Which counterbal 
ances the temperature coef?cient of the temperature sensing 
transistor in order to produce an approximately Zero slope of 
the temperature reading versus temperature response Within 
a portion of a desired temperature measurement range. 

[0051] According to another embodiment of the invention, 
an RF transponder is characteriZed by a resistance, a tem 
perature sensing circuit comprising a temperature sensing 
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transistor Which exhibits a predictable change in its base 
emitter voltage due to temperature, and transistors con 
nected for mirroring a temperature-indicative current 
through the temperature sensing transistor and through the 
resistance, an external measuring capacitor having a capaci 
tance value Which is ?xed and substantially independent of 
temperature and pressure, a relaxation oscillator circuit 
Which utiliZes the external measuring capacitor to convert 
the temperature-indicative current to an output signal, and a 
data capture circuit for converting the output signal to a 
reading Which is proportional to the temperature-indicative 
current. The value for the capacitance of the external mea 
suring capacitor is selected so that the reading plotted versus 
temperature has a monotonic slope for all values of tem 
perature Within a desired temperature measurement range. 
This embodiment of the invention may also include the use 
of a thermistor for the resistance. 

[0052] According to the invention, a method of scaling the 
output of a transponder is characteriZed by the transponder 
generating a temperature-indicative current, and utiliZing an 
external measuring capacitor to convert the temperature 
indicative current to a reading Which is proportional to the 
temperature-indicative current; selecting the external mea 
suring capacitor to have a capacitance value Which is ?xed 
and substantially independent of temperature and pressure; 
and selecting a ?xed value for the capacitance of the external 
measuring capacitor so that the reading plotted versus tem 
perature has a monotonic slope for all values of temperature 
Within a desired temperature measurement range. 

[0053] Other objects, aspects, features and advantages of 
the invention Will become apparent from the description that 
folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0054] Reference Will be made in detail to preferred 
embodiments of the invention, examples of Which are illus 
trated in the accompanying draWings. The draWings are 
intended to be illustrative, not limiting. Although the inven 
tion Will be described in the context of these preferred 
embodiments, it should be understood that it is not intended 
to limit the spirit and scope of the invention to these 
particular embodiments. 

[0055] Certain elements in selected ones of the draWings 
may be illustrated not-to-scale, for illustrative clarity. 

[0056] Often, similar elements throughout the draWings 
may be referred to by similar references numerals. For 
example, the element 199 in a ?gure (or embodiment) may 
be similar in many respects to the element 299 in an other 
?gure (or embodiment). Such a relationship, if any, betWeen 
similar elements in different ?gures or embodiments Will 
become apparent throughout the speci?cation, including, if 
applicable, in the claims and abstract. 

[0057] In some cases, similar elements may be referred to 
With similar numbers in a single draWing. For example, a 
plurality of elements 199 may be referred to as 199a, 199b, 
199c, etc. 

[0058] The cross-sectional vieWs, if any, presented herein 
may be in the form of “slices”, or “near-sighted” cross 
sectional vieWs, omitting certain background lines Which 
Would otherWise be visible in a true cross-sectional vieW, for 
illustrative clarity. 
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[0059] The structure, operation, and advantages of the 
present preferred embodiment of the invention Will become 
further apparent upon consideration of the following 
description taken in conjunction With the accompanying 
drawings, Wherein: 

[0060] FIG. 1 is a generalized diagram of an RF tran 
sponder system comprising an external reader/interrogator 
and an RF transponder Within a pneumatic tire, according to 
the prior art; 

[0061] FIG. 2 is a block diagram of major components of 
an RF transponder, according to a previous model of the 
invention; 
[0062] FIG. 3 is a schematic diagram of major portions of 
the RF transponder of FIG. 2, according to a previous model 
of the invention; 

[0063] FIG. 3A is a schematic diagram of a portion of the 
RF transponder of FIG. 2, according to a previous model of 
the invention; 

[0064] FIG. 3B is a schematic diagram of a portion of the 
RF transponder of FIG. 2, according to a previous model of 
the invention; 

[0065] FIG. 3C is a diagram of a memory space Within the 
RF transponder of FIG. 2, illustrating hoW data may be 
arranged and transmitted, according to a previous model of 
the invention; 

[0066] FIG. 3D is a plot of transponder readings versus 
transponder poWer for the RF transponder of FIG. 2, accord 
ing to a previous model of the invention; 

[0067] FIG. 4A is a block diagram of major components 
of an RF transponder, according to the invention; 

[0068] FIG. 4B is a diagram of a memory space Within the 
RF transponder of FIG. 4A, illustrating hoW data may be 
arranged and transmitted, according to the invention; 

[0069] FIG. 5 is a schematic diagram of a current scaling 
portion and a relaxation oscillator portion of the RF tran 
sponder of FIG. 4A, according to the invention; 

[0070] FIG. 5A is a schematic diagram of a logic portion 
of the relaxation oscillator portion of FIG. 5, according to 
the invention; 

[0071] FIG. 6 is a graph of temperature counts versus 
temperature for RF transponders according to the invention 
Wherein temperature sensing circuit resistance is provided 
by a ?xed resistor in one curve and by a thermistor in other 

curves; 

[0072] FIG. 7 is a schematic diagram of a temperature 
sensing circuit With external resistance provided by a ther 
mistor, according to the invention; and 

[0073] FIG. 8 is a graph of NT and NP counts versus 
temperature for RF transponders according to the invention 
Wherein the pressure sensing mode is utiliZed to produce a 
temperature measurement response Which does not rollover 
like the temperature sensing mode response curve. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0074] It is an object of the present invention to provide a 
system for monitoring vehicle tire pressure and Warning the 
driver When a loW tire in?ation pressure condition occurs. 
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[0075] FIG. 1 illustrates an RF transponder system 100 of 
the prior art, comprising an RF (radio frequency) transpon 
der 102 disposed Within (e.g., mounted to an inner surface 
of) a pneumatic tire 104. (An antenna, not shoWn, is 
mounted Within the tire 104 and is connected to the tran 
sponder 102.) The transponder 102 is an electronic device, 
capable of transmitting an RF signal comprising unique 
identi?cation (ID) information (e.g., its oWn serial number, 
or an identifying number of the object With Which it is 
associated—in this example, the tire 104) as Well as data 
indicative of a parameter measurement such as ambient 
pressure sensed by a sensor (not shoWn) associated With the 
transponder 102 to an external reader/interrogator 106. The 
external reader/interrogator 106 provides an RF signal for 
interrogating the transponder 102, and includes a Wand 108 
having an antenna 110, a display panel 112 for displaying 
information transmitted by/from the transponder 102, and 
controls (sWitches, buttons, knobs, etc.) 114 for a user to 
manipulate the functions of the reader/interrogator 106. 
Although shoWn as a hand-held device, the reader/interro 
gator may be an electronic unit mounted in a vehicle (not 
shoWn). The present invention is directed primarily to imple 
menting an RF transponder. 

[0076] As is knoWn, the ID and/or parameter measurement 
information may be encoded (impressed) in a variety of 
Ways on the signal transmitted by the transponder 102 to the 
reader/interrogator 106, and subsequently “de-coded” 
(retrieved) in the reader/interrogator 106 for display to the 
user. The RF transponder 102 may be “passive”, in that it is 
poWered by an RF signal generated by the external reader/ 
interrogator 106 and emitted by the antenna 108. Alterna 
tively, the RF transponder 102 may be “active”, in that it is 
battery-poWered. Transponder systems such as the transpon 
der system 100 described herein are Well knoWn. 

[0077] Commonly-oWned, copending PCT Patent Appli 
cation No. PCT/US98/07338 ?led Apr. 14, 1998 by Pollack, 
BroWn, Black, and Yones (status: pending), incorporated in 
its entirety by reference herein, discloses a transponder, 
particularly a “passive” transponder Which derives its oper 
ating poWer from an external radio frequency (RF) source, 
and Which is associated With a pneumatic tire for use in tire 
identi?cation and transmission of pressure and/or tempera 
ture data. 

[0078] The aforementioned patent application PCT/US98/ 
07338 discloses a transponder Which is a previous model 
(model number “3070C”) of the transponder of the present 
invention. Since the present invention involves commonali 
ties With, as Well as improvements upon the previous model, 
relevant portions of the previous model Will be described 
hereinbeloW, With reference to FIGS. 2, 3, 3A, 3B and 3C. 

[0079] FIG. 2 is a block diagram of the model 3070C RF 
transponder 200 (compare 102), illustrating the major func 
tional components thereof. This exemplary system is 
described as an embodiment Which preferably measures 
pressure and temperature, but it is Within the scope of the 
invention to include measurement of other parameters Which 
employ suitable sensors. 

[0080] The transponder 200 is preferably implemented on 
a single integrated circuit (IC) chip shoWn Within the dashed 
line 202, to Which are connected a number of external 
components. Other dashed lines in the ?gure indicate major 
functional “blocks” of the transponder 200, and include a 
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transponder “core”204 and a sensor interface 206. The 
components external to the IC chip 202 include an antenna 
system 210 comprising an antenna 212 and typically a 
capacitor 214 connected across the antenna 212 to form an 
L-C resonant tank circuit, an external precision resistor 
(Rext) 216, an external pressure-sensing capacitor (C1,) 218, 
and an optional external maximum temperature measure 
ment sWitch (MTMS) 220. The antenna 212 may be in the 
form of a coil antenna, a loop antenna, a dipole antenna, and 
the like. Alternatively, the signal output by the transponder 
may be provided on a transmission line. For some of these 
antenna embodiments (e.g., a loop antenna), the capacitor 
214 may be omitted since it Would not be of bene?t in tuning 
such an antenna system. In the main hereinafter, a transpon 
der having a coil antenna is described. 

[0081] The pressure-sensing capacitor CP is preferably a 
rugged, loW temperature coefficient, sensor With a capaci 
tance versus pressure response having good sensitivity and 
linearity in the pressure range of interest. An example is an 
all-silicon “touch mode” capacitive pressure sensor such as 
are knoWn in the art, and mentioned hereinabove. 

[0082] The transponder core 204 includes interface cir 
cuitry 222 for processing an RF signal, such as a 125 kHZ 
(kilohertZ) un-modulated carrier signal received by the 
antenna 212, for rectifying the received RF signal, and for 
providing voltages for poWering other circuits on the IC chip 
202. For example, the interface circuitry provides a regu 
lated supply voltage (Vdd) of 2.5 volts, and a temperature 
independent bandgap voltage (Vbg) of 1.32 volts. The 
provision of various supply and reference voltages for the 
transponder circuitry are described in greater detail herein 
beloW, With reference to FIG. 3B. The interface circuitry 
222 also provides the received RF signal, preferably at the 
input frequency it is received, to a clock generator 
circuit 224 Which generates clock signals in a knoWn manner 
for controlling the timing of other circuits on the IC chip 
202, as Well as the output frequency (Fc) of a signal Which 
is transmitted by the transponder 200 to the external reader/ 
interrogator (e.g., 106). 

[0083] A timing generator/sequencer circuit 226 receives 
the clock pulses from the clock generator circuit 224 and 
processes (e.g., divides) the clock pulses to generate timing 
WindoWs (WT and WP, described hereinbeloW) for prede 
termined periods of time (LT and tP, respectively) during 
Which parameter (e.g., temperature and pressure) measure 
ments are made. The timing WindoWs WT and WP may either 
be of substantially equal duration or of unequal duration. 
The timing generator/sequencer circuit 226 also controls the 
timing and sequence of various functions (e.g., pressure 
measurement and capture, temperature measurement and 
capture, described in greater detail hereinbeloW) performed 
in the sensor interface 206, and is preferably implemented as 
an algorithmic state machine (ASM). 

[0084] The transponder core 204 further includes a regis 
ter/counter circuit 230 Which includes a temperature register 
232 (e.g., 12-bit) and a pressure register 234 (e.g., 12-bit) for 
capturing and storing temperature and pressure measure 
ments (counts), respectively, and a block 236 of addressable 
memory (e.g., 120-bit), Which includes an EEPROM array. 
The registers 232 and 234 and EEPROM array 236 are 
shoWn in a dashed line 238 representing a block of addres 
sable memory on the IC chip 202. 
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[0085] The register/counter circuit 230 also includes a 
multiplexer and column decoder 240, as Well as a roW 
decoder 242 for controlling the sequence in Which signals 
(i.e., data) are output on a line 244 to a modulation circuit 
246 Which, via the interface circuitry 222, communicates 
selected measured tire operating characteristics in a data 
stream via the antenna system 210 to an external reader/ 
interrogator (e.g., 106). 
[0086] The transponder core 204 also includes a baud rate 
generator 248 Which controls the rate at Which modulating 
information (e.g., the temperature or pressure measurement) 
is applied to the modulation circuit 246. The baud rate 
generator 248 also provides a data carrier clock controlling 
the output frequency Fc of the transponder and a data rate 
clock controlling a rate at Which the data stream including 
measurements, calibration information, identi?cation, etc. is 
modulated onto the transponder 200 output carrier signal. 

[0087] The sensor interface 206 includes a circuit 250 for 
generating an output current I(T)/N on a line 251 Which is 
related to a predictable characteristic voltage of a tempera 
ture-sensitive component (e.g., Vbe of a transistor Q1, 
described hereinbeloW) Which is superimposed on the exter 
nal resistor (Rext) 216. The output current I(T)/N on the line 
251 is provided to a relaxation oscillator 252. In general 
terms, the relaxation oscillator 252 oscillates at a frequency 
controlled by a rate of voltage change (dV/dT) Which is a 
function of the output current I(T)/N on line 251 and of 
internal capacitances CD41, CFX2 associated With the relax 
ation oscillator 252 as Well as an external capacitance (CP) 
218 that can be sWitched into the oscillator circuit. An output 
signal Fosc‘ from the relaxation oscillator 252 is provided on 
a line 253 Which, as Will be explained in greater detail 
hereinbeloW, is indicative of both ambient temperature and 
ambient pressure. As used herein, the term “ambient” refers 
to the parameter being measured in the vicinity of the 
transponder 200, or more particularly in the vicinity of the 
respective sensors associated With the transponder 200. 
When the transponder 200, 102 is mounted Within a pneu 
matic tire (e.g., 104), “ambient pressure” and “ambient 
temperature” refer to the pressure and temperature of the 
in?ation medium (e.g., air) Within the tire 104. 

[0088] In operation, an RF signal from an external source 
(i.e., reader/interrogator, not shoWn, compare 106) is 
received by the antenna 212. This RF signal is recti?ed and 
used to poWer the RF transponder 200. Modulating infor 
mation applied to the modulation circuit 246 is used to alter 
characteristics of the antenna system 210 (e.g., impedance, 
resonant frequency, etc.). These alterations are sensed by the 
external reader/interrogator 106 and are decoded, providing 
communication of temperature and pressure information 
back from the RF transponder 200 to the external reader/ 
interrogator 106. 

[0089] The timing generator/sequencer circuit 226 con 
trols When the external pressure-sensing capacitance (CP) 
218 is included in the generation of a signal at frequency 
Fosc‘ Which is output by the relaxation oscillator 252, and 
also controls the capturing of the pressure and temperature 
counts via the data capture circuit 254. For example, to 
measure temperature, the temperature-sensitive current I(T) 
passes through the internal oscillator capacitors (CFXJL and 
CFXZ), but the pressure-sensing capacitor (C1,) 218 is dis 
connected from (not included in) those capacitances. This 
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means that the frequency Fosc‘ of the oscillator output signal 
seen on line 253 is a function of temperature alone. When 
the pressure-sensing capacitor (C1,) 218 is “sWitched in”, 
then the output frequency Fosc‘ of the oscillator 252 on the 
line 253 Will, as explained in greater detail hereinbeloW, be 
a function of both pressure and temperature. As described in 
greater detail hereinbeloW, an algorithm is employed in the 
reader/interrogator 106 to extract a “pressure-only” reading 
from the pressure-temperature measurement. 

[0090] It should be noted that references made herein to 
“pressure readings”, “pressure counts”, “pressure response”, 
“pressure register” and the like generally refer to “pressure” 
as measured by this transponder technique Which actually 
produces a hybrid pressure-temperature reading. When this 
hybrid reading has been processed to remove its temperature 
component, the reading Will be referred to as a “pressure 
only” reading. 

[0091] As controlled by the timing generator/sequencer 
circuit 226, the data capture circuit 254 directs the relaxation 
oscillator output signal Fosc‘ either to the temperature reg 
ister 232 via line 255 or to the pressure register 234 via line 
257, depending upon Whether temperature or pressure is 
being measured. Counters convert the oscillator frequency 
Fosc‘ into counts Which are stored in the registers 232, 234. 
The timing “Window” provided by the timing generator/ 
sequencer circuit 226 has a knoWn, controlled duration. As 
a result, the count remaining in (captured by) the respective 
temperature or pressure register (232, 234 respectively) 
When the timing WindoW “closes” is a function of (propor 
tional to) the oscillation frequency Fosc‘ of the relaxation 
oscillator 252, and therefore a function of temperature or 
pressure, Whichever is being measured during that timing 
WindoW. 

[0092] The EEPROM array 236 is used to hold calibration 
constants that the reader/interrogator (e.g., 106) uses to 
convert temperature and pressure counts (NT and NP, respec 
tively, described in greater detail hereinbeloW) into tempera 
ture and pressure readings Which can be displayed (e.g., via 
display 112) to a user. The EEPROM array 236 can also 
store the ID of the transponder, calibration data for the 
transponder, and other data particular to the given transpon 
der. 

[0093] FIG. 3 is a more-detailed schematic diagram 300 
of several of the components of the transponder 200 of FIG. 
2, primarily those components described hereinabove With 
respect to the sensor interface section 206 of FIG. 2. 

[0094] In this schematic diagram 300, conventional circuit 
symbols are employed. For example, lines Which cross over 
one another are not connected to one another, unless there is 
a “dot” at their junction (cross-over), in Which case the lines 
are connected With one another. Conventional symbols are 

employed for transistors, diodes, ground connections, resis 
tors, capacitors, sWitches, comparators, inverters, and logic 
gates (e.g., “AND”, “NAND”, “OR”, “NOR”). 

[0095] The circuit is described in terms of a CMOS 
embodiment, Wherein “P” folloWed by a number (e.g., “P1”) 
indicates a PMOS (P-channel) transistor and “N” folloWed 
by a number (e.g., “N1”) indicates an NMOS (N-channel) 
transistor. CMOS transistors are of the FET (?eld effect 
transistor) type, each having three “nodes” or “terminals”— 
namely, a “source” (S), a “drain” (D), and a “gate” (G) 
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controlling the How of current betWeen the source and the 
drain. In the description that folloWs, it Will be evident that 
a number of the PMOS and NMOS transistors are “diode 
connected”, meaning that their drain (D) is connected to 
their gate The general theory of operation of transistors, 
particularly CMOS transistors, is Well-knoWn to those hav 
ing ordinary skill in the art to Which the present invention 
most nearly pertains. 

[0096] As Will be evident from the description that fol 
loWs, a number of the CMOS transistors are connected in a 
“current-mirroring” con?guration. The concept of current 
mirroring is Well knoWn, and in its simplest form comprises 
tWo similar polarity transistors (e.g., tWo PMOS transistors) 
having their gates connected With one another, and one of 
the pair of transistors being diode-connected. Current-mir 
roring generally involves causing a current to How through 
the diode-connected transistor, Which results in a gate volt 
age on the diode-connected transistor required to produce 
that current. Generally, the gate voltage of the diode-con 
nected transistor is forced to become Whatever voltage is 
necessary to produce the mirrored current through that 
transistor. Since the diode-connected transistor, by de?ni 
tion, has no gate current, by applying the gate voltage of the 
diode-connected transistor to any other identically-con 
nected transistor, a mirrored-current Will ?oW through the 
identically-connected transistor. Typically, the current-mir 
roring transistors all have the same physical area, in Which 
case the mirrored current Will be essentially the same as the 
current Which is being mirrored. It is also knoWn to produce 
a mirrored current Which is either greater than or less than 
the current being mirrored by making one of the transistors 
physically larger or smaller (in area) than the other. When 
such identically-connected transistors having different areas 
are connected in a current-mirroring con?guration, their 
scaled (larger or smaller) areas Will produce correspondingly 
scaled (larger or smaller) currents. 

[0097] In the main hereinafter, the numerous connections 
betWeen the various components of the circuit are clearly 
illustrated in the ?gure, and the descriptive emphasis is on 
the various functions of and interactions betWeen the various 
components of the circuit rather than on reciting (ad nau 
seam) each and every individual connection betWeen the 
various components, all of Which are explicitly illustrated in 
the ?gure. 

[0098] The antenna system 210 comprises a coil antenna 
212 and an optional capacitor 214 (connected across the 
antenna 212 to form an L-C resonant tank circuit) providing 
an alternating current (AC) output to a full-Wave recti?er 
circuit 302. 

[0099] The full-Wave recti?er circuit 302 (compare 222) 
comprises tWo PMOS transistors and tWo diodes, connected 
in a conventional manner, as shoWn, and outputs a full Wave 
recti?ed direct current (DC) voltage on a line 303. A 
capacitor 304 is connected betWeen the line 303 and ground 
to “smooth out” (?lter) variations (“ripple”) in the full Wave 
recti?ed DC voltage on the line 303. The voltage on the line 
303 thus becomes a usable voltage for the remaining com 
ponents of the transponder—in this case, a positive supply 
voltage Vcc on the line 303. 

[0100] A temperature-sensing circuit 306, corresponding 
approximately to the base-emitter voltage-to-current con 
verter 250 of FIG. 2, is connected betWeen the line 303 
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(Vcc) and ground, and includes four CMOS transistors 
labeled P1, P2, N1 and N2 and a lateral bipolar transistor 
labeled Q1, and is connected to the external resistor 216 
(Rext). The transistors P2 and N1 are diode-connected, as 
illustrated. The tWo transistors P1 and P2 are connected in a 
current-rnirroring con?guration, and the tWo transistors N1 
and N2 are also connected in What can generally be con 
sidered to be a current-rnirroring con?guration. The source 
(S) of the transistor N1 is connected via the transistor Q1 to 
ground, and the source of the transistor N2 is connected via 
the external resistor (Rext) 216 to ground. 

[0101] As will become evident, the ability of the tempera 
ture-sensing circuit 306 to produce a signal (i.e., a current) 
that is proportional to a sensed ambient temperature (e.g., 
Within the tire With Which the transponder is associated) is 
largely dependent on the characteristic that the base-ernitter 
voltage of the transistor Q1 is a highly predictable and 
repeatable function of temperature. The resistor (Rext) 216 
is an external, precision, reference resistor, Whose value is 
substantially independent of temperature (as contrasted With 
the temperature dependency of the transistor Q1). Asuitable 
value for the resistor (Rext) 216 is, for example, 20.5 
kilohrns or 455 kilohrns. 

[0102] The transistor N2 is connected betWeen the tran 
sistor P2 and the external resistor 216 (Rext) in a “source 
folloWer” mode. As a voltage is impressed on the gate (G) 
of the transistor N2, its source voltage Will “folloW” its gate 
voltage (rninus an inherent voltage drop (Vgs) betWeen its 
gate and its source). 

[0103] As current ?oWs through the transistor N1, its gate 
voltage Will be offset by its gate-source voltage drop (Vgs) 
above the emitter voltage at the transistor Q1. Since the 
transistors N1 and N2 are essentially identical, With the same 
current ?oWing through each of the tWo transistors N1 and 
N2, they Will have identical gate-source voltage drops (Vgs). 
As a result, the voltage at the source of the transistor N2 
across the external resistor 216 (Rext) Will be essentially 
identical to the voltage at the emitter of the transistor Q1. 
Hence, applying Ohrn’s laW (E=IR, or I=E/R), the current 
through the external resistor 216 (Rext) Will equal the 
emitter voltage of the transistor Q1 divided by the resistance 
of the external resistor 216 (Rext). 

[0104] In normal operation, all of the current ?oWing 
through the external resistor (Rext) 216 ?oWs through the 
source of the transistor N2 and, consequently, through the 
diode-connected transistor P2. By a current-rnirroring con 
nection, the current through the transistor P2 is replicated 
(mirrored) in the transistor P1. This ensures that the current 
?oWing through the transistors N1 and N2 Will be the same, 
at all times, Which further helps to ensure that the emitter 
voltage at the transistor Q1 and the voltage across the 
external resistor (Rext) 216 are identical, independent of 
voltage and process variations. As mentioned hereinabove, 
the transistors N1 and N2 are connected in What can gen 
erally be considered to be a current-rnirroring con?guration. 
HoWever, since they are not strictly identically connected, 
their function in the circuit 306 is principally for “matching” 
Q1 and Rext. 

[0105] In essence, the circuit 306 ensures that the current 
I(T) ?oWing through the external resistor (Rext) is predict 
able, and is a function of the absolute temperature (T) of the 
transistor Q1. As described in greater detail hereinbeloW, 
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this ternperature-dependent current I(T) ?oWing through the 
external resistor (Rext) 216 is mirrored to a relaxation 
oscillator (312, described hereinbeloW) to provide a signal 
indicative of the temperature of the transistor Q1 to the 
external reader (106, FIG. 1). As described in greater detail 
hereinbeloW, the output frequency Fosc‘ of the relaxation 
oscillator 312 Will be a function of the absolute temperature 
(T) of the transistor Q1. 

[0106] At this point, it is useful to note that it is essentially 
the transistor Q1 that is being employed as the temperature 
sensing element of the overall transponder circuit. The 
transponder circuit advantageously employs an inherent 
characteristic of such a transistor implemented in CMOS 
technology that the base-ernitter voltage of the transistor Q1 
Will vary by a predictable amount of —2.2 rnv/° C. (rnillivolts 
per degree Celsius). 
[0107] It should be noted that the transponder of the 
present invention is described in terms of a “passive” device, 
relying on RF energy being supplied to it by an external 
source (106, FIG. 1) to poWer up its circuitry. HoWever, it 
is Within the scope of this invention that the transponder 
contains its oWn poWer supply, such as in the form of a 
battery. In either case, When ?rst poWering up circuitry such 
as described With respect to the ternperature-sensing circuit 
306, it is important to ensure that they “ramp up” to their 
normal operating state from their quiescent state in a reliable 
and predictable (controlled) manner. To this end, tWo lines 
305 and 307 are illustrated Which are connected betWeen the 
ternperature-sensing circuit 306 and a “startup” circuit 308. 

[0108] The startup circuit 308 (also part of the base 
ernitter voltage-to-current converter 250 of FIG. 2) is con 
nected betWeen the supply voltage (Vcc) on the line 303 and 
ground, and serves two main purposes: to get current 
?oWing in the ternperature-sensing circuit 306 When the 
transponder (200) ?rst starts up from a poWered doWn state; 
and (ii) to mirror and convert the current ?oWing through the 
transistor P2 from a supply-referenced current to a ground 
referenced current. 

[0109] Startup is initiated by the transistor P3. The tran 
sistor P3 is fabricated to have high channel resistance so as 
to function in a “Weak pull-up” rnode. With its gate con 
nected to ground, it Will alWays be “on”, and Will behave 
essentially like a resistor having a high resistance (e.g., >1 
mega-ohm). 
[0110] Since, at startup, no current ?oWs elseWhere in the 
circuit, the transistor P3 operates to pull the gate of the 
transistor N3 toWards the supply voltage (Vcc), thereby 
turning the transistor N3“on”, Which effectively connects the 
grounded source of transistor N3 to its drain (D) Which, in 
turn, grounds the gates of transistors P1, P2, and P4, and also 
grounds the drain of diode-connected transistor P2. This 
causes current to How through the transistor P2 of the 
ternperature-sensing circuit 306 into the drain of the tran 
sistor N3. Since the transistors P1, P2 and P4 are current 
rnirror connected (via the “Pbias” line 305), the current noW 
?oWing through transistor P2 Will be mirrored in the tran 
sistors P1 and P4. As current ?oWs through the transistor P4 
into the diode-connected transistor N5, a current-rnirroring 
connection betWeen the transistors N4 and N5 causes a 
corresponding current to How through the transistor N4, 
thereby pulling the gate of transistor N3 to ground, thereby 
effectively shutting “off” the How of current through the 
transistor N3. 
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[0111] However, with current now ?owing through the 
current-mirrored transistors P1, P2 and P4, current ?owing 
from the transistor P1 through the diode-connected transistor 
N1 into the transistor Q1 forces the temperature-sensing 
circuit 306 to “start up” in its stable operating point state 
(rather than its Zero current state). After startup, the transis 
tor N3 essentially “drops out” of the circuit, having per 
formed its intended function. 

[0112] The transistor N5 is connected in a current-mirror 
ing con?guration with the transistor N4 (and, as described 
hereinbelow, with the transistor N6). Therefore, essentially, 
with a current equivalent to the current through the external 
resistor (Rext) 216 ?owing through the transistor N5, the 
same current ?ows through the transistor N4, thereby estab 
lishing a reference voltage (Nbias) on the line 309. The 
reference voltage (Nbias) on the line 309, as well as a supply 
voltage (Vdd) on a line 309‘, are provided to a current 
scaling circuit 310. 

[0113] The supply voltage (Vdd) on the line 309‘ is 
provided in any suitable manner, such as a multiple of a 
bandgap voltage (Vbg) generated in a conventional manner 
elsewhere on the chip, and its magnitude (e.g., 1.32 volts) 
should be independent of temperature, such as inherent to 
the silicon process which is employed in making the chip. 
The provision of such a stable (e.g., bandgap) voltage (e.g., 
Vbg) and the supply voltage (e. g., Vdd) derived therefrom is 
well within the purview of one having ordinary skill in the 
art to which the present invention most nearly pertains, and 
is described in greater detail hereinbelow with respect to 
FIG. 3B. 

[0114] The current scaling circuit 310 (also part of the 
base-emitter voltage-to-current converter 250 of FIG. 2) is 
constructed in the following exemplary manner. The sources 
of the transistors P5 and P6 are connected to supply voltage 
Vdd. The gate of a transistor N6 receives the reference 
voltage (Nbias) on the line 309. The transistor N6 is con 
nected in a current-mirroring con?guration with the transis 
tor N5 (as well as with the aforementioned transistor N4) 
and will therefore mirror the ?ow of current I(T) through the 
transistors N4 and N5. Consequently, the ?ow of current 
through the diode-connected transistor P5 will mirror the 
?ow of current through the transistors N4, N5 and N6. 

[0115] The transistors P5 and P6 are connected in a 
current-mirroring con?guration, but are fabricated (using 
conventional CMOS fabrication techniques) such that cur 
rent ?owing through the transistor P6 is scaled up or down 
by a ratio (N) of the physical area of the transistor P5 to the 
physical area of the transistor P6. For example, if the 
transistor P6 is smaller in siZe than the transistor P5 (i.e., the 
transistor P5 is “N” times larger in area than the transistor 
P6), then the current ?owing through the transistor P6 will 
be commensurately (N times) smaller than the current 
?owing through the transistor P5. Thus, the “scaled” current 
?owing through the transistor P6, is labeled “I(T)/N” in the 
?gure, and is provided on a line 311 (compare 251) to a 
relaxation oscillator circuit 312 (compare 252). It is well 
known that the ratio of the currents between the transistors 
P5 and P6 can readily be established by conventional circuit 
processing techniques, such as by simply making one of the 
transistors larger than the other, or by implementing a one of 
the two transistors as the aggregate of two or more same-siZe 
transistors so that their aggregate area is larger than the area 
of the other of the two transistors. 
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[0116] The relaxation oscillator circuit 312 (compare 252) 
is of fairly conventional design, and includes a measurement 
switching circuit 315 at the “front end” of a set-reset circuit 
314 comprising two phase paths 314a, 314b. This circuit 315 
comprises a pair of complementary transistors P7 and N7 
connected to a charged side of a measurement capacitor 
CFXl at the front end of a one phase path ((1)1) 314a; and 
another pair of complementary transistors P8 and N8 con 
nected to a charged side of another measurement capacitor 
CPXZ, plus a switch 350 to add another measurement capaci 
tor CP, all at the front end of another phase path ((1)2) 314b. 

[0117] Connected as illustrated, for a given pair of tran 
sistors (e. g., P7 and N7), when their common gate voltage is 
high (i.e., towards positive supply) their output (e.g., to 
phase path 314a) will be grounded (connected to ground and 
isolated from current I(T)/N on line 311), and when their 
common gate voltage is low, their output will provide the 
current I(T)/N ?owing on the line 311 to a respective one of 
the phase paths (e.g., 314a) of the relaxation oscillator 312. 
As is known for circuitry such as the relaxation oscillator 
312, when the common gate voltage of a one of the pairs of 
transistors (e.g., P7 and N7) is high, the common gate 
voltage of the other of the pairs of transistors (e.g., P8 and 
N8) will be low, and vice-versa. In this manner, each phase 
path 314a and 314b has a duty cycle (i.e., its “on” time), 
which may be the same as or may be different than the duty 
cycle of the other phase path 314b and 314a, respectively. 
Thus, each pair of transistors (e.g., P7 and N7) may be 
considered to be an “input switch” to its respective phase 
path (e.g., 314a). 
[0118] Each phase path 314a and 314b of the relaxation 
oscillator 312 has a comparator 316a and 316b, respectively, 
at its input, and has a ?xed-value capacitor CFXl and CPXZ, 
respectively, connected between the negative (—) input of the 
comparators 316a and 316b and ground. The capacitors 
CFXl and CFX2 have exemplary capacitance values of 2-5 pf 
(picofarads) and 2-5 pf, respectively, and are preferably 
implemented as equal-valued “on-chip” devices, such as 
poly-to-poly capacitors exhibiting a low temperature coef 
?cient (e.g., less than 20 ppm). The positive (+) inputs 
(terminals) of the comparators 316a and 316b are tied 
together and are set to a reference threshold voltage Vbg, 
such as 1.32 volts, which is independent of temperature. 

[0119] A“NOR” logic gate 318a and 311% is connected at 
the output of each phase path 314a and 314b, respectively, 
and the two NOR gates 318a and 318b are cross-connected 
to form a latching circuit having an output on a line 319a and 
319b. The cross-connected NOR gates 318a and 311% are 
thus capable of functioning as a ?ip ?op, or an RS (re-set/ 
set) latch. 

[0120] When the common gate voltage of one of the input 
switches (e.g., P7 and N7) is high, the respective capacitor 
(e.g., CFX1) for that phase path (e.g., 314a) is grounded 
(shorted out, caused to be devoid of charge). Conversely, 
when the common gate voltage of one of the input switches 
(e.g., P7 and N7) is low, the scaled current I(T)/N from line 
311 is applied to (allowed to ?ow into) the respective 
capacitor (e.g., CFX1) for that phase path (e.g., 314a), and 
the capacitor begins to charge (acquire an increasing voltage 
across the capacitor). When the voltage across the capacitor 
CFxl/CFX2 reaches the comparator reference voltage Vbg 
the output of the comparator 316a/316b goes low and 






































