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(7) ABSTRACT

Method, apparatus and computer programs are described for
compensating for the effect of temperature on the sensitivity
of electrostatic ultrasound (US) transducers, particularly as
used in an automotive occupancy sensing (AOS) systems for
sensing the nature or type of occupant and the location of the
occupant with respect to the vehicle interior. The invention
permits the AOS to classify the occupancy state of the
vehicle from a US echo signal substantially free of the
effects of temperature on signal amplitude. A capacitive
divider or voltage monitor is employed to measure the
capacitance of the transducer. The voltage monitor output is
used by the scaling algorithm of a compensator to determine
the scaling factor to be applied to the US transducer signal
to compensate for the effect of temperature on the transducer
sensitivity. Calibration procedures and software are dis-
closed for determining the coefficients of the scaling algo-
rithm to compensate for temperature effects and also to
compensate for installation factors, transducer manufactur-
ing variations, and circuit board effects. The system dis-
closed is useful for other types of signal processing in
addition to temperature compensation of AOS ultrasonic
signals, and may be used in other ranging devices such as
cameras, golf or binocular range finders, and measuring
devices and instruments.

18 Claims, 8 Drawing Sheets
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ULTRASOUND TRANSDUCER
TEMPERATURE COMPENSATION
METHODS, APPARATUS AND PROGRAMS

TECHNICAL FIELD

The invention relates to ultrasound (US) transducer tem-
perature compensation methods, apparatus and programs,
and more particularly to US transducers used in automotive
occupancy sensing (AOS) systems for sensing the nature or
type of occupant and the location of the occupant with
respect to the vehicle interior. The system disclosed is useful
for other types of signal processing in addition to tempera-
ture compensation of AOS ultrasound signals, and may be
used in other ranging devices such as cameras, golf or
binocular range finders, and measuring devices and instru-
ments.

BACKGROUND ART

Studies have revealed that there is a class of automotive
accidents causing injuries associated with airbag deploy-
ment and with the nature and position of the vehicle
occupant, particularly with respect to airbags deployed adja-
cent to seats occupied by children or infants in car seats.
Automotive occupancy sensor (AOS) systems used in con-
junction with airbag deployment systems (ADS) have been
developed to regulate the deployment of the airbag, i.e., to
determine if deployment is to be aborted, deferred, modified
or otherwise controlled in response to the occupancy state of
the adjacent vehicle interior. For background on AOS sys-
tems see Corrado, et al., U.S. Pat. No. 5,482,314 issued Jan.
9, 1996, and U.S. Pat. No. 5,890,085 which issued Mar. 30,
1999, which patents are hereby incorporated by reference.

AOS utilize various types of sensors which produce
signals which provide information relating to occupancy
state. Typically electrostatic ultrasound transducers are
included in AOS systems as active sensors whereby echoes
of ultrasonic signals transmitted by the transducer are
detected by the transducer when reflected back from the
vehicle interior and occupants.

The electrostatic transducer response is highly tempera-
ture sensitive, and vehicle interiors have a large potential
temperature range during operation, particularly when driv-
ing has just started after some period of non-use in hot or
cold weather, and environmental controls such as heaters or
air conditioners have not yet moderated extremes of heat or
cold of the vehicle interior. The amplitude of the received
ultrasound signal (echo signal) using an electrostatic ultra-
sound sensor may change by more than 200% over a
temperature range of —40° C. (-40° F.) to +80° C. (+176° F.).
This change has degrading impacts on a typical AOS occu-
pancy classification algorithm.

One solution which has been proposed is to develop a
classification algorithm that is robust against changes in
signal amplitude. This approach has been tried with limited
success, because in an ultrasound signal for occupant
classification, a large amount of the distinguishing informa-
tion is amplitude related, i.e., a lot of information needed for
occupancy classification is present in the amplitude of the
ultrasonic echo. Amplitude changes due to temperature
rather than due to changes in the state of the occupants or
objects being imaged could result in false classifications. It
is thus important to keep amplitude variations due to envi-
ronmental effects small, so that any amplitude variations
seen in the echo signal are, reliably, only due to changes in
the state of objects or occupants present in the vehicle.

What is needed is a mechanism and method that com-
pensates or normalizes the ultrasound signal with respect to
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2

temperature variation such that it appears to the classifica-
tion algorithm to have been collected at or near a reference
temperature at which the classification algorithm is
optimized, preferably near room temperature.

THE INVENTION
SUMMARY, OBJECTS AND ADVANTAGES

This invention includes the following features, functions,
objects and advantages in an improved system for AOS
ultrasound signal occupancy classification: A system which
compensates or normalizes the ultrasound signal with
respect to temperature so as to keep amplitude variations due
to temperature effects small; and a system which compen-
sates for AOS unit-to-unit variations due to manufacturing
tolerances. Other objects and advantages will be evident
from the description, drawings and claims.

The US echo signal amplitude compensation system of
the invention comprises a hardware/software combination
which includes a capacitive divider, a multiplexer, an
analog-to-digital converter and microprocessor(s) which
include firmware and software to sequence multiplexer
switching and to apply compensation algorithms to the US
signal. The conventional transducer driver circuitry provides
the capacity to transmit US pulses or “pings” and to detect
and receive US echo returns produced when the “ping” is
reflected by objects back to the transducer. The transducer
circuitry also produces a transducer output signal which is a
function of the voltage across the transducer. The transducer
output signal is typically a continuous output both during the
pulse transmit phase (transducer operating as a US
transmitter) and the echo return receiving phase (transducer
operating as a US sensor or detector).

To avoid confusion, the terms “transducer signal” and
“transducer output signal” will generally be used herein to
refer to the electrical output signal of conventional US
electrostatic transducer circuitry. The acoustic US trans-
ducer output will generally be referred to as a US pulse or
ping, and the acoustic echo produced by ping reflection will
generally be referred to as an echo return.

Where electrical connections and “lines” are described,
these refer to conventional means for transmitting and
coupling electrical signals. However, except where the con-
text indicates otherwise, signal information in the described
embodiments of AOS systems may alternatively be trans-
mitted by other conventional means, such as fiber-optic
transmission, wireless data transmission, and the like.

A capacitive divider, which also may be termed a “voltage
monitor”, is included in the electrostatic transducer received
signal processing circuitry to permit the measurements of
changes in the capacitance of the electrostatic transducer
circuitry due to temperature changes. The voltage monitor
signal is a scaled representation of the transducer output
signal, in which the scaling effect may be pre-determined by
capacitor selection. The voltage monitor signal amplitude
may thus be selected so that the peak amplitude during US
transmitted pulse is within the usable range of the AOS
electronics. Thus, the capacitive divider subcircuit is an
example of a voltage scaling subcircuit producing a scaled
output representative of the transducer signal.

The magnitude of the voltage monitor output signal
permits the AOS microprocessor and software to utilize
real-time transducer sensitivity data to normalize the
received signal and optimize the occupancy classification
algorithm performance.

The multiplexer alternately selects, as time sequenced
inputs, the voltage monitor signal and the transducer signal,
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and the multiplexer output thus contains both voltage moni-
tor data and echo data, which is digitized by an analog-to
digital converter. Software running on the microprocessor(s)
of the AOS controls the sequence of multiplexer switching,
extracts the digitized voltage monitor and US transducer
data, applies the compensation algorithm, and scales the
continuing US echo data to remove amplitude variation due
to temperature. The amplitude-compensated echo signal is
then used by the AOS characterization algorithm software to
perform occupancy classification.

A calibration procedure is aged to gather (data on the
temperature dependence of the sensitivity of the particular
transducer model selected by the AOS manufacturer. Com-
pensation or scaling parameters are computed from this data
and used to adapt the compensation algorithm to the par-
ticular transducer characteristics. The AOS unit micropro-
cessor is then programmed to apply the compensation algo-
rithm based on these calibrated scaling parameters to scale
US echo signals in operational AOS use, in response to the
voltage monitor output data contained in the multiplexed
AOS input signal.

In the principal embodiment, the voltage monitor mea-
surement for the transmitted US signal from the transducer
is used by the compensation algorithm to scale the received
echo US signal that follows the transmitted US signal. The
preferred transducers for AOS units are of a type which have
substantially similar temperature dependency for both trans-
mitted US sensitivity and received US sensitivity.
Preferably, the calibration procedure also includes gathering
data on unit-to-unit sensitivity variation due to transducer
manufacturing tolerances, circuit board variation and instal-
lation effects. The compensation algorithm may optionally
include parameters to scale or bias the echo signal to adjust
for these non-temperature dependent sources of variation.

BRIEF DESCRIPTION OF DRAWINGS

The invention is described in more detail in the accom-
panying drawings, in which:

FIG. 1 is a plot showing an example of change of
capacitance of an electrostatic transducer as a function of
temperature;

FIG. 2 is a simplified schematic diagram of preferred
temperature compensation apparatus of the invention
including the voltage monitor, multiplexer an compensation
means as incorporated into an conventional AOS system;

FIGS. 3A through 3D are flowcharts showing the pre-
ferred calibration and compensation methods of the
invention, FIG. 3A showing the temperature calibration;
FIG. 3B showing the “desired echo amplitude” selection,
FIG. 3C showing the hardware calibration, and FIG. 3D
showing the run-time US echo signal compensation method;

FIGS. 4A and 4B are exemplary plots showing uncom-
pensated the echo signal amplitude and the voltage monitor
amplitude respectively through a range of temperatures
cycled from -20° C. to 60° C,

FIGS. 4C and 4D are plots which show a comparison
between uncompensated and compensated echo amplitudes
using( the system of the invention, for temperature depen-
dent parameters only (FIG. 4C) and for both transducer
specific and temperature dependent parameters (FIG. 4D);

FIGS. 5A and 5B are plots which show an exemplary
multiplexed and digitized US input signal USIN of the
apparatus of the invention, FIG. 5B being a detail plot
showing the “envelope” determination of the voltage moni-
tor level.
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DETAILED DESCRIPTION OF THE BEST
MODE FOR CARRYING OUT THE INVENTION

The following detailed description illustrates the inven-
tion by way of example, not by way of limitation of the
principles of the invention. This description will clearly
enable one skilled in the art to make and use the invention,
and describes several embodiments, adaptations, variations,
alternatives and uses of the invention, including what is
presently believed to be the best mode of carrying out the
invention.

In this regard, the invention is illustrated in the several
figures, and is of sufficient complexity that the many parts,
interrelationships, and sub-combinations thereof simply
cannot be fully illustrated in a single patent-type drawing.
For clarity and conciseness, several of the drawings show in
schematic, or omit, parts that are not essential in that
drawing to a description of a particular feature, aspect or
principle of the invention being disclosed. Thus, the best
mode embodiment of one feature may be shown in one
drawing, and the best mode of another feature will be called
out in another drawing.

All publications and patent applications cited in this
specification are herein incorporated by reference as if each
individual publication or patent application were specifically
and individually indicated to be incorporated by reference.

The received US signal amplitude of the electrostatic
ultrasound transducer is directly related to the sensitivity of
the device; the more sensitive the device, the larger the
signal amplitude. However, the sensitivity of the electro-
static ultrasound transducer is inversely proportional to its
capacitance, and can be modelled by the following equation:

_CVk
=

Fq. 1
v, .

where V, is the receive voltage sensitivity, C, is the
capacitance of the transducer, C is the (constant) AC
capacitance of the transducer, V,, is the bias voltage of
the transducer, and k is a constant related to the US
receiver circuit board parameters.

Since C, capacitance increases with increasing
temperature, the sensitivity V, decreases, changing, the
amplitude of the received echo signal (reducing it). On the
other hand, when the temperature decreases, C, decreases,
and the sensitivity V, increases, again changing the ampli-
tude of the received US signal (increasing it). Thus, by
measuring changes in capacitance due to temperature, the
voltage monitor enables one to measure the changes in
transducer sensitivity due to temperature variation.

A corollary is that once the capacitance vs. temperature
curve for a given US transducer is known, changes in
capacitance can be used to measure temperature.

FIG. 1 is a plot showing typical examples of the change
of capacitance C, of an electrostatic transducer as a function
of temperature. The data points are uncompensated values of
capacitance of two exemplary transducers Polaroid 7000
series transducers, model 135 and a Poloroid 356. The
Poloroid 135 data points are plotted as circles , “o0”, and the
Polaroid 356 data points as crosses “+”. The data are
measured at a series of temperatures ranging from about 0°
C. to +125° C. Both transducers have a similar response,
showing a range of capacitance from about 325 pF at 0° C.
to about 600 pF at 125° C. The data show a generally linear
variation of capacitance over that temperature range up to at
least 100° C. with a rate of change of about 2 pF per °C. as
indicated by the dashed line.
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FIG. 2 is a simplified schematic circuit diagram and
flowchart of the US echo compensation system 1 of the
invention in conjunction with a conventional automotive
occupancy system (AOS) processor 20, e.g. of the same
general type shown in U.S. Pat. No. 5,482,314 (except for
the voltage monitor, multiplexer and compensation circuitry
of the present invention), and a conventional airbag deploy-
ment system ADS 50.

A conventional electrostatic ultrasound transducer T is
driven via conventional DC biasing circuitry which typically
and preferably includes coupling capacitors Cc; and Cc,
which isolate the biasing circuitry and transducer T from the
US pulse or “ping” input at the left of FIG. 2 and the
transducer output USOUT, 24, to the right of the transducer
T in FIG. 2, respectively, so that only the AC voltage through
the transducer circuit is transmitted to AOS 20. The biasing
voltage V, is applied across transducer T by a voltage
divider including a voltage source V, of about 2V,, and
resistors R; and R, (preferably each of about 1 megaohm).
R, is included in the circuit between V, and T, and R, is
included between T and ground Gd.

The compensation system 1 includes a capacitive divider
or voltage monitor circuit VM, connected to electrostatic
transducer T, a 2 to 1 analog multiplexer, MUX, connecting
via the analog-to-digital converter ADC to the a US echo
signal compensator means 10. The electrostatic transducer T
is connected between ground Gd and bias Voltage Vb, and
has a capacitance C,. The voltage signal from the transducer
USOUT is the normal US transducer echo signal (the
voltage across C,) which is transmitted via lines 2@ and 2b
to multiplexer MUX.

The voltage monitor circuit VM is a branched parallel
circuit comprising capacitors C; and C, connected in series
between the transducer output USOUT and ground Gd. VM
branch 3a connects in parallel off USOUT 24, 2b to C, line
3b, 3c connects from C, to C,, and line 3d connects from C,
to ground Gd. The voltage monitor output signal VMON is
the voltage across C, from ground Gd, and the connects
from the junction of lines 3b and 3¢ between C, and C, by
line 4 to the multiplexer MUX. Thus, MUX has two inputs,
USOUT, 26, and VMON, 4.

A conventional amplifier G is shown in line 2b which is
preferably included to provide a pre-determined gain which
increases the amplitude of USOUT to a value suitable for the
resolution and operating limits of the ADC and digital signal
processing of the AOS. A typical maximum amplitude of the
unamplified USOUT is about 2 mV, and the gain at G is
typically in the range of from about 700 to 1000, producing
a typical amplified USOUT amplitude of about 1.4 to 2.0
volts. A conventional high-pass filter is also preferably
included in G to effectively attenuate acoustic noise below
about 20 kHz while effectively passing signals above about
40 kz (for a conventional US transducer operating at about
50 kHz).

The capacitance of C, is preferably much larger than the
capacitance of C,, in order to produce an output signal
VMON within a range suitable for the signal processing
electronics. The capacitances of C; and C, are selected
based on the expected range of transducer bias voltages of
a particular AOS design and the desired range of signal
output voltage, i.e. the desired operating range of VMON for
signal processing in a particular AOS design. In general, the
value of C, is preferably approximately equal or at least of
the same order of magnitude as the capacitance of the
transducer C,, and the ratio of C,/C,, may be selected to
produce a suitable maximum value of VMON. In a typical
AOS, the transducer bias voltage V, will generally be in the
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magnitude range of 50 to 150 volts and typical AOS digital
electronics will operate in the range of 5 volts or less. See
discussion of FIG. 5§ below for a comparison of the relative
amplitude of VMON and the US echo return signal USIN.

For example, if the maximum transducer bias voltage V,
is about 150 volts, and if it is desired that the maximum
signal output of VMON be suited to an ADC which has a
maximum undistorted signal digitizing range of =2.5 to +2.5
volts, then a division of about 1/60 is required to limit the
VMON to 2.5 volts, corresponding to a ratio of C,/C, of
about 1/60. Thus, in accordance with the principles of the
invention, the most suitable values of C, and C, are hard-
ware dependent and the selection of suitable capacitance
values are based on the characteristics of the transducer and
signal processing circuitry employed. In general, the maxi-
mum value of VMON is selected to be within the operating
range of the AOS digital electronics but large enough to have
acceptably high resolution of temperature compensation as
described below.

In the principal embodiment, the ratio of C,/C,, is pref-
erably from about 1/50 to about 1/300, and most preferably
about 1/100, with the capacitance of C, being preferably
from about 1 pF to about 200 pF and the capacitance of C,
being preferably from about 100 pF to about 0.03 uF. Typical
values of the capacitances arc about 150 pF for C, and about
0.022 uF for C,.

The conventional multiplexer is controlled by conven-
tional software or firmware switching algorithms running on
microprocessors contained in other portions of the AOS
circuitry. The multiplexer switches or selects USVMON and
USOUT according to a schedule, described below, to pro-
duce a multiplex analog signal USIN comprising either
USOUT or USVMON signal components. USIN is trans-
mitted to an analog-to-digital converter ADC by line 6.

The capacitance of C; and C, will typically and prefer-
ably be selected as described above so that USVMON
during the US transmit pulse will not substantially exceed
the maximum digitizing level of the ADC. This maximum
digitizing level, or other limiting factor of the AOS
electronics, may be referred to as the maximum usable input
signal amplitude.

The preferred sequence of selecting the multiplexer signal
by the controlling software is as follows:

1. The multiplexer is switched to select USVMON input
signal and the ADC begins digitizing the multiplexer
output analog signal;

2. While USVMON is selected, the ultrasound transducer
is excited or driven to transmit a US ping of short
duration, preferably about 0.5 milli-seconds (0.5 ms),
(ADC continues digitizing the multiplexer output
signal);

3. Following excitation, the multiplexer is switched to
select USOUT input signal (ADC continues digitizing
the multiplexer output signal), and

4. ADC digitizing is stopped, once enough US and voltage
monitor data has been collected for AOS and compen-
sation algorithms.

At this point the acquired digitized data record contains
data from the voltage monitor, as well as the ultrasound
echo, in time sequence. Voltage monitor information can
now be extracted from this data by the microprocessor
through a straight-forward, conventional software
algorithm, and used for determining the compensation algo-
rithm and scaling parameters or coefficients. Once this step
is completed, compensation (scaling) is performed on each
echo before further processing (such as US feature extrac-
tion for classification) is performed.
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Following the digitization of the multiplex signal USIN,
the signal is transmitted to a US signal compensator means
10. This is preferably integrally incorporated within the
otherwise typical AOS 20 to share as much common power
supply, circuit board platform and processor capability as is
feasible, but may be manufactured as a separate unit.

Likewise, the multiplexer MUX and its associated switch-
ing or sequencing algorithm and controls is preferably
integrated with the AOS electronics or may be a separate
unit. As disclosed herein, the compensator means 10 is
programmed with calibration coefficient or parameter data
15, preferably determined by calibration procedures specific
to the transducer and the circuit board response, their
behavior with respect to temperature, and the vehicle instal-
lation. As disclosed in more detail below, the compensation
algorithm of the compensator 10 separates the multiplexed
signal components, and combines the calibration coefficient
with the voltage monitor component of the digitized multi-
plexed USIN to determine the compensating scaling factor.
The compensator 10 then scales the amplitude of the US
echo component of the multiplex signal to produce an
amplitude-compensated US output signal TCOMP
(compensated so that amplitude is independent of
temperature) which is transmitted to the US feature extrac-
tion elements 30 of the AOS 20.

Typical AOS circuitry 20 includes at least one of each of
a driver for one or more transducers T to transmit US
“pings” including DC biasing circuitry, a receiver of the US
echoes and outputting a USOUT signal, extractor 30 to
extract US echo features, classifier 40 to classify the occu-
pancy state based on echo features (additional sensor inputs
such IR may also be used), and transmit a control signal to
an ADS 50 based on occupancy state. The temperature
compensation apparatus 1 of the invention is incorporated
functionally between the conventional electrostatic trans-
ducer T and the typical AOS 20. Instead of the echo signal
USOUT being directly received by the ADC and then routed
to the echo feature extractor 30 of AOS 20, (ie., in a
conventional AOS where line 2a connects directly to line 6,
and line 8 connects directly to line 11), the signal is
processed as described above so that the extractor 30 “sees™
a compensated input TCOMP transmitted via line 11 which
is substantially free of temperature dependent effects.

The US transducer T, the voltage monitor subcircuit VM
and the AOS circuitry 20 are preferably mounted as close to
one another as is feasible, so as to minimize internal
temperature gradients within the system. Alternatively, if it
is desired to separate the transducer and voltage monitor
from the AOS circuitry, an optional temperature probe may
be mounted within the AOS board and/or the transducer
mounting, so as to permit a separate and additional scaling
factor and calibration to account for temperature range
within the hardware system.

Note that this compensation for transducer/circuit tem-
perature dependent characteristics is not to be confused with
conventional range compensation ordinarily performed as
an aspect of the US feature extraction. This range compen-
sation is a distinctly different correction, which is also
preferably employed. The echo range calculations are based
on the relationship of the echo return time interval to the
range of the object(s) reflecting that echo, which is propor-
tional to the speed of sound in the air between the transducer
and the reflecting object. Since the speed of sound varies
with the temperature of the air through which the US beam
propagates, the range calculations must take into account the
effect of local air temperature on sound velocity.

A temperature compensation algorithm included in the
preferred method of this invention is based on a parabolic
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scaling relationship between the voltage monitor informa-
tion and the received ultrasonic echo. The preferred com-
pensation method and algorithm of the invention includes
both “off-line” calibration parameters which may deter-
mined in a laboratory setting and , “on-line” calibration
parameters which may be conveniently determined in a
production setting at the time of AOS unit manufacture and
assembly. These calibration parameters are used in the
preferred compensation algorithm to compute scaling fac-
tors at “run-time” in the operating AOS unit as installed in
a vehicle. The algorithm, calibration parameters and scaling
factors are described in the Egs. 2 and Eq. 3 below. The
calibration process is also depicted in flowcharts in FIGS.
3A-D. Exemplary software routines which may be used to
automate the calibration process arc included in Appendix A
attached hereto.

The scaling parameters arc determined by first character-
izing the relationship between the echo amplitude and the
voltage monitor. The general scaling equations are:

S,=B scale Eq. 2a
So(V,)=aV,>+bV, +c Eq. 2b
Setobar=5152 Eq.2¢c

where a, b, ¢ and Bscale are the parameters determined
during calibration (described below), V,, is the mag-
nitude of the voltage monitor signal component of the
digitized multiplexed signal USIN, S, and S, are inter-
mediate scalars representing corrections for hardware-
specific and temperature-dependent effects
respectively, and S, ,,, is the overall scaling factor.
These equations are evaluated “real-time” by the com-
pensation processor (10 in FIG. 2) and the value of
S, iopar 18 applied by the processor to the amplitude of
the US echo signal component of USIN to produced the
compensated US signal TCOMIP (at 11 in FIG. 2).
FIG. 3A shows schematically the preferred off-line tem-
perature calibration process 300. The parameters a and b
characterize the relationship between the temperature
behavior of the transducer and the circuit board, and are
typically substantially the same for all circuit board units of
the same architecture, as long as the hardware, both circuit
board and transducer components remain unchanged within
reasonable component tolerances. Thus the relatively time-
consuming thermal cycling calibration procedure used to
determine a and b need only be performed once as a
laboratory calibration “off-line” for a small set of sample
units of the specific architecture of the circuit board and
transducer combination (herein “temperature calibration”).
Accordingly, N sample units having the temperature com-
pensation system of the invention are built, 301. The VMON
output and USIN is measured over a range of temperature,
say from -20° C. to +60° C. on each of the N sample units
302 (see, for example, FIGS. 4A and 4B). Parameters a and
b may be computed, 303, from the echo amplitude/voltage
monitor output relationships over a range of calibration
temperatures, by “Monte Carlo” analysis or by alternative
conventional analysis methods, such as “gradient-search” or
“steepest descent” methods). For example, the values of a
and b may be computed by the following steps as shown in
FIG. 3A:
304: Set Bscale=1 in Egs. 2a and 2¢ (i.e., assume the
transducer is an ideal and representative transducer).
305: Select an estimated or trial value for a and b (note:
V,, is available as part of the temperature calibration
data).
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306: Compute c using Equation 2b, setting S,=1.

307: Compute “real” S,, using Equation 2b, and values of
a, b, c and V,, above.

308: Compute Sglobal using Equation 2c.

309: Scale the ultrasound data USIN with S
US.,,..,=S cioparxUSIN.

310: Repeat steps 305-309 for all temperatures in the data
collected during the off-line temperature calibration
procedure.

311: Determine how close the result in step 7 comes to a
straight line (i.e., determine how good the initially
estimated values for a and b were in removing the
temperature influence in the echo signal USIN).

312: If the compensation is “good” (i.e., standard devia-
tion <=10%, for example), keep the initially estimated
values of a and b, otherwise, repeat steps 305-311
using new estimated values of a and b.

Note that the estimated values in the example steps 305
and 312 above are preferably based on values which are
known to one of ordinary skill in the art to be reasonable and
physically allowable values. A plurality of estimated values
spanning the range of reasonable values may be computed to
allow progressively better estimates to be selected at each
iteration as in step 312, permitting rapid convergence to an
acceptable value for each parameter without undue experi-
mentation. Exhibit B is an example of a computer program
that may be used to automate the calibration process out-
lined above.

The “standard” a and b values 313 may be established as
the averages of the values computed for the sample units. At
the AOS production or “assembly-line” stage, the values of
a and b so determined need only be stored at 314 into the
processor memory of each AOS production unit. Exhibit C
is an example of a computer program that may be used to
determine these “standard” values.

FIG. 3B shows schematically the preferred off-line
“desired echo amplitude” selection process 315. The
“desired echo amplitude” may be module, vehicle platform,
calibration stand, and transducer dependent, and may be
determined empirically. A number, M, of sample units are
built, 316. The desired or “standard” echo amplitude USIN|
may be preselected as the measured average of echo ampli-
tude for a M sample units receiving an echo from a test target
at a standard temperature 317. Alternatively, the “desired
echo amplitude” may be pre-selected as some other ampli-
tude suitable for AOS feature extraction processing. In
another alternative, a model may be developed that includes
factors such as calibration stand target size and position,
module orientation, transducer parameters, grille influences,
circuit board transmit and receive influences, and the like, so
that the “desired” or “expected” amplitude is determined
analytically. The M sample unit average echo amplitude
USIN, is calculated, 318. During AOS manufacture, the
values of a, b, ¢ and Bscale as determined above are stored
in the AOS electronic non-volatile memory, 319.

FIG. 3C shows schematically the preferred on-line hard-
ware calibration process 320. The units are built, 322, the
VMON and USIN are measured at room temperature, 324.
Parameters ¢ and Bscale characterize the transducer and
circuit board specific variations due to manufacturing
tolerances, and are preferably included to remove the effect
of these variations from the compensated US echo signal.
These are computed “on-line” at room temperature in the
AOS production stage 326, since this calibration process
(herein “hardware calibration”) is quite rapid, taking only on
the order of 4 seconds per unit to complete. The C and B
scale parameters are then stored in AOS memory 328.

global:

10

15

20

25

30

35

40

45

50

55

60

65

10

The calibration procedure for ¢ and Bscale may be
according to the following formula:

c=1-aV,*-bV,, Eq. 3a

USINy(desired echo amplitude)
USIN (actual measured echo amplitude)

Bscale = Eq.3b

where V,,, a, b, ¢ and Bscale have the same meaning as
in Egs. 2 a—c above. For purposes of the hardware
calibration procedure, the values of a and b have been
previously determined during the temperature calibra-
tion. The value of Vm is that which is measured by the
voltage monitor for the specific transducer/circuit hard-
ware being calibrated. The value of ¢ is established so
that the polynomial summation S,(V,,) of Eq. 2a above
is equated to 1 at the system temperature prevailing
during hardware calibration, as shown by Eq. 3a. Since
the hardware calibration in the preferred embodiment is
not intended to remove temperature effects, the value of
S, is set to 1 during the hardware calibration. The
corresponding value of Bscale is then established to
compensate for the difference in actual measured echo
amplitude USIN (under calibration conditions) and a
desired or “standard” echo amplitude USIN, as shown
in Eq. 3b. The actual echo amplitude may be deter-
mined by measurement (using the specific AOS
transducer/circuit hardware being calibrated) of the
amplitude of USIN resulting from transmitting from the
a US pulse and receiving an echo from a test target.
FIG. 3D shows schematically the preferred runtime (in
operation) compensation process 330, after installation of
the AOS units including the temperature compensation
system of the invention in a vehicle, 332. The VMON for
each transducer is measured, 334 during operations of the
AOS unit. During actual AOS “realtime” operation 334,
Egs. 2a—c are then evaluated as described above based on the
measured V,, values prevailing during AOS operation. Note
that during AOS operation, the value of S, of Eq. 2b will, in
general, not be equal to 1, since the operating temperature of
the AOS transducer/circuit hardware will, in general, not be
identical to the temperature during hardware calibration.
S iopar 15 €valuated at 336 by the compensation processor as
shown in Egs. 2A—C, and then the digitized US echo input
signal USIN is scaled on a realtime basis 338 by the
processor to produce a compensated US echo signal
TCOMP as follows:

TCOMP(f)=Sglobal USIN(?) Eq. 4

This TCOMP signal 340 is transmitted to the AOS unit

(see 11 in FIG. 2).

Typical AOS units may include multiple US transducers,
each transmitting and/or receiving US pings and echo return
signals. Where an AOS unit includes multiple transducers,
the hardware calibration is preferably performed separately
for each transducer, and the compensation algorithm pref-
erably includes compensation for manufacturing tolerances
of each transducer by evaluating Egs. 2 a—c separately for
each transducer signal USIN based on separate real-time
voltage monitor measurements for each transducer. For
example, in an AOS including four transducers, a total of
calibration parameters may be used in the compensation
algorithm: a single value each for a and b (the same value of
each is used for each transducer), and four different values
of ¢ and Bscale (a specific value of each is used for each
transducer). Thus, for an AOS with i transducers, the equa-
tions Egs. 2 a—c may be generalized as follows:
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S, =Bscale; Eq. 5a
S5V, )=aV,,, S+bV, c; Eq. 5b
Setobat,i=S1,i52,i Eq. 5¢

FIGS. 4A and B are plots which show experimental
results using a module of four US transducers to record both
the echo amplitude (FIG. 4A) and the voltage monitor
amplitude (FIG. 4B) through a range of temperatures cycled
from 20° C. up to 60° C., then down to —20° C. and back up
to 20° C. Note that FIGS. 4A and 4B each show a pattern of
four generally parallel spaced curves, demonstrating that the
variation from transducer-to-transducer of the same model
or type is generally constant and not demonstrably tempera-
ture dependent. As can be seen in the following Table 4A/B,
there is an excellent correspondence or correlation between
the shape of the curves of echo amplitude in FIG. 4A and the
curves of the voltage monitor amplitude in FIG. 4B through-
out this temperature range.

TABLE 4 A/B
Correlation Of Echo Amplitude To Monitor Voltage
Transducer Correlation
#1 0.96636
#2 0.96368
#3 0.97362
#4 0.96868

Optionally, the scaling algorithms may be simplified and,
for example, may be calibrated and performed as a linear
equation based only on parameters b and ¢, as shown in FIG.
4C below. FIGS. 4C and 4D each show a comparison
between the uncompensated or unscaled echo amplitudes of
4 units (*=unsealed; upper 4 curves), and the compensated
echo amplitudes of the same 4 units (**=scaled; lower 4
curves), FIG. 4C show the result of a two-coefficient scaling
algorithm (parameters b and ¢ of Eq. 2 only), and FIG. 4D
showing the result of a three-coefficient scaling algorithm
(both transducer specific and temperature dependent param-
eters a, b and ¢ of Eq. 2). Tables 4C and 4D below show the
computed coefficients or parameters for each transducer and
the corresponding standard deviations for uncompensated
(STD,) and compensated (STD,,) US echo signals. It can be
seen that for both FIGS. 4C and 4D, the amplitude variation
for the scaled echo data is dramatically reduced, being
essentially flat, in comparison to the unsealed echo data over
the temperature range, and that the scaling compensates both
for variation due to temperature and variation between
transducers. Furthermore the 3-coefficient approach com-
pensates substantially better for amplitude variations than
the 2-coefficient approach and represents the best mode of

the compensation of the invention.
TABLE 4 C
Compensation Of US Echo Signal Using Two Coefficients
Transducer Transducer Transducer Transducer
#1 #2 #3 #4
STD(%) 33.8728 31.8479 28.3745 34.0864
STD, (%) 9.337 8.8492 9.095 8.74
b -6.1761e-4 -5.2872¢-4 -4.5698¢-4 -5.2967¢-4
c 5.4256 4.6457 4.06 4.668
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TABLE 4 D
Compensation Of US Echo Signal Using Three Coefficients
Transducer Transducer Transducer Transducer
#1 #2 #3 #4

STD(%) 33.8728 31.8479 28.3745 34.0864
STD, (%) 7.8663 8.0808 7.0089 7.6162
a 2.5486¢-7 1.8076e-7 2.865 e-7 1.9951e-7
b -4.4115¢-3 -2.2107e-3 -4.6946¢-3 -3.5357¢-3
c 19.4989 14.5648 19.686 15.9583

FIGS. 5A and 5B are plots which show a example of the
preferred multiplexed and digitized US input signal USIN of
the apparatus of the invention (transmitted in line 8 of FIG.
2 from ADC to Compensator 10). In each figure, the digital
value of the signal is plotted as the vertical axis, with time
on the horizontal axis in milli-seconds. For a typical AOS
system the time duration of each US update (i.e., the cycle
of “ping” transmission and echo reception) may be about 5
ms. The length of this period is selected to be sufficient to
allow the US ping to be transmitted and the corresponding
US return echo to be received from any objects in the target
zone.

As shown in FIG. 5A, starting from the left of the time
axis, the VMON signal is preferably selected by the multi-
plexer (from line 4 in FIG. 2) for the first portion of the cycle
from t=0 to about t=0.585 ms. The voltage monitor output is
essentially a scaled representation of the digitized transmit
pulse or “ping”. Note the amplitude has been scaled by
selection of voltage monitor capacitance to be of comparable
magnitude to the US echo signal.

The multiplexer then switches to the US echo signal (line
2b in FIG. 2) from about t=0.585 ms to about t=5 ms, which
signal may contain a portion of the transmitted US “ping”
and also contains the US return echo. In the example of FIG.
5A, the US “ping” attenuates by about t=1 ms and the US
return echo signal begins at about t=3 ms. Note that the
“ping” is of much larger magnitude than the return echo.

FIG. 5B is a detailed view of the signal shown in FIG. 5B,
showing the first 2 ms of the period at a larger horizontal
scale and showing the VMON signal more clearly for
0<t<0.585 ms. The VMON signal is the sequence of digital
values measured by the ADC at its sample rate. For a typical
AOS-ADC, the sample frequency may be about 156 kHz.
This sampling rate represents a period of about 0.0064 ms,
and thus the digital signal over 0<t<0.585 ms constitutes
about 91 samples (0.585 ms*156 kHz=91.3).

The value of VMON amplitude, V,,, which is preferably
used to compute the scaling factor is the maximum ampli-
tude 60 of the envelope 70 of the digitized VMON signal.
The envelope and maximum envelope value are indicated in
FIG. 5B. The envelope of this signal may be computed and
maximum value of the envelope may be extracted by
conventional methods from the digital VMON signal by
temperature compensator 10. Alternative procedures may be
used to determine V,, by extracting a maximum sampled
value or magnitude of the VMON digitized signal.

The EXHIBITS A, B C, and D set forth in the Appendix
to the application are examples of computer software pro-
grams (as pseudocode) procedures which may be used to
determine calibration parameters and carry out the compen-
sation algorithm and method of the invention. These repre-
sent only one of many feasible alternative software and
procedural embodiments of the particular method steps of
the invention, and serve to further illustrate the principles of
the invention. The specific calibration criteria and code
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included in these routines are not intended as limits upon the
method of the invention, but represent an exemplary indus-
trial mode of the invention. Likewise, references to particu-
lar vehicle installations are simply examples.

EXHIBIT A is an exemplary software program which
may be used to compute the module or hardware
dependent calibration parameters ¢ and Bscale (see Eq.
3 above).

EXHIBIT B is an exemplary software program which
may be used to compute the temperature dependent
calibration parameters a and b.

EXHIBIT C is an exemplary software program which
may be used to display the temperature dependent
parameters a and b, computed by means of the software
program of EXHIBIT B above.

EXHIBIT D is an exemplary pseudocode procedure for
carrying out the calibration compensation method of
the invention, using the software programs set forth in
EXHIBITS A-C above.

Industrial Applicability

It is evident that the improved AOS amplitude compen-
sation mechanism of the invention including the voltage
monitor subcircuit and supporting algorithms of this inven-
tion have wide industrial applicability to AOS systems and
other uses. In particular, this system may be additionally
used for.

1. Self-Diagnosis: If the electrostatic ultrasound sensor
with a capacitance C, is shorted or open-circuited, the
voltage monitor value changes drastically enough to
easily detect these conditions. Threshold-based soft-
ware routines in the AOS microprocessor may then
respond in a pre-selected manner as appropriate to the
condition.

2. Clickless Biasing: With conventional modifications to
the circuit, the electrostatic ultrasound transducer may
be biased (charged up) and kept charged up during
operation. This has the net effect that the audible click
that is generated during biasing can be minimized or
even eliminated (except for the initial biasing step).

3. Controlled Leak: With conventional modifications to
the circuit, the remaining charge on the electrostatic
transducer can be monitored and depleted to a known
level (or completely depleted, i.e. zero charge stored on
the electrostatic transducer’s capacitance C,). This
results in a known state (initial state) for the next
excitation of the device. This could eliminate the ping-
to-ping variation that is currently seen with these
devices that partially results from starting the excitation
of the device from an unknown state, i.e. some
unknown amount of charge was still “left over” from
the previous excitation, adding to the charge stored on
the device during current excitation, and most probably
exciting the transducer in a slightly different manner
and thus obtaining a slightly different echo response in
return.

4. Use on Other Devices: The monitoring circuit and
software compensation algorithm of the invention can
be used on a wide variety of commercial devices, such
as cameras, binoculars, ultrasonic diagnostic devices,
and measuring devices equipped with US range finders,
such as interior ultrasound electronic measures.

5. Temperature Sensing. Since the temperature vs capaci-
tance curve is determined for a particular transducer
circuit of the invention, changes in capacitance during
operation can be monitored to provide a temperature
value that can be output to a display device or memory
storage unit as a measured temperature.
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It should be understood that various modifications within
the scope of this invention can be made by one of ordinary
skill in the art without departing from the spirit thereof. It is
therefore wished that this invention be defined by the scope
of the appended claims as broadly as the prior art will
permit, and in view of the specification if need be, including
equivalents of the structures and functions.

APPENDIX (Exhibits A-D)

EXHIBIT A

% Desired.m

%  Use this program to compute the module-dependent ultrasound

% calibration values

%

%  Steps:

% 1. Collect at least 5 days worth of calibration stand data for all
% available m

% Use pchost -d -burst 1, 5, 1 -log filename.dat. Make sure that the
% filename e

% the module number, and the date at which the data was

% collected.

% 2. Upload the calibration stand data to the workstation.

% 3. Create calibration stand data lists, one list for each module in
% sortdata

% Name these lists: mod1.lis, mod2.lis, mod3.lis, ..., modN.lis,
% where N is t

% modules available.

% 4. Create a *.mat file with the variable MODULE, that identifies
% available mod

% Example: MODULE=[1 2 4 5] means that data is not available
% for module 3.

% 5. Verify that the that the vehicle platform is represented.

% Notify R. Seip if not, so that changes can be made.

% 6. Run desired.m to compute the ultrasound scaling parameters:
% Bscale, a, b, ¢

%

% NOTE 1: parameters a and b are currently hardcoded and assume
% GENSD hardware and ultrasound transducers.

fc=50e3;

fs=156e3;

vmsta=(1 1 1 11;

vmsto=[90 90 90 90];

VM=[ |

EM<| ]

disp('Routine to compute ultrasound scaling parameters (Gen5D/4200tx

version)”);

disp('):

disp('Calibration stand geometry currently available for:');

disp(');

disp('1 Nissan Q45");

disp("2. Ford F150 Truck 8;

disp('):

p=input (‘Compute calibration values for which platform: ');

if p==1,
platform="Nissan Q451
echosta=[450 400 500 400]
echosto=[600 550 650 550]

else if p==2,
platform="F150 Truck8'
echosta=[550 450 550 650]
echosto=[700 600 700 800]

else
platform="UNKNOWN PLATFORM!!!'
echosta=[11 1 1]
echosto=[111 1]

end

a=input ('Variable a: );

b=input('Variable b:");

mf=input('Module file: ','s");

command=["load ' mf];

eval(command);

N=length(MODULE);

for i=1:N,
modlistname=]’' mod' num2str (MODULE(I)
disp(’ 1);
disp ( [T Results f or ' modlistname

lis' I;






