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the antenna. With the UWB connected to a plasma antenna,
the center frequency of the UWB transceiver could be hopped
or swept simultaneously.

A plasma antenna can solve the problem of multiple anten-
nas by changing its electrical characteristic to match the func-
tion required—Time domain multiplexed. It can be used for
high-gain antennas such as phase array, parabolic focus steer-
ing, log periodic, yogi, patch quadrafiler, etc. One antenna can
be used for GPS, ad-hoc (such as car-to-car) communication,
collision avoidance, back up sensing, cruse control, radar, toll
identification and data communications.

Although the plasma antennas are being applied to several
communication applications, they have yet to be applied to
the monitoring applications as disclosed herein. The many
advantages that result and the ability to pack several antenna
functions into a small package are attractive features of this
technology. Patents and applications that discuss plasma
antennas include: U.S. Pat. No. 6,710,746, US20030160742
and US20040130497.

1.3.1.5 Dielectric Antenna

A great deal of work is underway to make antennas from
dielectric materials. In one case, the electric field that
impinges on the dielectric is used to modulate a transverse
electric light beam. In another case, the reduction of the speed
of electro magnetic waves due to the dielectric constant is
used to reduce the size of the antenna. It can be expected that
developments in this area will affect the antennas used in cell
phones as well as in RFID and SAW-based communication
devices in the future. Thus, dielectric antennas can be advan-
tageously used with some of the inventions disclosed herein.

1.3.1.6 Nanotube Antenna

Antennas made from carbon nanotubes are beginning to
show promise of increasing the sensitivity of antennas and
thus increasing the range for communication devices based
on RFID, SAW or similar devices where the signal strength
frequently limits the range of such devices. The use of these
antennas is therefore contemplated herein for use in tire
monitors and the other applications disclosed herein.

Combinations of the above antenna designs in many cases
can benefit from the advantages of each type to add further
improvements to the field. Thus the inventions herein are not
limited to any one of the above concepts nor is it limited to
their use alone. Where feasible, all combinations are contem-
plated herein.

1.3.1.7 Summary

A general system for obtaining information about a vehicle
or a component thereof or therein is illustrated in FIG. 20C
and includes multiple sensors 627 which may be arranged at
specific locations on the vehicle, on specific components of
the vehicle, on objects temporarily placed in the vehicle such
as child seats, or on or in any other object in or on the vehicle
or in its vicinity about which information is desired. The
sensors 627 may be SAW or RFID sensors or other sensors
which generate a return signal upon the detection of a trans-
mitted radio frequency signal. A multi-element antenna array
622 is mounted on the vehicle, in either a central location as
shown in FIG. 20A or in an offset location as shown in FIG.
21, to provide the radio frequency signals which cause the
sensors 627 to generate the return signals.

A control system 628 is coupled to the antenna array 622
and controls the antennas in the array 622 to be operative as
necessary to enable reception of return signals from the sen-
sors 627. There are several ways for the control system 628 to
control the array 622, including to cause the antennas to be
alternately switched on in order to sequentially transmit the
RF signals therefrom and receive the return signals from the
sensors 627 and to cause the antennas to transmit the RF
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signals simultaneously and space the return signals from the
sensors 627 via a delay line in circuitry from each antennas
such that each return signal is spaced in time in a known
manner without requiring switching of the antennas. The
control system can also be used to control a smart antenna
array.

The control system 628 also processes the return signals to
provide information about the vehicle or the component. The
processing of the return signals can be any known processing
including the use of pattern recognition techniques, neural
networks, fuzzy systems and the like.

The antenna array 622 and control system 628 can be
housed in a common antenna array housing 630.

Once the information about the vehicle or the component is
known, it is directed to a display/telematics/adjustment unit
629 where the information can be displayed on a display 629
to the driver, sent to a remote location for analysis via a
telematics unit 629 and/or used to control or adjust a compo-
nent on, in or near the vehicle. Although several of the figures
illustrate applications of these technologies to tire monitor-
ing, itis intended that the principles and devices disclosed can
be applied to the monitoring of a wide variety of components
on and off a vehicle.

1.4 Tire Monitoring

The tire monitoring systems of some of the inventions
herein comprises at least three separate systems correspond-
ing to three stages of product evolution. Generation 1 is a tire
valve cap that provides information as to the pressure within
the tire as described below. Generation 2 requires the replace-
ment of the tire valve stem, or the addition of a new stem-like
device, with a new valve stem that also measures temperature
and pressure within the tire or it may be a device that attaches
to the vehicle wheel rim. Generation 3 is a product that is
attached to the inside of the tire adjacent the tread and pro-
vides a measure of the diameter of the footprint between the
tire and the road, the tire pressure and temperature, indica-
tions oftire wear and, in some cases, the coefficient of friction
between the tire and the road.

As discussed above, SAW technology permits the mea-
surement of many physical and chemical parameters without
the requirement of local power or energy. Rather, the energy
to run devices can be obtained from radio frequency electro-
magnetic waves. These waves excite an antenna that is
coupled to the SAW device. Through various devices, the
properties of the acoustic waves on the surface of the SAW
device are modified as a function of the variable to be mea-
sured. The SAW device belongs to the field of microelectro-
mechanical systems (MEMS) and can be produced in high-
volume at low cost.

For the Generation 1 system, a valve cap contains a SAW
material at the end of the valve cap, which may be polymer
covered. This device senses the absolute pressure in the valve
cap. Upon attaching the valve cap to the valve stem, a depress-
ing member gradually depresses the valve permitting the air
pressure inside the tire to communicate with a small volume
inside the valve cap. As the valve cap is screwed onto the
valve stem, a seal prevents the escape of air to the atmosphere.
The SAW device is electrically connected to the valve cap,
which is also electrically connected to the valve stem that can
act as an antenna for transmitting and receiving radio fre-
quency waves. An interrogator located in the vicinity of the
tire periodically transmits radio waves that power the SAW
device, the actual distance between the interrogator and the
device depending on the relative orientation of the antennas
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and other factors. The SAW device measures the absolute
pressure in the valve cap that is equal to the pressure in the
tire.

The Generation 2 system permits the measurement of both
the tire pressure and tire temperature. In this case, the tire
valve stem can be removed and replaced with a new tire valve
stem that contains a SAW device attached at the bottom of the
valve stem. This device preferably contains two SAW
devices, one for measuring temperature and the second for
measuring pressure through a novel technology discussed
below. This second generation device therefore permits the
measurement of both the pressure and the temperature inside
thetire. Alternately, this device can be mounted inside the tire,
attached to the rim or attached to another suitable location. An
external pressure sensor is mounted in the interrogator to
measure the pressure of the atmosphere to compensate for
altitude and/or barometric changes.

The Generation 3 device can contain a pressure and tem-
perature sensor, as in the case of the Generation 2 device, but
additionally contains one or more accelerometers which mea-
sure at least one component of the acceleration of the vehicle
tire tread adjacent the device. This acceleration varies in a
known manner as the device travels in an approximate circle
attached to the wheel. This device is capable of determining
when the tread adjacent the device is in contact with road
surface. In some cases, it is also able to measure the coeffi-
cient of friction between the tire and the road surface. In this
manner, it is capable of measuring the length of time that this
tread portion is in contact with the road and thereby can
provide ameasure ofthe diameter or circumferential length of
the tire footprint on the road. A technical discussion of the
operating principle of a tire inflation and load detector based
on flat area detection follows:

When tires are inflated and not in contact with the ground,
the internal pressure is balanced by the circumferential ten-
sion in the fibers of the shell. Static equilibrium demands that
tension is equal to the radius of curvature multiplied by the
difference between the internal and the external gas pressure.
Tires support the weight of the automobile by changing the
curvature of the part of the shell that touches the ground. The
relation mentioned above is still valid. In the part of the shell
that gets flattened, the radius of curvature increases while the
tension in the tire structure stays the same. Therefore, the
difference between the external and internal pressures
becomes small to compensate for the growth of the radius. If
the shell were perfectly flexible, the tire contact with the
ground would develop into a flat spot with an area equal to the
load divided by the pressure.

A tire operating at correct values of load and pressure has
a precise signature in terms of variation of the radius of
curvature in the loaded zone. More flattening indicates under-
inflation or over-loading, while less flattening indicates over-
inflation or under-loading. Note that tire loading has essen-
tially no effect on internal pressure.

From the above, one can conclude that monitoring the
curvature of the tire as it rotates can provide a good indication
of'its operational state. A sensor mounted inside the tire at its
largest diameter can accomplish this measurement. Prefer-
ably, the sensor would measure mechanical strain. However,
a sensor measuring acceleration in any one axis, preferably
the radial axis, could also serve the purpose.

In the case of the strain measurement, the sensor would
indicate a constant strain as it spans the arc over which the tire
is not in contact with the ground and a pattern of increased
stretch during the time when the sensor spans an arc in close
proximity with the ground. A simple ratio of the times of
duration of these two states would provide a good indication
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of inflation, but more complex algorithms could be employed
where the values and the shape of the period of increased
strain are utilized.

As an indicator of tire health, the measurement of strain on
the largest inside diameter of the tire is believed to be superior
to the measurement of stress, such as inflation pressure,
because, the tire could be deforming, as it ages or otherwise
progresses toward failure, without any changes in inflation
pressure. Radial strain could also be measured on the inside of
the tire sidewall thus indicating the degree of flexure that the
tire undergoes.

The accelerometer approach has the advantage of giving a
signature from which a harmonic analysis of once-per-revo-
Iution disturbances could indicate developing problems such
as hernias, flat spots, loss of part of the tread, sticking of
foreign bodies to the tread, etc.

As a bonus, both of the above-mentioned sensors (strain
and acceleration) give clear once-per-revolution signals for
each tire that could be used as input for speedometers, odom-
eters, differential slip indicators, tire wear indicators, etc.

Tires can fail for a variety of reasons including low pres-
sure, high temperature, delamination of the tread, excessive
flexing of the sidewall, and wear (see, e.g., Summary Root
Cause Analysis Bridgestone/Firestone, Inc.” http://www-
bridgestone-firestone.com/homeimgs/rootcause.htm,
Printed March, 2001). Most tire failures can be predicted
based on tire pressure alone and the TREAD Act thus
addresses the monitoring of tire pressure. However, some
failures, such as the Firestone tire failures, can result from
substandard materials especially those that are in contact with
a steel-reinforcing belt. If the rubber adjacent the steel belt
begins to move relative to the belt, then heat will be generated
and the temperature of the tire will rise until the tire fails
catastrophically. This can happen even in properly inflated
tires.

Finally, tires can fail due to excessive vehicle loading and
excessive sidewall flexing even if the tire is properly inflated.
This can happen if the vehicle is overloaded or if the wrong
size tire has been mounted on the vehicle. In most cases, the
tire temperature will rise as a result of this additional flexing,
however, this is not always the case, and it may even occur too
late. Therefore, the device which measures the diameter of the
tire footprint on the road is a superior method of measuring
excessive loading of the tire.

Generation 1 devices monitor pressure only while Genera-
tion 2 devices also monitor the temperature and therefore will
provide a warning of imminent tire failure more often than if
pressure alone is monitored. Generation 3 devices will pro-
vide an indication that the vehicle is overloaded before either
a pressure or temperature monitoring system can respond.
The Generation 3 system can also be augmented to measure
the vibration signature of the tire and thereby detect when a
tire has worn to the point that the steel belt is contacting the
road. In this manner, the Generation 3 system also provides an
indication of a worn out tire and, as will be discussed below,
an indication of the road coefficient of friction.

Each of these devices communicates to an interrogator
with pressure, temperature, and acceleration as appropriate.
In none of these generational devices is a battery mounted
within the vehicle tire required, although in some cases an
energy generator can be used. In some cases, the SAW or
RFID devices will optionally provide an identification num-
ber corresponding to the device to permit the interrogator to
separate one tire from another.

Key advantages of the tire monitoring system disclosed
herein over most of the currently known prior art are:
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very small size and weight eliminating the need for wheel

counterbalance,

cost competitive for tire monitoring alone and cost advan-

tage for combined systems,

high update rate,

self-diagnostic,

automatic wheel identification,

no batteries required—powerless, and

no wires required—wireless.

The monitoring of temperature and or pressure of a tire can
take place infrequently. It can be adequate to check the pres-
sure and temperature of vehicle tires once every ten seconds
to once per minute. To utilize the centralized interrogator of
this invention, the tire monitoring system would preferably
use SAW technology and the device could be located in the
valve stem, wheel, tire side wall, tire tread, or other appropri-
ate location with access to the internal tire pressure of the
tires. A preferred system is based on a SAW technology
discussed above.

Atperiodic intervals, such as once every minute, the inter-
rogator sends a radio frequency signal at a frequency such as
905 MHz to which the tire monitor sensors have been sensi-
tized. When receiving this signal, the tire monitor sensors (of
which there are five in a typical configuration) respond with a
signal providing an optional identification number, tempera-
ture, pressure and acceleration data where appropriate. In one
implementation, the interrogator would use multiple, typi-
cally two or four, antennas which are spaced apart. By com-
paring the time of the returned signals from the tires to the
antennas, or by using smart antenna techniques, the location
of each of the senders (the tires) can be approximately deter-
mined as discussed in more detail above. That is, the antennas
can be so located that each tire is a different distance from
each antenna and by comparing the return time of the signals
sensed by the antennas, the location of each tire can be deter-
mined and associated with the returned information. If at least
three antennas are used, then returns from adjacent vehicles
can be eliminated. Alternately, a smart antenna array such as
manufactured by Motia can be used.

An illustration of this principle applied to an 18 wheeler
truck vehicle is shown generally at 610 in FIGS. 28A and
28B. Each of the vehicle wheels is represented by a rectangle
617. In FIG. 28A, the antennas 611 and 612 are placed near to
the tires due to the short transmission range of typical
unboosted SAW tire monitor systems. In FIG. 28B, transmit-
ters such as conventional battery operated systems or boosted
SAW systems, for example, allow a reduction in the number
of antennas and their placement in a more central location
such as antennas 614, 615 and 616. In FIG. 28A, antennas
611, 612 transmit an interrogation signal generated in the
interrogator 613 to tires in their vicinity. Antennas 611 and
612 then receive the retransmitted signals and based on the
time of arrival or the phase differences between the arriving
signals, the distance or direction from the antennas to the
transmitters can be determined by triangulation or based on
the intersection of the calculated vectors, the location of the
transmitter can be determined by those skilled in the art. For
example, if there is a smaller phase difference between the
received signals at antennas 611 and 612, then the transmitter
will be inboard and if the phase difference is larger, then the
transmitter will be an outboard tire. The exact placement of
each antenna 611, 612 can be determined by analysis or by
experimentation to optimize the system. The signals received
by the antennas 611, 612 can be transmitted as received to the
interrogator 613 by wires (not shown) or, at the other extreme,
each antenna 611, 612 can have associated circuitry to pro-
cess the signal to change its frequency and/or amplify the
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received signal and retransmit it by wires or wirelessly to the
transmitter. Various combinations of features can also be
used. If processing circuitry is present, then each antenna
with such circuitry would need a power source which can be
supplied by the interrogator or by another power-supply
method. If supplied by the interrogator, power can be supplied
using the same cabling as is used to send the interrogating
pulse which may be a coax cable. Since the power can be
supplied as DC, it can be easily separated from the RF signal.
Naturally, this system can be used with all types of tire moni-
tors and is not limited to SAW type devices. Other methods
exist to transmit data from the antennas including a vehicle
bus or a fiber optic line or bus.

In FIG. 28B, the transmitting antenna 615 is used for 16 of
the wheels and receiving antennas 614, and optionally
antenna 615, are used to determine receipt of the TPM signals
and determine the transmitting tire as described above. How-
ever, since the range of'the tire monitors is greater in this case,
the antennas 614, 615 can be placed in a more centralized
location thereby reducing the cost of the installation and
improving its reliability.

Other methods can also be used to permit tire differentia-
tion including CDMA and FDMA, for example, as discussed
elsewhere herein. If, for example, each device is tuned to a
slightly different frequency or code and this information is
taught to the interrogator, then the receiving antenna system
can be simplified.

An identification number can accompany each transmis-
sion from each tire sensor and can also be used to validate that
the transmitting sensor is in fact located on the subject
vehicle. In traffic situations, it is possible to obtain a signal
from the tire of an adjacent vehicle. This would immediately
show up as a return from more than five vehicle tires and the
system would recognize that a fault had occurred. The sixth
return can be easily eliminated, however, since it could con-
tain an identification number that is different from those that
have heretofore been returned frequently to the vehicle sys-
tem or based on a comparison of the signals sensed by the
different antennas. Thus, when the vehicle tire is changed or
tires are rotated, the system will validate a particular return
signal as originating from the tire-monitoring sensor located
on the subject vehicle.

This same concept is also applicable for other vehicle-
mounted sensors. This permits a plug and play scenario
whereby sensors can be added to, changed, or removed from
a vehicle and the interrogation system will automatically
adjust. The system will know the type of sensor based on the
identification number, frequency, delay and/or its location on
the vehicle. For example, a tire monitor could have an ID ina
different range of identification numbers from a switch or
weight-monitoring device. This also permits new kinds of
sensors to be retroactively installed on a vehicle. If a totally
new type of the sensor is mounted to the vehicle, the system
software would have to be updated to recognize and know
what to do with the information from the new sensor type. By
this method, the configuration and quantity of sensing sys-
tems on a vehicle can be easily changed and the system
interrogating these sensors need only be updated with soft-
ware upgrades which could occur automatically, such as over
the Internet and by any telematics communication channel
including cellular and satellite.

Preferred tire-monitoring sensors for use with this inven-
tion use the surface acoustic wave (SAW) technology. A radio
frequency interrogating signal can be sent to all of the tire
gages simultaneously and the received signal at each tire gage
is sensed using an antenna. The antenna is connected to the
IDT transducer that converts the electrical wave to an acoustic
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wave that travels on the surface of a material such as lithium
niobate, or other piezoelectric material such as zinc oxide,
Langasite™ or the polymer polyvinylidene fluoride (PVDF).
During its travel on the surface of the piezoelectric material,
either the time delay, resonant frequency, amplitude or phase
of'the signal (or even possibly combinations thereof) is modi-
fied based on the temperature and/or pressure in the tire. This
modified wave is sensed by one or more IDT transducers and
converted back to a radio frequency wave that is used to excite
an antenna for re-broadcasting the wave back to interrogator.
The interrogator receives the wave at a time delay after the
original transmission that is determined by the geometry of
the SAW transducer and decodes this signal to determine the
temperature and/or pressure in the subject tire. By using
slightly different geometries for each of the tire monitors,
slightly different delays can be achieved and randomized so
that the probability of two sensors having the same delay is
small. The interrogator transfers the decoded information to a
central processor that determines whether the temperature
and/or pressure of each of the tires exceed specifications. If
so, a warning light can be displayed informing the vehicle
driver of the condition. Other notification devices such as a
sound generator, alarm and the like could also be used. In
some cases, this random delay is all that is required to separate
the five tire signals and to identify which tires are on the
vehicle and thus ignore responses from adjacent vehicles.

With an accelerometer mounted in the tire, as is the case for
the Generation 3 system, information is present to diagnose
other tire problems. For example, when the steel belt wears
through the rubber tread, it will make a distinctive noise and
create a distinctive vibration when it contacts the pavement.
This can be sensed by a SAW or other technology accelerom-
eter. The interpretation of various such signals can be done
using neural network technology. Similar systems are
described more detail in U.S. Pat. No. 5,829,782. As the tread
begins to separate from the tire as in the Bridgestone cases, a
distinctive vibration is created which can also be sensed by a
tire-mounted accelerometer.

As the tire rotates, stresses are created in the rubber tread
surface between the center of the footprint and the edges. If
the coefficient of friction on the pavement is low, these
stresses can cause the shape of the footprint to change. The
Generation 3 system, which measures the circumferential
length of the footprint, can therefore also be used to measure
the friction coefficient between the tire and the pavement.

Piezoelectric generators are another field in which SAW
technology can be applied and some of the inventions herein
can comprise several embodiments of SAW or other piezo-
electric or other generators, as discussed extensively else-
where herein.

An alternate approach for some applications, such as tire
monitoring, where it is difficult to interrogate the SAW device
as the wheel, and thus the antenna is rotating; the transmitting
power can be significantly increased if there is a source of
energy inside the tire. Many systems now use a battery but this
leads to problems related to disposal, having to periodically
replace the battery and temperature effects. In some cases, the
manufacturers recommend that the battery be replaced as
often as every 6 to 12 months. Batteries also sometimes fail to
function properly at cold temperatures and have their life
reduced when operated at high temperatures. For these rea-
sons, there is a belief that a tire monitoring system should
obtain its power from some source external of the tire. Similar
problems can be expected for other applications.

One novel solution to this problem is to use the flexing of
the tire itself to generate electricity. If a thin film of PVDF is
attached to the tire inside and adjacent to the tread, then as the
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tire rotates the film will flex and generate electricity. This
energy can then be stored on one or more capacitors and used
to power the tire monitoring circuitry. Also, since the amount
of energy that is generated depends of the flexure of the tire,
this generator can also be used to monitor the health of the tire
in a similar manner as the Generation 3 accelerometer system
described above. Mention is made of using a bi-morph to
generate energy in a rotating tire in U.S. Pat. No. 5,987,980
without describing how it is implemented other than to say
that it is mounted to the sensor housing and uses vibration. In
particular, there is no mention of attaching the bi-morph to the
tread of the tire as disclosed herein.

As mentioned above, the transmissions from different
SAW devices can be time-multiplexed by varying the delay
time from device to device, frequency-multiplexed by vary-
ing the natural frequencies of the SAW devices, code-multi-
plexed by varying the identification code of the SAW devices
or space-multiplexed by using multiple antennas. Addition-
ally, a code-operated RFID switch can be used to permit the
devices to transmit one at a time as discussed below.

Considering the time-multiplexing case, varying the length
of the SAW device and thus the delay before retransmission
can separate different classes of devices. All seat sensors can
have one delay which would be different from tire monitors or
light switches etc. Such devices can also be separated by
receiving antenna location.

Referring now to FIGS. 29A and 29B, a first embodiment
of'avalve cap 149 including a tire pressure monitoring system
in accordance with the invention is shown generally at 10 in
FIG. 29A. A tire 140 has a protruding, substantially cylindri-
cal valve stem 141 which is shown in a partial cutaway view
in FIG. 29A. The valve stem 141 comprises a sleeve 142 and
a tire valve assembly 144. The sleeve 142 of the valve stem
141 is threaded on both its inner surface and its outer surface.
The tire valve assembly 144 is arranged in the sleeve 142 and
includes threads on an outer surface which are mated with the
threads on the inner surface of the sleeve 142. The valve
assembly 144 comprises a valve seat 143 and a valve pin 145
arranged in an aperture in the valve seat 143. The valve
assembly 144 is shown in the open condition in FIG. 29A
whereby air flows through a passage between the valve seat
143 and the valve pin 145.

The valve cap 149 includes a substantially cylindrical body
148 and is attached to the valve stem 141 by means of threads
arranged on an inner cylindrical surface of body 148 which
are mated with the threads on the outer surface of the sleeve
142. The valve cap 149 comprises a valve pin depressor 153
arranged in connection with the body 148 and a SAW pres-
sure sensor 150. The valve pin depressor 153 engages the
valve pin 145 upon attachment of the valve cap 149 to the
valve stem 141 and depresses it against its biasing spring, not
shown, thereby opening the passage between the valve seat
143 and the valve pin 145 allowing air to pass from the
interior of tire 140 into a reservoir or chamber 151 in the body
148. Chamber 151 contains the SAW pressure sensor 150 as
described in more detail below.

Pressure sensor 150 can be an absolute pressure-measuring
device. If so, it can function based on the principle that the
increase in air pressure and thus air density in the chamber
151 increases the mass loading on a SAW device changing the
velocity of surface acoustic wave on the piezoelectric mate-
rial. The pressure sensor 150 is therefore positioned in an
exposed position in the chamber 151. This effect is small and
generally requires that a very thin membrane is placed over
the SAW that absorbs oxygen or in some manner increases the
loading onto the surface of the SAW as the pressure increases.
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A second embodiment of a valve cap 10' in accordance
with the invention is shown in FIG. 29B and comprises a
SAW strain sensing device 154 that is mounted onto a flexible
membrane 152 attached to the body 148 of the valve cap 149
and in a position in which it is exposed to the air in the
chamber 151. When the pressure changes in chamber 151, the
deflection of the membrane 152 changes thereby changing
the straininthe SAW device 154. This changes the path length
that the waves must travel which in turn changes the natural
frequency of the SAW device or the delay between reception
of an interrogating pulse and its retransmission.

Strain sensor 154 is thus a differential pressure-measuring
device. It functions based on the principle that changes in the
flexure of the membrane 152 can be correlated to changes in
pressure in the chamber 151 and thus, if an initial pressure and
flexure are known, the change in pressure can be determined
from the change in flexure or strain.

FIGS. 29A and 29B therefore illustrate two different meth-
ods of using a SAW sensor in a valve cap for monitoring the
pressure inside a tire. A preferred manner in which the SAW
sensors 150,154 operate is discussed more fully below but
briefly, each sensor 150,154 includes an antenna and an inter-
digital transducer which receives a wave via the antenna from
an interrogator which proceeds to travel along a substrate.
The time in which the waves travel across the substrate and
return to the interdigital transducer is dependent on the tem-
perature, the loading on the substrate (in the embodiment of
FIG. 29A) or the flexure of membrane 152 (in the embodi-
ment of FIG. 29B). The antenna transmits a return wave
which is received and the time delay between the transmitted
and returned wave is calculated and correlated to the pressure
in the chamber 151. In order to keep the SAW devices as small
as possible for the tire calve cap design, the preferred mode of
SAW operation is the resonant frequency mode where a
change in the resonant frequency of the device is measured.

Sensors 150 and 154 are electrically connected to the metal
valve cap 149 that is electrically connected to the valve stem
141. The valve stem 141 is electrically isolated from the tire
rim and can thus serve as an antenna for transmitting radio
frequency electromagnetic signals from the sensors 150 and
154 to a vehicle mounted interrogator, not shown, to be
described in detail below. As shown in FIG. 29A., a pressure
seal 155 is arranged between an upper rim of the sleeve 142
and an inner shoulder of the body 148 of the valve cap 149 and
serves to prevent air from flowing out of the tire 140 to the
atmosphere.

The speed of the surface acoustic wave on the piezoelectric
substrate changes with temperature in a predictable manner
as well as with pressure. For the valve cap implementations,
a separate SAW device can be attached to the outside of the
valve cap and protected with a cover where it is subjected to
the same temperature as the SAW sensors 150 or 154 but is
not subject to pressure or strain. This requires that each valve
cap comprise two SAW devices, one for pressure sensing and
another for temperature sensing. Since the valve cap is
exposed to ambient temperature, a preferred approach is to
have a single device on the vehicle which measures ambient
temperature outside of the vehicle passenger compartment.
Many vehicles already have such a temperature sensor. For
those installations where access to this temperature data is not
convenient, a separate SAW temperature sensor can be
mounted associated with the interrogator antenna, as illus-
trated below, or some other convenient place.

Although the valve cap 149 is provided with the pressure
seal 155, there is a danger that the valve cap 149 will not be
properly assembled onto the valve stem 141 and a small
quantity of the air will leak over time. FIG. 30 provides an
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alternate design where the SAW temperature and pressure
measuring devices are incorporated into the valve stem. This
embodiment is thus particularly useful in the initial manufac-
ture of a tire.

The valve stem assembly is shown generally at 160 and
comprises a brass valve stem 144 which contains a tire valve
assembly 142. The valve stem 144 is covered with a coating
161 of a resilient material such as rubber, which has been
partially removed in the drawing. A metal conductive ring
162 is electrically attached to the valve stem 144. A rubber
extension 163 is also attached to the lower end of the valve
stem 144 and contains a SAW pressure and temperature sen-
sor 164. The SAW pressure and temperature sensor 164 can
be of at least two designs wherein the SAW sensor is used as
an absolute pressure sensor as shown in FIG. 30A or an as a
differential sensor based on membrane strain as shown in
FIG. 30B.

In FIG. 30A, the SAW sensor 164 comprises a capsule 172
having an interior chamber in communication with the inte-
rior of the tire via a passageway 170. A SAW absolute pres-
sure sensor 167 is mounted onto one side of a rigid membrane
or separator 171 in the chamber in the capsule 172. Separator
171 divides the interior chamber of the capsule 172 into two
compartments 165 and 166, with only compartment 165
being in flow communication with the interior of the tire. The
SAW absolute pressure sensor 167 is mounted in compart-
ment 165 which is exposed to the pressure in the tire through
passageway 170. A SAW temperature sensor 168 is attached
to the other side of the separator 171 and is exposed to the
pressure in compartment 166. The pressure in compartment
166 is unaffected by the tire pressure and is determined by the
atmospheric pressure when the device was manufactured and
the effect of temperature on this pressure. The speed of sound
on the SAW temperature sensor 168 is thus affected by tem-
perature but not by pressure in the tire.

The operation of SAW sensors 167 and 168 is discussed
elsewhere more fully but briefly, since SAW sensor 167 is
affected by the pressure in the tire, the wave which travels
along the substrate is affected by this pressure and the time
delay between the transmission and reception of a wave can
be correlated to the pressure. Similarly, since SAW sensor
168 is affected by the temperature in the tire, the wave which
travels along the substrate is affected by this temperature and
the time delay between the transmission and reception of a
wave can be correlated to the temperature. Similarly, the
natural frequency of the SAW device will change due to the
change in the SAW dimensions and that natural frequency can
be determined if the interrogator transmits a chirp.

FIG. 30B illustrates an alternate and preferred configura-
tion of sensor 164 where a flexible membrane 173 is used
instead ofthe rigid separator 171 shown in the embodiment of
FIG. 30A, and a SAW device is mounted on flexible member
173. In this embodiment, the SAW temperature sensor 168 is
mounted to a different wall of the capsule 172. A SAW device
169 is thus affected both by the strain in membrane 173 and
the pressure in the tire. Normally, the strain effect will be
much larger with a properly designed membrane 173.

The operation of SAW sensors 168 and 169 is discussed
elsewhere more fully but briefly, since SAW sensor 168 is
affected by the temperature in the tire, the wave which travels
along the substrate is affected by this temperature and the
time delay between the transmission and reception of a wave
can be correlated to the temperature. Similarly, since SAW
sensor 169 is affected by the pressure in the tire, the wave
which travels along the substrate is affected by this pressure
and the time delay between the transmission and reception of
a wave can be correlated to the pressure.
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In both of the embodiments shown in FIGS. 30A and 30B,
a separate temperature sensor is illustrated. This has two
advantages. First, it permits the separation of the temperature
effect from the pressure effect on the SAW device. Second, it
permits a measurement of tire temperature to be recorded.
Since a normally inflated tire can experience excessive tem-
perature caused, for example, by an overload condition, it is
desirable to have both temperature and pressure measure-
ments of each vehicle tire

The SAW devices 167, 168 and 169 are electrically
attached to the valve stem 144 which again serves as an
antenna to transmit radio frequency information to an inter-
rogator. This electrical connection can be made by a wired
connection; however, the impedance between the SAW
devices and the antenna may not be properly matched. An
alternate approach as described in Varadan, V. K. et al., “Fab-
rication, characterization and testing of wireless MEMS-IDT
based micro accelerometers”, Sensors and Actuators A 90
(2001) p. 7-19, 2001 Elsevier Netherlands, is to inductively
couple the SAW devices to the brass tube.

Although an implementation into the valve stem and valve
cap examples have been illustrated above, an alternate
approach is to mount the SAW temperature and pressure
monitoring devices elsewhere within the tire. Similarly,
although the tire stem in both cases above can serve as the
antenna, in many implementations, it is preferable to have a
separately designed antenna mounted within or outside of the
vehicle tire. For example, such an antenna can project into the
tire from the valve stem or can be separately attached to the
tire or tire rim either inside or outside of the tire. In some
cases, it can be mounted on the interior of the tire on the
sidewall.

A more advanced embodiment of a tire monitor in accor-
dance with the invention is illustrated generally at 40 in FIGS.
31 and 31A. In addition to temperature and pressure moni-
toring devices as described in the previous applications, the
tire monitor assembly 175 comprises an accelerometer of any
of the types to be described below which is configured to
measure either or both of the tangential and radial accelera-
tions. Tangential accelerations as used herein generally
means accelerations tangent to the direction of rotation of the
tire and radial accelerations as used herein generally means
accelerations toward or away from the wheel axis.

In FIG. 31, the tire monitor assembly 175 is cemented, or
otherwise attached, to the interior of the tire opposite the
tread. In FIG. 31A, the tire monitor assembly 175 is inserted
into the tire opposite the tread during manufacture.

Superimposed on the acceleration signals will be vibra-
tions introduced into tire from road interactions and due to
tread separation and other defects. Additionally, the presence
of the nail or other object attached to the tire will, in general,
excite vibrations that can be sensed by the accelerometers.
When the tread is worn to the extent that the wire belts 176
begin impacting the road, additional vibrations will be
induced.

Through monitoring the acceleration signals from the tan-
gential or radial accelerometers within the tire monitor
assembly 175, delamination, a worn tire condition, imbedded
nails, other debris attached to the tire tread, hernias, can all be
sensed. Additionally, as previously discussed, the length of
time that the tire tread is in contact with the road opposite tire
monitor 175 can be measured and, through a comparison with
the total revolution time, the length of'the tire footprint on the
road can be determined. This permits the load on the tireto be
measured, thus providing an indication of excessive tire load-
ing. As discussed above, a tire can fail due to over-loading
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even when the tire interior temperature and pressure are
within acceptable limits. Other tire monitors cannot sense
such conditions.

In the discussion above, the use of the tire valve stem as an
antenna has been discussed. An antenna can also be placed
within the tire when the tire sidewalls are not reinforced with
steel. In some cases and for some frequencies, it is sometimes
possible to use the tire steel bead or steel belts as an antenna,
which in some cases can be coupled to inductively. Alter-
nately, the antenna can be designed integral with the tire beads
or belts and optimized and made part of the tire during manu-
facture.

Although the discussion above has centered on the use of
SAW devices, the configurations of FIGS. 31A and 31B can
also be effectively accomplished with other pressure, tem-
perature and accelerometer sensors particularly those based
on RFID technology. One of the advantages of using SAW
devices is that they are totally passive thereby eliminating the
requirement of a battery. For the implementation of tire moni-
tor assembly 175, the acceleration can also be used to gener-
ate sufficient electrical energy to power a silicon microcircuit.
In this configuration, additional devices, typically piezoelec-
tric devices, are used as a generator of electricity that can be
stored in one or more conventional capacitors or ultra-capaci-
tors. Other types of electrical generators can be used such as
those based on a moving coil and a magnetic field etc. A
PVDF piezoelectric polymer can also, and preferably, be used
to generate electrical energy based on the flexure of the tire as
described below.

FIG. 32 illustrates an absolute pressure sensor based on
surface acoustic wave (SAW) technology. A SAW absolute
pressure sensor 180 has an interdigital transducer (IDT) 181
which is connected to antenna 182. Upon receiving an RF
signal of the proper frequency, the antenna 182 induces a
surface acoustic wave in the material 183 which can be
lithium niobate, quartz, zinc oxide, or other appropriate
piezoelectric material. As the wave passes through a pressure
sensing area 184 formed on the material 183, its velocity is
changed depending on the air pressure exerted on the sensing
area 184. The wave is then reflected by reflectors 185 where
it returns to the IDT 181 and to the antenna 182 for retrans-
mission back to the interrogator. The material in the pressure
sensing area 184 can be a thin (such as one micron) coating of
a polymer that absorbs or reversibly reacts with oxygen or
nitrogen where the amount absorbed depends on the air den-
sity.

In FIG. 32A, two additional sections of the SAW device,
designated 186 and 187, are provided such that the air pres-
sure affects sections 186 and 187 differently than pressure
sensing area 184. This is achieved by providing three reflec-
tors. The three reflecting areas cause three reflected waves to
appear, 189, 190 and 191 when input wave 192 is provided.
The spacing between waves 189 and 190, and between waves
190 and 191 provides a measure of the pressure. This con-
struction of a pressure sensors may be utilized in the embodi-
ments of FIGS. 29A-31 or in any embodiment wherein a
pressure measurement by a SAW device is obtained.

There are many other ways in which the pressure can be
measured based on either the time between reflections or on
the frequency or phase change of the SAW device as is well
known to those skilled in the art. FIG. 32B, for example,
illustrates an alternate SAW geometry where only two sec-
tions are required to measure both temperature and pressure.
This construction of a temperature and pressure sensor may
be utilized in the embodiments of FIGS. 29A-31 or in any
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embodiment wherein both a pressure measurement and a
temperature measurement by a single SAW device is
obtained.

Another method where the speed of sound on a piezoelec-
tric material can be changed by pressure was first reported in
Varadan et al., “Local/Global SAW Sensors for Turbulence”
referenced above. This phenomenon has not been applied to
solving pressure sensing problems within an automobile until
now. The instant invention is believed to be the first applica-
tion of this principle to measuring tire pressure, oil pressure,
coolant pressure, pressure in a gas tank, etc. Experiments to
date, however, have been unsuccessful.

In some cases, a flexible membrane is placed loosely over
the SAW device to prevent contaminants from affecting the
SAW surface. The flexible membrane permits the pressure to
be transferred to the SAW device without subjecting the sur-
face to contaminants. Such a flexible membrane can be used
in most if not all of the embodiments described herein.

A SAW temperature sensor 195 is illustrated in FIG. 33.
Since the SAW material, such as lithium niobate, expands
significantly with temperature, the natural frequency of the
device also changes. Thus, for a SAW temperature sensor to
operate, a material for the substrate is selected which changes
its properties as a function of temperature, i.e., expands with
increasing temperature. Similarly, the time delay between the
insertion and retransmission of the signal also varies measur-
ably. Since speed of a surface wave is typically 100,000 times
slower then the speed of light, usually the time for the elec-
tromagnetic wave to travel to the SAW device and back is
small in comparison to the time delay of the SAW wave and
therefore the temperature is approximately the time delay
between transmitting electromagnetic wave and its reception.

An alternate approach as illustrated in FIG. 33A is to place
a thermistor 197 across an interdigital transducer (IDT) 196,
which is now not shorted as it was in FIG. 33. In this case, the
magnitude of the returned pulse varies with the temperature.
Thus, this device can be used to obtain two independent
temperature measurements, one based on time delay or natu-
ral frequency of the device 195 and the other based on the
resistance of the thermistor 197.

When some other property such as pressure is being mea-
sured by the device 198 as shown in FIG. 33B, two parallel
SAW devices can be used. These devices are designed so that
they respond differently to one of the parameters to be mea-
sured. Thus, SAW device 199 and SAW device 200 can be
designed to both respond to temperature and respond to pres-
sure. However, SAW device 200, which contains a surface
coating, will respond differently to pressure than SAW device
199. Thus, by measuring natural frequency or the time delay
of pulses inserted into both SAW devices 199 and 200, a
determination can be made of both the pressure and tempera-
ture, for example. Naturally, the device which is rendered
sensitive to pressure in the above discussion could alternately
be rendered sensitive to some other property such as the
presence or concentration of a gas, vapor, or liquid chemical
as described in more detail below.

An accelerometer that can be used for either radial or
tangential acceleration in the tire monitor assembly of FIG.
31 is illustrated in FIGS. 34 and 34A. The design of this
accelerometer is explained in detail in Varadan, V. K. et al.,
“Fabrication, characterization and testing of wireless
MEMS-IDT based microaccelerometers™ referenced above
and will not be repeated herein.

FIG. 35 illustrates a central antenna mounting arrangement
for permitting interrogation of the tire monitors for four tires
and is similar to that described in U.S. Pat. No. 4,237,728. An
antenna package 202 is mounted on the underside of the
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vehicle and communicates with devices 203 through their
antennas as described above. In order to provide for antennas
both inside (for example for weight sensor interrogation) and
outside of the vehicle, another antenna assembly (not shown)
can be mounted on the opposite side of the vehicle floor from
the antenna assembly 202. Devices 203 may be any of the tire
monitoring devices described above.

FIG. 35A is a schematic of the vehicle shown in FIG. 35.
The antenna package 202, which can be considered as an
electronics module, contains a time domain multiplexed
antenna array that sends and receives data from each of the
five tires (including the spare tire), one at a time. It comprises
a microstrip or stripline antenna array and a microprocessor
on the circuit board. The antennas that face each tire are in an
X configuration so that the transmissions to and from the tire
can be accomplished regardless of the tire rotation angle.

Although piezoelectric SAW devices normally use rigid
material such as quartz or lithium niobate, it is also possible to
utilize PVDF provided the frequency is low. A piece of PVDF
film can also be used as a sensor of tire flexure by itself. Such
a sensor is illustrated in FIGS. 36 and 36A at 204. The output
of flexure of the PVDF film can be used to supply power to a
silicon microcircuit that contains pressure and temperature
sensors. The waveform of the output from the PVDF film also
provides information as to the flexure of an automobile tire
and can be used to diagnose problems with the tire as well as
the tire footprint in a manner similar to the device described in
FIG. 31. In this case, however, the PVDF film supplies suffi-
cient power to permit significantly more transmission energy
to be provided. The frequency and informational content can
be made compatible with the SAW interrogator described
above such that the same interrogator can be used. The power
available for the interrogator, however, can be significantly
greater thus increasing the reliability and reading range of the
system. In order to obtain significant energy based on the
flexure of a PVDF film, many layers of such a film may be
required.

Instead of a PVDF film, other piezo or ferroelectric sub-
strates could also be used, as would be appreciated by those
skilled in the art. The PVDF film could be arranged in the
rubber substrate, or other flexible substrate, defining the side
walls of the tire.

There is a general problem with tire pressure monitors as
well as systems that attempt to interrogate passive SAW or
electronic RFID type devices in that the FCC severely limits
the frequencies and radiating power that can be used. Once it
becomes evident that these systems will eventually save many
lives, the FCC can be expected to modify their position. In the
meantime, various schemes can be used to help alleviate this
problem. The lower frequencies that have been opened for
automotive radar permit higher power to be used and they
could be candidates for the devices discussed above. It is also
possible, in some cases, to transmit power on multiple fre-
quencies and combine the received power to boost the avail-
able energy. Energy can of course be stored and periodically
used to drive circuits and work is ongoing to reduce the
voltage required to operate semiconductors. The devices of
this invention will make use of some or all of these develop-
ments as they take place.

If the vehicle has been at rest for a significant time period,
power will leak from the storage capacitors and will not be
available for transmission. However, a few tire rotations are
sufficient to provide the necessary energy.

FIG. 37 illustrates another version of a tire temperature
and/or pressure monitor 210. Monitor 210 may include at an
inward end, any one of the temperature transducers or sensors
described above and/or any one of the pressure transducers or
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sensors described above, or any one of the combination tem-
perature and pressure transducers or sensors described above.

The monitor 210 has an elongate body attached through the
wheel rim 213 typically on the inside of the tire so that the
under-vehicle mounted antenna(s) have a line of sight view of
antenna 214. Monitor 210 is connected to an inductive wire
212, which matches the output of the device with the antenna
214, which is part of the device assembly. Insulating material
211 surrounds the body which provides an air tight seal and
prevents electrical contact with the wheel rim 213.

FIG. 38 illustrates an alternate method of applying a force
to a SAW pressure sensor from the pressure capsule and FIG.
38A is adetailed view of area 38 A in FIG. 38. In this case. the
diaphragm in the pressure capsule is replaced by a metal ball
643 which is elastically held in a hole by silicone rubber 642.
The silicone rubber 643 can be loaded with a clay type mate-
rial or coated with a metallic coating to reduce gas leakage
past the ball. Changes in pressure in the pressure capsule act
on the ball 642 causing it to deflect and act on the SAW device
637 changing the strain therein.

An alternate method to that explained with reference to
FIG. 38A using a thin film of lithium niobate 644 is illustrated
in FIG. 39. In both of these cases, the lithium niobate 644 is
placed within the pressure chamber which also contains the
reference air pressure 640. A passage 645 for pressure feed is
provided. In the embodiments shown in FIGS. 38, 38A and
39, the pressure and temperature measurement is done on
different parts of a single SAW device whereas in the embodi-
ment shown in FIGS. 30A and 30B, two separate SAW
devices are used.

FIG. 40 illustrates a preferred four pulse design of a tire
temperature and pressure monitor based on SAW and FIG.
40A illustrates the echo pulse magnitudes from the design of
FIG. 40.

FIG. 41 illustrates an alternate shorter preferred four pulse
design of a tire temperature and pressure monitor based on
SAW and FIG. 41A illustrates the echo pulse magnitudes
from the design of FIG. 41. The innovative design of FIG. 41
is an improved design over that of FIG. 40 in that the length of
the SAW is reduced by approximately 50%. This not only
reduces the size of the device but also its cost.

1.4.1 Antenna Considerations

As discussed above in section 1.3.1, antennas are a very
important part of SAW and RFID wireless devices such as tire
monitors. The discussion of that section applies particularly
to tire monitors but need not be repeated here.

1.4.2 Boosting Signals

FIG. 42 illustrates an arrangement for providing a boosted
signal from a SAW device is designated generally as 220 and
comprises a SAW device 221, a circulator 222 having a first
port or input channel designated Port A and a second port or
input channel designated Port B, and an antenna 223. The
circulator 222 is interposed between the SAW device 221 and
the antenna 223 with Port A receiving a signal from the
antenna 223 and Port B receiving a signal from the SAW
device 221.

In use, the antenna 223 receives a signal when a measure-
ment from the SAW device 221 is wanted and a signal from
the antenna 16 is switched into Port A where it is amplified
and output to Port B. The amplified signal from Port B is
directed to the SAW device 221 for the SAW to provide a
delayed signal indicative of the property or characteristic
measured or detected by the SAW device 221. The delayed
signal is directed to Port B of the circulator 222 which boosts
the delayed signal and outputs the boosted, delayed signal to
Port A from where it is directed to the antenna 16 for trans-
mission to a receiving and processing module 224.
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The receiving and processing module 224 transmits the
initial signal to the antenna 16 when a measurement or detec-
tion by the SAW device 221 is desired and then receives the
delayed, boosted signal from the antenna 223 containing
information about the measurement or detection performed
by the SAW device 221.

The circuit which amplifies the signal from the antenna 223
and the delayed signal from the SAW device 221 is shown in
FIG. 43. As shown, the circuit provides an amplification of
approximately 6 db in each direction for a total, round-trip
signal gain of 12 db. This circuit requires power as described
herein which can be supplied by a battery or generator. A
detailed description of the circuit is omitted as it will be
understood by those skilled in the art.

As shown in FIG. 44, the circuit of FI1G. 43 includes elec-
tronic components arranged to form a first signal splitter 225
in connection with the first port Port A adjacent the antenna
223 and a second signal splitter 226 in connection with the
second port Port B adjacent the SAW device 221. Electronic
components are also provided to amplify the signal being
directed from the antenna 223 to the SAW device 221 (gain
component 227) and to amplify the signal being directed from
the SAW device 221 to the antenna 223 (gain component
228).

The circuit is powered by a battery, of either a conventional
type or an atomic battery (as discussed below), or, when used
in connection with a tire of the vehicle, a capacitor, super
capacitor or ultracapacitor (super cap) and charged by, for
example, rotation of the tire or movement of one or more
masses as described in more detail elsewhere herein. Thus,
when the vehicle is moving, the circuit is in an active mode
and a capacitor in the circuit is charged. On the other hand,
when the vehicle is stopped, the circuit is in a passive mode
and the capacitor is discharged. In either case, the pressure
measurement in the tire can be transmitted to the interrogator.

Instead of a SAW device 221, Port B can be connected to an
RFID (radio frequency identification) tag or another electri-
cal component which provides a response based on an input
signal and/or generates a signal in response to a detected or
measured property or characteristic.

Also, the circuit can be arranged on other movable struc-
tures, other than a vehicle tire, whereby the movement of the
structure causes charging of the capacitor and when the struc-
ture is not moving, the capacitor discharges and provides
energy. Other movable structures include other parts of a
vehicle including trailers and containers, boats, airplanes etc.,
a person, animal, wind or wave-operated device, tree or any
structure, living or not, that can move and thereby permit a
properly designed energy generator to generate electrical
energy. Naturally other sources of environmental energy can
be used consistent with the invention such as wind, solar,
tidal, thermal, acoustic etc.

FIGS. 45 and 46 show a circuit used for charging a capaci-
tor during movement of a vehicle which may be used to power
the boosting arrangement of FIG. 42 or for any other appli-
cation in which energy is required to power a component such
as a component of a vehicle. The energy can be generated by
the motion of the vehicle so that the capacitor has a charging
mode when the vehicle is moving (the active mode) and a
discharge, energy-supplying phase when the vehicle is sta-
tionary or not moving sufficient fast to enable charging (the
passive mode).

As shown in FIGS. 45 and 46, the charging circuit 230 has
a charging capacitor 231 and two masses 232,233 (FIG. 45)
mounted perpendicular to one another (one in a direction
orthogonal or perpendicular to the other). The masses 232,
233 are each coupled to mechanical-electrical converters 234
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to convert the movement of the mass into electric signals and
each converter 234 is coupled to a bridge rectifier 235. Bridge
rectifiers 235 may be the same as one another or different and
are known to those skilled in the art. As shown, the bridge
rectifiers 235 each comprise four Zener diodes 236. The out-
put of the bridge rectifiers 235 is passed to the capacitor 231
to charge it. A Zener diode 44 is arranged in parallel with the
capacitor 231 to prevent overcharging of the capacitor 231.
Instead of capacitor 231, multiple capacitors or a recharge-
able battery or other energy-storing device or component can
be used.

An RF MEMS or equivalent switch, not shown, can be
added to switch the circulator into and out of the circuit
slightly increasing the efficiency of the system when power is
not present. Heretofore, RF MEMS switches have not been
used in the tire, RFID or SAW sensor environment such as for
TPM power and antenna switching. One example of an RF
MEMS switch is manufactured by Teravicta Technologies
Inc. The company’s initial product, the TT612,isa0to 6 GHz
RF MEMS single-pole, double-throw (SPDT) switch. Ithas a
loss of 0.14-dB at 2-GHz, good linearity and a power han-
dling capability of three watts continuous, all enclosed within
a surface mount package.

1.4.3 Energy Generation

There are a variety of non-conventional battery and battery
less power sources for the use with tire monitors, some of
which also will operate with other SAW sensors. One method
is to create a magnetic field near the tire and to place a coil
within the tire that passes through the magnetic field and
thereby generate a current. It may even be possible to use the
earth’s magnetic field. Another method is to create an electric
field and capacitively couple to a circuit within the tire that
responds to an alternating electric field external to the tire and
thereby induce a current in the circuit within the tire. One
prior art system uses a weight that responds to the cyclic
change in the gravity vector as the tire rotates to run a small
pump that inflates the tire. That principle can also be used to
generate a current as the weight moves back and forth.

One interesting possibility is to use the principle of regen-
erative braking to generate energy within a tire in a manner
similar to the way such systems are in use on electric vehicles.
Such a device can generate energy within each tire every time
the vehicle is stopped. Such a regenerative unit can be a small
device used in conjunction with a primary regenerative unit
that could reside on the vehicle. Such a unit can be designed
to operate just as the brakes are being applied and make use of
the slip between the fixed and movable surfaces of the brake.
many other methods will now be obvious wherein the relative
motion of the two engaging surfaces of a brake assembly can
be used to generate power. Another method, for example,
could be to generate energy inductively between the moving
and fixed brake surfaces or other surfaces that move relative to
each other. A further method to generate energy could be
based on movement of the plates of a capacitor relative to
each other to generate a current. Many ofthese methods could
be part of or separate from the brake assembly as desired by
the skilled-in-the-art designer.

A novel method is to use a small generator that can be based
on MEMS or other principles in a manner to that discussed in
Gilleo, Ken, “Never Need Batteries Again” appearing at
http://www.e-insite.net/epp/
index.asp?layout=article&articleid=CA219070. This article
describes a MEMS energy extractor that can be placed on any
vibrating object where it will extract energy from the vibra-
tions. Such a device would need to be especially designed for
use in tire monitoring, or other vehicle or non-vehicle appli-
cation, in order to optimize the extraction of energy. The
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device would not be limited to the variations in the gravity
vector, although it could make use of'it, but can also generate
electricity from all motions of the tire including those caused
by bumps and uneven roadways. The greater the vibration, the
more electric power that will be generated.

FIGS. 47, 47A and 478 illustrate a tire pumping system
having a housing for mounting external to a tire, e.g., on the
wheel rim. This particular design is optimized for reacting to
the variation in gravitational vector as the wheel rotates and is
shown in the pumping design implementation mode. The
housing includes a mass 241 responsive to the gravitational
vector as the wheel rotates and a piston rod connected to, part
of or formed integral with the mass 241. The mass 241 may
thus have an annular portion (against which springs 242 bear)
and an elongated cylindrical portion (movable in chambers)
as shown, i.e., the piston rod or similar structure. The mass
241 alternately compresses the springs 242, one on each side
of'the mass 241, and draws in air through inlet valves 244 and
exhausts air through exhaust valves 245 to enter the tire
through nipples 243. Mass 241 is shown smaller that it would
in fact be. To minimize the effects of centrifugal acceleration,
the mass 241 is placed as close as possible to the wheel axis.

When the mass 241 moves in one direction, for example to
the left in FIGS. 47 A and 47B, the piston rod fixed to the mass
241 moves to the left so that air is drawn into a chamber
defined in a cylinder through the inlet valve 244. Upon sub-
sequent rotation of the wheel, the mass 241 moves to the right
causing the piston rod to move to the right and force the air
previously drawn into chamber through an exhaust valve 245
and into a tube leading to the nipple 243 and into the tire.
During this same rightward movement of the piston rod, airis
drawn into a chamber defined in the other cylinder through
the other inlet valve 244. Upon subsequent rotation of the
wheel, the mass 241 moves to the left causing the piston rod
to move to the left and force the air previously drawn into
chamber through an exhaust valve 245 and into a second tube
leading to the other nipple 243 and into the tire. In this
manner, the reciprocal movement of the mass 241 results in
inflation of the tire.

Valves 244 are designed as inlet valves and do not allow
flow from the chambers to the surrounding atmosphere.
Valves 245 are designed as exhaust valves and do not allow
flow from the tubes into the respective chamber.

In operation, other forces such as caused by the tire impact-
ing a bump in the road will also effect the pump operation and
in many cases it will dominate. As the wheel rotates (and the
mass 241 moves back and forth for example at a rate of mg cos
(wt), the tire is pumped up.

In the illustrated embodiment, the housing includes two
cylinders each defining a respective chamber, two springs
242, two tubes and an inlet and exhaust valve for each cham-
ber. It is possible to provide a housing having only a single
cylinder defining one chamber with inlet and exhaust valves,
and associated tube leading to a nipple of the tire. The tire
pumping system would then include only a single piston rod
and a single spring.

The mass would thus inflate the tire at half the inflation rate
when two cylinders are provided (assuming the same size
cylinder is provided). It is also contemplated that a housing
having three cylinders and associated pumping structure
could be provided. The number of cylinders could depend on
the number of nipples on the tire. Also, it is possible to have
multiple cylinders leading to a common tube leading to a
common nipple.

Alternately, instead of a pump which is operated based on
movement of the mass, an electricity generating system can
be provided which powers a pump or other device on the
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vehicle. FIG. 47C shows an electricity generating system in
which the mass 241 is magnetized and includes a piston rod
238 and coils 262 are wrapped around cylinders 246 A, 246B
which define chambers 239A, 239B in which the piston rod
238 moves. As the tire rotates, the system generates electricity
and charges a storage or load device 263 as described above.
Thus, in this embodiment of an electricity generating system,
the housing 240 is mounted external to the tire, or within the
tire, and includes one or more cylinders 246A, 2468 each
defining a chamber 239A, 239B. The mass 241 is movable in
the housing 240 in response to rotation thereof and includes a
magnetic piston rod 238 movable in each chamber 239A,
239B. The magnetic piston rod 238 may be formed integral
with or separate from, but connected to, the mass 241. A
spring is compressed by the mass 241 upon movement thereof
and if two springs 242 are provided, each may be arranged
between arespective side of the mass 241 and the housing 240
and compressed upon movement of the mass 241 in opposite
directions. An energy storage or load device 263 is connected
to each coil 262, e.g., by wires, so that upon rotation of the
tire, the mass 241 moves causing the piston 238 to move in
each chamber 239A, 239B and impart a charge to each coil
262 which is stored or used by the energy storage or load
device 263. When two coils 262 are provided, upon rotation
of'the tire, the mass 241 moves causing the piston rod 238 to
alternately move in the chambers 239A, 239B relative to the
coils 262 and impart a charge alternatingly to one or the other
of'the coils 262 which is stored or used by the energy storage
or load device 263.

The energy storage device 263 can be used to power a tire
pump 264 and coupled thereto can be a wire 271, and a tube
252 can be provided to couple the pump 264 to the nipple 293
of'the tire. Obviously, the pump 264 must communicate with
the atmosphere through the housing walls to provide an intake
air flow.

The housing 240 may be mounted to the wheel rim or tire
via any type of connection mechanism, such as by bolts or
other fasteners through the holes provided. In the alternative,
the housing 240 may be integrally constructed with the wheel
rim.

Non-linear springs 242 can be used to help compensate for
the effects of centrifugal accelerations. Naturally, this design
will work best at low vehicle speeds or when the road is rough.

FIGS. 48A and 48B illustrate two versions of an RFID tag,
FIG. 48A is optimized for high frequency operation such as a
frequency of about 2.4 GHz and FIG. 48B is optimized for
low frequency operation such as a frequency of about 13.5
MHz. The operation of both of these tags is described in U.S.
Pat. No. 6,486,780 and each tag comprises an antenna 248, an
electronic circuit 247 and a capacitor 249. The circuit 247
contains a memory that contains the ID portion of the tag. For
the purposes herein, it is not necessary to have the ID portion
of'the tag present and the tag can be used to charge a capacitor
or ultra-capacitor 249 which can then be used to boost the
signal of the SAW TPM as described above. The frequency of
the tag can be set to be the same as the SAW TPM or it can be
different permitting a dual frequency system which can make
better use of the available electromagnetic spectrum. For
energy transfer purposes, a wideband or ultra-wideband sys-
tem that allows the total amount of radiation within a particu-
lar band to be minimized but spreads the energy over a wide
band can also be used.

Other systems that can be used to generate energy include
a coil and appropriate circuitry, not shown, that cuts the lines
of flux of the earth’s magnetic field, a solar battery attached to
the tire sidewall, not shown, and a MEMS or other energy-
based generators which use the vibrations in the tire. The
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bending deflection of tread or the deflection of the tire itself
relative to the tire rim can also be used as sources of energy,
as disclosed below. Additionally, the use of a PZT or piezo-
electric material with a weight, as in an accelerometer, can be
used in the presence of vibration or a varying acceleration
field to generate energy. All of these systems can be used with
the boosting circuit with or without a MEMS RF or other
appropriate mechanical or electronic switch.

FIGS. 49A and 49B illustrate a pad 250 made from a
piezoelectric material such as polyvinylidene fluoride
(PVDF) that is attached to the inside of a tire adjacent to the
tread and between the side walls. Other PZT or piezoelectric
materials can also be used instead of PVDF. As the material of
the pad 250 flexes when the tire rotates and brings the pad 250
close to the ground, a charge appears on different sides of the
pad 250 thereby creating a voltage that can be used along with
appropriate circuitry, not shown, to charge an energy storage
device or power a vehicular component. Similarly, as the pad
250 leaves the vicinity of the road surface and returns to its
original shape, another voltage appears having the opposite
polarity thereby creating an alternating current. The appro-
priate circuitry 251 coupled to the pad 250 then rectifies the
current and charges the energy storage device, possibly incor-
porated within the circuitry 251.

Variations include the use of a thicker layer or a plurality of
parallel layers of piezoelectric material to increase the energy
generating capacity. Additionally, a plurality of pad sections
can be joined together to form a belt that stretches around the
entire inner circumference of the tire to increase the energy-
generating capacity and allow for a simple self-supporting
installation. Through a clever choice of geometry known or
readily determinable by those skilled in the art, a substantial
amount of generating capacity can be created and more than
enough power produced to operate the booster as well as other
circuitry including an accelerometer. Furthermore, PVDF is
an inexpensive material so that the cost of this generator is
small. Since substantial electrical energy can be generated by
this system, an electrical pump can be driven to maintain the
desired tire pressure for all normal deflation cases. Such a
system will not suffice if a tire blowout occurs.

A variety of additional features can also be obtained from
this geometry such as a measure ofthe footprint of the tire and
thus, when combined with the tire pressure, a measure of the
load on the tire can be obtained. Vibrations in the tire caused
by exposed steel belts, indicating tire wear, a nail, bulge or
other defect will also be detectable by appropriate circuitry
that monitors the information available on the generated volt-
age or current. This can also be accomplished by the system
that is powered by the change in distance between the tread
and the rim as the tire rotates coupled with a measure of the
pressure within the tire.

FIGS. 50A-50D illustrate another tire pumping and/or
energy-generating system based on the principle that as the
tire rotates the distance from the rim to the tire tread or ground
changes and that fact can be used to pump air or generate
electricity. In the embodiment shown in FIGS. 50A and 50B,
air from the atmosphere enters a chamber in the housing or
cylinder 254 through an inlet or intake valve 255 during the
up-stroke of a piston 253, and during the down-stroke of the
piston 253, the air is compressed in the chamber in the cylin-
der 254 and flows out of exhaust valve 260 into the tire. The
piston 253 thus moves at least partly in the chamber in the
cylinder 254. A conduit is provided in the piston 253 in
connection with the inlet valve 255 to allow the flow of air
from the ambient atmosphere to the chamber in the cylinder
254.
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In the electrical energy-generating example (FIG. 50C), a
piston 257 having a magnet that creates magnet flux travels
within a coil 256 (the up and down stroke occur at least partly
within the space enclosed by the coil 256) and electricity is
generated. The electricity is rectified, processed and stored as
in the above examples. Naturally, the force available can be
substantial as a portion of the entire load on the tire can be
used.

The rod connecting the rim to the device can be designed to
flex under significant load so that the entire mechanism is not
subjected to full load on the tire if the tire does start going flat.
Alternately, a failure mode can be designed into the mecha-
nism so that a replaceable gasket 258, or some other restor-
able system, permits the rod of the device to displace when the
tire goes flat as, for example, when a nail 259 punctures the
tire (see FIG. 50D). This design has a further advantage in that
when the piston bottoms out indicating a substantial loss of air
or failure of the tire, a once-per-revolution vibration that
should be clearly noticeable to the driver occurs. Naturally,
several devices can be used and positioned so that they remain
in balance. Alternately this device, or a similar especially
designed device, by itself can be used to measure tire deflec-
tion and thus a combination of tire pressure and vehicle load.

An alternate approach is to make use of a nuclear micro-
battery as described in, A. Amit and J. Blanchard “The Dain-
tiest Dynamos”,  (http://www.spectrum.iece.org/ WEB-
ONLY/publicfeature/sep04/0904nuc. html#t1) IEEE
Spectrum online 2004. Other energy harvesting devices
include an inductive based technology from Ferro Solutions
Inc. These innovative ideas and more to come are applicable
for powering the devices described herein including tire pres-
sure and temperature monitors, for example.

Ultra-capacitors are now being developed to replace bat-
teries in laptop computers and other consumer electronic
devices. They also have a unique role to play in tire monitors
when energy harvesting systems are used and generally as
replacement for batteries. A key advantage of an ultra-capaci-
tor is its insensitivity to high temperatures that can destroy
conventional batteries or to low temperatures that can tempo-
rarily render them non-functional. Ultra-capacitors also do
not require replacement when their energy is exhausted and
can be simply be recharged rather than requiring replacement
as in the case of batteries.

1.4.4 Communication, RFID

One problem discussed in relevant patents and literature on
tire monitoring is the determination of which tire has what
pressure. A variety of approaches have been suggested in the
current assignee’s patents and patent applications including
placing an antenna near each wheel, the use of highly direc-
tional antennas (one per wheel but centrally located), the use
of multiple antennas and measuring the time of arrival or
angle of arrival of the pulses and the use of an identification
code, such as a number, that is transmitted along with the tire
pressure and temperature readings. For this latter case, the
combination of an RFID with a SAW TPM is suggested
herein. Such a combination RFID and SAW, or an RFID
assembly, in addition to providing energy to boost the SAW
system, as described above, can also provide a tire ID to the
interrogator. The 1D portion of the RFID can be a number
stored in memory or it can be in the form of another SAW
device. In this case, a PVDF RFID Tag can be used that can be
manufactured at low cost. Specifically, the PVDF ID inter-
digital transducers (IDTs) can be printed onto the PVDF
material using an ink jet printer, for example, or other printing
method and thus create an ID tag at a low cost and remove the
need for memory in the RFID electronic circuit.
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A SAW-based tire monitor can preferably be mounted in a
vertical plane to minimize the effects of centrifugal accelera-
tion. This can be important with SAW devices due to the low
signal level, unless boosted, and the noise that can be intro-
duced into the system by mechanical vibrations, for example.

Use of a SAW-based TPM, and particularly a boosted
SAW-based TPM as described herein, permits the aftermarket
replacement for other battery-powered TPM systems, such as
those manufactured by Schrader, which are mounted on the
tire valves with a battery-less replacement product removing
the need periodic replacement and solving the disposal prob-
lem.

Although in general, use of a single TPM per tire or wheel
is discussed and illustrated above, it is also possible to place
two or more such devices on a wheel thereby reducing the
effect of angular position of the wheel on the transmission and
reception of the signal. This is especially useful when passive
SAW or RFID devices are used due to their limited range.
Also, since the cost of such devices is low, the cost of adding
this redundancy is also low.

U.S. Pat. No. 6,581,449 describes the use of an RFID-
based TPM as also disclosed herein wherein a reader is asso-
ciated with each tire. In the invention herein, the added cost
associated with multiple interrogators, or multiple antennas
connected with coax cable, is replaced with the lower cost
solution of a single interrogator and multiple centrally located
antennas.

The ability to monitor a variety of tires from a single
location in or on a vehicle has been discussed above as being
important for keeping the cost of the system low. The need to
run a wire to each wheel well, and especially if this wire must
be a coax cable, can add substantially to the installed system
cost. One method of increasing the range of RFID is
described in Karthaus, U. etal. “Fully integrated passive UHF
RFID transponder IC with 16.7 microwatt Input Power” IEEE
Journal of Solid-State Circuits, Vol. 38, No. 10, October 2003
and is applicable to the inventions disclosed herein. Another
approach is to make use of the intermittent part of FCC Rule
15 wherein the transmissions per hour are limited to 2 sec-
onds. In that case, the transmitted power can be increased
substantially which can result in an 80 db gain which can very
substantially increase the distance permitted from the antenna
to the SAW or RFID device. Also, Niekerk describes an
extended-range RFID that is useable with at least one inven-
tion disclosed herein as described in U.S. Pat. No. 6,463,798,
U.S. Pat. No. 6,571,617 and U.S. patent application publica-
tion Nos. 20020092346 and 20020092347.

When using an RFID device as described herein, the fre-
quency the RFID device transmits can be different from the
frequency used to power the RFID device and both can be
different from the frequency used by a SAW device that may
be present. Sometimes a low frequency in the KHz range can
be used to pass energy to a tire-mounted device as the device
can be in the near field which can be more efficient for energy
transfer. On the other hand, a directional high frequency
transmission, for example in the 900 MHz range, may be
more efficient for information transfer. Also, FCC rules may
permit higher transmit power for some frequencies such as
Radar which can make these frequencies better for power
transfer.

When a box, for example, contains 100 RFID tags (which
may be passive tags), the RFID industry has developed meth-
ods to read and write to all 100 tags without data collision
problems. This is partially due to the digital nature of the
RFID communication protocols. See, for example
GB2259227, W09835327, W00241650, U.S. Pat. No.
3,860,922, U.S. Pat. No. 4,471,345, U.S. Pat. No. 5,521,601,
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U.S. Pat. No. 5,266,925, U.S. Pat. No. 5,550,547, U.S. Pat.
No. 5,521,601, U.S. Pat. No. 5,673,037, U.S. Pat. No. 5,515,
053, U.S. Pat. No. 6,377,203, and U.S. patent application
publication Nos. 20020063622 and 20030001009. When
communicating with a SAW device, analogue information is
received from each SAW making it more difficult to separate
the transmissions from the four tires using a single, centrally
mounted antenna system. Thus if the signals were purely
RFID-based, then this separation can be achieved but with
SAW systems, even thought they have a greater range than
RFID systems, this separation is more difficult. Discussions
above have addressed this problem using smart antennas,
multiple antennas and other mechanisms that use information
related to tire rotation etc. Others in the industry have solved
the problem by putting an antenna in each wheel well which
significantly increases the installation costs since the wires to
each wheel well should be coax cables. The solution
described below is thus a significant breakthrough in this
field.

The following discussion is directed to a preferred embodi-
ment of a tire pressure and temperature sensor based on SAW
but using a companion RFID device in a novel and unique
manner. Inthis design, sketched in FIG. 86, one or more RFID
devices 302 each function as, controls or includes a switch
315 that turns on when it receives its appropriate code. This
technique is equally applicable to other SAW-based sensors
and is not limited to tire monitors. Thus, other components of
the vehicle can be monitored by SAW-based sensors com-
bined with RFID devices, i.e., RFID assemblies, and more-
over, sensors other than SAW-based sensors can be combined
with the RFID devices. A vehicle could therefore include a
plurality of such RFID assemblies. Exemplifying sensors
include accelerometers, seatbelt tension sensors, seat position
sensors, seatback angle sensors, occupant weight sensors,
occupant presence sensors, temperature sensors, and various
tire monitoring sensors such as tire pressure sensors, tire
temperature sensors and tire acceleration sensors. More gen-
erally, the sensor may be one which provides a determination,
detection or measurement of or is based on use of a chemical,
vapor, pressure, liquid level, strain, stress, weight, switch
pattern, presence of an object, temperature, acceleration,
angular motion, a biological substance, pollution, shock,
noise, light, radiation, environmental property, motion, heart-
beat, passive infrared, electromagnetic energy, or ultrasonic
waves. The RFID assembly may be arranged on or in asso-
ciation with the steering wheel, a door, a seat, or an airbag
module to monitor a property of these components or define
a user input device on these components, e.g., monitor
whether the door is open or closed or determine the fore and
aft position of the seat. Optionally, the RFID assembly
includes a mechanism for generating energy during move-
ment of the vehicle and supplying the generated energy to the
sensor.

Each sensor assembly (tire pressure monitor or other) can
include an antenna 303 in series with an RFID device 302/
switch 315 in series with the SAW sensor 304. Each RFID
device 302 has a programmable address (which may or may
not come pre-programmed) and either has within, or can
control externally, switch 315 that connects or disconnects
the SAW sensor 304 from a circuit. The interrogator 309 can
send either RFID device signals or commands or can send
SAW device interrogation pulses. RFID commands can be:

<Address> enable switch 315

All sensors disable

When the RFID device 302 receives the enable command
from the interrogator 309, matched to its address or in other
words containing its identification, it can close the switch 315
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and connect the SAW sensor 304 to the receive antenna 303.
The interrogator 309 will then send a SAW interrogation
signal to be received by the SAW sensor 304 (which can be
part of a preferred pressure sensor) a single pulse and monitor
the received transmission from the SAW sensor 304. The
transmission from the SAW sensor 304 would be indicative of
the property being monitored by the SAW sensor 304 and
could be correlated to a measurement of the property by a
processing unit associated with the interrogator 309. After the
transmission is received, the interrogator 309 will then send
the disable command. Control of the interrogator 309 may be
by means of the associated processing unit, and processing
units for interrogators are known to those skilled in the art.

When the RF device 302 receives an RF signal which does
not contain its identification, such as the all sensors disable
command, switch 315 would be moved to an open state if it
were in a closed state and transmissions of RF signals from
the interrogator 309 to the RFID assembly would be disabled.

Power for the RFID device 302 may be provided via the
transmission from the interrogator 309, e.g., a transmission at
a low frequency in the KHz range. As noted above, the fre-
quency the RFID device 302 transmits can be different from
the frequency used to power the RFID device 302. A supple-
mentary power channel may therefore be used to supply
power to the RFID device 302 from the interrogator 309
which is separated from the channel containing the identifi-
cation information for the RFID device 302 in frequency
and/or time domain.

Independent RFID switches, i.e., without associated sen-
sors, can also be arranged in the vehicle to determine the
status of a component of the vehicle or effect control of one of
the components. As such, when the RFID switch detects a
signal containing its identification, it would provide a respon-
sive signal indicative of the status of the component or an
indication for control of the component. One such component
is a seatbelt wherein the RFID switch is arranged in connec-
tion with the buckle to determine whether the seatbelt is
buckled. It would therefore return a signal indicating that the
seatbelt is buckled or that the seatbelt is not buckled.

The RFID device 302 and switches may be arranged in a
wireless network. Wireless networks in accordance with the
invention could therefore include only RFID assemblies, only
RFID switches or a combination of both RFID assemblies,
each including an RFID switch and sensor, and RFID
switches, the latter being a preferred implementation. A basic
wireless network includes one RFID assembly and one RFID
switch, although any number of RFID assemblies and RFID
switches maybe provided. A common interrogator may be
provided to control the RFID network. This interrogator
could communicate with remote locations via a communica-
tions unit connected thereto, such a communications scheme
being described in related applications. A network with pow-
erless components is created when the RFID assemblies
receive their power through the RF transmission from the
interrogator, since when the RFID assemblies include passive
SAW sensors, the passive SAW sensors do not require power
but rather modify an incoming wave. Designing such a wire-
less network would entail identifying those applications
requiring a sensor, in which case, an RFID assembly would be
used, and those which require only a switch function, in
which case, a stand-alone RFID switch would be used.

When the RFID device 302 sees the global disable com-
mand, it can open the switch 315, disconnecting the SAW
sensor 304 from the circuit with the receive antenna 303. In
this manner, only one SAW sensor 304 will respond at any
given time. This can be advantageous for a tire pressure and
temperature device, for example, in that coherent interference
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greatly influences the ability of the interrogator circuitry to
accurately measure phase change, for example. This means
that if multiple sensors responded at the same time, the accu-
racy of the system can be substantially degraded. Consider
the following example:

Input Information:

Radiated power of interrogator to remain within FCC
requirements—7P,, .., ~0.5 W;

Radiated frequency—433.92 MHz;

Total losses of a radio signal cycle—50t0 55 dB consisting
of;

1L,,,.s=—20 dB—sensor losses;

IL,,,==15-17.5 dB—Losses in transmission from the
interrogator to the sensor;
our=—15-17.5 dB—Losses in transmission from the sen-

sor to the interrogator.
Transponder’s antenna impedance—R ,, =75 Ohm.

The pulse amplitude U,,,. in the sensor’s antenna (input
signal) is:

Upic.=1.4* [Pburs. FILinpt.*Rsens.=1.144-1.525 V

This is consistent with work of Transense Technologies in
their published results where they show oscilloscope traces of
a 500 mv interrogator pulse measured at the SAW antenna
yielding a larger than 1 volt pulse in the SAW circuit as shown
in FIG. 51.

An example of the electric circuit for such a transponder is
shown in FIG. 52.

An oscillogram of RE pulses, which are radiated by the
interrogator, is illustrated in FIG. 53.

The transponder’s antenna is connected to two diode detec-
tors, D1 and D2, which transpose the signal from the antenna
to create a supply voltage (approximately 1.2V) for the digital
code analyzer DK1 and sensor’s SPDT switch S1, the
response of which is shown in FIG. 54. FIG. 55 illustrates the
output from diode detectors D3 and D4 which transpose
signals from the antenna to digital code.

If the code sequence from the interrogator corresponds to
an individual code of the given sensor, the digital code ana-
lyzer causes a switch to be turned on. In the illustrated
example, the code sequence consists of two pulses. The num-
ber of pulses can of course be increased and, as discussed
below, a 32 or 64 bit switch is contemplated for some imple-
mentations.

Generally, the pulse duration of the power excitation and
call letter signals can be 70 to 80 microseconds as shown.
During this time period, the supply voltage is relatively con-
stant and the sensor is not connected to the antenna. Thus
there are no echo pulses excited in the sensor.

Ifthe code sequence is correct and a turn-on voltage for the
switchis received, the sensor is connected to the antenna. This
state remains for a long time such as hundreds of microsec-
onds. The SAW sensor is thus ready to measure the tempera-
ture and pressure. After sensing an interrogation pulse to the
SAW sensor, it is necessary to pause before for approximately
20 microseconds (in this case) before sending a new interro-
gating pulse. This pause is necessary in order to let the echo
pulses which still remain from the previous interrogating
pulse to die out or dissipate. Thus, it is possible to execute
sequentially 10 to 30 cycles of independent measurements
since the retention time of a supply voltage is 300 to 500
microseconds.

A sensor can be disconnected from the antenna for one of
two reasons:

1. When a special code sequence is received, the turn off all

sensors code. This code sequence is the same for all
Sensors.
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2. If the supply voltages has decreased below a threshold
and no pulses come from the antenna which can happen,
for example, when the vehicle is parked. In the illus-
trated example, this will happen in approximately 10
milliseconds.

Modeling of the circuit design has been done with the
“CircuitMaker 2000” software package. It was assumed that
a special microcircuit chip with a 1 to 1.5 V supply voltage
and approximately a 10 microampere current mode is used. It
conforms to the equivalent resistance which is connected to
power supply, 10K. Such microcircuit chips are used in elec-
tronic watches and micro calculators. Note that for a particu-
lar design if the supply voltage proves insufficient, it is pos-
sible to use diode voltage multipliers (in the circuit’s
schematic, a doubling diode detector is shown).

The above discussion assumes that the interrogator knows
the switch ID for each wheel or other such device on the
vehicle. Initially or after a tire rotation, for example, or the
addition of additional similar devices, the vehicle interrogator
will not know the switch IDs and thus a general method is
required to teach the interrogator this information. Many
schemes exist or can be developed to accomplish this goal.
Each of the devices can be manually activated, for example,
under an interrogator learning mode or through the use of a
manual switch on each tire.

An alternate and preferred method in accordance with the
invention is to have this accomplished automatically as in a
plug-and-play type of system. One way of accomplishing this
will now be described but this invention is not limited to this
particular method and encompasses any and all methods of
automatically locating an RFID, SAW or similar sensing
device including tire temperature and pressure monitors,
other temperature, liquid level, switch, chemical etc. sensors
as discussed anywhere else herein and other similar type
devices that are not discussed herein. See also, for example,
U.S. Pat. No. 6,577,238.

In a preferred implementation, each device is also provided
with a conventional RFID tag which can be read with a
general command in a similar method as conventional RFID
tags. These tags may operate at a different frequency than the
RFID switch discussed above. The RFID tag associated with
aparticular device will have either the same code as the RFID
switch or one where the switch code is derivable from the tag
code, or possibly correlated thereto in a processing unit asso-
ciated with the interrogator(s). The interrogator, on key-on of
the vehicle, or at some other convenient time, will interrogate
all RFID tags that are resident on the vehicle by transmitting
RFID activation signals and record the returned identification
numbers from the responsive RFID tags. During this process,
the interrogator or associated processing unit will also deter-
mine the location of each tag based on, for example, time of
flight, time of arrival at different elements of an antenna array,
angle of arrival, coefficients of a smart antenna (such as
Motia), or any other similar method. This is possible since the
tags will be sending digital information according to a fixed
protocol. This can be much more difficult to achieve with
analogue data sent by a SAW transponder or sensor where the
exact format can depend on the value of the measurements
being made. Thus, by this method, the interrogator can deter-
mine the ID of the RFID switch and its location in a simple
manner, with this information being stored in a library of
memory for such data in the interrogator or associated pro-
cessing unit. Since this is a very infrequent event and in fact
the interrogator can be designed to only conduct this polling
operation once per hour or even no more than once per day,
the power that can be transmitted by the interrogator can be
the maximum allowable for the chosen frequency by the FCC.
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RFID readers can now read tags at a distance exceeding 3
meters, for example, can sort out 100 or more tags simulta-
neously. Note, that by using this method, the high power that
is only intermittently allowed by FCC regulations is only
needed to determine what devices are on the vehicle and
where they are located. After this is known, a much lower
power operation is used for switching the RFID switch and
interrogating the SAW sensor.

The switching component that accompanies the RFID
switch can be a FET, MEMS, PIN diode or CMOS device or
equivalent (see, e.g., Prophet, G “MEMS flex their tiny
muscles” pp. 63-72, EDN Magazine, Feb. 7, 2002). RF
switches are designed to switch Radio Frequency signals,
usually from the antenna. They must have low losses and be
able to match the impedances to keep the standing ware ratio
low. Some are designed to switch specific impedances e.g. 50
ohm, or 75 ohms and others are wide band and can switch
from DC to GH signals. The three common types are:

1. MEMS which are mechanical. Wide band, low loss, can
switch watts and requires milliwatts of Power to operate. The
switching speed is in the microsecond to milliseconds range.
One example switches in microseconds and requires (5 volts
@ 1 ma) 5 mw DC power to operate. Others exist with lower
switching voltage and power.

2. PIN Diode switches. Wide band, medium switching loss,
switches watts and requires low power to operate. The switch-
ing speed is fast. Some are designed for specific impedances
e.g. 50 ohm etc.

3. GaAs FET. These provide very fast switching with
medium switching losses, microwatts of power are required
to switch. Some require dual supply voltages to control
switch.

The RF switch switches on and off the sensor which can be
a SAW sensor to the antenna under control of a signal that
comes from identification device. Desirable properties of the
RF switch are:

Minimal level of required control voltage (1V-2V is pre-

ferred);

Minimal current consumption (less then 1 microampere is

preferred);

High off isolation (should be not less then 30 dB) when

drive signal is absent on control input pins;

Two types of RF switches have been tested for use in
transponders. They are: ADG936BRU (absorptive) and
ADG936BRU-R (reflective) ICs from Analog Devices (See
specifications of RF-switches ADG936BRU
HADGI936BRU-R from Analog Devices).

FIG. 52B ofthe parent *231 application illustrates an elec-
tronic circuit that can be used with the RFID switch discussed
above and FIG. 52C of the parent 231 application illustrates
an example of its timing diagram. The circuit operates as
follows. The interrogator (not shown) transmits a high power
RF pulse train which is received by all sensors. The power
pulse is rectified by PIN diode circuits D1 and D2 charging
Capacitors C3 and C4. This is the power source for the tran-
sponder. The voltage TPN to TPP is the supply voltage. The
1D code is shown at TPB, this is the input to the comparator in
the microprocessor. The microprocessor decodes the signal,
the one and only one which has the matching Code will switch
the CMOS switch U2 connecting the antenna to the SAW
device which will respond. Note the normal interrogator
pulses follow the ID code and are not shown on the above
timing diagram.

All sensors not having the sent code will immediately go to
sleep at the end of the ID code, only the one with matching
code will switch its U2 CMOS switch. The microprocessor
with the matching code will turn oft U2 and go to sleep at the
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end of the SAW sensor’s response. Since all SAW sensors
receive the Power UP and ID code signal, all sensors will
remain powered up at normal interrogation times. If there is a
long time between interrogations, the Power UP and ID code
will put all sensors in operation.

It is also proposed that an output from the microprocessor
be made available so that, before the sensor is installed or put
into the tire in the case of the TPM, the interrogator can read
and store the ID code for the unit. This would eliminate the
housekeeping chore of keeping track of codes. Each sensor
will have a unique ID number, for a 64 bit code there are
1.8447xE19 codes available. That’s about 4 k codes per each
person in the world.

Power can also be supplied by a PZT circuit, or other
energy harvesting method as discussed herein, which can
generate voltage for an ultracapacitor by the motion of the
tire. The microprocessor will operate with a supply voltage
from 2.2 to 3.6 volts. There are others that will operate below
this level but the selected CMOS switch won’t operate below
about 2.2 volts. The MSP430F is a low cost 16 bit micropro-
cessor from Texas Instruments. The above assumes a Pburst
of at least 0.5 Watts from the interrogator as per FIG. 51.

This universal concept can now be used for all situations
where a device is to be turned on wirelessly when the ID code
is not initially known. This concept can be used with RFID
tags that operate at any frequency from 12 KHzto 24 GHz and
beyond. It can be at the same frequency as the RFID switch or
ata different frequency. Ifthe same frequency is used then the
switch code can be different but derivable from the RFID tag.
For example, the tag code can always be an odd number and
the switch code equal the tag code plus 1. Any code length can
be used but the preferred code length is 32 bits since it pro-
vides 4.3 billion unique codes which is sufficient for dozens
of devices per vehicle.

The above discussion has covered SAW transponders and
RFID transponders and the combination of an RFID switch
with SAW and RFID tag transponders. RFID tags can send
data as well as their ID. The SAW device, however, provides
an analogue output which in general is interpreted by the
interrogator to determine the tire pressure and temperature,
for example. The incorporation of a typical analogue to digital
converter generally requires more power than is readily avail-
able in the systems that have been described herein. However,
the SAW device can and does in some of the above TPM
examples provide a series of pulses that relate to the tempera-
ture and pressure, for example, that can also be interpreted as
digital codes. These codes, with appropriate circuitry, can be
converted into bits of data and communicated by an RFID tag
thus eliminating the need to send data to the SAW from the
interrogator. This also eliminates the need for the RFID
switch. The drawback of such a system is that now the power
sufficient to operate an RFID tag at a distance of two or more
meters can exceed the limitations of Rule 15 of the FCC
regulations which allows an occasional high powered trans-
mission but not a continuous periodic transmission. However,
this problem can disappear with improvements in circuitry
and/or changes in or special exceptions allowed to the FCC
rules.

In addition to SAW devices for temperature and pressure
measurement, other low power devices exist such as capaci-
tive, inductive or resistive-based temperature and pressure
sensors and their use in conjunction with an RFID tag is
contemplated by the invention disclosed herein. For a similar
application of a combined passive RFID tag and a sensor see
D. Watters “Wireless Sensors Will Monitor Bridge Decks”,
Better Roads Magazine, February 2003. Previously, com-
bined RFID tags and sensors that are passive have not been
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used on vehicles for tire temperature and pressure monitoring
or for any other purpose. With the exception of the bridge
deck monitor, when sensors have been used with passive
RFID tags, only the tag has obtained its power from the RF
signal while the sensor has been separately battery or other-
wise powered (see, e.g., U.S. Pat. No. 6,377,203).

An alternate SAW based tire pressure and temperature
monitor is illustrated in FIGS. 84 and 85. This design uses a
very low power circuit such that the power can be supplied by
radio frequency in the same way that RFID tags are powered.
Alternately the power can be supplied by an energy harvest-
ing device or even a very long life battery or ultracapacitor. A
block diagram is shown in FIG. 84 where:

Oscillator A can be either a delay line or resonator depend-
ing on how the sensor, for example a SAW, is used.

Oscillator B can be either a delay line or resonator depend-
ing on how the sensor, for example a SAW, is used.

F1 is the frequency which is determined by the sensor, for
example the SAW.

F2 is the frequency which is determined by F1 but also
varies with temperature.

F3 is the frequency which is determined by F1 but also
varies with temperature and pressure.

1 is a signal point in FIG. 84 at the mixer A output and is
equal to (F2+4F1)+(F2-F1)

4 is a signal point in FIG. 84 at the mixer A after filtering
output and is equal (F2-F1) which is a function of tempera-
ture.

2 is a signal point in FIG. 84 at the mixer B output and is
equal to=(F3+F2)+(F3-F2)

3 a signal point in FIG. 84 at the mixer B after filtering
output and is equal (F3-F2) which is a function of tempera-
ture.

The microprocessor measures frequency 3 and 4 by count-
ing. It also stores a 32, for example, bit ID codes and the
pressure and temperature calibration constants.

The operation is as follows. The Oscillator A and Oscillator
B may be delay line oscillators or resonator oscillators. The
SAW device is connected to low power Oscillator A and
Oscillator B. The SAW determines the frequency of the Oscil-
lator A and Oscillator B. The frequency, F2 of Oscillator A,
changes with temperature. The frequency, F3 of Oscillator B,
changes with temperature and with pressure. The frequency
F1 (Crystal Controlled) for the microprocessor is stable with
temperature. Mixer (MIX A) multiplies F2 and F1 giving an
output of (F2+F1) and (F2-F1), the LP Filter (low pass filter)
eliminates the (F2+F1) frequency leaving the output at 4 of
(F2-F1) which is a function of the temperature. The tempera-
ture function is measured by counting with the microproces-
sor. The scale factor correction (stored in the microprocessor)
sets the scale for temperature. The value is a digital number
stored in the microprocessor.

Mixer (MIX B) multiplies frequencies F2 and F3 having an
output of (F3+F2) and (F3-F2), the low pass filter (LP Filter)
removes the (frequency (F3+F2) leaving the output at 3 of
(F3-F2) which is the F(PSI) which is measured by the micro-
processor by counting. The scale factor correction for PSI is
stored in the microprocessor at calibration time. The resulting
output is the corrected PSI which is stored in the micropro-
cessor. The microprocessor controls an RF transmitter which
transmits the ID (identification code) of the unit along with
temperature and pressure to the receiver. The transmission is
pseudo random. Between readings, the RF transmitter is OFF,
and the microprocessor is in the sleep mode so that the aver-
age power is very low.

There is a connection to the microprocessor for calibration.
At manufacture, the 1D code typically 32 bits is stored in the
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microprocessor. Controlled temperature and pressure is
applied to the unit, scale factors are determined and stored in
the microprocessor. This allows for variation in SAW devices
to be compensated. Before the unit is put into operation (into
atire etc.) the unit is plugged into the display unit which reads
and stored the ID code. This is done using the Cal and install
connector.

The central unit, the Display unit has an RF receiver which
listens for a response, it reads the ID code, checks the ID
against its stored codes and if the code agrees displays the
readings. [f two codes arrive at the same time, they are disre-
garded and since the units talk at random the next readings
will arrive at different times and there will be no contention.
The transmitter sends the ID and data at frequency F(x) which
is totally independent of the frequency of the SAW device.
The transmitted signal is more tolerant to noise since the
signal transmitted is digital and not low level analog. Also the
transmitted path is one way so signal losses are lower. All
components except the SAW are low power and low cost
CMOS parts. Power is supplied circuit 2 at a frequency inde-
pendent of the F(x) frequency.

1.4.5 Exterior Tire Temperature Monitor

An externally-mounted tire temperature sensor will now be
discussed. FIG. 56 illustrates a tire temperature sensor that is
not mounted on the tire in accordance with an embodiment of
one of the inventions herein. The tire temperature sensor 265
is mounted on the vehicle in a position to receive thermal
radiation from the tire 266, e.g., situated in a tire well 267 of
the vehicle. Each tire well of the vehicle can include one or
more temperature sensors 265. [f more than one tire is present
in a well, e.g., on trucks, then the placement of a plurality of
sensors would be advantageous for the reasons discussed
below.

As shown in FIG. 56 A, temperature sensor 265 includes a
temperature measuring component 265A, a power supplying/
temperature measurement initiating component 265B
coupled to the temperature measuring component 265A anda
temperature transmission component 265C also coupled to
the temperature measuring component 265A.

Temperature measuring component 265A may be a trans-
ducer capable of measuring temperature within about 0.25
degrees (Centigrade). This becomes a very sensitive measure,
therefore, of the temperature of the tire if the measuring
component 265A is placed where ithas a clear view of the tire
tread or sidewall, i.e., the tire is in the field of view of the
measuring component 265A. The status of a tire, for example
whether it is worn and needs to be replaced, damaged or
operating normally, can then be determined in a processor or
central control module 268 by comparing it to one or more
mating tires on the vehicle. In the case of a truck trailer, the
mating tire would typically be the adjacent tire on the same
axle. In an automobile, the mating tire could be the other tire
at the front or back of the vehicle. Thus, for a sport utility
vehicle (SUV), the temperature of the two rear tires of the
SUV can be compared and if one is hotter than the other than
it can be assumed that if this temperature differential persists
that the hotter tire is under-inflated, delaminating, has a dam-
aged carcass or is otherwise defective.

Temperature measuring component 265A will usually
require power to enable it to function. Power is therefore
supplied by the power supplying/temperature measurement
initiating component 265B which may be in the form of
appropriate circuitry. When inductively powering sensor 265,
power supplying component 265B is located proximate the
pair of parallel wires carrying high frequency alternating
current through the vehicle and is designed to receive power
inductively from the pair of wires. Communication with sen-
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sor 265 could be over the same pair of parallel wires, i.e., a
single bus on the vehicle provides both communications and
power, and sensor 265 would have a dedicated address to
enable communication only with sensor 265 when desired.
This concept is discussed, for example, in U.S. Pat. No.
6,326,704 and elsewhere herein. Power supplying component
2658 can also be designed to be activated upon the transmis-
sion of radio frequency energy of a specific frequency. Thus,
when such radio frequency energy is transmitted, power sup-
plying component 265B is activated and provides sufficient
power to the temperature measuring component 265A to
conduct a measurement of the temperature of the tire and
enable the transmission of the detected temperature to a pro-
cessor or central control module of the vehicle via tempera-
ture transmission component 265C.

Power supplying component 265B can also be integrated
with a battery in the event that the circuitry for receiving
power inductively or through radio frequency energy is inop-
erable.

An electric circuit for inductively receiving power and an
electric circuit for supplying power upon being activated
upon transmission of a certain radio frequency are well-
known in the art and can be any of those in the prior art or any
improvements thereto. Also, the power supplying component
265B can be any component which is designed to receive
power (electricity) wirelessly or receive an activation signal
wirelessly or by wire.

The processor 268 is mounted in the vehicle and includes
any necessary circuitry and components to perform the recep-
tion function, i.e., the reception of the transmitted tempera-
ture from the temperature transmission component 265C of
each sensor 265, and the comparison function, i.e., to com-
pare mated tires, or to compare the temperature of the tire to
a threshold. The reception function may be performed by a
receiver 269 mounted in connection with the processor 268.

The threshold to which the temperature of the tire is com-
pared may be a predetermined threshold value for the specific
tire, or it may be variable depending on the vehicle on which
the tire is mounted. For example, it may depend on the weight
of'the vehicle, either in its unloaded state or in its loaded state.
It could also vary based on the driving conditions, weather
conditions or a combination of the previously mentioned
factors.

Upon the processor 268 making such a determination
based on the comparison of the data obtained from two tire
temperature sensors, it can activate or direct the activation of
aresponsive system to alert the driver by displaying a warning
light, sound an audible alarm or activate another type of alarm
or warning system. A display can also be provided to display,
e.g., to the vehicle occupant, an indication or representation
of the determination by the processor. In general, such a
display, alarm or warning device will be considered a
response unit or responsive system. Another response unit
may be a telecommunications unit which is operative to
notify a vehicle service facility of the need to inflate one or
more of the tires, or repair or replace one or more of the tires.
In this regard, the invention can be integrated or incorporated
into a remote vehicle diagnostic system as disclosed in U.S.
Pat. No. 5,684,701 to the current assignee.

The tire temperature sensor 265 can also be used to warn of
a potential delamination, as have occurred on many tires
manufactured by Firestone. Long before the delamination
causes a catastrophic tire failure, the tire begins to heat and
this differential temperature can be measured by the tire tem-
perature sensor 265 and used to warn the driver of a pending
problem (via the response unit). Similarly, the delamination
that accompanies retreaded tires on large trucks even when
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they are properly inflated can be predicted if the temperature
of the tread of the vehicle is monitored. The more common
problem of carcass failure from any cause can also be
detected as either the defective tire or its mate, in the case of
paired tires, will exhibit a temperature increase before ulti-
mate failure occurs. The output of the tire temperature moni-
tors can also be recorded so that if a warning went unheeded
by the driver, he or she can be later held accountable. With the
large quantity of tire debris littering roadways and the result-
ing accidents, a monitor, recording and warning system such
as described herein which can eliminate this hazard may very
well be mandated by governmental authorities.

One disadvantage of an external temperature measuring
system is that it can be prone to being occluded by snow, ice,
and dirt. This problem is particularly troublesome when a
single external sensor is used but would be alleviated if mul-
tiple external sensors are used such as shown in FIG. 56. An
alternate approach is to place a temperature sensor within the
vehicle tire as with the pressure sensor, as described above.
The resulting temperature measurement data can be then
transmitted to the vehicle either inductively or by radio fre-
quency, or other similar suitable method. A diagnostic system
can be provided to inform the driver of a malfunctioning
monitor. Such a diagnostic system can include a source of IR
radiation that would irradiate a tire as a test for detection by
the monitor.

In accordance with the invention, it is therefore possible to
use both types of sensors, i.e., an externally-mounted sensor
(external to the tire) and an internally-mounted tire, i.e., a
sensor mounted in connection with the tire. FIG. 56 thus
shows a sensor 270 is placed within the tire 266 for those
situations in which it is desirable to actually measure the
pressure or temperature within a tire (or for when the external
sensor 265 is occluded). Sensor 270 can be designed to mea-
sure the temperature of the air within the tire, the temperature
of'the tire tread and/or the pressure of the air in the tire. Sensor
270 can be any of those described above.

Preferably, sensor 270 receives its operational power either
inductively or through radio frequency. Previously, induc-
tively-powered tire-mounted sensors have taken place at very
low frequencies, e.g., about 100 Hz, and no attempt has been
made to specifically design the inductive pickup so that the
efficiency of power transfer is high. In contrast, the present
invention operates at much higher frequencies, in some cases
as high as 10 kHz or higher, and approaches 99 percent
efficiency. Additionally, many systems have attempted to
transmit tire pressure to the vehicle cab wirelessly with poor
results due to the intervening metal surfaces of the vehicle. A
preferred approach in the present invention is to transmit the
information over the inductive power source wires.

FIGS. 57A and 57B show an embodiment for detecting a
difference in temperature between two tires situated along-
side one another, for example on a truck trailer. A difference
in temperature between two tires operating alongside one
another may be indicative of a pressure loss in one tire since
if the tires are not inflated to the same pressure, the tire at the
higher pressure will invariably carry more load than the
under-inflated tire and therefore, the temperature of the tire at
the higher pressure will be higher than the temperature of the
under-inflated tire. It can also predict if one tire is delaminat-
ing.

In this embodiment, the tire temperature/pressure measur-
ing system 274 includes a thermal emitted radiation detector
275, a Fresnel lens 276 in spaced relationship from the ther-
mal emitted radiation detector 275 and a shutter 277 arranged
between the thermal emitted radiation detector 275 and the
Fresnel lens 276. The Fresnel lens 276 includes lens elements
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equal in number to the number of tires 280,281 situated
alongside one another, two in the illustrated embodiment
(lens elements 278,279). Each lens elements 278 and 279
defines a field of view for the detector 275 corresponding to
the associated tire 280,281. The shutter 277 is operated
between a first position 283, and is biased toward that position
by a return spring 284, and a second position 285 and is
attracted toward that second position by an electromagnet
286. In the first position 283, the shutter 277 blocks the field
of view from the lens element 279 corresponding to tire 281
and allows the field of view from the lens element 278 corre-
sponding to the tire 281. In the second position 285, on
energizing electromagnet 286, the shutter 277 blocks the field
of view from the lens element 278 and allows the fields of
view from lens element 279. As the detector 275 is sensitive
to changes in temperature, the switching between fields of
view from one tire to the other tire will provide a difference if
the temperature of one tire differs from the temperature of the
other.

Referring to FIG. 57B, the detector 275 establishes fields
of view 287 and 288 generally directed toward the tires 280,
281, respectively. The fields of view 287 and 288 correspond
to the Fresnel lens elements 278 and 279, respectively. The
thermal emitted radiation detector 275, for the 8-14 micron
range, may be a single element pyroelectric detector such as
the Hamamatsu P4736. As an alternative, a pyroelectric
detector having two sensing elements, for example, a Hyn-
man LAH958 may be used with one of the detecting elements
covered. Alternatively, a semi custom device could be used.
Such devices are usually manufactured with a large resistor,
e.g., 100 GOhm, in parallel to the detecting elements. A lower
value of this resistor provides a wider effective bandwidth
with a tradeoff of less sensitivity at lower frequencies. If a
lower frequency cutoff of about 10 Hz is desired, a resistor
value of about 100 MOhm would be appropriate. These types
of pyroelectric detectors are sensitive to changes in tempera-
ture and not to absolute temperature, thus the detector must
see a change in temperature in order to generate an output
signal. This change in temperature will occur when one tire is
at a higher or lower pressure than the adjacent tire indicating
under-inflation of one of the tires, a failing carcass or is
delaminating. The measurement of the change in temperature
between the tires may be accomplished by a shutter mecha-
nism as described above. The shutter could be driven at a
constant rate of about 10 Hz. The rate of operation must be
slow enough to come within the band pass of the pyroelectric
detector used. The preceding and following discussions were
taken largely from U.S. Pat. No. 5,668,549 where a more
detailed discussion of the operation of pyroelectric detectors
can be found.

FIG. 58 illustrates a Fresnel lens 276 in accordance with
one embodiment of the present invention. The Fresnel lens
276 includes lens elements 278 and 279 which are aligned
with the tires 280,281. The lens elements 278 and 279 are
offset from each other to provide different fields of view, as
illustrated in FIG. 57B. The Fresnel lens 276 also includes a
thermal emitted radiation opaque mask 289 around the lens
areas. The lens elements 278 and 279 are dimensioned to
ensure that the thermal emitted radiation collected by the lens
elements 278,279 when the pressure of the tires is substan-
tially the same will be the same, that is, no temperature
difference will be detected.

Referring to FIG. 59, a circuit for driving the shutter
mechanism and for driving from the detector to provide an
indication of a temperature difference between a mated pair
of'tires situated alongside one another is shown. In this non-
limiting embodiment, the circuit includes a detector circuit

10

15

20

25

30

35

40

45

50

55

60

65

90

293 providing input to an amplifier circuit 294 which pro-
vides input to a demodulator circuit 295 which provides input
to an enunciator circuit 296. The demodulator circuit 295 is
driven by a 10 Hz square wave generator 297 which also
drives the shutter electromagnet 292. The detector circuit 293
includes the pyroelectric detector. Output from the detector is
capacitively coupled via capacitor C1 to the amplifier circuit
293 provided with two amplification stages 298 and 299. The
amplifier circuit 294 acts as a high pass filter with a cut off
frequency of about 10 Hz. The output of the amplifier circuit
294 is applied as input to the demodulator circuit 295. The
demodulator circuit 295 is operated at a frequency of 10 Hz
by applying the output of the 10 Hz square wave generator
297 to switches within the modulator circuit. The enunciator
circuit 296 has comparators 300 and 301 which compare the
output of the demodulator circuit 295 to threshold values to
determine a temperature difference between the mated tires
above a threshold value and in response, e.g., provides an
output indication in the form of a drive signal to an LED D3.

FIGS. 60-62 illustrate alternative embodiments of the ther-
mal emitted radiation detector 274. In the preferred embodi-
ment of FIGS. 57A and 57B, the reference fields of view of
the tires 280, 281 are defined by Fresnel lens elements 278
and 279, respectively, with selection of the field of view being
determined by the shutter 277. It is possible to provide various
mechanical shutter arrangements, for example vibrating
reeds or rotating blades. A LCD used as a shutter can work
with thermal emitted radiation. It is also possible to change
the field of view of the detector 275 by other means as
described below.

Referring to FIG. 60, a single Fresnel lens 305 is provided
and supported at one side by a vibrating device 306. Other
types of lenses can be used. The vibrating device 306 may be
electromechanical or piezoelectric in nature. On application
of'the drive signal to the vibrating device 306, the Fresnel lens
305 can be rocked between two positions, corresponding to a
field of view of tire 280 and a field of view of tire 281. As the
detector 275 is sensitive to change in temperature, the change
in fields of view results in an output signal being generated
when there is a difference in temperature between tires 280
and 281. Operation of the rest of the detector is as described
with regard to the preferred embodiment. As is well known in
the art, the optical elements lenses and the optical elements
mirrors may be interchanged. The Fresnel lens of FIG. 60
may thus be replaced by a concave mirror or other type of
lens.

FIG. 61 illustrates such an arrangement in another embodi-
ment of the invention. In this embodiment, the Fresnel lens
305, of FIG. 60, is replaced by a concave mirror 307. The
mirror 307 is mounted in a similar manner to the Fresnel lens,
and in operation vibrates between two fields of view.

The embodiment of FIG. 62 uses fixed optics 308, i.e., a
lens or a mirror, but imparts relative movement to the detector
to define two fields of view. While the embodiments of FIGS.
60-62 have been described using the square wave generator of
a preferred embodiment of FIGS. 57A and 57B, other wave-
forms are possible. The embodiments of FIGS. 60-62 define
fields of view based on relative position and would capable of
continuous movement between positions if the detector has
sufficient bandwidth. For example, either an MCT (HgCdTe)
detector or a pyroelectric with a relatively low parallel resistor
(about 1 MOhm) would have sufficient bandwidth. A saw-
tooth waveform could thus be used to drive the vibration
device 306 to cause the field of view to sweep an area covering
both tires 280,281.

Instead of using the devices shown in FIGS. 57A, 57B and
60-62 for determining a temperature difference between
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mated tires, it is possible to substitute a heat generating or
radiating element (as a reference source) for one of the tires
whereby the heat generating element is heated to a predeter-
mined temperature which should equal the temperature of a
normally operating tire, or possibly the temperature of a tire
in the same driving conditions, weather conditions, vehicle
loading conditions, etc. (i.e., the temperature can be varied
depending on the instantaneous use of the tire). Thus, the field
of view would be of a single tire and the heat generating
element. Any difference between the temperature of the heat
generating element and the tire in excess of a predetermined
amount would be indicative of, e.g., an under-inflated tire or
an over-loaded tire. In this method, the sensor detects the
absolute temperature of the tire rather than the relative tem-
perature. It is also possible to construct the circuit using two
detectors, one always looking at the reference source and the
other at a tire and thereby eliminate the need for a moving
mirror or lens etc.

FIG. 63 shows a schematic illustration of the system in
accordance with the invention. Power receiving/supplying
circuitry/component 310 is that portion of the arrangement
which supplies electricity to the thermal radiation detectors
311, e.g., the appropriate circuitry for wired power connec-
tion, inductive reception of power or radio frequency energy
transfer. Detectors 311 are the temperature sensors which
measure, for example, the temperature of the tire tread or
sidewall. For example, detector 311 may be the thermal emit-
ted radiation detecting device described with reference to
FIGS. 56, 57A and 57B. Amplifiers and/or signal condition-
ing circuitry 312 are preferably provided to condition the
signals provided by the detectors 311 indicative of the mea-
sured temperature. The signals are then forwarded to a com-
parator 313 for a comparison in order to determine whether
the temperature of the tire treads for mating tires differs by a
predetermined amount. Comparator 313 may be resident or
part of a microprocessor or other type of automated process-
ing device. The temperature difference which would be
indicative of a problem with one of the tires is obtained
through analysis and investigation prior to manufacturing of
the system and construction of the system. Comparator 313
provides a signal if the difference is equal to or above the
predetermined amount. A warning/alarm device 314 or other
responsive system is coupled to the comparator 313 and acts
upon the signal provided by the comparator 313 indicative of
a temperature difference between the mating tires which is
greater than or equal to the predetermined amount. The
amplifiers and signal conditioning circuitry 314 may be asso-
ciated with the detectors 311, i.e., at the same location, or
associated with the processor within which the comparator
313 is resident.

FIG. 64 shows a schematic illustration of the process for
monitoring tire pressure in accordance with the invention. At
step 318, power is provided wirelessly to a power supplying
component associated with the thermal radiation detecting
devices. At step 319, the thermal detecting devices are acti-
vated upon the reception of power by the power supplying
component. At step 320, the thermal radiation from the tires is
detected at a location external of and apart from the tires. The
thermal radiation for mating tires is compared at step 321 and
a determination made if the thermal radiation for mating tires
differs by a predetermined amount at step 322. If so, an alarm
will sound, a warning will be displayed to the driver and/or a
vehicle service facility will be notified at step 323. If not, the
process will continue with additional detections of thermal
radiation from the tire(s) and comparisons.

Instead of designating mating tires and performing a com-
parison between the mated tires, the invention also encom-
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passes determining the absolute temperature of the tires and
analyzing the determined absolute temperatures relative to a
fixed or variable threshold. This embodiment is shown sche-
matically in FIG. 65. At step 324, power is provided wire-
lessly (alternately wires can be used) to a power supplying
component associated with the thermal radiation detecting
devices. At step 325, the thermal detecting devices are acti-
vated upon the reception of power by the power supplying
component. At step 326, the thermal radiation from the tires is
detected at a location external of and apart from the tires. The
thermal radiation for each tire is analyzed relative to a fixed or
variable threshold at step 327 and a determination is made
based on the analysis of the thermal radiation for each tire
relative to the threshold at step 328 as to whether the tire is
experiencing a problem or is about to experience a problem,
e.g., carcass failure, delaminating, running out of air, etc. The
analysis may entail a comparison of the temperature, or a
representation thereof, to the threshold, e.g., whether the tem-
perature differs from the threshold by a predetermined
amount. If so, an alarm will sound, a warning will be dis-
played to the driver and/or a vehicle service facility will be
notified at step 329. If not, the process will continue with
additional detections of thermal radiation from the tire(s) and
analysis.

As noted above, the analysis may be a simple comparison
of the determined absolute temperatures to the threshold. In
this case, the thermal radiation detecting system, e.g., infrared
radiation receivers, may also arranged external of and apart
from the tires for detecting the temperature of the tires and a
processor is coupled to the thermal radiation detecting system
for receiving the detected temperature of the tires and analyze
the detected temperature of the tires relative to a threshold.
The infrared radiation receivers may be arranged in any loca-
tion which affords a view of the tires. A response system is
coupled to the processor and responds to the analysis of the
detected temperature of the tires relative to the threshold. The
response system may comprise an alarm for emitting noise
into the passenger compartment, a display for displaying an
indication or representation of the detected temperature or
analysis thereof, a warning light for emitting light into the
passenger compartment from a specific location and/or a
telecommunications unit for sending a signal to a remote
vehicle service facility.

Referring now to FIG. 66, in this embodiment, instead of
comparing the temperature of one tire to the temperature of
another tire or to a threshold, the temperature of a single tire
at several circumferential locations is detected or determined
and then the detected temperatures are compared to one
another or to a threshold.

As shown in FIG. 66, a tire temperature detector 330,
which may be any of those disclosed herein and in the prior
art, detects the temperature of the tire 331 at the circumfer-
ential location designated A when the tire 331 is in the posi-
tion shown. As the tire 331 rotates, other circumferential
locations are brought into the detecting range of the detector
330 and the temperature of the tire 331 at those locations is
then determined. In this manner, as the tire 331 completes one
rotation, the temperature at all designated locations A-H is
detected. The tire temperature detector 330 can also be
designed to detect the temperature of a plurality of different
circumferential locations, i.e., have multiple fields of view
each encompassing one or more different circumferential
locations. Two or more tire temperature detectors 330 could
also be provided, all situated in the tire well around the tire
331.

The temperatures obtained by the tire temperature detector
330, such as those in the table in FIG. 67, are then analyzed,
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for example, to determine variations or differences between
one another. An excessive high temperature at one location,
i.e., a hot spot, may be indicative of the tire 331 being in the
process of delamination or of the carcass failing. By detecting
the high temperature at that location prior to the delamination,
the delamination could be prevented ifthe tire 331 is removed
or fixed.

The analysis to determine a hot spot may be a simple
analysis of comparing each temperature to an average tem-
perature orto a threshold. In FIG. 67, the average temperature
is 61° so that the temperature at location F varies from the
average by 14°, in comparison to a 1° variation from the
average for other locations. As such, location F is a relative
hot spot and may portend delamination or carcass failure. The
existence of the hot spot at location F may be conveyed to the
driver via a display, or to a remote vehicle maintenance facil-
ity, or in any of the other methods described above for noti-
fying someone or something about a problem with a tire. The
number of degrees above the average for a location to be
considered a hot spot may be determined by experimental
results or theoretical analysis.

Instead of using the average temperature, the difference
between the temperature at each circumferential location and
the temperature at the other circumferential locations is deter-
mined and this difference is analyzed relative to a threshold.
For the temperatures set forth in FIG. 67, the variation
between the temperatures range from about 0-14°. A proces-
sor can be designed to activate a warning system when any
variation of the temperature at any two locations is above 10°.
Using this criterion, again, location F would be considered a
hot spot. The threshold variation can be determined based on
experimental results or theoretical analysis.

As also shown in FIG. 67, a threshold of 70° is determined
as a boundary between a normal operating temperature of a
tire and an abnormal operating temperature possibly indica-
tive of delamination. The temperature of the tire 331 at each
circumferential location is compared to the threshold, e.g., in
a processor, and it is found that the temperature at location F
is above the threshold. This fact is again provided to the
driver, remote facility, etc. to enable repair or replacement of
the tire 331 prior to actual delamination or other failure.

Additional details about the construction, operation and
use of the technique for measuring the temperature and pres-
sure of a tire and the design of sensors capable of being
positioned to measure the temperature of the tire can be found
in Appendices 1-5 of the *139 application.

The thermal radiation detecting system may be provided
with power and information in any of the ways discussed
above, e.g., via a power receiving system which receive
power by wires or wirelessly (inductively, through radio fre-
quency energy transfer techniques and/or capacitively) and
supply power to the thermal radiation detecting system. Fur-
ther, the thermal radiation detecting system can be coupled to
the processor. This may involve a transmitter mounted in
connection with the thermal radiation detecting system and a
receiver mounted in connection with or integrated into the
processor such that the detected temperature of the tires is
transmitted wirelessly from the thermal radiation detecting
system to the processor.

In a similar manner, a method for monitoring tires mounted
to a vehicle comprises the steps of detecting the temperature
of'the tires from locations external of and apart from the tires,
analyzing the detected temperature of the tires relative to a
threshold, and responding to the analysis of the detected
temperature of the tires relative to the threshold. The tempera-
ture of the tires is detected by one or more thermal radiation
detecting devices and power may be supplied wirelessly to

10

15

20

25

30

35

40

45

50

55

60

65

94

the thermal radiation detecting device(s), e.g., inductively,
through radio frequency energy transfer, capacitively.

The threshold may be a set temperature or a value relating
to a set temperature. Also, the threshold may be fixed or
variable based on for example, the environment in which the
tires are situated, the vehicle on which the tire is situated, and
the load of the vehicle on the tires. As noted above, the
thermal radiation detecting devices may be wirelessly
coupled to the processor central control module of the vehicle
and adapted to receive power inductively, capacitively or
through radio frequency energy transfer.

Thus, disclosed above is a vehicle including an arrange-
ment for monitoring tires in accordance with the invention
comprises a thermal radiation detecting system arranged
external of and apart from the tires for detecting the tempera-
ture of the tires, a processor coupled to the thermal radiation
detecting system for receiving the detected temperature of the
tires and determining whether a difference in thermal radia-
tion is present between associated mated pairs of the tires, and
aresponse system coupled to the processor for responding to
the determined difference in thermal radiation between mated
pairs of the tires. Instead of determining whether a difference
in thermal radiation is present between associated mated pairs
of tires, a comparison or analysis may be made between the
temperature of the tires individually and a predetermined
value or threshold to determine the status of the tires, e.g.,
properly inflated, under inflated or delaminated, and appro-
priate action by the response system is undertaken in light of
the comparison or analysis. The analysis may be in the form
of a difference between the absolute temperature and the
threshold temperature. Even simpler, an analysis of the
detected temperature of each tire may be used and considered
in a determination of whether the tire is experiencing or is
about to experience a problem. Such an analysis would not
necessarily entail comparison to a threshold.

The determination of which tires constitute mated pairs is
made on a vehicle-by-vehicle basis and depends on the loca-
tion of the tires on the vehicle. It is important to determine
which tires form mated pairs because such tires should ideally
have the same pressure and thus the same temperature. As a
result, a difference in temperature between tires of a mated
pair will usually be indicative of a difference in pressure
between the tires. Such a pressure difference might be the
result of under-inflation of the tire or a leak. One skilled in the
art of tire inflation and maintenance would readily recognize
which tires must be inflated to the same pressure and carry
substantially the same load so that such tires would form
mated pairs.

For example, for a conventional automobile with four tires,
the mated pairs of tires would be the front tires and the rear
tires. The front tires should be inflated to the same tire pres-
sure and carry the same load so that they would have the same
temperature, or have different temperatures within an allowed
tolerance. Similarly, the rear tires should be inflated to the
same tire pressure and carry the same load so that they would
have the same temperature, or have different temperatures
within an allowed tolerance.

It is also conceivable that three or more tires on the vehicle
should be at the same temperature and thus form a plurality of
mated pairs, i.e., the designation of one tire as being part of
one mated pair does not exclude the tire from being part of
another mated pair. Thus, if three tires should be at the same
temperature and they each have a different temperature, this
would usually be indicative of different pressures and thus
would give rise to a need to check each tire.

The thermal radiation detecting system is coupled to the
processor, preferably in a wireless manner, however wires can
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also be used alone or in combination with a wireless tech-
nique. For example, a suitable coupling may include a trans-
mitter mounted in connection with the thermal radiation
detecting device and a receiver mounted in connection with or
integrated into the processor. Any of the conventions for
wired or wirelessly transmitting data from a plurality of tire
pressure-measuring sensors to a common receiver or multiple
receivers associated with a single processor, as discussed in
the U.S. patents above, may be used in accordance with the
invention.

The thermal radiation detecting system may comprise
infrared radiation receivers each arranged to have a clear field
of view of at least one tire. The receivers may be arranged in
any location on the vehicle from which a view of at least a part
of'the tire surface can be obtained. For example, the receivers
may be arranged in the tire wells around the tires, on the side
of the vehicle and on side mounted rear view mirrors.

In order to supply power to the thermal radiation detecting
systems or devices described herein, several innovative
approaches are possible in addition to directly connected
wires. Preferably, power is supplied wirelessly, e.g., induc-
tively, through radio frequency energy transfer or capaci-
tively. In the inductive power supply arrangement, the vehicle
is provided with a pair of looped wires arranged to pass within
a short distance from a power receiving system electrically
coupled to the thermal radiation detecting devices, i.e., the
necessary circuitry and electronic components to enable an
inductive current to develop between the pair of looped wires
and a wire of the power receiving system such as disclosed in
U.S. Pat. No. 5,293,308, U.S. Pat. No. 5,450,305, U.S. Pat.
No. 5,528,113, U.S. Pat. No. 5,619,078, U.S. Pat. No. 5,767,
592, U.S. Pat. No. 5,821,638, U.S. Pat. No. 5,839,554, U.S.
Pat. No. 5,898,579 and U.S. Pat. No. 6,031,737.

1.6 Occupant Sensing

Occupant or object presence and position sensing is
another field in which SAW and/or RFID technology can be
applied and the inventions herein encompasses several
embodiments of SAW and RFID occupant or object presence
and/or position sensors.

Many sensing systems are available to identify and locate
occupants or other objects in a passenger compartment of the
vehicle. Such sensors include ultrasonic sensors, chemical
sensors (e.g., carbon dioxide), cameras and other optical sen-
sors, radar systems, heat and other infrared sensors, capaci-
tance, magnetic or other field change sensors, etc. Most of
these sensors require power to operate and return information
to a central processor for analysis. An ultrasonic sensor, for
example, may be mounted in or near the headliner of the
vehicle and periodically it transmits a burst of ultrasonic
waves and receives reflections of these waves from occupying
items of the passenger seat. Current systems on the market are
controlled by electronics in a dedicated ECU.

FIG. 68 is a side view, with parts cutaway and removed of
a vehicle showing the passenger compartment containing a
rear-facing child seat 342 on a front passenger seat 343 and
one mounting location for a first embodiment of a vehicle
interior monitoring system in accordance with the invention.
The interior monitoring system is capable of detecting the
presence of an object, determining the type of object, deter-
mining the location of the object, and/or determining another
property or characteristic of the object. A property of the
object could be the presence or orientation of a child seat, the
velocity of an adult and the like. For example, the vehicle
interior monitoring system can determine that an object is
present on the seat, that the object is a child seat and that the
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child seat is rear-facing. The vehicle interior monitoring sys-
tem could also determine that the object is an adult, that he is
drunk and that he is out-of-position relative to the airbag.

In this embodiment, six transducers 344, 345, 346, 347,
348 and 349 are used, although any number of transducers
may be used. Each transducer 344, 345, 346, 347, 348, 349
may comprise only a transmitter which transmits energy,
waves or radiation, only a receiver which receives energy,
waves or radiation, both a transmitter and a receiver capable
of transmitting and receiving energy, waves or radiation, an
electric field sensor, a capacitive sensor, or a self-tuning
antenna-based sensor, weight sensor, chemical sensor,
motion sensor or vibration sensor, for example.

Such transducers or receivers 344-349 may be of the type
which emit or receive a continuous signal, a time varying
signal (such as a capacitor or electric field sensor) or a spatial
varying signal such as in a scanning system. One particular
type of radiation-receiving receiver for use in the invention is
a receiver capable of receiving electromagnetic waves.

Whenultrasonic energy is used, transducer 345 can be used
as a transmitter and transducers 344,346 as receivers. Natu-
rally, other combinations can be used such as where all trans-
ducers are transceivers (transmitters and receivers). For
example, transducer 345 can be constructed to transmit ultra-
sonic energy toward the front passenger seat, which is modi-
fied, in this case by the occupying item of the passenger seat,
i.e., therear-facing child seat 342, and the modified waves are
received by the transducers 344 and 346, for example. A more
common arrangement is where transducers 344, 345 and 346
are all transceivers. Modification of the ultrasonic energy may
constitute reflection of the ultrasonic energy as the ultrasonic
energy is reflected back by the occupying item of the seat. The
waves received by transducers 344 and 346 vary with time
depending on the shape of the object occupying the passenger
seat, in this case, the rear-facing child seat 342. Each object
will reflect back waves having a different pattern. Also, the
pattern of waves received by transducer 344 will differ from
the pattern received by transducer 346 in view of its different
mounting location. This difference generally permits the
determination of the location of the reflecting surface (i.e., the
rear-facing child seat 342) through triangulation. Through the
use of two transducers 344,346, a sort of stereographic image
is received by the two transducers and recorded for analysis
by processor 340, which is coupled to the transducers 344,
345,346. This image will differ for each object that is placed
on the vehicle seat and it will also change for each position of
a particular object and for each position of the vehicle seat.
Elements 344,345,346, although described as transducers,
are representative of any type of component used in a wave-
based analysis technique.

For ultrasonic systems, the “image” recorded from each
ultrasonic transducer/receiver, is actually a time series of
digitized data of the amplitude of the received signal versus
time. Since there are two receivers, two time series are
obtained which are processed by the processor 340. The pro-
cessor 340 may include electronic circuitry and associated,
embedded software. Processor 340 constitutes one form of a
generating system in accordance with the invention which
generates information about the occupancy of the passenger
compartment based on the waves received by the transducers
344,345,346.

When different objects are placed on the front passenger
seat, the two images from transducers 344,346, for example,
are different but there are also similarities between all images
ofrear-facing child seats, for example, regardless of where on
the vehicle seat they are placed and regardless of what com-
pany manufactured the child seat. Alternately, there will be
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similarities between all images of people sitting on the seat
regardless of what they are wearing, their age or size. The
problem is to find the “rules” which differentiate the images
of'one type of object from the images of other types of objects,
e.g., which differentiate the occupant images from the rear-
facing child seat images. The similarities of these images for
various child seats are frequently not obvious to a person
looking at plots of the time series and thus computer algo-
rithms are developed to sort out the various patterns. For a
more detailed discussion of pattern recognition, see U.S. Pat.
No. 5,943,295 to Varga et al.

The determination of these rules is important to the pattern
recognition techniques used in this invention. In general,
three approaches have been useful, artificial intelligence,
fuzzy logic and artificial neural networks (including cellular
and modular or combination neural networks and support
vector machines) (although additional types of pattern recog-
nition techniques may also be used, such as sensor fusion). In
some embodiments of this invention, such as the determina-
tion that there is an object in the path of a closing window as
described below, the rules are sufficiently obvious that a
trained researcher can sometimes look at the returned signals
and devise an algorithm to make the required determinations.
In others, such as the determination of the presence of a
rear-facing child seat or of an occupant, artificial neural net-
works are used to determine the rules. One such set of neural
network software for determining the pattern recognition
rules is available from the International Scientific Research,
Inc. of Panama City, Panama and Kyiv, Ukraine.

The system used in a preferred implementation of inven-
tions herein for the determination of the presence of a rear-
facing child seat, of an occupant or of an empty seat is the
artificial neural network. In this case, the network operates on
the two returned signals as sensed by transducers 344 and
346, for example. Through a training session, the system is
taught to differentiate between the three cases. This is done by
conducting a large number of experiments where all possible
child seats are placed in all possible orientations on the front
passenger seat. Similarly, a sufficiently large number of
experiments are run with human occupants and with boxes,
bags of groceries and other objects (both inanimate and ani-
mate). Sometimes, as many as 1,000,000 such experiments
are run before the neural network is sufficiently trained so that
it can differentiate among the three cases and output the
correct decision with a very high probability. Of course, it
must be realized that a neural network can also be trained to
differentiate among additional cases, e.g., a forward-facing
child seat.

Once the network is determined, it is possible to examine
the result using tools supplied International Scientific
Research, for example, to determine the rules that were finally
arrived at by the trial and error techniques. In that case, the
rules can then be programmed into a microprocessor resulting
in a fuzzy logic or other rule-based system. Alternately, a
neural computer, or cellular neural network, can be used to
implement the net directly. In either case, the implementation
can be carried out by those skilled in the art of pattern recog-
nition. If a microprocessor is used, a memory device is also
required to store the data from the analog-to-digital convert-
ers that digitize the data from the receiving transducers. On
the other hand, if a neural network computer is used, the
analog signal can be fed directly from the transducers to the
neural network input nodes and an intermediate memory is
not required. Memory of some type is needed to store the
computer programs in the case of the microprocessor system
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and if the neural computer is used for more than one task, a
memory is needed to store the network specific values asso-
ciated with each task.

Electromagnetic energy-based occupant sensors exist that
use various portions of the electromagnetic spectrum. A sys-
tem based on the ultraviolet, visible or infrared portions of the
spectrum generally operate with a transmitter and a receiver
of reflected radiation. The receiver may be a camera, focal
plane array, or a photo detector such as a pin or avalanche
diode as described in detail in above-referenced patents and
patent applications. At other frequencies, the absorption of
the electromagnetic energy is primarily and at still other
frequencies, the capacitance or electric field influencing
effects are used. Generally, the human body will reflect, scat-
ter, absorb or transmit electromagnetic energy in various
degrees depending on the frequency of the electromagnetic
waves. All such occupant sensors are included herein.

In the embodiment wherein electromagnetic energy is
used, it is to be appreciated that any portion of the electro-
magnetic signals that impinges upon, surrounds or involves a
body portion of the occupant is at least partially absorbed by
the body portion. Sometimes, this is due to the fact that the
human body is composed primarily of water, and that elec-
tromagnetic energy of certain frequencies is readily absorbed
by water. The amount of electromagnetic signal absorption is
related to the frequency of the signal, and size or bulk of the
body portion that the signal impinges upon. For example, a
torso of a human body tends to absorb a greater percentage of
electromagnetic energy than a hand of a human body.

Thus, when electromagnetic waves or energy signals are
transmitted by a transmitter, the returning waves received by
a receiver provide an indication of the absorption of the elec-
tromagnetic energy. That is, absorption of electromagnetic
energy will vary depending on the presence or absence of a
human occupant, the occupant’s size, bulk, surface reflectiv-
ity, etc. depending on the frequency, so that different signals
will be received relating to the degree or extent of absorption
by the occupying item on the seat. The receiver will produce
a signal representative of the returned waves or energy signals
which will thus constitute an absorption signal as it corre-
sponds to the absorption of electromagnetic energy by the
occupying item in the seat.

One or more of the transducers 344,345,346 can also be
image-receiving devices, such as cameras, which take images
of the interior of the passenger compartment. These images
can be transmitted to a remote facility to monitor the passen-
ger compartment or can be stored in a memory device for use
in the event of an accident, i.e., to determine the status of the
occupants of the vehicle prior to the accident. In this manner,
it can be ascertained whether the driver was falling asleep,
talking on the phone, etc.

To aid in the detection of the presence of child seats as well
as their orientation, a device 341 can be placed on the child
seat in some convenient location where its presence can be
sensed by a vehicle-mounted sensor that can be in the seat,
dashboard, headliner or any other convenient location
depending on the system design. The device 341 can be a
reflector, resonator, RFID tag, SAW device, or any other tag
or similar device that permits easy detection of its presence
and perhaps its location or proximity. Such a device can also
be placed on any other component in the vehicle to indicate
the presence, location or identity of the component. For
example, a vehicle may have a changeable component where
the properties of that component are used by another system
within the vehicle and thus the identification of the particular
object is needed so that the proper properties are used by the
other system. An occupant monitoring system (e.g. ultra-
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sonic, optical, electric field, etc.) may perform differently
depending on whether the seat is made from cloth or leather or
a weight sensor may depend on the properties of a particular
seat to provide the proper occupant weight. Thus, incorpora-
tion of an RFID, SAW, barcode or other tag or mark on any
object that can be interrogated by an interrogator is contem-
plated herein.

A memory device for storing the images of the passenger
compartment, and also for receiving and storing any of the
other information, parameters and variables relating to the
vehicle or occupancy of the vehicle, may be in the form of a
standardized “black box™ (instead of or in addition to a
memory part in a processor 340). The IEEE Standards Asso-
ciation is currently beginning to develop an international
standard for motor vehicle event data recorders. The infor-
mation stored in the black box and/or memory unit in the
processor 340, can include the images of, or other informa-
tion related to, the interior of the passenger compartment as
well as the number of occupants and the health state of the
occupants. The black box would preferably be tamper-proof
and crash-proof and enable retrieval of the information after a
crash. The use of wave-type sensors as the transducers 344,
345,346 as well as electric field sensors is discussed above.
Electric field sensors and wave sensors are essentially the
same from the point of view of sensing the presence of an
occupant in a vehicle. In both cases, a time-varying electric
field is disturbed or modified by the presence of the occupant.
Athigh frequencies in the visual, infrared and high frequency
radio wave region, the sensor is based on its capability to
sense change of wave characteristics of the electromagnetic
field, such as amplitude, phase or frequency. As the frequency
drops, other characteristics of the field are measured. At still
lower frequencies, the occupant’s dielectric properties
modify parameters of the reactive electric field in the occu-
pied space between/near the plates of a capacitor. In this latter
case, the sensor senses the change in charge distribution on
the capacitor plates by measuring, for example, the current
wave magnitude or phase in the electric circuit that drives the
capacitor. These measured parameters are directly connected
with parameters of the displacement current in the occupied
space. In all cases, the presence of the occupant reflects,
absorbs or modifies the waves or variations in the electric field
in the space occupied by the occupant. Thus, for the purposes
of this invention, capacitance, electric field or electromag-
netic wave sensors are equivalent and although they are all
technically “field” sensors they can be considered as “wave”
sensors herein. What follows is a discussion comparing the
similarities and differences between two types of field or
wave sensors, electromagnetic wave sensors and capacitive
sensors as exemplified by Kithil in U.S. Pat. No. 5,602,734
(see also U.S. Pat. No. 6,275,146, U.S. Pat. No. 6,014,602,
U.S. Pat. No. 5,844,486, U.S. Pat. No. 5,802,479, U.S. Pat.
No. 5,691,693 and U.S. Pat. No. 5,366,241).

An electromagnetic field disturbed or emitted by a passen-
ger in the case of an electromagnetic wave sensor, for
example, and the electric field sensor of Kithil, for example,
are in many ways similar and equivalent for the purposes of
this invention. The electromagnetic wave sensor is an actual
electromagnetic wave sensor by definition because it senses
parameters of a wave, which is a coupled pair of continuously
changing electric and magnetic fields. The electric field here
is not a static, potential one. It is essentially a dynamic,
rotational electric field coupled with a changing magnetic
one, that is, an electromagnetic wave. It cannot be produced
by a steady distribution of electric charges. It is initially
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produced by moving electric charges in a transmitter, even if
this transmitter is a passenger body for the case of a passive
infrared sensor.

In the Kithil sensor, a static electric field is declared as an
initial material agent coupling a passenger and a sensor (see
Column 5, lines 5-7): “The proximity sensor 12 each function
by creating an electrostatic field between oscillator input loop
54 and detector output loop 56, which is affected by presence
of'a person near by, as a result of capacitive coupling, . .. ”. It
is a potential, non-rotational electric field. It is not necessarily
coupled with any magnetic field. It is the electric field of a
capacitor. It can be produced with a steady distribution of
electric charges. Thus, it is not an electromagnetic wave by
definition but if the sensor is driven by a varying current, then
it produces a quasistatic electric field in the space between/
near the plates of the capacitor.

Kithil declares that his capacitance sensor uses a static
electric field. Thus, from the consideration above, one can
conclude that Kithil’s sensor cannot be treated as a wave
sensor because there are no actual electromagnetic waves but
only a static electric field of the capacitor in the sensor system.
However, this is not believed to be the case. The Kithil system
could not operate with a true static electric field because a
steady system does not carry any information. Therefore,
Kithil is forced to use an oscillator, causing an alternate
current in the capacitor and a reactive quasi-static electric
field in the space between the capacitor plates, and a detector
to reveal an informative change of the sensor capacitance
caused by the presence of an occupant (see FIG. 7 and its
description in the ’734 patent). In this case, the system
becomes a “wave sensor” in the sense that it starts generating
actual time-varying electric field that certainly originates
electromagnetic waves according to the definition above.
That is, Kithil’s sensor can be treated as a wave sensor regard-
less of the shape of the electric field that it creates a beam or
a spread shape.

As follows from the Kithil patent, the capacitor sensor is
likely a parametric system where the capacitance of the sen-
sor is controlled by the influence of the passenger body. This
influence is transferred by means of the near electromagnetic
field (i.e., the wave-like process) coupling the capacitor elec-
trodes and the body. It is important to note that the same
influence takes place with a real static electric field also, that
is in absence of any wave phenomenon. This would be a
situation if there were no oscillator in Kithil’s system. How-
ever, such a system is not workable and thus Kithil reverts to
a dynamic system using time-varying electric fields.

Thus, although Kithil declares the coupling is due to a
static electric field, such a situation is not realized in his
system because an alternating electromagnetic field (“quasi-
wave”) exists in the system due to the oscillator. Thus, the
sensor is actually a wave sensor, that is, it is sensitive to a
change of a wave field in the vehicle compartment. This
change is measured by measuring the change of its capaci-
tance. The capacitance of the sensor system is determined by
the configuration of its electrodes, one of which is a human
body, that is, the passenger inside of and the part which
controls the electrode configuration and hence a sensor
parameter, the capacitance.

The physics definition of “wave” from Webster’s Encyclo-
pedic Unabridged Dictionary is: “11. Physics. A progressive
disturbance propagated from point to point in a medium
or space without progress or advance of the points them-
selves, . . . 7. In a capacitor, the time that it takes for the
disturbance (a change in voltage) to propagate through space,
the dielectric and to the opposite plate is generally small and
neglected but it is not zero. As the frequency driving the
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capacitor increases and the distance separating the plates
increases, this transmission time as a percentage of the period
of oscillation can become significant. Nevertheless, an
observer between the plates will see the rise and fall of the
electric field much like a person standing in the water of an
ocean in the presence of water waves. The presence of a
dielectric body between the plates causes the waves to get
bigger as more electrons flow to and from the plates of the
capacitor. Thus, an occupant affects the magnitude of these
waves which is sensed by the capacitor circuit. The electro-
magnetic field is a material agent that carries information
about a passenger’s position in both Kithil’s and a beam-type
electromagnetic wave sensor.

Considering now a general occupant sensor and its connec-
tion to the rest of the system, an alternate method as taught
herein is to use an interrogator to send a signal to the head-
liner-mounted ultrasonic sensor, for example, causing that
sensor to transmit and receive ultrasonic waves. The sensor in
this case could perform mathematical operations on the
received waves and create a vector of data containing perhaps
twenty to forty values and transmit that vector wirelessly to
the interrogator. By means of this system, the ultrasonic sen-
sor need only be connected to the vehicle power system and
the information can be transferred to and from the sensor
wirelessly (either by electromagnetic or ultrasonic waves or
equivalent). Such a system significantly reduces the wiring
complexity especially when there may be multiple such sen-
sors distributed in the passenger compartment. Then, only a
power wire needs to be attached to the sensor and there does
not need to be any direct connection between the sensor and
the control module. The same philosophy applies to radar-
based sensors, electromagnetic sensors of all kinds including
cameras, capacitive or other electromagnetic field change
sensitive sensors etc. In some cases, the sensor itself can
operate on power supplied by the interrogator through radio
frequency transmission. In this case, even the connection to
the power line can be omitted. This principle can be extended
to the large number of sensors and actuators that are currently
in the vehicle where the only wires that are needed are those
to supply power to the sensors and actuators and the informa-
tion is supplied wirelessly.

Such wireless powerless sensors can also be used, for
example, as close proximity sensors based on measurement
of thermal radiation from an occupant. Such sensors can be
mounted on any of the surfaces in the passenger compart-
ment, including the seats, which are likely to receive such
radiation.

A significant number of people are suffocated each year in
automobiles due to excessive heat, carbon dioxide, carbon
monoxide, or other dangerous fumes. The SAW sensor tech-
nology is particularly applicable to solving these kinds of
problems. The temperature measurement capabilities of
SAW transducers have been discussed above. If the surface of
a SAW device is covered with a material which captures
carbon dioxide, for example, such that the mass, elastic con-
stants or other property of surface coating changes, the char-
acteristics of the surface acoustic waves can be modified as
described in detail in U.S. Pat. No. 4,637,987 and elsewhere
based on the carbon dioxide content of the air. Once again, an
interrogator can sense the condition of these chemical-sens-
ing sensors without the need to supply power. The interroga-
tor can therefore communicate with the sensors wirelessly. If
power is supplied then this communication can be through the
wires. If a concentration of carbon monoxide is sensed, for
example, an alarm can be sounded, the windows opened,
and/or the engine extinguished. Similarly, if the temperature
within the passenger compartment exceeds a certain level, the
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windows can be automatically opened a little to permit an
exchange of air reducing the inside temperature and thereby
perhaps saving the life of an infant or pet left in the vehicle
unattended.

In a similar manner, the coating of the surface wave device
can contain a chemical which is responsive to the presence of
alcohol. In this case, the vehicle can be prevented from oper-
ating when the concentration of alcohol vapors in the vehicle
exceeds some predetermined limit. Such a device can advan-
tageously be mounted in the headliner above the driver’s seat.

Each year, a number of children and animals are killed
when they are locked into a vehicle trunk. Since children and
animals emit significant amounts of carbon dioxide, a carbon
dioxide sensor connected to the vehicle system wirelessly and
powerlessly provides an economic way of detecting the pres-
ence of a life form in the trunk. If a life form is detected, then
a control system can release a trunk lock thereby opening the
trunk. Alarms can also be sounded or activated when a life
form is detected in the trunk. An infrared or other sensor can
perform a similar function.

FIG. 69 illustrates a SAW strain gage as described above,
where the tension in the seat belt 350 can be measured without
the requirement of power or signal wires. FIG. 69 illustrates a
powerless and wireless passive SAW strain gage-based
device 357 for this purpose. There are many other places that
such a device can be mounted to measure the tension in the
seatbelt at one place or at multiple places. Additionally, a
SAW-based accelerometer can be located on the seatbelt adja-
cent the chest of an occupant as a preferred measure of the
stress placed on the occupant by the seatbelt permitting that
stress to be controlled.

In FIG. 73, a bolt 360 is used to attach a vehicle seat to a
support structure such as a slide mechanism as illustrated in
FIGS. 21 and 22, among others, in U.S. Pat. No. 6,242,701.
The bolt 360 is attached to the seat or seat structure (not
shown) by inserting threaded section 361 containing threads
362 and then attaching a nut (not shown) to secure the bolt 360
to the seat or seat structure Similarly, the lower section of the
bolt 360 is secured to the slide mechanism (not shown) by
lower bolt portion 363 by means of a nut (not shown) engag-
ing threads 364. Four such bolts 360 are typically used to
attach the seat to the vehicle.

As the weight in the seat increases, the load is transferred to
the vehicle floor by means of stresses in bolts 360. The stress
in the bolt section 365 is not affect by stresses in the bolt
sections 361 and 363 caused by the engagement of the nuts
that attach the bolts 360 to the seat and vehicle respectively.

The silicon strain gage 366 is attached, structured and
arranged to measure the strain in bolt section 365 caused by
loading from the seat and its contents. Silicon strain gage 366
is selected for its high gage factor and low power require-
ments relative to other strain gage technologies. Associated
electronics 367 are typically incorporated into a single chip
and may contain connections/couplings for wires, not shown,
orradio frequency circuits and an antenna for radio frequency
transfer of power and signals from the strain gage 366 to an
interrogator mounted on the vehicle, not shown. In this man-
ner, the interrogator supplies power and receives the instan-
taneous strain value that is measured by the strain gage 366.

Although a single strain element 366 has been illustrated,
the bolt 360 may contain 1, 2, or even as many as 4 such strain
gage assemblies on various sides of bolt section 365. Other
stain gage technologies can also be used.

Another example of a stud which is threaded on both ends
and which can be used to measure the weight of an occupant
seat is illustrated in FIGS. 74A-74D. The operation of this
device is disclosed in U.S. Pat. No. 6,653,577 wherein the
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center section of stud 371 is solid. It has been discovered that
sensitivity of the device can be significantly improved if a
slotted member is used as described in U.S. Pat. No. 5,539,
236. FIG. 74A illustrates a SAW strain gage 372 mounted on
a substrate and attached to span a slot 374 in a center section
375 of the stud 371. This technique can be used with any other
strain-measuring device.

FIG. 74B is a side view of the device of FIG. 74A.

FIG. 74C illustrates use of a single hole 376 drilled oft-
center in the center section 375 of the stud 371. The single
hole 376 also serves to magnify the strain as sensed by the
strain gage 372. It has the advantage in that strain gage 372
does not need to span an open space. The amount of magni-
fication obtained from this design, however, is significantly
less than obtained with the design of FIG. 74A.

To improve the sensitivity of the device shown in FIG. 74C,
multiple smaller holes 377 can be used as illustrated in FIG.
74D. FIG. 74E in an alternate configuration showing three of
four gages 372 for determining the bending moments as well
as the axial stress in the support member.

In operation, the SAW strain gage 372 receives radio fre-
quency waves from an interrogator 378 and returns electro-
magnetic waves via a respective antenna 373 which are
delayed based on the strain sensed by strain gage 372.

Occupant weight sensors can give erroneous results if the
seatbelt is pulled tight pushing the occupant into the seat. This
is particularly a problem when the seatbelt is not attached to
the seat. For such cases, it has been proposed to measure the
tension in various parts of the seatbelt. Conventional technol-
ogy requires that such devices be hard-wired into the vehicle
complicating the wire harness.

Other components of the vehicle can also be wirelessly
coupled to the processor or central control module for the
purposes of data transmission and/or power transmission. A
discussion of some components follows.

Seat Systems

In more enhanced applications, it is envisioned that com-
ponents of the seat will be integrated into the power transmis-
sion and communication system. In many luxury cars, the seat
subsystem is becoming very complicated. Seat manufactur-
ers state that almost all warranty repairs are associated with
the wiring and connectors associated with the seat. The reli-
ability of seat systems can therefore be substantially
improved and the incidence of failures or warranty repairs
drastically reduced if the wires and connectors can be elimi-
nated from the seat subsystem.

Today, there are switches located on the seat or at other
locations in the vehicle for controlling the forward and back-
ward motions, up and down motions, and rotation of the seat
and seat back. These switches are connected to the appropri-
ate motors by wires. Additionally, many seats now contain an
airbag that must communicate with a sensor located, for
example, in the vehicle, B-pillar, sill or door. Many occupant
presence sensors and weight sensing systems are also appear-
ing on vehicle seats. Finally, some seats contain heaters and
cooling elements, vibrators, and other comfort and conve-
nience devices that require wires and switches.

As an example, let us now look at weight sensing. Under
the teachings of an invention disclosed herein, silicon strain
gage weight sensors can be placed on the bolts that secure
each seat to the slide mechanism as shown in FIG. 73. These
strain gage subsystems can contain sufficient electronics and
inductive pickup coils so as to receive their operational
energy from a pair of wires appropriately placed beneath the
seats. The seat weight measurements can then be superim-
posed on the power frequency or transmitted wirelessly using
RF or other convenient wireless technology. Other weight
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sensing technologies such as bladders and pressure sensors or
two-dimensional resistive deflection sensing mats can also be
handled in a similar manner.

Other methods of seat weight sensing include measuring
the deflection of a part of the seat or the deflection of the bolts
that connect the seat to the seat slide. For example, the strain
in a bolt can be readily determined using, for example, SAW,
wire or silicon strain gages, optical fiber strain gages, time of
flight or phase of ultrasonic waves traveling through the
strained bolt, or the capacitive change of two appropriately
position capacitor plates.

Using the loosely coupled inductive system described
above, power in excess of a kilowatt can bereadily transferred
to operate seat position motors without the use of directly
connected wires. The switches can also be coupled into the
inductive system without any direct wire connections and the
switches, which now can be placed on the door armrest or on
the seat as desired, can provide the information to control the
seat motors. Additionally, since microprocessors will now be
present on every motor and switch, the classical problem of
the four-way seat system to control three degrees of freedom
can be easily solved.

In current four-way seat systems, when an attempt is made
to vertically raise the seat, the seat also rotates. Similarly,
when an attempt is made to rotate the seat, it also invariably
moves either up or down. This is because there are four
switches to control three degrees of freedom and thus there is
an infinite combination of switch settings for each seat posi-
tion setting. This problem can be easily solved with an algo-
rithm that translates the switch settings to the proper motor
positions. Thus only three switches are needed.

The positions of the seat, seatback and headrest, can also be
readily monitored without having direct wire connections to
the vehicle. This can be done in numerous ways beginning
with the encoder system that is currently in use and ending
with simple RFID radar reflective tags that can be interro-
gated by aremote RFID tag reader. Based on the time of flight
of RF waves, the positions of all of the desired surfaces of the
seat can be instantly determined wirelessly.

1.7 Vehicle or Component Control

At least one invention herein is also particularly useful in
light of the foreseeable implementation of smart highways.
Smart highways will result in vehicles traveling down high-
ways under partial or complete control of an automatic sys-
tem, i.e., not being controlled by the driver. The on-board
diagnostic system will thus be able to determine failure of a
component prior to or upon failure thereof and inform the
vehicle’s guidance system to cause the vehicle to move out of
the stream of traffic, i.e., onto a shoulder of the highway, in a
safe and orderly manner. Moreover, the diagnostic system
may be controlled or programmed to prevent the movement of
the disabled vehicle back into the stream of traffic until the
repair of the component is satisfactorily completed.

In a method in accordance with this embodiment, the
operation of the component would be monitored and if abnor-
mal operation of the component is detected, e.g., by any of the
methods and apparatus disclosed herein (although other com-
ponent failure systems may of course be used in this imple-
mentation), the guidance system of the vehicle which controls
the movement of the vehicle would be notified, e.g., via a
signal from the diagnostic module to the guidance system,
and the guidance system would be programmed to move the
vehicle out of the stream of traffic, or off of the restricted
roadway, possibly to a service station or dealer, upon recep-
tion of the particular signal from the diagnostic module.
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The automatic guidance systems for vehicles traveling on
highways may be any existing system or system being devel-
oped, such as one based on satellite positioning techniques or
ground-based positioning techniques. [t can also be based on
vision systems such as those used to provide lane departure
warning. Since the guidance system may be programmed to
ascertain the vehicle’s position on the highway, it can deter-
mine the vehicle’s current position, the nearest location out of
the stream of traffic, or off of the restricted roadway, such as
an appropriate shoulder or exit to which the vehicle may be
moved, and the path of movement of the vehicle from the
current position to the location out of the stream of traffic, or
off of the restricted roadway. The vehicle may thus be moved
along this path under the control of the automatic guidance
system. In the alternative, the path may be displayed to a
driver (on a heads-up or other display for example) and the
driver can follow the path, i.e., manually control the vehicle.
The diagnostic module and/or guidance system may be
designed to prevent re-entry of the vehicle into the stream of
traffic, or off of the restricted roadway, until the abnormal
operation of the component is satisfactorily addressed.

FIG. 75 is a flow chart of some of the methods for directing
a vehicle off of a roadway if a component is operating abnor-
mally. The component’s operation is monitored at step 380
and a determination is made at step 381 whether its operation
is abnormal. If not, the operation of the component is moni-
tored further. If the operation of the component is abnormal,
the vehicle can be directed off the roadway at step 382. More
particularly, this can be accomplished by generating a signal
indicating the abnormal operation of the component at step
383, directing this signal to a guidance system in the vehicle
at step 384 that guides movement of the vehicle off of the
roadway at step 385. Also, if the component is operating
abnormally, the current position of the vehicle and the loca-
tion of a site off of the roadway can be determined at step 386,
e.g., using satellite-based or ground-based location determin-
ing techniques, a path from the current location to the off-
roadway location determined at step 387 and then the vehicle
directed along this path at step 388. Periodically, a determi-
nation is made at step 389 whether the component’s abnor-
mality has been satisfactorily addressed and/or corrected and
if so, the vehicle can re-enter the roadway and operation of the
component begins again. If not, the re-entry of the vehicle
onto the roadway is prevented at step 390.

FIG. 76 schematically shows the basic components for
performing this method, i.e., a component operation moni-
toring system 391 (such as described above), an optional
satellite-based or ground-based positioning system 392 and a
vehicle guidance system 393.

2.0 Telematics

2.1 Transmission of Vehicle and Occupant Information

Described herein is a system for determining the status of
occupants in a vehicle, and/or of the vehicle, and in the event
of an accident or at any other appropriate time, transmitting
the status of the occupants and/or the vehicle, and optionally
additional information, via a communications channel or link
to a remote monitoring facility. In addition to the status of the
occupant, it is also important to be able to analyze the oper-
ating conditions of the vehicle and detect when a component
of'the vehicle is about to fail. By notifying the driver, a dealer
or other repair facility and/or the vehicle manufacturer of the
impending failure of the component, appropriate corrective
action can be taken to avoid such failure.

As noted above, at least one invention herein relates gen-
erally to telematics and the transmission of information from
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a vehicle to one or more remote sites which can react to the
position or status of the vehicle or occupant(s) therein.

Initially, sensing of the occupancy of the vehicle and the
optional transmission of this information, which may include
images, to remote locations will be discussed. This entails
obtaining information from various sensors about the occu-
pant(s) in the passenger compartment of the vehicle, e.g., the
number of occupants, their type and their motion, if any.
Thereafter, general vehicle diagnostic methods will be dis-
cussed with the diagnosis being transmittable via a commu-
nications device to the remote locations. Finally, a discussion
of various sensors for use on the vehicle to sense different
operating parameters and conditions of the vehicle is pro-
vided. All of the sensors discussed herein can be coupled to a
communications device enabling transmission of data, sig-
nals and/or images to the remote locations, and reception of
the same from the remote locations.

FIG. 77 shows schematically the interface between a
vehicle interior monitoring system in accordance with the
invention and the vehicle’s cellular or other telematics com-
munication system. An adult occupant 395 is shown sitting on
the front passenger seat 343 and four transducers 344, 345,
347 and 348 are used to determine the presence (or absence)
of'the occupant on that seat 343. One of'the transducers 345 in
this case acts as both a transmitter and receiver while trans-
ducer 344 can act only as a receiver or as both a transmitter
and receiver. Alternately, transducer 344 could serve as both
a transmitter and receiver or the transmitting function could
be alternated between the two transducers 344, 345. Also, in
many cases more than two transmitters and receivers are used
and in still other cases, other types of sensors, such as electric
field, capacitance, self-tuning antennas (collectively repre-
sented by 347 and 348), weight, seatbelt, heartbeat, motion
and seat position sensors, are also used in combination with
the radiation sensors.

For a general object, transducers 344, 345, 347, 348 can
also be used to determine the type of object, determine the
location of the object and/or determine another property or
characteristic of the object. A property of the object could be
the presence and/or orientation of a child seat, the velocity of
an adult and the like. For example, the transducers 344, 345,
347, 348 can be designed to enable a determination that an
object is present on the seat, that the object is a child seat and
that the child seat is rear-facing.

The transducers 344 and 345 are attached to the vehicle
buried in the A-pillar trim, where their presence can be dis-
guised, and are connected to processor 340 that may also be
hidden in the trim as shown (this being a non-limiting position
for the processor 340). Other mounting locations can also be
used. For example, transducers 344, 345 can be mounted
inside the seat (along with or in place of transducers 347 and
348), in the ceiling of the vehicle, in the B-pillar, in the
C-pillar and in the doors. Indeed, the vehicle interior moni-
toring system in accordance with the invention may comprise
a plurality of monitoring units, each arranged to monitor a
particular seating location. In this case, for the rear seating
locations, transducers might be mounted in the B-pillar or
C-pillar or in the rear of the front seat or in the rear side doors.
Possible mounting locations for transducers, transmitters,
receivers and other occupant sensing devices are disclosed in
the above-referenced patents and patent applications and all
of'these mounting locations are contemplated for use with the
transducers described herein.

The cellular phone or other communications system 396
outputs to an antenna 397. The transducers 344, 345, 347 and
348 in conjunction with the pattern recognition hardware and
software, which is implemented in processor 340 and is pack-
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aged on a printed circuit board or flex circuit along with the
transducers 344 and 345, determine the presence of an occu-
pant within a few seconds after the vehicle is started, or within
a few seconds after the door is closed. Similar systems located
to monitor the remaining seats in the vehicle also determine
the presence of occupants at the other seating locations and
this result is stored in the computer memory which is part of
each monitoring system processor 340.

Periodically and in particular in the event of or in anticipa-
tion of an accident, the electronic system associated with the
cellular phone or other telematics system 396 interrogates the
various interior monitoring system memories and arrives at a
count of the number of occupants in the vehicle, and option-
ally, even makes a determination as to whether each occupant
was wearing a seatbelt and if he or she is moving after the
accident. The phone or other communications system then
automatically dials or otherwise contacts the EMS operator
(such as 911 orthrough atelematics service such as OnStar®)
and the information obtained from the interior monitoring
systems is forwarded so that a determination can be made as
to the number of ambulances and other equipment to send to
the accident site, for example. Such vehicles will also have a
system, such as the global positioning system, which permits
the vehicle to determine its exact location and to forward this
information to the EMS operator, for example.

An alternate preferred communications system is the use of
satellite internet or Wi-Fi internet such is expected to be
operational on vehicles in a few years. In this manner, the
vehicle will always have communications access regardless
of'its location on the earth. This is based on the premise that
Wi-Fi will be in place for all those locations where satellite
communication is not available such as in tunnels, urban
canyons and the like.

Thus, in basic embodiments of the invention, wave or other
energy-receiving transducers are arranged in the vehicle at
appropriate locations, trained if necessary depending on the
particular embodiment, and function to determine whether a
life form is present in the vehicle and if so, how many life
forms are present and where they are located etc. To this end,
transducers can be arranged to be operative at only a single
seating locations or at multiple seating locations with a pro-
vision being made to eliminate repetitive count of occupants.
A determination can also be made using the transducers as to
whether the life forms are humans, or more specifically,
adults, children in child seats, etc. As noted above, this is
possible using pattern recognition techniques. Moreover, the
processor or processors associated with the transducers can
be trained to determine the location of the life forms, either
periodically or continuously or possibly only immediately
before, during and after a crash. The location of the life forms
can be as general or as specific as necessary depending on the
system requirements, i.c., that a human is situated on the
driver’s seat in a normal position (general) or a determination
can be made that a human is situated on the driver’s seat and
is leaning forward and/or to the side at a specific angle as well
as the position of his or her extremities and head and chest
(specifically). The degree of detail is limited by several fac-
tors, including, for example, the number, type and position of
transducers and training of the pattern recognition algorithm.

In addition to the use of transducers to determine the pres-
ence and location of occupants in a vehicle, other sensors
could also be used. For example, a heartbeat sensor which
determines the number and presence of heartbeats can also be
arranged in the vehicle, which would thus also determine the
number of occupants as the number of occupants would be
equal to the number of heartbeats. Conventional heartbeat
sensors can be adapted to differentiate between a heartbeat of
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an adult, a heartbeat of a child and a heartbeat of an animal. As
its name implies, a heartbeat sensor detects a heartbeat, and
the magnitude thereof, of a human occupant of the seat, if
such a human occupant is present. The output of the heartbeat
sensor is input to the processor of the interior monitoring
system. One heartbeat sensor for use in the invention may be
of'the types as disclosed in McEwan (U.S. Pat. No. 5,573,012
and U.S. Pat. No. 5,766,208). The heartbeat sensor can be
positioned at any convenient position relative to the seats
where occupancy is being monitored. A preferred location is
within the vehicle seat back.

An alternative way to determine the number of occupants is
to monitor the weight being applied to the seats, i.e., each
seating location, by arranging weight sensors at each seating
location which might also be able to provide a weight distri-
bution of an object on the seat. Analysis of the weight and/or
weight distribution by a predetermined method can provide
an indication of occupancy by a human, an adult or child, or
an inanimate object.

Another type of sensor which is not believed to have been
used in an interior monitoring system heretofore is a
micropower impulse radar (MIR) sensor which determines
motion of an occupant and thus can determine his or her
heartbeat (as evidenced by motion of the chest). Such an MIR
sensor can be arranged to detect motion in a particular area in
which the occupant’s chest would most likely be situated or
could be coupled to an arrangement which determines the
location of the occupant’s chest and then adjusts the opera-
tional field of the MIR sensor based on the determined loca-
tion of the occupant’s chest. A motion sensor utilizing a
micropower impulse radar (MIR) system is disclosed, for
example, in McEwan (U.S. Pat. No. 5,361,070), as well as
many other patents by the same inventor. Motion sensing is
accomplished by monitoring a particular range from the sen-
sor, as disclosed in that patent. MIR is one form of radar
which has applicability to occupant sensing and can be
mounted at various locations in the vehicle. It has an advan-
tage over ultrasonic sensors in that data can be acquired at a
higher speed and thus the motion of an occupant can be more
easily tracked. The ability to obtain returns over the entire
occupancy range is somewhat more difficult than with ultra-
sound resulting in a more expensive system overall. MIR has
additional advantages in lack of sensitivity to temperature
variation and has a comparable resolution to about 40 kHz
ultrasound. Resolution comparable to higher frequency is
also possible. Additionally, multiple MIR sensors can be used
when high speed tracking of the motion of an occupant during
a crash is required since they can be individually pulsed
without interfering with each through time division multi-
plexing.

An alternative way to determine motion of the occupant(s)
is to monitor the weight distribution of the occupant whereby
changes in weight distribution after an accident would be
highly suggestive of movement of the occupant. A system for
determining the weight distribution of the occupants could be
integrated or otherwise arranged in the right center and left,
front and back vehicle seats such as 343 and several patents
and publications describe such systems.

More generally, any sensor which determines the presence
and health state of an occupant can also be integrated into the
vehicle interior monitoring system in accordance with the
invention. For example, a sensitive motion sensor can deter-
mine whether an occupant is breathing and a chemical sensor
can determine the amount of carbon dioxide, or the concen-
tration of carbon dioxide, in the air in the vehicle which can be
correlated to the health state of the occupant(s). The motion
sensor and chemical sensor can be designed to have a fixed
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operational field situated where the occupant’s mouth is most
likely to be located. In this manner, detection of carbon diox-
ide in the fixed operational field could be used as an indication
of the presence of a human occupant in order to enable the
determination of the number of occupants in the vehicle. In
the alternative, the motion sensor and chemical sensor can be
adjustable and adapted to adjust their operational field in
conjunction with a determination by an occupant position and
location sensor which would determine the location of spe-
cific parts of the occupant’s body, e.g., his or her chest or
mouth. Furthermore, an occupant position and location sen-
sor can be used to determine the location of the occupant’s
eyes and determine whether the occupant is conscious, i.e.,
whether his or her eyes are open or closed or moving.

The use of chemical sensors can also be used to detect
whether there is blood present in the vehicle, for example,
after an accident. Additionally, microphones can detect
whether there is noise in the vehicle caused by groaning,
yelling, etc., and transmit any such noise through the cellular
or other communication connection to a remote listening
facility (such as operated by OnStar®).

FIG. 78 shows a schematic diagram of an embodiment of
the invention including a system for determining the presence
and health state of any occupants of the vehicle and a tele-
communications link. This embodiment includes a system for
determining the presence of any occupants 400 which may
take the form of a heartbeat sensor or motion sensor as
described above and a system for determining the health state
of any occupants 401. The health state determining system
may be integrated into the system for determining the pres-
ence of any occupants, i.e., one and the same component, or
separate therefrom. Further, a system for determining the
location, and optionally velocity, of the occupants or one or
more parts thereof 402 are provided and may be any conven-
tional occupant position sensor or preferably, one ofthe occu-
pant position sensors as described herein (e.g., those utilizing
waves. electromagnetic radiation or electric fields) or as
described in the current assignee’s patents and patent appli-
cations referenced above.

A processor 403 is coupled to the presence determining
system 400, the health state determining system 401 and the
location determining system 402. A communications unit 404
is coupled to the processor 403. The processor 403 and/or
communications unit 404 can also be coupled to microphones
405 that can be distributed throughout the vehicle and include
voice-processing circuitry to enable the occupant(s) to effect
vocal control of the processor 403, communications unit 404
or any coupled component or oral communications via the
communications unit 404. The processor 403 is also coupled
to another vehicular system, component or subsystem 406
and can issue control commands to effect adjustment of the
operating conditions of the system, component or subsystem.
Such a system, component or subsystem can be the heating or
air-conditioning system, the entertainment system, an occu-
pant restraint device such as an airbag, a glare prevention
system, etc. Also, a positioning system 407 could be coupled
to the processor 403 and provides an indication of the abso-
lute position of the vehicle, preferably using satellite-based
positioning technology (e.g., a GPS receiver).

In normal use (other than after a crash), the presence deter-
mining system 400 determines whether any human occupants
are present, i.e., adults or children, and the location determin-
ing system 402 determines the occupant’s location. The pro-
cessor 403 receives signals representative of the presence of
occupants and their location and determines whether the
vehicular system, component or subsystem 406 can be modi-
fied to optimize its operation for the specific arrangement of
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occupants. For example, if the processor 403 determines that
only the front seats in the vehicle are occupied, it could
control the heating system to provide heat only through vents
situated to provide heat for the front-seated occupants.

Another possible vehicular system, component or sub-
system is a navigational aid, i.e., a route display or map. In
this case, the position of the vehicle as determined by the
positioning system 407 is conveyed through processor 403 to
the communications unit 404 to a remote facility and a map is
transmitted from this facility to the vehicle to be displayed on
the route display. If directions are needed, a request for the
same could be entered into an input unit 408 associated with
the processor 403 and transmitted to the facility. Data for the
display map and/or vocal instructions could be transmitted
from this facility to the vehicle.

Moreover, using this embodiment, it is possible to
remotely monitor the health state of the occupants in the
vehicle and most importantly, the driver. The health state
determining system 401 may be used to detect whether the
driver’s breathing is erratic or indicative of a state in which the
driver is dozing off. The health state determining system 401
could also include a breath-analyzer to determine whether the
driver’s breath contains alcohol. In this case, the health state
of the driver is relayed through the processor 403 and the
communications unit 404 to the remote facility and appropri-
ate action can be taken. For example, it would be possible to
transmit a command (from the remote facility) to the vehicle
to activate an alarm or illuminate a warning light or if the
vehicle is equipped with an automatic guidance system and
ignition shut-off, to cause the vehicle to come to a stop on the
shoulder of the roadway or elsewhere out of the traffic stream.
The alarm, warning light, automatic guidance system and
ignition shut-oft are thus particular vehicular components or
subsystems represented by 406.

In use after a crash, the presence determining system 400,
health state determining system 401 and location determining
system 402 can obtain readings from the passenger compart-
ment and direct such readings to the processor 403. The
processor 403 analyzes the information and directs or
controls the transmission of the information about the occu-
pant(s) to a remote, manned facility. Such information would
include the number and type of occupants, i.e., adults, chil-
dren, infants, whether any of the occupants have stopped
breathing or are breathing erratically, whether the occupants
are conscious (as evidenced by, e.g., eye motion), whether
blood is present (as detected by a chemical sensor) and
whether the occupants are making noise. Moreover, the com-
munications link through the communications unit 404 can be
activated immediately after the crash to enable personnel at
the remote facility to initiate communications with the
vehicle.

An occupant sensing system can also involve sensing for
the presence of a living occupant in a trunk of a vehicle or in
a closed vehicle, for example, when a child is inadvertently
left in the vehicle or enters the trunk and the trunk closes. To
this end, a SAW-based chemical sensor 410 is illustrated in
FIG. 79A for mounting in a vehicle trunk as illustrated in FIG.
79. The chemical sensor 410 is designed to measure carbon
dioxide concentration through the mass loading effects as
described in U.S. Pat. No. 4,895,017 with a polymer coating
selected that is sensitive to carbon dioxide. The speed of the
surface acoustic wave is a function of the carbon dioxide level
in the atmosphere. Section 412 of the chemical sensor 410
contains a coating of such a polymer and the acoustic velocity
in this section is a measure of the carbon dioxide concentra-
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tion. Temperature effects are eliminated through a compari-
son of the sonic velocities in sections 412 and 411 as
described above.

Thus, when the trunk lid 409 is closed and a source of
carbon dioxide such as a child or animal is trapped within the
trunk, the chemical sensor 410 will provide information indi-
cating the presence of the carbon dioxide producing object to
the interrogator which can then release a trunk lock permit-
ting the trunk lid 409 to automatically open. In this manner,
the problem of children and animals suffocating in closed
trunks is eliminated. Alternately, information that a person or
animal is trapped in a trunk can be sent by the telematics
system to law enforcement authorities or other location or
facility remote from the vehicle.

A similar device can be distributed at various locations
within the passenger compartment of vehicle along with a
combined temperature sensor. If the car has been left with a
child or other animal while owner is shopping, for example,
and if the temperature rises within the vehicle to an unsafe
level or, alternately, if the temperature drops below an unsafe
level, then the vehicle can be signaled to take appropriate
action which may involve opening the windows or starting the
vehicle with either air conditioning or heating as appropriate.
Alternately, information that a person or animal is trapped
within a vehicle can be sent by the telematics system to law
enforcement authorities or other location remote from the
vehicle. Thus, through these simple wireless powerless sen-
sors, the problem of suffocation either from lack of oxygen or
death from excessive heat or cold can all be solved in a simple,
low-cost manner through using an interrogator as disclosed in
U.S. patent application Ser. No. 10/079,065, now U.S. Pat.
No. 6,662,642.

Additionally, a sensitive layer on a SAW can be made to be
sensitive to other chemicals such as water vapor for humidity
control or alcohol for drunk-driving control. Similarly, the
sensitive layer can be designed to be sensitive to carbon
monoxide thereby preventing carbon monoxide poisoning.
Many other chemicals can be sensed for specific applications
such as to check for chemical leaks in commercial vehicles,
for example. Whenever such a sensor system determines that
a dangerous situation is developing, an alarm can be sounded
and/or the situation can be automatically communicated to an
off-vehicle location through the internet, telematics, a cell
phone such as a 911 call, the Internet or though a subscriber
service such as OnStar®.

The operating conditions of the vehicle can also be trans-
mitted along with the status of the occupants to a remote
monitoring facility. The operating conditions of the vehicle
include whether the motor is running and whether the vehicle
is moving. Thus, in a general embodiment in which informa-
tion on both occupancy of the vehicle and the operating
conditions of the vehicle are transmitted, one or more prop-
erties or characteristics of occupancy of the vehicle are deter-
mined, such constituting information about the occupancy of
the vehicle, and one or more states of the vehicle or of a
component of the vehicle is determined, such constituting
information about the operation of the vehicle. The informa-
tion about the occupancy of the vehicle and operation of the
vehicle are selectively transmitted, possibly the information
about occupancy to an emergency response center and the
information about the vehicle to a dispatcher, a dealer or
repair facility and/or the vehicle manufacturer.

Transmission of the information about the operation of the
vehicle, i.e., diagnostic information, may be achieved via a
satellite and/or via the Internet. The vehicle would thus
include appropriate electronic hardware and/or software to
enable the transmission of a signal to a satellite, from where
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it could be re-transmitted to a remote location (for example
via the Internet), and/or to enable the transmission to a web
site or host computer. In the latter case, the vehicle could be
assigned a domain name or e-mail address for identification
or transmission origination purposes.

The diagnostic discussion above has centered on notifying
the vehicle operator of a pending problem with a vehicle
component. Today, there is great competition in the automo-
bile marketplace and the manufacturers and dealers who are
most responsive to customers are likely to benefit by
increased sales both from repeat purchasers and new custom-
ers. The diagnostic module disclosed herein benefits the
dealer by making him instantly aware, through the cellular
telephone system, or other communication link, coupled to
the diagnostic module or system in accordance with the
invention, when a component is likely to fail. As envisioned
when the diagnostic module 33 detects a potential failure it
not only notifies the driver through a display 34 (as shown in
FIGS. 3 and 4), but also automatically notifies the dealer
through a vehicle cellular phone 32 or other telematics com-
munication link such as the internet via satellite or Wi-Fi. The
dealer can thus contact the vehicle owner and schedule an
appointment to undertake the necessary repair at each party’s
mutual convenience. Contact by the dealer to the vehicle
owner can occur as the owner is driving the vehicle, using a
communications device. Thus, the dealer can contact the
driver and inform him of'their mutual knowledge of the prob-
lem and discuss scheduling maintenance to attend to the
problem. The customer is pleased since a potential vehicle
breakdown has been avoided and the dealer is pleased since
he is likely to perform the repair work. The vehicle manufac-
turer also benefits by early and accurate statistics on the
failure rate of vehicle components. This early warning system
can reduce the cost of a potential recall for components hav-
ing design defects. It could even have saved lives if such a
system had been in place during the Firestone tire failure
problem mentioned above. The vehicle manufacturer will
thus be guided toward producing higher quality vehicles thus
improving his competitiveness. Finally, experience with this
system will actually lead to a reduction in the number of
sensors on the vehicle since only those sensors that are suc-
cessful in predicting failures will be necessary.

For most cases, it is sufficient to notify a driver that a
component is about to fail through a warning display. In some
critical cases, action beyond warning the driver may be
required. If, for example, the diagnostic module detected that
the alternator was beginning to fail, in addition to warning the
driver of this eventuality, the diagnostic system could send a
signal to another vehicle system to turn off all non-essential
devices which use electricity thereby conserving electrical
energy and maximizing the time and distance that the vehicle
can travel before exhausting the energy in the battery. Addi-
tionally, this system can be coupled to a system such as
OnStar® or a vehicle route guidance system, and the driver
can be guided to the nearest open repair facility or a facility of
his or her choice.

FIG. 80 shows a schematic of the integration of the occu-
pant sensing with a telematics link and the vehicle diagnosis
with a telematics link. As envisioned, the occupant sensing
system 415 includes those components which determine the
presence, position, health state, and other information relat-
ing to the occupants, for example the transducers discussed
above with reference to FIGS. 68 and 69 and the SAW device
discussed above with reference to FIG. 79. Information relat-
ing to the occupants includes information as to what the driver
is doing, talking on the phone, communicating with OnStar®,
the internet or other route guidance, listening to the radio,
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sleeping, drunk, drugged, having a heart attack, etc. The
occupant sensing system may also be any of those systems
and apparatus described in any of the current assignee’s
above-referenced patents and patent applications or any other
comparable occupant sensing system which performs any or
all of the same functions as they relate to occupant sensing.
Examples of sensors which might be installed on a vehicle
and constitute the occupant sensing system include heartbeat
sensors, motion sensors, weight sensors, ultrasonic sensors,
MIR sensors, microphones and optical sensors.

A crash sensor 416 is provided and determines when the
vehicle experiences a crash. Crash sensor 416 may be any
type of crash sensor.

Vehicle sensors 417 include sensors which detect the oper-
ating conditions ofthe vehicle such as those sensors discussed
with reference to FIG. 79 and others above. Also included are
tire sensors such as disclosed in U.S. Pat. No. 6,662,642.
Other examples include velocity and acceleration sensors,
and angular and angular rate pitch, roll and yaw sensors or an
IMU. Of particular importance are sensors that tell what the
car is doing: speed, skidding, sliding, location, communicat-
ing with other cars or the infrastructure, etc.

Environment sensors 418 include sensors which provide
data concerning the operating environment of the vehicle,
e.g., the inside and outside temperatures, the time of day, the
location of the sun and lights, the locations of other vehicles,
rain, snow, sleet, visibility (fog), general road condition infor-
mation, pot holes, ice, snow cover, road visibility, assessment
of traffic, video pictures of an accident either involving the
vehicle or another vehicle, etc. Possible sensors include opti-
cal sensors which obtain images of the environment sur-
rounding the vehicle, blind spot detectors which provide data
on the blind spot of the driver, automatic cruise control sen-
sors that can provide images of vehicles in front of the host
vehicle, and various radar and lidar devices which provide the
position of other vehicles and objects relative to the subject
vehicle.

The occupant sensing system 415, crash sensors 416,
vehicle sensors 417, and environment sensors 418 can all be
coupled to a communications device 419 which may contain
a memory unit and appropriate electrical hardware to com-
municate with all of the sensors, process data from the sen-
sors, and transmit data from the sensors. The memory unit
could be useful to store data from the sensors, updated peri-
odically, so that such information could be transmitted at set
time intervals.

The communications device 419 can be designed to trans-
mit information to any number of different types of facilities.
For example, the communications device 419 could be
designed to transmit information to an emergency response
facility 420 in the event of an accident involving the vehicle.
The transmission of the information could be triggered by a
signal from the crash sensor 416 that the vehicle was experi-
encing a crash or had experienced a crash. The information
transmitted could come from the occupant sensing system
415 so that the emergency response could be tailored to the
status of the occupants. For example, if the vehicle was deter-
mined to have ten occupants, more ambulances might be sent
than if the vehicle contained only a single occupant. Also, if
the occupants are determined not be breathing, then a higher
priority call with living survivors might receive assistance
first. As such, the information from the occupant sensing
system 415 could be used to prioritize the duties of the emer-
gency response personnel.

Information from the vehicle sensors 417 and environment
sensors 418 could also be transmitted to law enforcement
authorities 422 in the event of an accident so that the cause(s)
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of the accident could be determined. Such information can
also include information from the occupant sensing system
415, which might reveal that the driver was talking on the
phone, putting on make-up, or another distracting activity,
information from the vehicle sensors 417 which might reveal
a problem with the vehicle, and information from the envi-
ronment sensors 418 which might reveal the existence of
slippery roads, dense fog and the like.

Information from the occupant sensing system 415, vehicle
sensors 417 and environment sensors 418 could also be trans-
mitted to the vehicle manufacturer 423 in the event of an
accident so that a determination can be made as to whether
failure of a component of the vehicle caused or contributed to
the cause of the accident. For example, the vehicle sensors
might determine that the tire pressure was too low so that
advice can be disseminated to avoid maintaining the tire
pressure too low in order to avoid an accident. Information
from the vehicle sensors 417 relating to component failure
could be transmitted to a dealer/repair facility 421 which
could schedule maintenance to correct the problem.

The communications device 419 could be designed to
transmit particular information to each site, i.e., only infor-
mation important to be considered by the personnel at that
site. For example, the emergency response personnel have no
need for the fact that the tire pressure was too low but such
information is important to the law enforcement authorities
422 (for the possible purpose of issuing a recall of the tire
and/or vehicle) and the vehicle manufacturer 423.

The communication device can be a cellular phone, DSRC,
OnStar®, or other subscriber-based telematics system, a
peer-to-peer vehicle communication system that eventually
communicates to the infrastructure and then, perhaps, to the
Internet with e-mail or instant message to the dealer, manu-
facturer, vehicle owner, law enforcement authorities or oth-
ers. It can also be a vehicle to LEO or Geostationary satellite
system such as SkyBitz which can then forward the informa-
tion to the appropriate facility either directly or through the
Internet or a direct connection to the internet through a satel-
lite or 802.11 Wi-Fi link or equivalent.

The communication may need to be secret so as not to
violate the privacy of the occupants and thus encrypted com-
munication may, in many cases, be required. Other innova-
tions described herein include the transmission of any video
data from a vehicle to another vehicle or to a facility remote
from the vehicle by any means such as a telematics commu-
nication system such as DSRC, OnStar®, a cellular phone
system, a communication via GEO, geocentric or other sat-
ellite system and any communication that communicates the
results of a pattern recognition system analysis. Also, any
communication from a vehicle can combine sensor informa-
tion with location information.

When optical sensors are provided as part of the occupant
sensing system 415, video conferencing becomes a possibil-
ity, whether or not the vehicle experiences a crash. That is, the
occupants of the vehicle can engage in a video conference
with people at another location 424 via establishment of a
communications channel by the communications device 419.

The vehicle diagnostic system described above using a
telematics link can transmit information from any type of
sensors on the vehicle.

In one particular use of the invention, a wireless sensing
and communication system is provided whereby the informa-
tion or data obtained through processing of input from sen-
sors of the wireless sensing and communication system is
further transmitted for reception by a remote facility. Thus, in
such a construction, there is an intra-vehicle communications
between the sensors on the vehicle and a processing system
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(control module, computer or the like) and remote commu-
nications between the same or a coupled processing system
(control module, computer or the like). The electronic com-
ponents for the intra-vehicle communication may be
designed to transmit and receive signals over short distances
whereas the electronic components which enable remote
communications should be designed to transmit and receive
signals over relatively long distances.

The wireless sensing and communication system includes
sensors that are located on the vehicle or in the vicinity of the
vehicle and which provide information which is transmitted
to one or more interrogators in the vehicle by wireless radio
frequency means, using wireless radio frequency transmis-
sion technology. In some cases, the power to operate a par-
ticular sensor is supplied by the interrogator while in other
cases, the sensor is independently connected to either a bat-
tery, generator (piezo electric, solar etc.), vehicle power
source or some source of power external to the vehicle.

One particular system requires mentioning which is the use
of high speed satellite or Wi-F1i internet service such as sup-
plied by Wi-Fi hot spots or KVH Industries, Inc. for any and
all vehicle communications including vehicle telephone, TV
and radio services. With thousands of radio stations available
over the internet, for example (see shoutcast.com), a high
speed internet connection is clearly superior to satellite radio
systems that are now being marketed. Similarly, with ubiqui-
tous internet access that KVH supplies throughout the coun-
try, the lack of coverage problems with cell phones disap-
pears. This capability becomes particularly useful for
emergency notification when a vehicle has an accident or
becomes disabled.

2.2 Docking Stations and PDAs

There is a serious problem developing with vehicles such
as cars, trucks, boats and private planes and computer sys-
tems. The quality and lifetime of vehicles is increasing and
now many vehicles have a lifetime that exceeds ten or more
years. On the other hand, computer and related electronic
systems, which are proliferating on such vehicles, have
shorter and shorter life spans as they are made obsolete by the
exponential advances in technology. Owners do not want to
dispose of their vehicles just because the electronics have
become obsolete. Therefore, a solution as proposed in this
invention, whereby a substantial portion of the information,
programs, processing power and memory are separate from
the vehicle, will increasingly become necessary. One imple-
mentation of such a system is for the information, programs,
processing power and memory to be resident in a portable
device that can be removed from the vehicle. Once removed,
the vehicle may still be operable but with reduced function-
ality. The navigation system, for example, may be resident on
the removable device which hereinafter will be referred to as
a Personal Information Device (PID) including a GPS sub-
system and perhaps an IMU along with appropriate maps
allowing a person to navigate on foot as well as in the vehicle.
The telephone system which can be either internet or cell
phone-based and if internet-based, can be a satellite internet,
Wi-Fi or equivalent system which could be equally operable
in avehicle or on foot. The software data and programs can be
kept updated including all of the software for diagnostic
functions, for example, for the vehicle through the internet
connection. The vehicle could contain supplemental displays
(such as a heads-up display), input devices including touch
pads, switches, voice recognition and cameras for occupant
position determination and gesture recognition, and other
output devices such as speakers, warning lights etc., for
example.
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As computer hardware improves it can be an easy step for
the owner to replace the PID with the latest version which
may even be supplied to the owner under subscription by the
Cell Phone Company, car dealership, vehicle manufacturer,
computer manufacturer etc. Similarly, the same device can be
used to operate the home computer system or entertainment
system. In other words, the owner would own one device, the
PID, which would contain substantially all of the processing
power, software and information that the owner requires to
operate his vehicles, computer systems etc. The system can
also be periodically backed up (perhaps also over the Inter-
net), automatically providing protection against loss of data
in the event of a system failure. The PID can also have a
biometrics-based identification system (fingerprint, voice-
print, face or iris recognition etc.) that prevents unauthorized
users from using the system and an automatic call back loca-
tion system based on GPS or other location technologies that
permits the owner to immediately find the location of the PID
in the event of misplacement or theft.

The PID can also be the repository of credit card informa-
tion permitting instant purchases without the physical scan-
ning of a separate credit card, home or car door identification
system to eliminate keys and conventional keyless entry sys-
tems, and other information of a medical nature to aid emer-
gency services in the event of a medical emergency. The
possibilities are limitless for such a device. A PID, for
example, can be provided with sensors to monitor the vital
functions of an elderly person and signal if a problem occurs.
The PID can be programmed and provided with sensors to
sense fire, cold, harmful chemicals or vapors, biological
agents (such as smallpox or anthrax) for use in a vehicle or
any other environment. An automatic phone call, or other
communication, can be initiated when a hazardous substance
(or any other dangerous or hazardous situation or event) is
detected to inform the authorities along with the location of
the PID. Since the PID would have universal features, it could
be taken from vehicle to vehicle allowing each person to have
personal features in whatever vehicle he or she was operating.
This would be useful for rental vehicles, for example, seats,
mirrors, radio stations, HVAC can be automatically set for the
PID owner. The same feature can apply to offices, homes, etc.

The same PID can also be used to signal the presence of a
particular person in a room and thereby to set the appropriate
TV or radio stations, room temperature, lighting, wall pic-
tures etc. For example, the PID could also assume the features
of'a remote when a person is watching TV. A person could of
course have more than one PID and a PID could be used by
more than one person provided a means of identification is
present such as a biometric based 1D or password system.
Thus, each individual would need to learn to operate one
device, the PID, instead of multiple devices. The PID could
even be used to automatically unlock and initiate some action
such as opening a door or turning on lights in a vehicle, house,
apartment or building. Naturally, the PID can have a variety of
associated sensors as discussed above including cameras,
microphones, accelerometers, an IMU, GPS receiver, Wi-Fi
receiver etc.

Other people could also determine the location of a person
carrying the PID, if such a service is authorized by the PID
owner. In this manner, parents can locate their children or
friends can locate each other in a crowded restaurant or air-
port. The location or tracking information can be made avail-
able on the Internet through the Skybitz or similar low power
tracking system. Also, the batteries that operate the PID can
be recharged in a variety of ways including fuel cells and
vibration-based power generators, solar power, induction
charging systems etc. For further background, see N. Treden-
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nick “031201 Go Reconfigure”, IEEE Spectrum Magazine, p.
37-40, December 2003 and D. Verkest “Machine Cameleon”
ibid p. 41-46, which describe some of the non-vehicle related
properties envisioned here for the PID. Also for some auto-
motive applications see P. Hansen “Portable electronics
threaten embedded electronics”, Automotive Industries
Magazine, December 2004. Such a device could also rely
heavily on whatever network it had access to when it is
connected to a network such as the Internet. It could use the
connected network for many processing tasks which exceed
the capability of the PID or which require information that is
not PID-resident. In a sense, the network can become the
computer for these more demanding tasks. Using the Internet
as the computer gives the automobile companies more control
over the software and permits a pricing model based on use
rather than a one time sale. Such a device can be based on
microprocessors, FPGAs or programmable logical devices or
a combination thereof. This is the first disclosure of vehicular
uses of such a device to solve the mismatched lifetimes of the
vehicle and its electronic hardware and software as discussed
above.

When brought into a vehicle, the PID can connect (either
by a wire of wirelessly using Bluetooth, Zigbee or 802.11
protocols, for example) to the vehicle system and make use of
resident displays, audio systems, antennas and input devices.
Inthis case, the display can be a heads-up display (HUD) and
the input devices can be by audio, manual switches, touchpad,
joystick, or cameras as disclosed in section 4 and elsewhere
herein.

2.3 Satellite and Wi-Fi Internet

Ultimately vehicles will be connected to the Internet with a
high speed connection. Such a connection will still be too
slow for vehicle-to-vehicle communications for collision
avoidance purposes but it should be adequate for most other
vehicle communication purposes. Such a system will prob-
ably obsolete current cell phone systems and subscriber sys-
tems such as OnStar™. FEach user can have a single identifi-
cation number (which could be his or her phone number)
which locates his or her address, phone number, current loca-
tion etc. The vehicle navigation system can guide the vehicle
to the location based on the identification number without the
need to input the actual address.

The ubiquitous Internet system could be achieved by a fleet
of low earth orbiting satellites (LEOs) or transmission towers
transmitting and receiving signals based on one of the 802.11
protocols having a radial range of 50 miles, for example.
Thus, approximately 500 such towers could cover the conti-
nental United States.

A high speed Internet connection can be used for software
upgrade downloading and for map downloading as needed.
Each vehicle can become a probe vehicle that locates road
defects such as potholes, monitors traffic and monitors
weather and road conditions. It can also monitor for terrorist
activities such as the release of chemical or biological agents
as well as provide photographs of anomalies such as traffic
accidents, mud slides or fallen trees across the road, etc., any
or all of this information can be automatically fed to the
appropriate IP address over the Internet providing for ubiq-
uitous information gathering and dissemination. The same or
similar system can be available on other vehicles such as
planes, trains, boats, trucks etc.

Today, high speed Internet access is available via GEO
satellite to vehicles using the KVH system. It is expected that
more and more cities will provide citywide internet services
via 802.11 systems including Wi-Fi, Wi-Max and Wi-Mobile
or their equivalents. Eventually, it is expected that such sys-
tems will be available in rural areas thus making the Internet
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available nationwide and eventually worldwide through one
or a combination of satellite and terrestrial systems. Although
the KVH system is based on GEO satellites, it is expected that
eventually LEO satellites will offer a similar service at a
lower price and requiring a smaller antenna. Such an antenna
will probably be based on phase array technology.

3.0 Wiring and Busses

In the discussion above, the diagnostic module of this
invention assumes that a vehicle data bus exists which is used
by all of the relevant sensors on the vehicle. Most vehicles
today do not have a data bus although it is widely believed that
most vehicles will have one in the future. In lieu of such a bus,
the relevant signals can be transmitted to the diagnostic mod-
ule through a variety of coupling systems other than through
a data bus and this invention is not limited to vehicles having
a data bus. For example, the data can be sent wirelessly to the
diagnostic module using the Bluetooth™, ZIGBEE or 802.11
or similar specification. In some cases, even the sensors do
not have to be wired and can obtain their power via RF from
the interrogator as is well known in the RFID radio frequency
identification field (either silicon or surface acoustic wave
(SAW)-based)). Alternately, an inductive or capacitive power
transfer system can be used.

Several technologies have been described above all of
which have the objective of improving the reliability and
reducing the complexity of the wiring system in an automo-
bile and particularly the safety system. Most importantly, the
bus technology described has as its objective simplification
and increase in reliability of the vehicle wiring system. The
safety system wiring was first conceived of as a method for
permitting the location of airbag crash sensors at locations
where they can most effectively sense a vehicle crash and yet
permit that information to be transmitted to the airbag control
circuitry which may be located in a protected portion of the
interior of the vehicle or may even be located on the airbag
module itself. Protecting this transmission requires a wiring
system that is far more reliable and resistant to being
destroyed in the very crash that the sensor is sensing. This led
to the realization that the data bus that carries the information
from the crash sensor must be particularly reliable. Upon
designing such a data bus, however, it was found that the
capacity of that data bus far exceeded the needs of the crash
sensor system. This then led to a realization that the capacity,
or bandwidth, of such a bus would be sufficient to carry all of
the vehicle information requirements. In some cases, this
requires the use of high bandwidth bus technology such as
twisted pair wires, shielded twisted pair wires, or coax cable.
If a subset of all of the vehicle devices is included on the bus,
then the bandwidth requirements are less and simpler bus
technologies can be used instead of a coax cable, for example.
The economics that accompany a data bus design which has
the highest reliability, highest bandwidth, is justified if all of
the vehicle devices use the same system. This is where the
greatest economies and greatest reliability occur. As
described above, this permits, for example, the placement of
the airbag firing electronics into or adjacent the housing that
contains the airbag inflator. Once the integrity of the data bus
is assured, such that it will not be destroyed during the crash
itself, then the proper place for the airbag intelligence can be
in, or adjacent to, the airbag module itself. This further
improves the reliability of the system since the shorting of the
wires to the airbag module will not inadvertently set off the
airbag as has happened frequently in the past.

‘When operating on the vehicle data bus, each device should
have a unique address. For most situations, therefore, this
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address must be predetermined and then assigned through an
agreed-upon standard for all vehicles. Thus, the left rear tail
light must have a unique address so that when the turn signal
is turned to flash that light, it does not also flash the right tail
light, for example. Similarly, the side impact crash sensor
which will operate on the same data bus as the frontal impact
crash sensor, must issue a command, directly or indirectly, to
the side impact airbag and not to the frontal impact airbag.

One of the key advantages of a single bus system connect-
ing all sensors in the vehicle together is the possibility of
using this data bus to diagnose the health of the entire safety
system or of the entire vehicle, as described in the detail
above. Thus, there are clear synergistic advantages to all the
disparate technologies described above.

The design, construction, installation, and maintenance a
vehicle data bus network requires attention to many issues,
including: an appropriate communication protocol, physical
layer transceivers for the selected media, capable micropro-
cessors for application and protocol execution, device con-
troller hardware and software for the required sensors and
actuators, etc. Such activities are known to those skilled in the
art and will not be described in detail here.

Anintelligent distributed system as described above can be
based on the CAN Protocol, for example, which is a common
protocol used in the automotive industry. CAN is a full func-
tion network protocol that provides both message checking
and correction to insure communication integrity. Many of
the devices on the system will have their own special diag-
nostics. For instance, an inflator control system can send a
warning message if its backup power supply has insufficient
charge. In order to assure the integrity and reliability of the
bus system, most devices will be equipped with bi-directional
communication as described above. Thus, when a message is
sent to the rear right taillight to turn on, the light can return a
message that it has executed the instruction.

In a refinement of this embodiment, more of the electronics
associated with the airbag system can be decentralized and
housed within or closely adjacent to each of the airbag mod-
ules. Each module can have its own electronic package con-
taining a power supply and diagnostic and sometimes also the
occupant sensor electronics. One sensor system is still used to
initiate deployment of all airbags associated with the frontal
impact. To avoid the noise effects of all airbags deploying at
the same time, each module sometimes has its own delay. The
modules for the rear seat, for example, can have a several
millisecond firing delay compared with the module for the
driver and the front passenger module can have a lesser delay.
Each of the modules can also have its own occupant position
sensor and associated electronics. In this configuration, there
is a minimum reliance on the transmission of power and data
to and from the vehicle electrical system which is the least
reliable part of the airbag system, especially during a crash.
Once each of the modules receives a signal from the crash
sensor system, it is on its own and no longer needs either
power or information from the other parts of the system. The
main diagnostics for a module can also reside within the
module which transmits either a ready or a fault signal to the
main monitoring circuit which now needs only to turn on a
warning light, and perhaps record the fault, if any of the
modules either fails to transmit a ready signal or sends a fault
signal.

Thus, the placement of electronic components in or near
the airbag module can be important for safety and reliability
reasons. The placement of the occupant sensing as well as the
diagnostics electronics within or adjacent to the airbag mod-
ule has additional advantages to solving several current
important airbag problems. For example, there have been

10

15

20

25

30

35

40

45

50

55

60

65

120

numerous inadvertent airbag deployments caused by wires in
the system becoming shorted. Then, when the vehicle hits a
pothole, which is sufficient to activate an arming sensor or
otherwise disturb the sensing system, the airbag can deploy.
Such an unwanted deployment of course can directly injure
an occupant who is out-of-position or cause an accident
resulting in occupant injuries. If the sensor were to send a
coded signal to the airbag module rather than a DC voltage
with sufficient power to trigger the airbag, and if the airbag
module had stored within its electronic circuit sufficient
energy to initiate the inflator, then these unwanted deploy-
ments could be prevented. A shorted wire cannot send a coded
signal and the short can be detected by the module resident
diagnostic circuitry.

This would require that the airbag module contain, or have
adjacent to it, a power supply (formerly the backup power
supply) which further improves the reliability of the system
since the electrical connection to the sensor, or to the vehicle
power, can now partially fail, as might happen during an
accident, and the system will still work properly. It is well
known that the electrical resistance in the “clockspring” con-
nection system, which connects the steering wheel-mounted
airbag module to the sensor and diagnostic system, has been
marginal in design and prone to failure. The resistance of this
electrical connection must be very low or there will not be
sufficient power to reliably initiate the inflator squib. To
reduce the resistance to the level required, high quality gold-
plated connectors are preferably used and the wires should
also be of unusually high quality. Due to space constraints,
however, these wires frequently have only a marginally
adequate resistance thereby reducing the reliability of the
driver airbag module and increasing its cost. If, on the other
hand, the power to initiate the airbag were already in the
module, then only a coded signal needs to be sent to the
module rather than sufficient power to initiate the inflator.
Thus, the resistance problem disappears and the module reli-
ability is increased. Additionally, the requirements for the
clockspring wires become less severe and the design can be
relaxed reducing the costand complexity of the device. It may
even be possible to return to the slip ring system that existed
prior to the implementation of airbags.

Under this system, the power supply can be charged overa
few seconds, since the power does not need to be sent to the
module at the time of the required airbag deployment because
it is already there. Thus, all of the electronics associated with
the airbag system except the sensor and its associated elec-
tronics, if any, could be within or adjacent to the airbag
module. This includes optionally the occupant sensor, the
diagnostics and the (backup) power supply, which now
becomes the primary power supply, and the need for a backup
disappears. When a fault is detected, a message is sent to a
display unit located typically in the instrument panel.

The placement of the main electronics within each module
follows the development path that computers themselves
have followed from a large centralized mainframe base to a
network of microcomputers. The computing power required
by an occupant position sensor, airbag system diagnostics and
backup power supply can be greater than that required by a
single point sensor or of a sensor system employing satellite
sensors. For this reason, it can be more logical to put this
electronic package within or adjacent to each module. In this
manner, the advantages of a centralized single point sensor
and diagnostic system fade since most of the intelligence will
reside within or adjacent to the individual modules and not the
centralized system. A simple and more effective CrushSwitch
sensor such as disclosed in U.S. Pat. No. 5,441,301, for
example, now becomes more cost effective than the single
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point sensor and diagnostic system which is now being
widely adopted. Finally, this also is consistent with the migra-
tion to a bus system where the power and information are
transmitted around the vehicle on a single bus system thereby
significantly reducing the number of wires and the complex-
ity of the vehicle wiring system. The decision to deploy an
airbag is sent to the airbag module sub-system as a signal not
as a burst of power. Although it has been assumed that the
information would be sent over a wire bus, it is also possible
to send the deploy command by a variety of wireless methods
either using wires or wirelessly.

A partial implementation of the system as just described is
depicted schematically in FIG. 81 which shows a view of the
combination of an occupant position sensor and airbag mod-
ule designed to prevent the deployment of the airbag for a seat
which is unoccupied or if the occupant is too close to the
airbag and therefore in danger of deployment-induced injury.
The module, shown generally at 430, includes a housing
which comprises an airbag 431, an inflator assembly 432 for
the airbag 431, an occupant position sensor comprising an
ultrasonic transmitter 433 and an ultrasonic receiver 434.
Other occupant position sensors can also be used instead of
the ultrasonic transmitter/receiver pair to determine the posi-
tion ofthe occupant to be protected by the airbag 431, and also
the occupant position sensor (433,434) may be located out-
side of the housing of the module 430. A preferred alternative
occupant sensor system uses a camera as disclosed in several
of'the assignee’s patents such as U.S. Pat. No. 5,748,473, U.S.
Pat. No. 5,835,613, U.S. Pat. No. 6,141,432, U.S. Pat. No.
6,270,116, U.S. Pat. No. 6,324,453 and U.S. Pat. No. 6,856,
873. In the ultrasonic example, the housing of the module 430
also can contain an electronic module or package 435 coupled
to each of the inflator assembly 432, the transmitter 433 and
the receiver 434 and which performs the functions of sending
the ultrasonic signal to the transmitter 433 and processing the
data from the occupant position sensor receiver 434. Elec-
tronics module 435 may be arranged within the housing of the
module 430 as shown or adjacent or proximate the housing of
the module 430. Module 430 can also contain a power supply
(not shown) for supplying power upon command by the elec-
tronics module 435 to the inflator assembly 432 to cause
inflation of the airbag 431. Thus, electronics module 435
controls the inflation or deployment of the airbag 431 and
may sometimes herein be referred to as a controller or control
unit. In addition, the electronic module 435 can monitor the
power supply voltage, to assure that sufficient energy is stored
to initiate the inflator assembly 432 when required, and power
the other processes, and can report periodically over the
vehicle bus 436 to the central diagnostic module, shown
schematically at 437, to indicate that the module is ready. i.e.,
there is sufficient power of inflate or deploy the airbag 431
and operate the occupant position sensor transmitter/receiver
pair 433, 434, or sends a fault code if a failure in any compo-
nent being monitored has been detected. A CrushSwitch sen-
sor is also shown schematically at 438, which can be the only
discriminating sensor in the system. Sensor 438 is coupled to
the vehicle bus 436 and can transmit a coded signal over the
bus to the electronics module 435 to cause the electronics
module 435 to initiate deployment of the airbag 431 via the
inflator assembly 432. The vehicle bus 436 connects the elec-
tronic package 435, the central sensor and diagnostic module
437 and the CrushSwitch sensor 438. Bus 436 may be the
single bus system, i.e., consists of a pair of wires, on which
power and information are transmitted around the vehicle as
noted immediately above. Instead of CrushSwitch sensor
438, other crash sensors may be used.
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When several crash sensors and airbag modules are present
in the vehicle, they can all be coupled to the same bus or
discrete portions of the airbag modules and crash sensors can
be coupled to separate buses. Other ways for connecting the
crash sensors and airbag modules to an electrical bus can also
be implemented in accordance with the invention such as
connecting some of the sensors and/or modules in parallel to
a bus and others daisy-chained onto the bus. This type of bus
architecture is described in U.S. Pat. No. 6,212,457.

It should be understood that airbag module 430 is a sche-
matic representation only and thus, may represent any of the
airbag modules described above in any of the mounting loca-
tions. For example, airbag module 430 may be arranged in
connection with the seat 525 as module 510 is in FIG. 82, as
a side curtain airbag or as a passenger side airbag or else-
where. For the seat example, the bus, which is connected to
the airbag module 510, would inherently extend at least par-
tially into and within the seat.

Another implementation of the invention incorporating the
electronic components into and adjacent to the airbag module
as illustrated in FIG. 83 which shows the interior front of the
passenger compartment generally at 445. Driver airbag mod-
ule 446 is partially cutaway to show an electronic module 447
incorporated within the airbag module 446. Electronic mod-
ule 447 may be comparable to electronic module 435 in the
embodiment of FIG. 81 in that it can control the deployment
of'the airbag in airbag module 446. Electronic airbag module
446 is connected to an electronic sensor illustrated generally
as 451 by a wire 448. The electronic sensor 451 can be, for
example, an electronic single point crash sensor that initiates
the deployment of the airbag when it senses a crash. Passen-
ger airbag module 450 is illustrated with its associated elec-
tronic module 452 outside of but adjacent or proximate to the
airbag module. Electronic module 452 may be comparable to
electronic module 439 in the embodiment of FIG. 81 in that it
can control the deployment of the airbag in airbag module
450. Electronic module 452 is connected by a wire 449, which
could also be part of a bus, to the electronic sensor 451. One
or both of the electronic modules 447 and 452 can contain
diagnostic circuitry, power storage capability (either a battery
or a capacitor), occupant sensing circuitry, as well as com-
munication electronic circuitry for either wired or wireless
communication.

It should be understood that although only two airbag
modules 446,450 are shown, it is envisioned that an automo-
tive safety network may be designed with several and/or
different types of occupant protection devices. Such an auto-
motive network can comprise one or more occupant protec-
tion devices connected to the bus, each comprising a housing
and a component deployable to provide protection for the
occupant, at least one sensor system for providing an
output signal relevant to deployment of the deployable com-
ponent(s) (such as the occupant sensing circuitry), a deploy-
ment determining system for generating a signal indicating
for which of the deployable components deployment is
desired (such as a crash sensor) and an electronic controller
arranged in, proximate or adjacent each housing and coupled
to the sensor system(s) and the deployment determining sys-
tem. The electrical bus electrically couples the sensor
system(s), the deployment determining system and the con-
trollers so that the signals from one or more of the sensor
systems and the deployment determining system are sent over
the bus to the controllers. Each controller controls deploy-
ment of the deployable component of the respective occupant
protection device in consideration of the signals from the
sensor system(s) and the deployment determining system.
The crash sensor(s) may be arranged separate and at a loca-
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tionapart from the housings and generate a coded signal when
deployment of any one of the deployable components is
desired. Thus, the coded signal varies depending on which of
deployment components are to be deployed. Ifthe deployable
component is an airbag associated with the housing, the occu-
pant protection device would comprise an inflator assembly
arranged in the housing for inflating the airbag.

The safety bus, or any other vehicle bus, may use a coaxial
cable. A connector for joining two coaxial cables 457 and 458
is illustrated in FIGS. 70A, 70B, 70C and 70D generally at
455. A cover 456 can be hingably attached to a base 459. A
connector plate 461 can be slidably inserted into base 459 and
can contain two abrasion and connection sections 463 and
464. A second connecting plate 465 can contain two connect-
ing pins 462, one corresponding to each cable to be con-
nected. To connect the two cables 457 and 458 together is this
implementation, they are first inserted into their respective
holes 466 and 467 in base 459 until they are engaged by pins
462. Sliding connector plate 461 is then inserted and cover
460 rotated pushing connector plate 461 downward until the
catch 468 snaps over mating catch 469. Other latching
devices are of course usable in accordance with the invention.
During this process, the serrated part 463 of connector plate
461 abrades the insulating cover off of the outside of the
respective cable exposing the outer conductor. The particle
coated section 464 of connector plate 461 then engages and
makes electrical contact with the outer conductor of the
coaxial cables 457 and 458. In this manner, the two coaxial
cables 457,458 are electrically connected together in a very
simple manner.

Consider now various uses of a bus system.

3.1 Airbag Systems

The airbag system currently involves a large number of
wires that carry information and power to and from the airbag
central processing unit. Some vehicles have sensors mounted
in the front of the vehicle and many vehicles also have sensors
mounted in the side structure (the door, B-Pillar, sill, or any
other location that is rigidly connected to the side crush zone
of'the vehicle). In addition, there are sensors and an electronic
control module mounted in the passenger compartment. All
cars now have passenger and driver airbags and some vehicles
have as many as eight airbags considering the side impact
torso airbag and head airbags as well as knee bolster airbags.

To partially cope with this problem, there is a movement to
connect all of the safety systems onto a single bus (see for
example U.S. Pat. No. 6,326,704). Once again, the biggest
problem with the reliability of airbag systems is the wiring
and connectors. By practicing the teachings of this invention,
one single pair of wires can be used to connect all of the airbag
sensors and airbags together and, in one preferred implemen-
tation, to do so without the use of connectors. Thus, the
reliability of the system is substantially improved and the
reduced installation costs more than offsets the added cost of
having a loosely coupled inductive network, for example,
described elsewhere herein.

With such a system, more and more of the airbag electron-
ics can reside within or adjacent to the airbag module with the
crash sensor and occupant information fed to the electronics
modules for the deploy decision. Thus, all of the relevant
information can reside on the vehicle safety or general bus
with each airbag module making its own deploy decision
locally.

3.2 Steering Wheel

The steering wheel of an automobile is becoming more
complex as more functions are incorporated utilizing
switches and/or a touch pad, for example, on the steering
wheel or other haptic or non-haptic input or even output
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devices. Many vehicles have controls for heating and air
conditioning, cruise control, radio, etc.

Although previously not implemented, a steering can also
be an output device by causing various locations on the steer-
ing wheel to provide a vibration, electrical shock or other
output to the driver. This is in contrast to vibrating the entire
steering wheel which has been proposed for an artificial
rumble strip application when a vehicle departs from its lane.
Such a local feedback can be used to identify for the driver
which button he or she should press to complete an action
such as dialing a phone number, for example (see H Kajimoto
et al., SmartTouch: Electric Skin to Touch the Untouchable”
IEEE Computer Graphics and Applications, pp 36-43, Janu-
ary-February, 2004, IEEE).

Additionally, the airbag must have a very high quality
connection so that it reliably deploys even when an accident
is underway.

This has resulted in the use of clockspring ribbon cables
that make all of the electrical connections between the vehicle
and the rotating steering wheel. The ribbon cable must at least
able to carry sufficient current to reliably initiate airbag
deployment even at very cold temperatures. This requires that
the ribbon cable contain at least two heavy conductors to
bring power to the airbag. Under the airbag network concept,
a capacitor or battery can be used within the airbag module
and kept charged thereby significantly reducing the amount of
current that must pass through the ribbon cable. Thus, the
ribbon cable can be kept considerably smaller, as discussed
above.

An alternate and preferred solution uses the teachings of
this invention to inductively couple the steering wheel with
the vehicle thus eliminating all wires and connectors. All of
the switch functions, control functions, and airbag functions
are multiplexed on top of the inductive carrier frequency. This
greatly simplifies the initial installation of the steering wheel
onto the vehicle since a complicated ribbon cable is no longer
necessary. Similarly, it reduces warranty repairs caused by
people changing steering wheels without making sure that the
ribbon cable is properly positioned.

As described elsewhere herein, an input device such as a
mouse pad, joy stick or even one or more switches can be
placed on the steering wheel and used to control a display
such as a heads-up display thus permitting the vehicle opera-
tor to control many functions of a vehicle without taking his
or her eyes off of the road. BMW recently introduced the
IPOD haptic interface which attempts to permit the driver to
control many vehicle functions (HVAC, etc.) but it lacks the
display feedback and thus has been found confusing to
vehicle operators. This problem disappears when such a
device is coupled with a display and particularly a heads-up
display as taught herein. Although a preferred location for the
input device is the steering wheel, it can be placed at other
locations in the vehicle as is the IPOD.

The use of a haptic device can be extended to give feedback
to the operator. If the phone rings, for example, a particular
portion of the steering wheel can be made to vibrate indicat-
ing where the operator should depress a switch to answer the
phone. The display can also indicate to the driver that the
phone is ringing and perhaps indicate to him or her the loca-
tion of the switch or that a oral command should be given to
answer the phone.

As one example of the implementation of this concept
consider the following description used in conjunction with
FIGS. 71A-72. FIG. 71A is a front view of a steering wheel
having two generalized switches located at 3 and 9 o’clock on
the steering wheel rim. FIG. 71B is a view similar to FIG. 71A
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with the addition of a thumb switch option and FIG. 71C is a
rear view of the steering wheel of FIG. 71B with a finger
trigger option.

Starting with the assumptions that:

The driver should be able to control various systems in the

automobile without looking away from the road

The driver should be able to control these systems without

taking his/her hands away from the steering wheel

All system control interfaces fundamentally will be menu-

driven

Some sort of cursor on a heads-up or other easily visible

display coupled with a mouse pad or joystick, as dis-
cussed below, might be distracting, it would be better to
simply highlight and select from menu options.

Menus can easily be traversed with three buttons, one to
move the selection up, one to move it down, and one to select.
Since the driver should keep his/her hands on the steering
wheel at all times, these buttons, 801, 802 and 803 should be
placed so they can be accessed at the standard 3 o’clock and
9 o’clock hand positions.

Buttons could be placed on the front of the steering wheel
such that the driver’s thumbs can press them, or probably
better, buttons could be placed on the rear of the steering
wheel such that fingers could use them as triggers.

To prevent accidental menu launch (which could be dis-
tracting), all three buttons, 801, 802, and 803 could be pressed
simultaneously to summon the menu on the heads-up display,
or some similar scheme could be devised. If the driver presses
on the brakes or makes a fast turn as an evasive maneuver, the
menu can be designed to disappear so that the driver is not
distracted when driving requires his/her attention.

InFIGS. 71A, 71B and FIG. 72, the two button cluster, 801,
803 (accessed by the left hand in the images, but side does not
matter) can be, for example, menu option up and menu option
down. The single button can be menu option select.

A press-knob could also be a good solution, but it has the
disadvantage that it can’t be placed in the optimal steering
wheel driving position (3 or 9). This concept is likely similar
to the IPOD input device now found on some BMW’s,
namely, a rotary knob that when turned highlights different
menu options and when pressed selects the currently high-
lighted option. An advantage to this is that it is a better
interface for temperature and volume controls in the car since
it can be simply turned to adjust the parameter rather than
pressed repeatedly, or pressed and held down as switches
would be. This continuously varying function can also be
achieved with a scroll wheel. FIG. 72 illustrates the addition
of'a mouse type scroll wheel 805 for the left hand.

Another solution would be a partial combination of the
two. The menu item select function could be implemented as
a wheel 805, similar to the scroll wheel on modern computer
mice. Option select could be implemented with a wheel press
or with a separate switch. The menu select wheel would be
thumb-accessible, and a select switch could be a finger trigger
switch.

All of the steering wheel mounted switched discussed
above and below can be wireless and powerless devices such
as those discussed herein based of RFID and SAW technolo-
gies.

3.3 Door Subsystem

More and more electrical functions are also being placed
into vehicle doors. This includes window control switches
and motors as well as seat control switches, airbag crash
sensors, etc. As a result the bundle of wires that must pass
through the door edge and through the A-pillar has become a
serious assembly and maintenance problem in the automotive
industry. Using the teachings of this invention, a loosely
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coupled inductive system could pass anywhere near the door
and an inductive pickup system placed on the other side
where it obtains power and exchanges information when the
mating surfaces are aligned. If these surfaces are placed in the
A-pillar, then sufficient power can be available even when the
door is open. Alternately, a battery or capacitive storage sys-
tem can be provided in the door and the coupling can exist
through the doorsill, for example. This eliminates the need for
wires to pass through the door interface and greatly simplifies
the assembly and installation of doors. It also greatly reduces
warranty repairs caused by the constant movement of wires at
the door and car body interface.

3.4 Blind Spot Monitor

Many accidents are caused by a driver executing a lane
change when there is another vehicle in his blind spot. As a
result, several firms are developing blind spot monitors based
on radar, optics, or passive infrared, to detect the presence of
a vehicle in the driver’s blind spot and to warn the driver
should he attempt such a lane change. These blind spot moni-
tors are typically placed on the outside of the vehicle near or
on the side rear view mirrors. Since the device is exposed to
rain, salt, snow etc., there is a reliability problem resulting
from the need to seal the sensor and to permit wires to enter
the sensor and also the vehicle. Special wire, for example,
should be used to prevent water from wicking through the
wire. These problems as well as similar problems associated
with other devices which require electric power and which are
exposed to the environment, such as forward-mounted airbag
crash sensors, can be solved utilizing an inductive coupling
techniques of this invention.

3.5 Truck-to-Trailer Power and Information Transfer

A serious source of safety and reliability problems results
from the flexible wire connections that are necessary between
a truck and a trailer. The need for these flexible wire connec-
tions and their associated connector problems can be elimi-
nated using the inductive coupling techniques of this inven-
tion. In this case, the mere attachment of the trailer to the
tractor automatically aligns an inductive pickup device on the
trailer with the power lines imbedded in the fitth wheel, for
example.

3.6 Wireless Switches

Switches in general do not consume power and therefore
they can be implemented wirelessly according to the teach-
ings of this invention in many different modes. For a simple
on-off switch, a one bit RFID tag similar to what is commonly
used for protecting against shoplifting in stores with a slight
modification can be easily implemented. The RFID tag
switch would contain its address and a single accessible bit
permitting the device to be interrogated regardless of its loca-
tion in the vehicle without wires. A SAW-based switch as
disclosed elsewhere herein can also be used and interrogated
wirelessly.

As the switch function becomes more complicated, addi-
tional power may be required and the options for interroga-
tion become more limited. For a continuously varying switch,
for example the volume control on a radio, it may be desirable
to use a more complicated design where an inductive transfer
of information is utilized. On the other hand, by using
momentary contact switches that would set the one bit on only
while the switch is activated and by using the duration of
activation, volume control type functions can still be per-
formed even though the switch is remote from the interroga-
tor.

This concept then permits the placement of switches at
arbitrary locations anywhere in the vehicle without regard to
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the placement of wires. Additionally, multiple switches can
be easily used to control the same device or a single switch
can control many devices.

For example, a switch to control the forward and rearward
motion of the driver seat can be placed on the driver door-
mounted armrest and interrogated by an RFID reader or SAW
interrogator located in the headliner of the vehicle. The inter-
rogator periodically monitors all RFID or SAW switches
located in the vehicle which may number over 100. If the
driver armrest switch is depressed and the switch bit is
changed from 0 to 1, the reader knows based on the address or
identification number of the switch that the driver intends to
operate his seat in a forward or reverse manner. A signal can
then be sent over the inductive power transfer line to the motor
controlling the seat and the motor can thus be commanded to
move the seat either forward based on one switch ID or
backward based on another switch ID. Thus, the switch in the
armrest could actually contain two identification RFIDs or
SAW switches, one for forward movement of seat and one for
rearward movement of the seat. As soon the driver ceases
operating the switch, the switch state returns to 0 and a com-
mand is sent to the motor to stop moving the seat. The RFID
or SAW device can be passive or active.

By this process as taught by this invention, all of the 100 or
so switches and other simple sensors can become wireless
devices and vastly reduce the number of wires in a vehicle and
increase the reliability and reduce warranty repairs. One such
example is the switch that determines whether the seatbelt is
fastened which can now be a wireless switch.

3.7 Wireless Lights

In contrast to switches, lights require power. The power
required generally exceeds that which can be easily transmit-
ted by RF or capacitive coupling. For lights to become wire-
less, therefore, inductive coupling or equivalent can be
required. Now, however, it is no longer necessary to have light
sockets, wires and connectors. Each light bulb could be out-
fitted with an inductive pickup device and a microprocessor.
The microprocessor can listen to the information coming over
the inductive pickup line, or wirelessly, and when it recog-
nizes its address, it activates an internal switch which turns on
the light. If the information is transferred wirelessly, the RFID
switch described in section 1.4.4 above can be used. The light
bulb becomes a totally sealed, self-contained unit with no
electrical connectors or connections to the vehicle. It is auto-
matically connected by mounting in a holder and by its prox-
imity, which can be as far away as several inches, to the
inductive power line. It has been demonstrated that power
transfer efficiencies of up to about 99 percent can be achieved
by this system and power levels exceeding about 1 kW can be
transferred to a device using a loosely coupled inductive
system described above.

This invention therefore considerably simplifies the
mounting of lights in a vehicle since the lights are totally
self-contained and not plugged into the vehicle power system.
Problems associated with sealing the light socket from the
environment disappear vastly simplifying the installation of
headlights, for example, into the vehicle. The skin of the
vehicle need not contain any receptacles for a light plug and
therefore there is no need to seal the light bulb edges to
prevent water from entering behind the light bulb. Thus, the
reliability of vehicle exterior lighting systems is significantly
improved. Similarly, the ease with which light bulbs can be
changed when they burn out is greatly simplified since the
complicated mechanisms for sealing the light bulb into the
vehicle are no longer necessary. Although headlights were
discussed, the same principles apply to all other lights
mounted on a vehicle exterior.
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Since it is contemplated that the main power transfer wire
pair will travel throughout the automobile in a single
branched loop, several light bulbs can be inductively attached
to the inductive wire power supplier by merely locating a
holder for the sealed light bulb within a few inches of the wire.
Once again, no electrical connections are required.

Consider for example the activation of the right turn signal.
The microprocessor associated with the turn switch on the
steering column is programmed to transmit the addresses of
the right front and rear turn light bulbs to turn them on. A
fraction of a second later, the microprocessor sends a signal
over the inductive power transfer line, or wirelessly, to turn
the light bulbs off. This is repeated for as long as the turn
signal switch is placed in the activation position for a right
turn. The right rear turn signal light bulb receives a message
with its address and a bit set for the light to be turned on and
it responds by so doing and similarly, when the signal is
received for turning the light off. Once again, all such trans-
missions occur over a single power and information inductive
line and no wire connections are made to the light bulb. In this
example, all power and information is transferred inductively.

3.8 Keyless Entry

The RFID technology is particularly applicable to keyless
entry. Instead of depressing a button on a remote vehicle door
opener, the owner of vehicle need only carry an RFID card in
his pocket. Upon approaching the vehicle door, the reader
located in the vehicle door, activates the circuitry in the RFID
card and receives the identification number, checks it and
unlocks the vehicle if the code matches. It can even open the
door or trunk based on the time that the driver stands near the
door or trunk. Simultaneously, the vehicle now knows that
this is driver No. 3, for example, and automatically sets the
seat position, headrest position, mirror position, radio sta-
tions, temperature controls and all other driver specific func-
tions including the positions of the petals to adapt the vehicle
to the particular driver. When the driver sits in the seat, no
ignition key is necessary and by merely depressing a switch
which can be located anywhere in the vehicle, on the armrest
for example, the vehicle motor starts. The switch can be
wireless and the reader or interrogator which initially read the
operator’s card can be connected inductively to the vehicle
power system.

U.S. Pat. No. 5,790,043 describes the unlocking of a door
based on a transponder held by a person approaching the door.
By adding the function of measuring the distance to the per-
son, by use of the backscatter from the transponder antenna
for example, the distance from the vehicle-based transmitter
and the person can be determined and the door opened when
the person is within 5 feet, for example, of the door as dis-
cussed elsewhere herein.

Using the RFID switch discussed above, for example, the
integration of the keyless entry system with the tire monitor
and all other similar devices can be readily achieved.

3.9 In-Vehicle Mesh Network, Intra-Vehicle Communica-
tions

The use of wireless networks within a vehicle has been
discussed elsewhere herein. Of particular interest here is the
use of a mesh network (or mesh) wherein the various wireless
elements are connected via a mesh such that each device can
communicate with each other to thereby add information that
might aid a particular node. In the simplest case, nodes on the
mesh can merely aid in the transfer of information to a central
controller. In more advanced cases, the temperature moni-
tored by one node can be used by other nodes to compensate
for the effects of temperature on the node operation. In
another case, the fact that a node has been damaged or is
experiencing acceleration can be used to determine the extent
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of and to forecast the severity of an accident. Such a mesh
network can operate in the discrete frequency or in the ultra
wideband mode.

3.10 Road Conditioning Sensing—Black Ice Warning

A frequent cause of accidents is the sudden freezing of
roadways or bridge surfaces when the roadway is wet and
temperatures are near freezing. Sensors exist that can detect
the temperature of the road surface within less than one
degree either by direct measurement or by passive IR. These
sensors can be mounted in locations on the vehicle where they
have a clear view of the road and thus they are susceptible to
assault from rain, snow, ice, salt etc. The reliability of con-
necting these sensors into the vehicle power and information
system is thus compromised. Using the teachings of this
invention, black ice warning sensors, for example, can be
mounted on the exterior of the vehicle and coupled into the
vehicle power and information system inductively, thus
removing a significant cause of failure of such sensors. Also
the use of appropriate cameras and sensors along with mul-
tispectral analysis of road surfaces can be particularly useful
to discover icing.

Similar sensors can also used to detect the type of roadway
on which the car is traveling. Gravel roads, for example, have
typically a lower effective coefficient of friction than do con-
crete roads. Knowledge of the road characteristics can pro-
vide useful information to the vehicle control system and, for
example, warn the driver when the speed driven is above what
is safe for the road conditions, including the particular type of
roadway.

3.11 Antennas Including Steerable Antennas

As discussed above, the antennas used in the systems dis-
closed herein can contribute significantly to the operation of
the systems. In one case, a silicon or gallium arsenide (for
higher frequencies) element can be placed at an antenna to
process the returned signal as needed. High gain antennas
such as the yagi antenna or steerable antennas such as elec-
tronically controllable (or tunable) dielectric constant phased
array antennas are also contemplated. For steerable antennas,
reference is made to U.S. Pat. No. 6,452,565 “Steerable-beam
multiple-feed dielectric resonator antenna”. Also contem-
plated, in addition to those discussed above, are variable slot
antennas and Rotman lenses. All of these plus other technolo-
gies go under the heading of smart antennas and all such
antennas are contemplated herein.

The antenna situation can be improved as the frequency
increases. Currently, SAW devices are difficult to make that
operate much above about 2.4 GHz. It is expected that as
lithography systems improve that eventually these devices
will be made to operate in the higher GHz range permitting
the use of antennas that are even more directional.

3.12 Other Miscellaneous Sensors

Many new sensors are now being adapted to an automobile
to increase the safety, comfort and convenience of vehicle
occupants. Each of the sensors currently requires separate
wiring for power and information transfer. Under the teach-
ings of this invention, these separate wires can become unnec-
essary and sensors could be added at will to the automobile at
any location within a few inches of the inductive power line
system or, in some cases, within range of an RF interrogator.
Even sensors that were not contemplated by the vehicle
manufacturer can be added later with a software change to the
appropriate vehicle CPU as discussed above.

Such sensors include heat load sensors that measure the
sunlight coming in through the windshield and adjust the
environmental conditions inside the vehicle or darken the
windshield to compensate. Seatbelt sensors that indicate that
the seatbelt is buckled and the tension or acceleration expe-
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rienced by the seatbelt can now also use RFID and/or SAW
technology as can low power microphones. Door-open or
door-ajar sensors also can use the RFID and/or SAW technol-
ogy and would not need to be placed near an inductive power
line. Gas tank fuel level and other fluid level sensors which do
not require external power and are now possible thus elimi-
nating any hazard of sparks igniting the fuel in the case of a
rear impact accident which ruptures the fuel tank, for
example.

Capacitive proximity sensors that measure the presence of
a life form within a few meters of the automobile can be
coupled wirelessly to the vehicle. Cameras or other vision or
radar or lidar sensors that can be mounted external to the
vehicle and not require unreliable electrical connections to
the vehicle power system permitting such sensors to be totally
sealed from the environment are also now possible. Such
sensors can be based on millimeter wave radar, passive or
active infrared, or optical or any other portion of the electro-
magnetic spectrum that is suitable for the task. Radar, passive
sound or ultrasonic backup sensors or rear impact anticipa-
tory sensors also are now feasible with significantly greater
reliability.

The use of passive audio requires additional discussion.
One or more directional microphones aimed from the rear of
the vehicle can determine from tire-produced audio signals,
for example, that a vehicle is approaching and might impact
the target vehicle which contains the system. The target vehi-
cle’s tires as well as those to the side of the target vehicle will
also produce sounds which need to be cancelled out of the
sound from the directional microphones using well-known
noise cancellation techniques. By monitoring the intensity of
the sound in comparison with the intensity of the sound from
the target vehicle’s own tires, a determination of the approxi-
mate distance between the two vehicles can be made. Finally,
a measurement of the rate of change in sound intensity can be
used to estimate the time to collision. This information can
then be used to pre-position the headrest, for example, or
other restraint device to prepare the occupants of the target
vehicle for the rear end impact and thus reduce the injuries
therefrom. A similar system can be used to forecast impacts
from other directions. In some cases, the microphones will
need to be protected in a manner so as to reduce noise fromthe
wind such as with a foam protection layer. This system pro-
vides a very inexpensive anticipatory crash system.

Previously, the use of radio frequency to interrogate an
RFID tag has been discussed. Other forms of electromagnetic
radiation are possible. For example, an infrared source can
illuminate an area inside the vehicle and a pin diode or CMOS
camera can receive reflections from corner cube or dihedral
corner (as more fully descried below) reflectors located on
objects that move within the vehicle. These objects would
include items such as the seat, seatback, and headrest.
Through this technique, the time of flight, by pulse or phase
lock loop technologies, can be measured or modulated IR
radiation and phase measurements can be used to determine
the distance to each of the corner cube or dihedral corner
reflectors.

The above discussion has concentrated on applications
primarily inside of the vehicle (although mention is often
made of exterior monitoring applications). There are also a
significant number of applications concerning the interaction
of a vehicle with its environment. Although this might be
construed as a deviation from the primary premise of this
invention, which is that the device is either powerless in the
sense that no power is required other than perhaps that which
can be obtained from a radio frequency signal or a powered
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device and where the power is obtained through induction
coupling, it is encompassed within the invention.

When looking exterior to the vehicle, devices that interact
with the vehicle may be located sufficiently far away thatthey
will require power and that power cannot be obtained from the
automobile. In the discussion below, two types of such
devices will be considered, the first type which does not
require infrastructure-supplied power and the second which
does.

A rule of thumb is that an RFID tag of normal size that is
located more than about a meter away from the reader or
interrogator must have an internal power source. Exceptions
to this involve cases where the only information that is trans-
ferred is due to the reflection off of a radar reflector-type
device and for cases where the tag is physically larger. For
those cases, a purely passive RFID can be five and sometimes
more meters away from the interrogator. Nevertheless, we
shall assume that if the device is more than a few meters away
that the device must contain some kind of power supply.

An interesting application is a low-cost form of adaptive
cruise control or forward collision avoidance system. In this
case, a purely passive RFID tag could be placed on every rear
license plate in a particular geographical area, such as a state.
The subject vehicle would contain two readers, one on the
forward left side of the vehicle and one on the forward right
side. Upon approaching the rear of a car having the RFID
license plate, the interrogators in the vehicle would be able to
determine the distance, by way of reflected signal time of
flight, from each reader to the license plate transducer. If the
license plate RFID is passive, then the range is limited to
about 5 meters depending on the size of the tag. Nevertheless,
this will be sufficient to determine that there is a vehicle in
front of or to the right or left side of the subject vehicle. If the
relative velocity of the two vehicles is such that a collision
will occur, the subject vehicle can automatically have its
speed altered so as to prevent the collision, typically arear end
collision. Alternately, the front of the vehicle can have two
spaced-apart tags in which case, a single interrogator could
suffice.

An explanation is found in the parent *240 application and
this innovation leads to a novel addition or substitution to
putting an RFID tag onto a license plate is to emboss the
license plate or otherwise attach to it or elsewhere on the
vehicle a corner cube or dihedral corner reflector which can
yield a bright reflection from a radar or ladar (laser radar)
transmitter from a following vehicle, for example. Further,
the reflector can be designed to rotate the polarization of a
beam by 90 degrees, thus the potential problem of the receiver
being blinded by another vehicle’s system is reduced. Addi-
tionally, a reflector can be designed as described above to
reflect a polarized beam from a non-polarized beam or better
to rotate a polarized beam through an arbitrary angle. In this
manner, some information about the vehicle such as its mass
class can be conveyed to the interrogating vehicle. A polar-
ization on only 0 degrees can signify a passenger car, only 90
degrees an SUV or other large passenger vehicle or pickup
truck, 45 degrees a small truck, both 0 and 45 degrees (using
two reflectors) a larger truck, 45 and 90 degrees a larger truck
etc. yielding 7 or more classifications. Thus using a very low
cost reflector, a great deal of information can be conveyed
including the range to the vehicle based on time-of-flight or
phase angle comparison if the transmitted beam is modulated.
Noise or pseudo-noise modulated radar would also be appli-
cable as a modulation based system for distance measure-
ment.

Additions to an RFID-based system that can be used alone
oralong with the reflector system discussed above include the
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addition of an energy harvesting system such as solar power
or power from vibrations. Thus the tag can start out as a pure
passive tag providing up to about 10 meters range and grow to
an active tag providing a 30 or more meter range. With the use
of RFID, a great deal of additional information can be trans-
mitted such as the vehicle weight, license plate number, toll-
ing 1D etc. Once a tire pressure interrogator as discussed
above is on the vehicle, the cost to add one or more license
plate interrogating antennas is small and the cost addition to
a license plate can be as low as 1-5 US dollars. Since no
electrical connection need be made to the vehicle, the instal-
lation cost is no more than for an ordinary license plate.

An alternate approach is to visually scan license plates
using an imager such as a camera. An infrared imager and a
source of infrared illumination can be used. Using such a
system, the characters (numbers and letters) can be read and
if the license plate-issuing authority has coded the properties
(type of vehicle, weight, etc.) into these characters, a vehicle
can identify those properties of a vehicle that it may soon
impact and that information can be a factor in the vehicle
control algorithm or restraint deployment decision.

Systems are under development that will permit an auto-
mobile to determine its absolute location on the surface of the
earth. These systems are being developed in conjunction with
intelligent transportation systems. Such location systems are
frequently based on differential GPS (DGPS). One problem
with such systems is that the appropriate number of GPS
satellites is not always within view of the automobile. For
such cases, it is necessary to have an earth-based system
which will provide the information to the vehicle permitting
it to absolutely locate itself within a few centimeters. One
such system can involve the use of RFID tags placed above,
adjacent or below the surface of the highway.

For the cases where the RFID tags are located more than a
few meters from the vehicle, a battery or other poser source
will probably be required and this will be discussed below.
For the systems without batteries, such as placing the RFID
tag in the concrete, with two readers located one on each side
of the vehicle, the location of the tag embedded in the con-
crete can be precisely determine based on the time of flight of
the radar pulse from the readers to the tag and back. Using this
method, the precise location of the vehicle relative to a tag
within a few centimeters can be readily determined and since
the position of the tag will be absolutely known by virtue ofan
in-vehicle resident digital map, the position of the vehicle can
be absolutely determined regardless of where the vehicle is.
For example, if the vehicle is in a tunnel, then it will know
precisely its location from the RFID pavement embedded
tags. Note that the polarization rotation reflector discussed
above will also perform this task excellently.

It is also possible to determine the relative velocity of the
vehicle relative to the RFID tag or reflector using the Doppler
Effect based on the reflected signals. For tags located on
license plates or elsewhere on the rear of vehicles, the closing
velocity of the two vehicles can be determined and for tags
located in or adjacent to the highway pavement, the velocity
of the vehicle can be readily determined. The velocity can in
both cases be determined based on differentiating two dis-
tance measurements.

In many cases, it may be necessary to provide power to the
RFID tag since the distance to the vehicle will exceed a few
meters. This is currently being used in reverse for automatic
tolling situations where the RFID tag is located on the vehicle
and interrogated using readers located at the toll both.

When the RFID tag to be interrogated by vehicle-mounted
readers is more than a few meters from the vehicle, the tag in
many cases must be supplied with power. This power can
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come from a variety of sources including a battery which is
part of the device, direct electrical connections to a ground
wire system, solar batteries, generators that generate power
from vehicle or component vibration, other forms of energy
harvesting or inductive energy transfer from a power line.

For example, if an RFID tag were to be placed on a light
post in downtown Manhattan, sufficient energy could be
obtained from an inductive pickup from the wires used to
power the light to recharge a battery in the RFID. Thus, when
the lights are turned on at night, the RFID battery could be
recharged sufficiently to provide power for operation 24
hours a day. In other cases, a battery or ultracapacitor could be
included in the device and replacement or recharge of the
battery would be necessitated periodically, perhaps once
every two years.

An alternate approach to having a vehicle transmit a pulse
to the tag and wait for a response, would be to have the tag
periodically broadcast a few waves of information at precise
timing increments. Then, the vehicle with two receivers could
locate itself accurately relative to the earth-based transmitter.

For example, in downtown Manhattan, it would be difficult
to obtain information from satellites that are constantly
blocked by tall buildings. Nevertheless, inexpensive transmit-
ters could be placed on a variety of lampposts that would
periodically transmit a pulse to all vehicles in the vicinity.
Such a system could be based on a broadband micropower
impulse radar system as disclosed in several U.S. patents.
Alternately, a narrow band signal can be used.

Once again, although radar type microwave pulses have
been discussed, other portions of the electromagnetic spec-
trum can be utilized. For example, a vehicle could send a
beam of modulated infrared toward infrastructure-based
devices such as poles which contain corner or polarization
modifying reflectors. The time of flight of IR radiation from
the vehicle to the reflectors can be accurately measured and
since the vehicle would know, based on accurate maps, where
the reflector is located, there is the little opportunity for an
error.

The invention is also concerned with wireless devices that
contain transducers. An example is a temperature transducer
coupled with appropriate circuitry which is capable of receiv-
ing power either inductively or through radio frequency
energy transfer or even, and some cases, capacitively. Such
temperature transducers may be used to measure the tempera-
ture inside the passenger compartment or outside of the
vehicle. They also can be used to measure the temperature of
some component in the vehicle, e.g., the tire. A distinctive
feature of some embodiments of this invention is that such
temperature transducers are not hard-wired into the vehicle
and do not rely solely on batteries. Such temperature sensors
have been used in other environments such as the monitoring
of the temperature of domestic and farm animals for health
monitoring purposes.

Upon receiving power inductively or through the radio
frequency energy transfer, the temperature transducer con-
ducts its temperature measurement and transmits the detected
temperature to a process or central control module in the
vehicle.

The wireless communication within a vehicle can be
accomplished in several ways. The communication can be
through the same path that supplies power to the device, or it
can involve the transmission of waves that are received by
another device in the vehicle. These waves can be either
electromagnetic (radio frequency, microwave, infrared, etc)
or ultrasonic. If electromagnetic, they can be sent using a
variety of protocols such as CDMA, FDMA, TDMA or ultra-

15

40

45

55

134
wideband (see, e.g., Hiawatha Bray, “The next big thing is
actually ultrawide”, Boston Globe, Jun. 25, 2004).

Many other types of transducers or sensors can be used in
this manner. The distance to an object from a vehicle can be
measured using a radar reflector type RFID (Radio Frequency
Identification) tag which permits the distance to the tag to be
determined by the time of flight of radio waves. Another
method of determining distance to an object can be through
the use of ultrasound wherein the device is commanded to
emit an ultrasonic burst and the time required for the waves to
travel to a receiver is an indication of the displacement of the
device from the receiver.

Although in most cases the communication will take place
within the vehicle, and some cases such as external tempera-
ture transducers or tire pressure transducers, the source of
transmission will be located outside of the compartment of
the vehicle.

A discussion of RFID technology including its use for
distance measurement is included in the RFID Handbook, by
Klaus Finkenzeller, John Wiley & Sons, New York 1999.

In one simple form, the invention can involve a single
transducer and system for providing power and receiving
information. An example of such a device would be an exte-
rior temperature monitor which is placed outside of the
vehicle and receives its power and transmits its information
through the windshield glass. At the other extreme, a pair of
parallel wires carrying high frequency alternating current can
travel to all parts of the vehicle where electric power is
needed. In this case, every device could be located within a
few inches of this wire pair and through an appropriately
designed inductive pickup system, each device receives the
power for operation inductively from the wire pair. A system
of'this type which is designed for use in powering vehicles is
described in several U.S. patents listed above.

In this case, all sensors and actuators on the vehicle can be
powered by the inductive power transfer system. The com-
munication with these devices could either be over the same
system or, alternately, could be take place via RF, ultrasound,
infrared or other similar communication system. If the com-
munication takes place either by RF or over a modulated wire
system, a protocol such as the Bluetooth™ or Zigbee protocol
can be used. Other options include the Ethernet and token ring
protocols.

The above system technology is frequently referred to as
loosely coupled inductive systems. Such systems have been
used for powering a vehicle down a track or roadway but have
not been used within the vehicle. The loosely coupled induc-
tive system makes use of high frequency (typically 10,000
Hz) and resonant circuits to achieve a power transfer
approaching 99 percent efficiency. The resonant system is
driven using a switching amplifier. As discussed herein, this is
believed to be the first example of a high frequency power
system for use within vehicles.

Every device that utilizes the loosely coupled inductive
system would contain a microprocessor and thus would be
considered a smart device. This includes every light, switch,
motor, transducer, sensor etc. Each device could have an
address and would respond only to information containing its
address.

It is now contemplated that the power systems for next
generation automobiles and trucks will change from the cur-
rent standard of 12 volts to a new standard of 42 volts. The
power generator or alternator in such vehicles will produce
alternating current and thus will be compatible with the sys-
tem described herein wherein all power within the vehicle
will be transmitted using AC.
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It is contemplated that some devices will require more
power than can be obtained instantaneously from the induc-
tive, capacitive or radio frequency source. In such cases,
batteries, capacitors or ultra-capacitors may be used directly
associated with a particular device to handle peak power
requirements. Such a system can also be used when the device
is safety critical and there is a danger of disruption of the
power supply during a vehicle crash, for example. In general,
the battery or capacitor would be charged when the device is
not being powered.

In some cases, the sensing device may be purely passive
and require no power. One such example is when an infrared
or optical beam of energy is reflected off of a passive reflector
to determine the distance to that reflector. Another example is
a passive reflective RFID tag.

As noted above, several U.S. patents describe arrange-
ments for monitoring the pressure inside a rotating tire and to
transmit this information to a display inside the vehicle. A
preferred approach for monitoring the pressure within a tire is
to instead monitor the temperature of the tire using a tempera-
ture sensor and associated power supplying circuitry as dis-
cussed above and to compare that temperature to the tempera-
ture of other tires on the vehicle, as discussed above. When
the pressure within a tire decreases, this generally results in
the tire temperature rising if the vehicle load is being carried
by that tire. In the case where two tires are operating together
atthe same location such as on a truck trailer, just the opposite
occurs. That is, the temperature of the fully inflated tire can
increase since it is now carrying more load than the partially
inflated tire.

4. Summary

As stated at the beginning this application is one in a series
of applications covering safety and other systems for vehicles
and other uses. The disclosure herein goes beyond that needed
to support the claims of the particular invention that is being
claimed herein. This is not to be construed that the inventor is
releasing the unclaimed disclosure and subject matter into the
public domain. Rather, it is intended that patent applications
have been or will be filed to cover all of the subject matter
disclosed above.

The inventions described above are, of course, susceptible
to many variations, combinations of disclosed components,
modifications and changes, all of which are within the skill of
the art. It should be understood that all such variations, modi-
fications and changes are within the spirit and scope of the
inventions and of the appended claims. Similarly, it will be
understood that applicant intends to cover and claim all
changes, modifications and variations of the examples of the
preferred embodiments of the invention herein disclosed for
the purpose of illustration which do not constitute departures
from the spirit and scope of the present invention as claimed.

Although several preferred embodiments are illustrated
and described above, there are possible combinations using
other geometries, sensors, materials and different dimensions
for the components that perform the same functions. This
invention is not limited to the above embodiments and should
be determined by the following claims.

The invention claimed is:

1. A vehicle, comprising:

aplurality of components;

a diagnostic system arranged on the vehicle to determine
whether any of said components is operating non-opti-
mally, is expected to fail or has failed and generate an
output indicative or representative of the determination
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of the non-optimal operation, expected failure or actual
failure of any of said components; and

a communications device coupled to said diagnostic sys-

tem and arranged to direct a transmission of the output of
said diagnostic system to a remote location such that the
output indicative or representative of the determination
of the non-optimal operation, expected failure or actual
failure of any of said components generated by said
diagnostic system is transmitted to the remote location.

2. The vehicle of claim 1, wherein said communications
device is arranged to automatically direct the transmission of
the output of said diagnostic system to the remote location
without manual intervention.

3. The vehicle of claim 1, wherein said communications
device is arranged to direct the transmission to a dealer of the
vehicle or repair facility whereby the dealer of the vehicle or
repair facility is situated at the remote location.

4. The vehicle of claim 1, wherein said communications
deviceis arranged to direct the transmission to a manufacturer
of the vehicle whereby the manufacturer of the vehicle is
situated at the remote location.

5. The vehicle of claim 1, wherein said diagnostic system
comprises a plurality of vehicle sensors mounted on the
vehicle, each of said vehicle sensors providing a measure-
ment related to a state of said vehicle sensor or a measurement
related to a state of a mounting location of said vehicle sensor
and a processor coupled to said vehicle sensors and arranged
to receive data from said vehicle sensors and process the
received data to generate the output of said diagnostic system.

6. The vehicle of claim 5, wherein said processor embodies
a pattern recognition algorithm trained to generate the output
from the data received from said vehicle sensors.

7. The vehicle of claim 1, wherein the vehicle includes a
passenger compartment, further comprising a display
arranged in the vehicle in a position to be visible from the
passenger compartment, said display being coupled to said
diagnostic system and arranged to display an indication of the
determination of the non-optimal operation, failure or
expected failure of any of said components.

8. The vehicle of claim 1, wherein said communications
device comprises a cellular telephone system.

9. The vehicle of claim 1, further comprising a warning
device coupled to said diagnostic system for relaying a warn-
ing to an occupant of the vehicle relating to the non-optimal
operation, failure or expected failure of any of said compo-
nents.

10. The vehicle of claim 1, further comprising at least one
vehicular reactive system coupled to said diagnostic system
and to one of said components for adjusting operation of said
one of said components when said diagnostic system deter-
mines that any of said components is operating non-opti-
mally, has failed or is expected to fail.

11. The vehicle of claim 10, wherein said components
include an alternator and electricity-consuming devices, said
diagnostic system being arranged to determine whether said
alternator is failing and direct a signal to said at least one
vehicular reactive system to turn off non-essential ones of
said electricity-consuming devices.

12. The vehicle of claim 1, wherein said communications
device is arranged to direct the transmission of the output of
said diagnostic system to the remote location via the Internet,
the remote location being an Internet-enabled device pos-
sessed by an owner of the vehicle.

13. The vehicle of claim 1, wherein said diagnostic system
is arranged to generate a fault code relating to the non-optimal
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operation of any of said components, said communications
device being arranged to transmit the fault code to the remote
location.

14. The vehicle of claim 1, wherein said diagnostic system
is arranged to determine whether any of said components is
about to fail based on training.

15. A method for monitoring components of a vehicle,
comprising:

mounting sensors on the vehicle, each sensor providing a

measurement related to a state of the sensor or a mea-
surement related to a state of' a mounting location of the
sensor;
processing data from the sensors using a processor to gen-
erate output indicative or representative of failure or
expected failure of any of the components; and

directing the output indicative or representative of the fail-
ure or expected failure of any of the components to a
remote location using a transmission device.

16. The method of claim 15, wherein the data is processed
by the processor on the vehicle and the step of directing the
output to a remote location comprises arranging a communi-
cations device comprising a cellular telephone system on the
vehicle.

17. The method of claim 15, wherein the state of the sensor
or the state of the mounting location of the sensor is diagnosed
by a processor embodying a pattern recognition algorithm.

18. The method of claim 15, wherein the vehicle includes a
passenger compartment, further comprising:

arranging a display in the vehicle in a position to be visible

from the passenger compartment; and

displaying the output indicative or representative of the

failure or expected failure of any of the components on
the display.

19. The method of claim 15, wherein the output indicative
orrepresentative of the failure or expected failure of any ofthe
components is directed to a dealer of the vehicle or repair
facility whereby the dealer of the vehicle or repair facility is
situated at the remote location.

20. The method of claim 15, wherein the output indicative
orrepresentative of the failure or expected failure of any ofthe
components is directed to a manufacturer of the vehicle
whereby the manufacturer of the vehicle is situated at the
remote location.

21. The vehicle of claim 1, wherein said components each
have a variable operation relating to use of the vehicle that
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varies over time and as a result of vehicle operating conditions
and vehicle operating environment,

said diagnostic system comprising sensors mounted on the

vehicle,

each of said sensors obtaining, generating or measuring a

physical parameter that varies based on the vehicle oper-
ating condition and vehicle operating environment,
at least one of said sensors being different than other ones
of said sensors such that at least two different parameters
are obtained, generated or measured by said sensors,

said diagnostic system processing the at least two param-
eters using a processor on the vehicle into the output
indicative or representative of the determination of the
non-optimal operation, expected failure or actual failure
of any of said components,

wherein the output indicative or representative of the deter-

mination of the non-optimal operation, expected failure
or actual failure of any of said components is undertaken
entirely by the diagnostic system on the vehicle.

22. The method of claim 15, wherein the components each
have a variable operation relating to use of the vehicle that
varies over time and as a result of vehicle operating conditions
and vehicle operating environment,

the data being processed by a diagnostic system arranged

on the vehicle, the sensors being a part of the diagnostic
system,
further comprising the steps of:
obtaining, generating or measuring a physical parameter
that varies based on the vehicle operating condition and
vehicle operating environment via each of the sensors, at
least one of the sensors being different than other ones of
the sensors such that at least two different parameters are
obtained, generated or measured by the sensors; and

configuring or arranging the processor to process the at
least two parameters into the output indicative or repre-
sentative of the determination of the non-optimal opera-
tion, expected failure or actual failure of any of the
components,

wherein the output indicative or representative of the deter-

mination of the non-optimal operation, expected failure
or actual failure of any of the components is undertaken
entirely on the vehicle.
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United States Patent (10) Number: US 7,650,210 K1
Breed @s) Certificate Issued: Jul. 9, 2015

(549) REMOTE VEHICLE DIAGNOSTIC
MANAGEMENT

(75) Inventor: David S. Breed

(73) Assignee: AMERICAN VEHICULAR
SCIENCES LLC

Trial Numbers:

IPR2013-00415 filed Jul. &, 2013
IPR2014-00633 filed Apr. 15, 2014
IPR2015-00177 filed Oct. 28, 2014

Petitioners: Toyota Motor Corporation; American
Honda Motor Co.; Honda of America
Mfg., Inc.; Hyundai Motor Company

Patent Owner: American Vehicular Sciences LLC

Inter Partes Review Certificate for:

Patent No.: 7,650,210
Issued: Jan. 19,2010
Appl. No.:  11/464,288
PCT Filed: Aug. 14, 2006

Theresults of joined [PR2013-00415, IPR2014-00633 and
IPR2015-00177 are reflected in this inter partes review
certificate under 35 U.S.C. 318(b).



INTER PARTES REVIEW CERTIFICATE
U.S. Patent 7,650,210 K1

Trial No. IPR2013-00415

Certificate Issued Jul. 9, 2015

1

AS A RESULT OF THE INTER PARTES REVIEW
PROCEEDING, IT HAS BEEN DETERMINED
THAT:

Claims 1-3, 5, 7-9, 13, 15, 16, 18 and 19 are cancelled. 3

sk sk sk sk sk





