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UNITED STATES DISTRICT COURT
DISTRICT OF MASSACHUSETTS

EXERGEN CORPORATION, ‘_

Plaintiff, I S R

V. oo -

WAL-MART STORES INC,, Civil Action No.: 01-CV-11306-RCL " .
S.A.AT. SYSTEMS APPLICATION OF i
ADVANCED TECHNOLOGY LTD,, o
DAIWA PRODUCTS, INC. and
HANA MICROELECTRONICS CO., LTD,, c

Defendants. :

FIRST AMENDED COMPLAINT AND DEMAND FOR JURY TRIAL

For its Complaint, Plaintiff alleges as follows:

The Parties

1. Plaintiff Exergen Corporation (“Exergen”) is a corporation organized and existing
under the laws of the Commonwealth of Massachusetts and having its principal place of business
at 51 Water Street, Watertown, Massachusetts, within this judicial District.

2. Exergen is a leading innovator in the field of medical thermometry. Exergen’s
founder and president, Francesco Pompei, is the inventor of over forty United States patents.
Exergen Corporation has developed a forehead thermometer, the Exergen TemporalScanner,
which provides accurate and convenient temperature measurements via the temporal artery. The
Exergen TemporalScanner has been proven to be more accurate in infants than ear thermometry
and better tolerated by infants than rectal thermometry. See Greenes, David S. et al., Accuracy
of a Noninvasive Temporal Artery Thermometer for Use in Infants, Vol. 155 Arch. Pediatr.

Adolesc. Med. pages 376-381, (March 2001). The Exergen TemporalScanner is covered by

numerous issued and pending U.S. patents.
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3. Defendant Wal-Mart Stores Inc. (“Wal-Mart”) is, upon information and belief, a
corporation organized and existing under the laws of the state of Delaware, having a place of
business at 702 Southwest 8" Street, Bentonville, AR 72712.

4. Defendant S.A.A.T. Systems Application of Advanced Technology Ltd. (“S.A.A.T.”)
is, upon information and belief, an Israeli limited liability company, having a place of business at
17 Nahshon St, Petah Tikva 49130, Isracl.

5. Defendant Daiwa Products, Inc. (“Daiwa”) is, upon information and belief, a
Delaware corporation having its principal place of business at 200 E. Las Olas Boulevard, Suite
1480, Fort Lauderdale, FL 33301.

6. Defendant Hana Microelectronics Co., Ltd. (“Hana”) is, upon information and belief,
a limited liability company, having a place of business at 2568 Gudai Lu, Shanghai, 201 100,
China.

Jurisdiction and Venue

7. This is an action for patent infringement, arising under the patent laws of the United
States, Title 35 of the United States Code.

8. This Court has jurisdiction over the subject matter of this action pursuant to 28 U.S.C.
§§ 1331 and 1338(a).

9. Venue is proper in this court under 28 U.S.C. §§ 1391 and 1400(b).

COUNT I
(Infringement of U.S. Patent No. 5,012,813)
10. Exergen is the owner of United States Letters Patent No. 5,012,813, entitled
RADIATION DETECTOR HAVING IMPROVED ACCURACY (“the ‘813 patent”). The ‘813
patent was duly and legally issued by the United States Patent Office on May 7, 1991, and is

valid and subsisting and in full force and effect. A copy of the ‘813 patent is attached to the

Complaint as Exhibit A.
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11. Upon information and belief, each of the defendants has infringed, contributed to the
infringement of, and/or actively induced infringement of the ‘813 patent by making, using,
offering to sell, selling and/or importing devices embodying the patented invention in the United

States and will continue to do so unless enjoined by this Court.

COUNT 11
(Infringement of U.S. Patent No. 5,199,436)

12. Exergen is the owner of United States Letters Patent No. 5,199,436, entitled
RADIATION DETECTOR HAVING IMPROVED ACCURACY (“the ‘436 patent”). The ‘436
patent was duly and legally issued by the United States Patent Office on April 6, 1993, and is
valid and subsisting and in full force and effect. A copy of the ‘436 patent is attached to the
Complaint as Exhibit B.

13. Upon information and belief, each of the defendants has infringed the ‘436 patent by
making, using, offering to sell, selling and/or importing devices embodying the patented

invention in the United States and will continue to do so unless enjoined by this Court.

COUNT III
(Infringement of U.S. Patent No. 5,653,238)

14. Exergen is the owner of United States Letters Patent No. 5,653,238, entitled
RADIATION DETECTOR PROBE (“the 238 patent”). The ‘238 patent was duly and legally
issued by the United States Patent Office on August 5, 1997, and is valid and subsisting and in
full force and effect. A copy of the ‘238 patent is attached to the Complaint as Exhibit C.

15. Upon information and belief, each of the defendants has infringed the ‘238 patent by
making, using, offering to sell, selling and/or importing devices embodying the patented

invention in the United States and will continue to do so unless enjoined by this Court.
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COUNT IV
(Infringement of U.S. Patent No. 6,047,205)

16. Exergen is the owner of United States Letters Patent No. 6,047,205, entitled
RADIATION DETECTOR PROBE (“the ‘205 patent”). The ‘205 patent was duly and legally
issued by the United States Patent Office on April 4, 2000, and is valid and subsisting and in full
force and effect. A copy of the ‘205 patent is attached to the Complaint as Exhibit D.

17. Upon information and belief, each of the defendants has infringed the ‘205 patent by
making, using, offering to sell, selling and/or importing devices embodying the patented

invention in the United States and will continue to do so unless enjoined by this Court.

COUNT YV
(Infringement of U.S. Patent No. 6,292,685)

18. Exergen is the owner of United States Letters Patent No. 6,292,685, entitled
TEMPORAL ARTERY TEMPERATURE DETECTOR (“the ‘685 patent”). The ‘685 patent
was duly and legally issued by the United States Patent Office on September 18, 2001, and is
valid and subsisting and in full force and effect. A copy of the ‘685 patent is attached to the
Complaint as Exhibit E.

19. Upon information and belief, each of the defendants has infringed the ‘685 patent by

making, using, offering to sell, selling and/or importing devices embodying the patented

invention in the United States and will continue to do so unless enjoined by this Court.
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Willful Infringement

20. Upon information and belief, defendants have notice and knowledge of the ‘813,
‘436, ‘238, ‘205 and ‘685 patents.
21. Upon information and belief, defendants’ infringement of the 813, ‘436, ‘238, ‘205

and ‘685 patents has been and continues to be willful.

WHEREFORE, Exergen prays that this Court:

A. Enter judgment that each of the defendants has infringed the ‘813, ‘436, ‘238, ‘205
and ‘685 patents.

B. Enter an order preliminarily and permanently enjoining each of the defendants, its
agents and employees, and any others acting in concert with it, from infringing U.S. Patent Nos.
5,012,813; 5,199,436; 5,653,238; 6,047,205; and 6,292,685;

C. Award Exergen its damages resulting from defendants’ patent infringement pursuant
to 35 U.S.C. § 284,

D. Find that defendants’ infringement has been willful and increase the damages
awarded to Exergen three times the amount assessed, pursuant to 35 U.S.C. § 284,

E. Find this to be an exceptional case and award Exergen its attorney’s fees, pursuant to
35 US.C. § 285;

F. Award Exergen its prejudgment interest and post judgment interest on its damages

and award Exergen its costs; and

G. Award Exergen such other and further relief as it deems just and appropriate.
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Plaintiff demands a trial by jury.

Dated: Octobera_z, 2001

By its attorneys

mdm ¢ Lo —

Gregory A. Madera (BBO #313,020)
Heidi E. Harvey (BBO #548,114)
FISH & RICHARDSON, P.C.

225 Franklin Street

Boston, MA 02110-2804
Telephone: (617) 542-5070
Facsimile: (617) 542-8906

Attorneys for Plaintiff
EXERGEN CORPORATION
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CERTIFICATE OF SERVICE

I hereby certify that a true copy of the foregoing FIRST AMENDED COMPLAINT
AND DEMAND FOR JURY TRIAL was served by first class mail on counsel for the parties
listed below at the following address(es):

Joseph L. Kociubes, Esq. Attorneys for Defendants
BINGHAM DANA, LLP WAL-MART STORES, INC,,
150 Federal Street S.A.A.T. SYSTEMS
Boston, Massachusetts 10022 APPLICATION OF
ADVANCED TECHNOLOGY

Alexander Franco, Esq. LTD,
KNOBBE, MARTENS, OLSON & and
BEARLLP DAIWA PRODUCTS, INC.
16th Floor
620 Newport Center Drive
Newport Beach CA 92660

V\J

this day of October, 2001. ) ,
dn (bl

20318595.doc
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[57] ABSTRACT

Tympanic temperature measurements are obtained
from the output of a thermopile mounted in an exten-
sion from a housing. The housing has a temperature
display thereon and supports the electronics for re-
sponding to sensed radiation. The thermopile is
mounted in a highly conductive can which includes a
radiation guide and thermal mass. The guide provides a
narrow field of view due to a fairly high emissivity.
Electronics determine the target temperature as a func-
tion of the temperature of the hot junction of the ther-
mopile determined from the cold junction temperature
and a thermopile coefTicient, The tympanic temperature
is adjusred to provide an indication.of core temperature.

8 Claims. 7 Drawing Sheets
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RADIATION DETECTOR HAVING IMPROVED
ACCURACY

RELATED APPLICATION

This is 2 continuation in part of Application No.
07/280,546 filed Dec. 6, 1988 pending for “Radiation
Detector Suitable for Tympanic Temperature Measure-
ment” which is mcorporated herein by reference.

BACKGROUND

Radiation detectors which utilize thermopiles to de-
tect the heat flux from target surfaces have been used in
various applications. An indication of the temperature
of a target surface may be provided as a function of the
measured heat flux. One such application is the testing
of electrical equipment. Another applicaticn has besn in
the scanning of cutaneous tissue to locate injured subcu-
taneous regions, An injury results in increased blood
flow which in turn results in a higher surface tempera-
ture. Yet another application is that of tympanic tem-
perature measurement. A tympanic devics relies on a
measurement of the temperature of the tympanic mem-
brane area in the ear of an animal or human by detection
of infrared radiation as an alternative to traditional sub-
knqual thermometers.

SUMMARY OF THE INVENTION

An improved tympanic températuré measurement
device is presented in parent Application No.
07/280,546. That device provides for accuracy within
one-tenth of a degree over limited ranges of ambient
temperature and accuracy to within one degree over a
wide range of ambient temperatures. An object of the
present invention is to provide a tympanic temperature
measurement device which would provide accuracy to
within one-tenth degree over a wide range of ambient
temperatures. In obtaining that accuracy, an object of
the invention was to continue to avoid any requirement
for a reference target or sur control of the temperature
of the thermopile as such requirements had resulted in
complexity and difficulties in prior tympanic tempera-
ture measurement devices.

A radiation detector comprises a thermopile and a
can enclosing the thermopile. The can structure in-
cludes an elongated radiation guide of a first internal
diameter. The radiation guide extends from a viewing
window to a rear volume of larger internal diameter in
which the thermopile is mounted. The guide may be
gold plated.

In accordance with one feature of the present inven-
tion, the portions of the can forming the radiation guide
and rear volume are formed in a umitary structure of
high thermal conductivity material, The can structure
has an outer surface with an outer diameter at its end
adjacent to the window which is less than an outer
diameter about the rear volume. The outer surface is
tapered about the radiation guide such that a unitary
thermal mass of increasing outer diameter is provided
about the end of the radiation guide adajacent to the
rear volume. The unitary can structure maximizes con-
ductance and thermal mass within a limited diameter.
To avoid changes in fixtures used in mounting the ther-
mopile within the can, the unitary can of limited diame-
ter may be suppiemented with an additional thermal
mass which surrounds the rear volume and a portion of
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the unitary thermal mass and which is in close thermal
contact with the can structure.

It has been found that a narrow field of view radiation
detector provides a more accurate reading of tympanic
temperature. In the detector of the present invention,
that field of view is obtained by controlling the reflec-
tance of the surface of the radiation guide, the length of
the guide and the position of the thermopile behind the
guide. A field of view of less than about sixty degrees
allows for viewing of oniy a portion of the ear canal
within about 1.5 centimeters of the tympanic mem-
brane.

Accuracy of the detector may be improved electroni-
cally as well. Accordingly, an electronic circuit is cou-
pled to a thermopile, having a cold junction and a hot
junction mounted to view a target, and to a temperature
sensor for sensing the temperature of the cold juncrion.
The electronie circuit is responsive to the voltage
across the thermopile and a temperature sensed by the
temperature sensor to determine the temperature of the
target. The electronic circuit determines the tempera-
ture of the target as a function of the temperature of the
hot junction of the thermopile determined from the cold
junction temperature and a known thermopile coefTici-
ent. A display provides an indication of the target tem-
perature determined by the electronic circuit.

As in prior systems, the electronic circuit determines
target  temperature  from  the  relationship
Tr=(KH)+ T4, where Tris the target temperature, K
is a gain factor, H is a sensed voltage from the thermo-
pile and T is a junction temperature of the thermopile.
In accordance with the present invention in a preferred
embodiment, the junction temperature is the tempera-
ture of the hot junction. The hot junction temperature
Ty is determined from the sensed thermopile voltage
and cold junction temperature and a thermopile coeffi-
cient. The thermopile coefficient is specified at a prede-
termined temperature and is temperature compensated
by the electronic circuit as a function of a temperature
between the hot and cold junctions, specifically the
average temperature. Further, the electronic cireuit
determines the gain factor K as a function of the differ-
ence between a calibration temperature and a tempera-
ture between the hot and cold junction temperatures.

When used 1o measure a biological temperature, the
radiation detector is further improved by providing an
indication of an internal temperature within biological
tissue. The electronic circuit determines the internal
temperature by adjusting a measured temperature of
surface tissue for ambient temperature, In particular, the
biological surface tissue may be tympanic membrane or
the ear canal adjacent to the membrane, and the display
may provide an indication of core temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advan-
tages of the invention will be apparent from the follow-
ing more particular description of preferred embodi-
ments of the invention, as illustrated in the accompany-
ing drawings in which like reference characters refer to
the same parts throughout the different views. The
drawings are not necessarily to scale, emphasis instead
being placed upon illustrating the principles of the in-
vention. ;

FIG. 1 illustrates a radiation detector for tympanic
temperature measurements in accordance with the pres-
ent invention.
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FIG. 2 is 2 cross-sectional view of the extension of the
detector of FIG. 1 in which the thermopile radiation
sensor is positioned.

FIG. 3 is a block diagram of the electronic circuit of
the detector of FIG. 1. .

FIGS. 4A-4D are flow charts of the system firm-
ware.

DESCRIPTION OF A PREFERRED
EMBODIMENT

The radiation detector 12 of FIG. 1 includes a flat
housing 14 with a digital display 16 for displaying a
tympanic temperature measurement. Although the dis-
play may be located anywhere on the housing, it is
preferred that it be positioned on the end so the user is
hot inclined to watch it during 2 measursmedt. The
instrument makes an accurate measurement when ro-
tated to scan the ear canal, and the user should concen-
trate on only the scanning motion. Then the display can
be read. A thermopile radiation sensor is supported
within a probe 18 at the opposite end of the housing 14.
The extension 18 extends orthogonally from an interme-
diate extension 20 which extends at an angle of about 15
degrees from the housing 14. As such, the head of the
detector, including the extension 18 and 20, has the
appearance of a conventicnal atoscope. An on/off
switch 22 is positioned on the housing.

A cross-sectional view of the extension of the detec-
tor is illustrated in FIG. 2. A base portion 23 is posi-

tioned within the housing 14, and the housing clamps 3

about a groove 24. As noted, the portion 20 extends at
about a 1§ degree angle from the housing and thus from
the base portion 23. The extension 18 is tapered toward

«its distal end at 26 so that it may be comfortably posi-
tioned in the ear to view the tympanic membrane and-
/or ear canal.

A preferred disposable element to be used over the
extension 18 is presented in parent Application No.
07/280.546 and will not be discussed here.

The edge at the end of the probe is rounded so that
when the probe is inserted into the ear it can be rotated
somewhat without discomfort to the patient. The probe
is also curved like an otoscope to avoid interference
with the ear. By thus rotating the probe, the ear canai i3
scanped and, at some orientation of the probe during
that scan, one can be assured that the maximum temper-
ature is viewed. Since the ear canal cavity leading to the
tympanic area is the area of highest temperature, the
instrument is set in a peak detection mode, and the peak
detécted during the scan is taken as the rympanic tem-
perature.

An improved assembly within the extension 18 is
llustrated in FIG. 2. A thermopile 28 is positioned
within a can 30 of high conductivity matenial such as
copper. The conductivity should be greater than two
watts per centimeter per degree Kelvin. The can is
filled with a gas of low thermal conductivity such as
Xenon. The thermopile 28 is positioned within a rear
volume 31, It is mounted to an assembly which includes
a flange 33. The volume is sealed by cold welding of the
flange 33 to a flange 41 extending from the can. Cold
welding is the preferred approach to making the seal
and, o utilize past welding fixtures, the outer diameter
of the can is limited.

The thermopile views the tympanic membrane area
through a radiation guide 32. The radiation guide 32 is
gold plated to minimize oxidation. It is closed at its
forward end by a germanium window 35. To minimize
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expense, the window is square with each side slightly
longer than the diameter of the radiation guide 32. The
window is cemented with epaxy within a counterbore
in a flange 37 at the end of the radiation guide. The
epoxy serves as a gas seal and mechanical support for
the somewhat brittle germanium window.-The flange
serves to protect the germanium window should the
detector be dropped. The diagonal of the window is less”
than the diameter of the counterbore, and its thickness is
Jess than the depth of the counterbore. Therefore, if the
detector is dropped, any force which presses the plastic
housing toward the window is absorbed by the flange-
The germanium need only withstand the forces due to
its own inertia.

Whereas the detector disclosed in the parent applica-
tion had a wide field of view of about 120%, it has been
determined that a significantly narrower field of view of
about sixty degrees or less provides a more accurate
indicaticn of tympanic temperature. With a narrower
field of view, the thermopile flake, whea directly view-
ing the tympanic membrane, also views no more than
about 1.5 centimeters along the ear canal and preferably
less than one centimeter, A better view of the tympanic
membrane also results from the cylindrical extension 43
beyond the conical portion of the extension 18, With the
car canal straightened by the probe, the extension 43
can extend well into the ear canal beyond any hair at the
canal opening.

The tympanic membrane is about 2.5 centimeters
from the opening of the ear canal. The conical portion
of the extension 18 prevents the tip of the extension
from extending more than about eight millimeters intg
the ear canal. Beyond that depth, the patient suffers
noticeable discomfort. With a field of view of about
sixty degrees, the ear canal which is about eight milli-
meters wide is viewed about eight millimeters from the
tip of the extension 18. Thus, only the ear canal within
about 1.5 centimeters of the tympanic membrane is
viewed as the radiation guide is directed toward the
membrane. The result is 2 more accurate reading of the
tympanic temperature which is closer to core tempera-
ture.

With the present instrument, the narrow field of view
is abtained by two changes to the prior radiation guide.
The reflectivity within the guide is reduced. Radiation
entering the tube at greater angles must be reflected a
greater number of times from the radiation guide before
reaching the thermopile flake. With-the higher emissiv-
ity, such radiation is less likely to reach the flake to be
detected. The field of view is further decreased by ex-
tending the enlarged rear volume between the flake and
the radiation guide. Radiation which enters the radia-
tion guide at greater angles, yet travels through the
radiation guide, leaves the guide at greater angles and is
thus unlikely to be viewed by the flake. The length of
the radiation guide is another parameter which affects
the field of view. By using a planoconvex lens as the
window 35, the field of view can be further limited.

Both of the above approaches to decreasing the field
of view increase the amount of heat which is absorbed
by the can in which the thermopile is mounted. The
added heat load adds to the importance that the can,
including the radiation guide, have a large thermal mass
and high thermal conductivity as discussed below.

As distinguished from the structure presented in the
parent application, the volume 31 surrounding the ther-
mopile and the radiation guide are formed of a single
piece of high conductivity copper. This unitary con-
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struction eliminates any thermal barriers between the
foremost end of the radiation guide and the portion of
the can surtounding the thermopile which serves as the
cold junction of the thermopile. Further, at least a por-
tion of added thermal mass which surrounds the radia-
tion guide is unitary with the can as well. Specifically, a
taper 39 resuits in an enlarged region 41 which serves as
a thermal mass in accordance with the principals of the
parent application. The taper 39 continues along a con-
ductive thermal mass 34 which surrounds the can and a
conductive plug 36. Both the mass 34 and plug 36 are of
copper and are in close thermal contact with the can 30.

The outer sleave 38 of the extension 18 and the inter-
mediate extension 20 are of plastic material of low ther-
mal conductivity. The sleeve 38 is separated from the
can 30 and thermal mass 34 by an insulating ai# space 4.
The taper of the can 30 and thermal mass 34 permits the
insulating space to the end of the extension while mini-
mizing the thermal resistance from the end of the tube
32 to the thermopile, 2 parameter discussed in detail
below. The inner surface of the plastic slesve 38 may be
coated with a good thermal conductor to distribute
across the entire sleeve any heat received from contact
with the ear. Tweaty mils of copper coating would be
suitable. -

In contrast with the prior design, the portion of the
sleave 38 at the foremost end of extension 18 has a re-
gion 43 of constant outer diameter before a tapersd
region 45. The region of constant outer diameter re-
duces the outer diameter at the distal end and minimizes
interference when rotating the extension in the ear to
view the tympanic membrane area. The tapered region
is spaced six millimeters from the end of the extansion tQ
allow penetraticn of the extension into the ear canal by
no more than about eight millimeters.

One of the design goals of the device was that it
always be in proper calibration without requiring a
warm-up time. This precluded the use a heated target n
a chopper unit or heating of the cold junction of the
thermopile as was suggested in the O"Hara et al. patent
4.602,642. To accomplish this design goal, it is neces-
sary that the system be able to operate with the thermo-
pile at any of a wide range of ambient temperatures and
that t:e thermopile output have very low sensitivity to
any thermal perturbations.

The output of the thermopile is a function of the
difference in temperature between its warm junction,
heated by radiation, and its cold junction which is in
close thermal contact with the can 30. In order that the
hot junction respond only to radiation viewed through
the window 35, it is important that the radiation guide
32 be, throughout a measurement, at the same tempera-
ture as the cold junction. To that end, changes in tem-
perature in the guide 32 must be held to a minimum, and
any such changes should be distributed rapidly to the
cold junction to avoid any thermal gradients. To mini-
mize temperature changes, the tube 32 and the can 30
are, of course, well insulated by means of the volume of
air 40. Further, a high conductance thermal path is
provided to the cold junction. This conductance 15 en-
hanced by the unitary construction. Further, the can 30
is in close thermal communication with the thermal
masses 34 and 36, and the high conductivity and thick-
ness of the thermal masses increase the thermal conduc-
tance. A high thermal conductivity epoxy, solder or the
like joins the can and thermal masses. The solder or
epoxy provides a significant reduction in thermal resis-
tance. Where solder is used, to avoid damage to the
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thermopile which is rated to temperatures of 125 C., a
low temperature solder of indium-tin alloy which flows
at 100° C. is allowed to flow into the annular mass 34 to
provide good thermal coupling between all elements.

“The thermal resistance from the outer surface of the
plastic slesve 38 to the conductive thermal mass is high
to minimize thermal perturbations to the inner thermal
rmass. To minimize changes in temperature of the guide
32 with any heat transfer to the can which does occur,
the thermal mass of the can 30, annular mass 34 and plug
36 should be large. To minimize thermal gradients
where there is some temperature change in the tube
during measuremeant, the thermal resistance between
any two points of the thermal mass should be low.

Thus, due to the large time constant of the thermal
barrier, any external thermal disturbances, such as when
the extension contacts skin, only reach the conductive
thermal mass at extremely low levels during 2 measure-
ment period of a few seconds; due to the large thermal
mass of the material in contact with the cold junction,
any such heat transfer only causes small changes in
temperature; and due to the good thermal conductance
throughout the thermal mass, any changes in tempera-
ture are distributed quickly and are reflected in the cold
junction temperature quickly so that they do not affect
temperature readings.

The thermal RC time constant for thermal conduc-
tion through the thermal barrier to the thermal mass and
tube shouid be ar least two orders of magnitude greater
than the thermal RC time constacot for the temperature
response of the cold junction to heat transferred to the
tube and thermal mass. The RC time constant for con-
duction through the thermal barrier is made large by the
large thermal resistance through the thermal barrier and
by the jarge thermal capacitance of the thermal mass.
The RC time constant for response of the cold junction
is made low by the low resistance path to the cold junc-
tion through the highly conductive copper can and
thermal mass, and the low thermal capacitance of the
stack of beryllium oxide rings and pin conductors to the
thermopile.

Although the cold junction capacitance is naturally
low, there are size constraints in optimizing the thermal
capacitance of the thermal mass, the thermal resistance
through the thermal barrier and the internal thermal
resistance Specifically, the external thermal resistance
can be increased by increased radial dimensions, the
capacitance of the thermal mass can be increased by
increasing its size, and the thermal resistance through
the longitudinal thermal path through the tube can be
decreased by increasing its size. On the other hand, the
size must be limited to permit the extension to be readily
positioned and manipulated within the ear.

Besides the transfer of heat from the environment,
another significant heat flow path to the conductive
thermal mass is through leads to the system. To mini-
mize heat transfer through that path, the leads are kept
to small diameters, Further, they are embedded in the
plug 36 through bores 70; thus, any heat brought into
the system through those leads is quickly distributed
throughout the thermal mass, and only small changes in
temperature and small gradients result.

Because the temperature of the thermal mass is not
controlled, and the response of the thermopile 28 is a
function of its cold junction temperaturs, the cold junc-
tion temperature must be monitored. To that end, a
thermistor is positioned at the end of a central bore 72in
the plug 36. )
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A schemaric illustration of the electronics in the hous-
ing 14, for providing a temperature readout on display
16 in response to the signal from the thermopile, is
presented in FIG. 3. The system is based on a micro-
processor 73 which processes software routines in-
cluded in read only memory within the processor chip.
The processor may be a 6805 processor sold by Motor-
ola

The voltage generated across the thermopile 28 due
to a temperature differential between the hot and cold
Jjunetions is amplified in an operational amplifier 74. The
analog output from the amplifier 74 is applied as one
input to a multiplexer 76, Another input to the multi-
plexer 76 is a voltage taken from a voltage divider R1,
R2 which is indicative of the potential V4 from the
power supply 78. A third input to the multiplcxér 76 is
the potential across a thermistor RT1 mounted in the
bore 72 of block 36. The thermistor RT1is coupled in a
voltage divider circuit with R3 across a reference po-
tential VRef. The final input to the multiplexer is a
potential taken from a potentiometer R4 which may be
adjusted by a user. The system may be programmed to
respond to that input in any of a number of ways. In
particular, the potentiometer may be used as a gain
control or as a DC offset control.

At any time during the software routine of tha micro-
processor 73, one of the four inputs may be selected by
the select lines 78. The selected analog signal is applied
to a multiple slope analog system 80 used by the micro-
processor in an integrating analog-to-digital conversion
80. The subsystem 80 may be a TSC500A sold by Tele-
dyne. It utilizes the reference voltage VRef from a
reference source 82. The microprocessor 73 responds to
=-the output from the convertor 80 tc generate a count
indicative of the analog input to the convertor.

The microprocessor drives four 7-segment LED dis-
plays 82 in a multiplexed fashion. Individual displays are
selected sequentially through a column driver 84, and
within each selected display the seven segments are
controlled through segment drivers 86.

When the switch 22 on the housing is pressed, it
closes the circuit from the battery 78 through resistors
R5 and R6 and diode D1 to ground. The capacitor C1
is quickly charged, and field effect transistor T1 is
turned on. Through transistor T1, the V4 potental
from the storage ceil 78 is applied to a voltage regulator
86. The regulator 86 provides the regulated + 5 volts to
the system. It also provides a reset signal to the micro-
processor. The reset signal is low until the + 35 volt
reference is available and thus holds the microprocessor
in a reset state, When the + 5 volts is available, the reset
signal goes high, and the microprocessor begins its pro-
grammed routine.

When the switch 22 is released, it opens its circuit, but
a charge is maintained on capacitor C1 to keep transis-
tor T1 on. Thus, the system continues to operate. How-
ever, the capacitor C1 and transistor T1 provide a very
simple watchdog circuit. Periodically, the microproces-
sor applies a signal through driver 84 to the capacitor
C1 to recharge the capacitor and thus keep the transis-
tor T1 on. If the microprocessor should fail to continue
its programmed routine, it fails to charge the capacitor
C1 within a predetermined time during which the
charge on C1 leaks to a level at which transistor T1
turns off. Thus, the microprocessor must continue in its
programmed routine or the system shuts down. This
prevents spurious readings when the processor is not

operating properly.
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With transistor T1 on, the switeh 22 can be used as an
input through diode D2 to the microprocessor to initi-
ate any programmed action of the processor.

In addition to the display, the system has a sound
output 90 which is driven through the driver 84 by the-
microprocessor. T

In order to provide an analog output from the detec-
tor, a digital-to-analog convertor 92 is provided. Wheri™
selected by line 94, the convertor converts serjal data on
line 96 to an analog output made available to a user.

Both calibration and characterization data required
for processing by the microprocessor may be stored in
an electrically erasable programmable read only mem-
ory (EEPROM) 100. The EEPROM may, for example,
be a 93¢46 sold by International CMOS Technologies,
Inc. The data may be stored in the EEPROM by the
microprocessor when the EEPROM is selected by line
102. Once stored in the EEPROM, the data is retained
even after power down. Thus, though electrically pro-
grammable, once programmed the EEPROM serves as
a virtually nonvolatile memory.

Prior to shipment, the EEPROM may be pro-
grammed through the microprocessor to store calibra-
tion data for calibrating the thermistor and thermopile,
Further, characterization data which defines the per-
sonality of the infrared detector may be stored. For
example, the same electronics hardware, including the
microprocessor 73 and its internal program, may be
used for a tympanic temperature detector in which the
output is accurate in the target temperature range of
about 60° F. to a 110" F. or it may be used as ar indus-
trial detector in which the target temperature range
would be from about 0° F. to 100" F. Further, diffsrent
modes of operation may be programmed into the sys-
tem. For example, several different uses of the sound
source 90 are available.

Proper calibration of the detector is readily deter-
mined and the EEPROM is readily programmed by
means of an optical communication link which includes
a transistor T2 associated with the display. A communi-
cation boot may be placed over the end of the detector
during a calibration/characterization procedure. A
photodicde in the boat generates a digitally encoded
optical signal which is filtered and applied to the detec-
tor T2 to provide an input to the microprocessor 73. In
a raverse direction, the microprocessor, may communi-
cate optically to a detector in the boot by flashing spe-
cific segments of the digital display 82. Through that
commuanication link, an outside computer 106 can moni-
tor the outputs from the thermistor and thermopile and
perform a calibration of the devices. A unit to be cali-
brated is pointed at each of two black body radiation
sources while the microprocessor 73 converts the sig-
nals and sends the values to the external computer, The
computer is provided with the actual black body tem-
peratures and ambient temperature in the controlled
environment of the detector, computes calibration vari-
ables and returns those variable to be stored in the de-
tector EEPROM. Similarly, data which characterizes a
particular radiation detector may be communicated to
the microprocessor for storage in the EEPROM.

A switch 108 is positioned behind a hole 110 (FIG. 1)
in the radiation detector so that it may be actuated by a
rigid metal wire or pin. Through that switch, the user
may control some specific mode of operation such as
converting the detector from degrees Fahrenheit to
degrees centigrade. That mode of operation may be
stored by the microprocessor 73 in the EEPROM s0
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that the detector continues to operate in a specific mode
until a change is indicated by closing the switch 108.

A switch 106 may be provided either internally or
through the housing to the user to set a mode of opera-
tion of the detector. By positioning the switch at either
the lock position, the scan position or a neutral position,
any of three modes may be selected. The first mode is
the normal scan mode where the display is updated
continuously. A second mode is a lock mode where the
display locks after a sclectable delay and then remains
frozen until power is cycled or, optionally, the power-
on button is pushed. The sound source may be caused to
sound at the time of lock. The third mode is the peak
mode where the display reads the maximum value
found since power-on until power is cycled pr, option-
ally, the power-an button is pushed. ‘

The processor determines when the voltage from the
divider R1, R2 drops below each of two threshoids.
Below the higher threshold, the processor periodically
enables the sound source to indicate that the battery is
low and should be replaced but allows continued read-
out from the display. Below the lower threshold, the
processor determines that any output would be unreli-
able and no longer displays temperature readings. The
unit would then shut down upon reisase of the power
button.

In the present system, the target temperature is com-
puted from the relationship

Trt—Kh(H - Ho)+ Tyt (1
where Tris the target temperature, Kh is a gain calibra-
tion factor, H is the radiation sensor signal which is
offset by H, such that (H—H,)—~0 when the target is at
the cold junction temperature of the device to counter
any electronic offsets in the system. and Ty is the hot
junction temperature. This relationship differs from that
previously used in that Kh is temperature compensated
relative to the average temperature of the thermopile
rather than the ¢old junction, or ambient, temperature.
Further, the hot junction temperature rather than the
cold junction temperature is referenced in the relation-
ship.

The gain calibration factor Kh is temperature com-
pensated by the relationship

NN CSEES)

where G is an empirically determined gain in the sys-
tem, Tco is the temperature coefficient of the Seebeck
coefficient of the thermopile and Tz is the temperature
at which the instrument was calibrated. The use of the
average temperature of the thermopile rather than the
cold junction temperature provides for 2 much more
accurate response where a targer temperature is signifi-
cantly different from the ambient temperature.

As noted, the relationship by which the target tem-
perature is determined includes the hot junction temper-
ature as the second term rather than the cold junction
temperature. Hot junction temperature is computed
from the relationship

2)

Viml agd TH—Tc) )

where JN is the number of junctions in the thermopile
and a.qy is the Seebeck coefficient at the average tem-
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perature of the thermopile. T!xe Se.cbeck coefficient can
be determined from the relationship

Ty = Tc -
q,m-a,,(l—Tm( F] -Ts)) R

where ay;is the specified Seebeck coefficient at a partic-
ular specification temperature and Ts is that sperifica-
tion temperature. Again, it can be seen that temperature
compensation is based on the average thermopile tem-
perature rather than just the cold junction temperature.
By substituting equation (4) into equation (3) and solv-
ing for T, the hot junction temperature is found to be

“)

Tr={(Teox Ts+1=((Teox Ts+ 12— % Tea) X [(-
Teol(Tex T5)=( T/ ) + Te+(Vs/I X am})/ Teo ®
The actual sensor output Vs can be determined from
the digital value available to the processor from the

equation:

X (6
Vs = (H — H,,)-é%

where K 4pis the analog-to-digital conversion factor in
volts/bit and GFE is the gain of the front end amplifier.

Reference to the hot junction temperature rather than
the cold junction temperature in each term of the rela-
tionship for determining the target temperature pro-
vides for much greater accuracy over a wide range of
ambient temperatures and/or target temperatures.

To provide a temperature readout, the microproces-
sor makes the following computations: First the signal
from thermistor RT1 is converted to temperature using
a linear approximation, Temperature is defined by a set
of linear equations

p=M(x—xo)+b

where x is an input and x0 is an input end point of a
straight line approximation. The values of M, xo and b
are stored in the EEPROM after calibration. Thus, 0
obrain a temperature reading from the thermistor. the
microprocessor determines from the values of xo the
line segment in which the temperature falls and then
performs the computation for y based on the variables
M and b stored in the EEPROM.

The hot junction temperature is computed. A fourth
power representation of the hot junction temperature is
then obtained by a lookup table in the processor ROM.

The sensed radiation may be corrected using the gain
calibration factor Kh, the sensor gain temperature coef-
ficient Tco, the average of the hot and cold junction
temperatures and a calibration temperature Tz stored in
the EEPROM. The corrected radiation signal and the
fourth power of the hot junction temperature are
sumnmed, and the fourth root is taken. The fourth root
calculation is also based on a linear approximation
which is selected according to the temperature range of
interest for a particular unit. Again, the brezk points and
coefficients for each linear approximation are stored in
the EEPROM and are selected as required.

An additional factor based on ambient temperature
may also be included as an adjustment. The temperature
of the ear T, which is sensed by the thermopile is not
actually the cofe temperature T There is thermal
resistance between Te,and T,. Further, there is thermal
resistance between the sensed ear temperature and the
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ambient temperature. The result is a sense temperature
T, which is a function of the core temperature of inter-
est and the ambient temperature. Based on an assumed
constant K¢ which is a measure of the thermal resis-
tances between Ten Teand T,, core temperature ¢an be
computed as

.- T
To= 13+ 'ke -

This comptitation ¢an account for a difference of from
one-half to one degree between core temperature and
sensed ear temperature, depending on ambient tempera-
ture.

A similar compensation ¢an be made in other dpplica-
tions. For example, in differential cutaneous tempera-
ture scanning, the significance of a given differential
reading may be ambient temperature dependent.

The actual computations performed by the processor
are as follows, where:

H is the digital value of radiation signal presented to

the processor

H, is the electronic offset

Hc is corrected H (deg K%

Tc i ambient and zold junction temperature (deg F)

Taf is 4th power of Tamb (deg K4)

Tt is target temperature (deg F)

Tz is ambient temp during cal (deg F)

Td is the displayed temperature

Rt is the thermistor signal

Kh is a radiation sensor gain cal factor

Ztis a thermistor zero cal factor

Th is the hot junction temperature

a5 is the Seebeck coefficient of the thermopile at a

specified temperature

1 is the number of junctions in the thermopile

Tco is a temperature cocfficient for the Seebeck coef-

ficient

Ts is the temperature at which a is specified

Ter is core temperature

kc is a constant for computing core temperature

Vs is the sensor output voltage

GFE is the gain of the front end amplifier

K.pis the analog-to-digital conversion factor

Vs=(H—-H)XAD/GFE

Te(deg F)=Thermistor lookup table (Rt)—Zt

Th=[(TcoxXTs+D={(Tecox Ts+ 1) —-2xT-

co)X [(Teo((Te X Ts)=(Te/2) + Te+(Vy/-

Ixam)]'’ /Teo
He(deg KY=Khx(H-H)x(1+T-
coxX((Th—Tc)/2—Tz))

Thi(deg K*)=4th power lookup table (Tc)
Tt(deg F)=(Hc+ThNi(Final lookup table)
Teor=Te+(Tt—Te)/ ke
Tt(deg C)=(5/9) X (Tf(deg F)—32) optional
The following is a list of the information which may
be contained in the EEPROM and therefore be pro-
grammable at the time of calibration:
Radiation sensor offset
Radiation sensor gain
Radiation sensor temperature coefficient
Thermistor offset
Ambieat temperature at calibration
Thermistor lookup table
Final temperature lookup table
Adjustment factor F
Sound source functions:
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Beep at button push in lock mode
none/20/40/30 milliseconds long
Beep at lock
none/20/40/380 nailliseconds long
Beep at power down
none/20/40/80 milliseconds long
Besp at low battery
none/20/40/80 milliseconds long
interval 1/2/3 sec :
single/double beep

Timeout functions:

Time to power-down

.5 to 128 sec in .5 sec increments
Delay until lock

.5 to 128 sec in .5 sec increments

Other functions:

Power-on button resets lock cycle '

Power-on button resets peak detect

Display degrees C / degrees F

EEPROM “Calibrated” pattern to indicate that the

device has been calibrated

EEPROM checksum for a self-check by the proces-

sor

FIGS. 4A—4D provide a flowchart of the firmware
stored in the microprocessor 73. From reset when the
instrument is turned on, the system is initialized at and
the contents of the EEPROM are read into memory in
the microprocessor at 112, At 114, the processor reads
the state of power and mode switches in the system. At
116, the system determines whether a mode switch 113
has placed the system in a self test mode. If not, all
eights are displayed on the four-digit display 82 for 2
brief time. At 120, the system performs all A-to-D con-
versions to obtain digital representations of the thermo-
pile output and the potentiometer settings through mul-
tiplexor 76. The system then enters a loop in which
outputs dictated by the mode switch are maintained.
First the timers are updated at 122 and the switches are
again read at 124. When the power is switched off, from
126 the system enters a power down loop at 128 until
the system is fully down. At 130, the mode switch is
checked and if changed the system is reset Although
not in the tympanic temperature detector, some detec-
tors have a mode switch available to the user so that the
made of operation can be changed within a loop.

At 132, 136 and 140, the system determines its mode
of operation and enters the appropriate scan process
134, lock process 138 or peak process 142. In a scan
process, the system updates the output to the current
reading in each loop. In a lock process, the system up-
dates the output but locks onto an output after some
period of time. In the peak process, the system output is
the highest indication noted during a scan. In each of
these processes, the system may respond to the pro-
gramming from the EEPROM to perform any number
of functions as discussed above. In the peak process
which is selected for the tympanic temperature mea-
surement, the system locks onto a peak measurement
after a preset period of time. During assembly, the sys-
tem may be set at a test mode 144 which will be de-
scribed with respect to FIG. 4D. ’

In any of the above-mentioned modes, an output is
calculated at 146. Then the system loops back to step
122. “The calculation 146 is illustrated in FIG. 4B.
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At 148 in FIG. 4B, the raw sensor data is obtained
from memory. The sensor offset taken from the EE-
PROM is subtracted at 150, and the ambient tempera-
ture previously obtained from the potentiometer RT1is
accessed at 152. ‘The temperature coeflicient ddjustment
is calculated at 154. At 156, the sensed signal is multi-
plied by the gain from EEPROM and by the tempera-
ture coefficient. At 158, the fourth power of the ambient
temperature is obtained, and at 160 it is added to the
sensor signal. At 162, the fourth root of the sum is ob-
tained through a lookup table. Whether the display is in
degress centigrade or degrees Fahrenheit is determined
at 164. If in degrees centigrade, a conversici is per-
formed at 166, At 168, adjustment values, including that
from the potentiometer R4, are added.

Analog-to-Digital conversion is pcrfonncéf periodi-
cally during an interrupt to the loop of FIG. 4A which
oceurs every two milliseconds. The interrupt routine is
illustrated in F1G. 4C. Timer counters are updated at
170. A-to-D conversions are made from 172 only every
100 milliseconds when a flag has been set in the prior
interrupt cycle. During most interrupts, an A/D con-
version does not occur. Then, the 100-millisecond
counter is checked at 174, and if the count has expired,
a flag is set-at 176 for the next interrupt. The flag is
checked at 178 and, if found, the display is updated at
180. The system thea returns to the main loop of FIG.
4A.

Where the 100 millisecond flag is noted at 172, an
A-to-D conversion is to be performed. The system first
determines at 182 whether a count indicates there
should be a conversion of the thermopile output at 184
or a conversion of the the thermistor output at 186. The
thermopile sensor conversion is performed nine out of
ten cycles through the conversion loop. At 188, the
system checks to determine whether a conversion is
made [rom the potentiometer R4 or from the bartery
voltage divider R1, R2 at 192, These conversions are
made alternately.

FIG. 4D illustrates the self-test sequence which is
called by the mode switch 113 only during assembly.
During the test, the besper sounds at 182 and all display
segments are dispiayed at 184. Then the system steps
each character of the display from zero through nine at
186, The system then enters a test loop. At 188, the
system senses whether the button 108 bas been pressed.
If so, a display counter is incremented at 190. The dis-
play for the unit then depends on the count of the dis-
play counter. With the zero count, the adjustment po-
tentiometer value is displayed at 192. Thereafter, if the
display counter is incremented by pressing the button
108, the raw sensor data is displayed. With the next
increment, ambient temperature is displayed at 196, and
with the next increment, the raw output from the ambi-
ent temperature sensor RT1 is displayed. With the next
increment, the battery voltage is displayed. After the
test, the assembler sets the mode switch to the proper
operating mode,

While this invention has been particularly shown and
described with references to preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes in form and details may be made
therein without departing from the spirit and scope of
the invention as defined by the appended claims.

We claim: .

1. A radiation detector comprising:
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2 thermopile having a hot junction and a cold june-
tion, the hot junction being mounted to view 2
target:
a temperature sensor for sensing the temperature of
the cold junction; -
an electronic cireuit coupled to the thermopile and
responsive to the voltage across the thermopile and
a terperature sensed by the temperature sensor 40
determine the temparature of the target, the elec-
tronic circuit determining the temperature of the
target as a function of the voltage across the ther-
mopile and the temperature of the hot junction of
the thermopile determined from the cold junction
temperature and a thermopile coefficient; and
a display for displaying an indication of the tempera-
ture of the target detzrmined by the electronic
circuit.

2. A radiation detector as claimed in claim I wherein
the electronic circuit determines target temperature
from the relationship T74=(KhH)+T#* where Tris
the target temperature, Kh is 2 gain factor, His a sensed
voltage from the thermopile and T is the hot junction
temperature of the thermopile.

3. A radiation detector as claimed in claim 2 wherein
the electronic circuit determines the hot junction tem-
perature T from the sensed voltage and cold junction
temperature and a thermopile coefiicient which is speci-
fied at a predetermined temperature, the thermopile
coefficient being temperaturs compensated by the elec-
tronic cireuit as a function of a temperature between the
hot and cold junctions.

4. A radiation detector as claimed in claim 3 wherein
the electronic circuit det=rmines the gain factor Kh asa
function of the difference patween a calibration temper-
ature and a temperature detween the hot and cold junc-
tion temperatures.

5. A radiation detector as claimed in ¢laim 2 wherein
the electronic circuit determines the gain factor Kh as a
function of the difference berween a calibration temper-
ature and a temperature berween the hot and cold junc-
1ion temperatures.

v. A radiation detector as claimed in claim § wherein
the electronic circuit determines the target temperature
from the relationship Tré=(KhH)+T where Tris the
target temperature, H is a sensed voltage from the ther-
mopile, T is a temperature of the thermopile and Kh is
a gain factor which is a function of the difference be-
tween a calibration temperature and a temperature be-
tween the hot and cold junction temperatures.

7. A radiation detector comprising:

a thermopile mounted to view a target of biological

surface tissue;

2 temperature sensor for sensing ambient tempera-

ture; '

an electronic éircuit coupled to the thermopile and

temperature sensor and responsive to the voltage
across the thermopile and the temperature sensed
by the sensor to provide an indication of an internal
temperature within the biological tissue adjusted
for the ambient temperature to which the surface
tissue is exposed; and

a display for providing an indication of the internal

temperature. .

8. A radiation detector as claimed in claim 7 wherein

the biological surface tissue is tympanic membrane and

the display provides an indication of core temperature.
- - » - L}
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(571 ABSTRACT

Tympanic temperatire measurements are obtained
from the output of a thermopile mounted in an exten-
sion from a housing. The housing has a temperature
display thereon and supports the electronics for re-
sponding to sensed radistion. The thermopile is
mounted in a highly conductive can which includes a
radiation guide and thermal mass. The guide provides a
narrow field of view due to a fairly high emissivity.
Electronics determuine the target temperature as a func-
tion of the temperature of the hot junction of the ther-
mopile determined from the cold junction temperature
and a thermopile coefficient. The tympanic temperature
is adjusted to provide an indication of core temperature.

§ Claims, 7 Drawing Sheets
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RADIATION DETECTOR HAVING IMFROVED
ACCURACY

RELATED APPLICATION:

This application is a division of application Sex. No.
07/338,968, filed Apr. 14, 1989, now U.S. Pat. No.
5,012,813, which is a continuvation-in-part of application
Ser. No. 07/280,596, filed Dec. 6, 1988, now U.S. Pat.
No. 4,993,419,

BACKGROUND

Radiation detectors which utilize thermopiles to? de-
tect the heat flux from target surfaces have been used in
various applications. An indication of the temperature
of a target surface may be provided as a function of the
measured heat flux. One such application is the testing
of electrical equipment. Another application has been in
the scanning of cutaneous tissue to locate injured subcu-
taneous regions. An injury results in increased blood
flow which in turn results in & higher surface tempera-
ture. Yet another application is that of tympanic tem-
perature measurement A tympanic device relies on a
measurement of the temperature of the tympanic mem-
brane area in the car of an animal or human by detection
of infrared radiation as an alternative to traditional sub-
linqual thermometers.

SUMMARY OF THE INVENTION

An improved tympanic temperature mcasurement
device is presented in parent U.S. patent application No.
07/280,546 That device provides for accuracy within
one-tenth of & degree over limited ranges of ambient
temperature and accuracy to within one degree over a
wide range of ambient temperatures. An object of the
present invention is to provide a tympanic temperature
measurement device which would provide accuracy to
within one-tenth degree over a wide range of ambient

temperatures. In obtaining that accuracy, an object of 44

the invention was to continue to avoid any requirement
for a reference target or for control of the temperature
of the thermopile as such requirements had resulted in
complexity and difficulties in prior tympanjc tempera-
ture measurement devices,

A radiation detector comprises a thermopile and a
can enclosing the thermopile. The can structure in-
cludes an clongated radiation guide of a first internal
diameter. The radistion guide extends from a viewing
window to a rear volume of larger internal diameter in
which the thermopile is mounted. The guide may be
gold plated.

In accordance with one feature of the present inven-
tion, the portions of the can forming the radiation guide
and rear volume are formed in a unitary structure of
high thermal conductivity material. The can structure
has an outer surface with an outer diameter at its end
adjacent to the window which is less than an outer
diameter about. the rear volume. The outer surface is
tapered about the radiation guide such that a unitary
thermal mass of increasing onter diameter is provided
about the end of the madiation guide adajacent to the
tear volume. The unitary can structure maximizes con-
ductance and thermal mass within a limited diameter.
To avoid changes in fixtures used in mounting the ther-
mopile within the can, the unitary can of limited diame-
ter may be supplemented with an. additional thermal
which surrounds the rear volume and s portion of

-
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the unitary thermal mass and which is in close thermal
contact with the can structure. _

It has been found that a narrow field of view radiation
detector provides a more accurate reading of tympanic
temperature. In the detector of the present invention,
that field of view is obtained by controlling the reflec- .
tance of the surface of the radiation guide, the length of
the guide and the position of the thermopile behind the
guide. A ficld of view of less than about sixty degrees
allows for viewing of only a portion of the ear canal
within about 1.5 centimeters of the tympanic mem
brane. :

Accuracy of the detector may be impraved electroni-
cally as well. Accordingly, an electronic circuit is cou-
pled to a thermopile, having a cold junction and a hot
junction mounted to view a target, and to a temperature
sensor for sensing the temperature of the cold junction.
The electronic circuit is responsive to the voltage
across the thermopile and a temperature sensed by the
temperature sensor to determine the temperature of the
target. The electronic circuit determines the tempera-
ture of the target as a function of the temperature of the
hot junction of the thermopile determined from the cold
junction temperature and a known thermopile coeffici-
ent. A display provides an indication of the target tem-
perature determined by the electronic circuit.

As in prior systems, the electronic circuit determines
target  temperature  from  the  relationship
T 7% (KH) -+ T4, where Tris the target temperature, K
is a gain factor, H is a sensed voltage from the thermo-
pile and T is a junction temperature of the thermopile.
In accordance with the present invention in a preferred
embodiment, the junction temperature is the tempera-
ture of the hot junction. The hot junction temperature
Tg is determined from the sensed thermopile voltage
and cold junction temperature and a thermopile coeffi-
cient. The thermopile coefficient is specified at a prede-
termined temperature and is temperature compensated
by the electronic circuit as a function of a temperature
between the hot and cold junctions, specifically the
average temperature. Further, the electromic curouwit
determines the gain factor K as a function of the differ-
ence between a calibration temperature and a tempera-
ture between the hot and cold junction temperatures.

When used to measure a biological temperature, the
radiation detector is further improved by providing an
indication of an internal temperature within biological
tissue. The electronic circuit determines the internal
temperature by adjusting a measured temperature of
surface tissue for ambient temperature. In particular, the
biological surface tissue may be tympanic membrane or
the ear canal adjaceat to the membrane, and the display
may provide an indication of core temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advan-
tages of the inveation will be apparent from the follow-
ing more particular description of preferred embodi-
ments of the invention, as illustrated in the accompany-
ing driwings in which like reference characters refer to
the same parts throughout the different views. The
drawings aré not necessarily to scale, emphasis instead
being placed upon illustrating the principles of the in-
vention.

FIG. 1 illustrates a radiation detector for tympanic
temperature measurements in sccordance with the pres-
cnt invention.
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FIG. 2 is a cross-sectional view of the extension of the
detector of FIG. 1 in which the thermopile radiation
sensor is positioned.
FIG. 3 is & block diagram of the electronic circuit of

the detector of FIG. 1. 5

FIGS. 4A—4D are flow charts of the system firm-
ware.

DESCRIPTION OF A PREFERRED

EMBODIMENT 10

The radiation detector 12 of FIG. 1 includes a flat
housing 14 with a digital display 16 for displaying a
tympanic temperature measurement. Although the dis-
play may be located anywhere on the housing, it is

preferred that it be positioned on the end so the user is 15

not inclined to watch it during & measurement. The
instrument makes an accurate measursment when ro-
tated to scan the ear canal, and the user should concen-
trate on only the scanning motion. Then the display can

be read A thermopile radiation sensor is supported 20

within a probe 18 at the opposite end of the housing 14.
The extension 18 extends orthogonally from an interme-
diate extension 20 which extends at an angle of about 15
degrees from the housing 14. As such, the head of the

detector including the extension 18 and 20, has the ap- 25

pearance of a conventional otoscope. An on/off switch
22 is positioned on the housing.

A cross-sectional view of the extension of the detec-
tor is illustrated in FIG. 2. A base portion 22 is posi-

tioned within the housing 14, and the housing clamps 30

about a groove 24. As noted, the portion 20 extends at
about a 15 degree angle from the housing and thus from
the base portion 22. The extension 18 is tapered toward
its distal end at 26 so that it may be comfortably posi-
toned in the ear to view the tympanic membrane and/or 3

ear canal. :

A preferred disposable element to be used over the
extension 18 is presented in parent U.S. patent applica-
tion No. 07/280.546 and will not be discussed here,

The edge at the end of the probe is rounded so that 40

when the probe is inserted into the ear it can be rotated
somewhat without discomfort to the patient. The probe
is also curved like an otoscope to avoid interference
with the ear. By thus rotating the probe, the ear canal is

scanned and, at some orientation of the probe during 45

that scan, one can be assured that the maximum temper-
sture is viewed. Since the ear canal cavity leading to the
tympanic area is the area of highest temperature, the
instrument is set in a peak detection mode, and the peak

detected during the scan is taken as the tympanic tem- 30

perature,

An improved assembly within the extension 18 is
illustrated in FIG. 2. A thermopile 28 is positioned
within a can 30 of high conductivity material such as

copper. The conductivity should be greater than two 55

watts per centimeter per degree Kelvin. The can is
filled with a gas of low thermal conductivity such as
Xenon. The thermopile 28 is positioned within a rear
volume. 31 It is mounted to an assembly which includes

a flange 33. The volume is sealed by cold welding of the 6

flange 33 10 s flange 41 extending from the can. Cold
welding is the preferred approach to making the seal
and, to utilize past welding fixtures, the outer diameter
of the can is limited.

The thermopile views the tympanic membrane area 65

through a radiation guide 32. The radiation guide 32 is
gold plated to minimize oxidation. It is closed st its
forward end by a germanium window 35. To minimize

-

4

expense, the window is square with each side slightly
longer than the diameter of the radiation guide 32 The
window is cemented with epoxy within 2 counterboré
in a flange 37 at the end of the radiation guide. The
¢poXy serves as & gas.seal and mechanical support for
the somewhat brittle germanium window. The flange
serves to protect the germanium window should -the
detector be dropped. The diagonal of the window is less
than the diameter of the counterbore, and its thickness is
less than the depth of the counterbore. Therefore, if the
detector is dropped, any force which presses the plastic
housing toward the window is absorbed by the flange.
The germanium need only withstand the forces due to
its own inertia.

Whereas the detector disclosed in the parent applica-
tion had a wide field of view of about 120°, it has been
determined that a significantly narrower field of view of
about sixty degrees or less provides a more accurate
indication of tympanic temperature. With a narrower
field of view, the thermopile flake, when directly view-
ing the tympanic membrane, also views no more than
about 1.5 centimeters along the ear canal and preferably
less than ope centimeter. A better view of the tympanic
membrane also results from the cylindrical extension 43
beyond the conical portion of the extension 18, With the
car canal straightened by the probe, the extension 43
can extend weil into the ear canal beyond any hair at the
canal opening.

The tympanic membrane is about 2.5 centimeters
from the opening of the ear canal, The conical portion
of the extension 18 prevents the tip of the extension
from extending more than about eight millimeters into
the ear canal. Beyond that depth, the patient suffers
noticeable discomfort. With a ficld of view of about -
sixty degrees, the ear canal which is about eight milli-
meters wide is viewed about eight millimeters from the
tip of the extension 18. Thus, only the ear canal within
about 1.5 centimeters of the tympanic membrane is
viewed as the radiation guide is directed toward the
membrane. The result is & more accurate reading of the
tympanic temperature which is closer to core tempera-
ture.

With the present instrument, the narrow field of view
is obtained by two changes to the prior radiation guide.
'The reflectivity within the guide is reduced. Radiation
entering the tube at greater angles must be reflected a
greater number of times from the radiation guide before
reaching the thermopile flake. With the higher emissiv-
ity, such radiation is less likely to reach the flake to be
detected. The field of view is further decreased by ex-
tending the enlarged rear volume between the flake and
the radiation guide. Radiation which enters the radia-
tion guide at grester angles, yet travels through the
radiation guide, leaves the guide at greater angles and is
thus unlikely to be viewed by the flake. The Jength of
the radiation guide is another parameter which sffects
the field of view. By using a planoconvex lens as the
window 35, the field of view can be further limited.

Both of the above approaches to decreasing the field
of view increase the amonnt of heat which is absorbed
by the cam in which the thermopile is mounted. The
added heat load adds to the importance that the can,
including the radiation guide, have a large thermal mass
and high thermal conductivity as discussed below.

As distinguiched from the structure presented in the
parent application, the volume 31 surrounding the ther- -
mopile and the radiation guide arc formed of a singls
piece of high conductivity copper. This unitary con-
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struction eliminates any thermal barriers between the
foremost end of the radiation guide and the portion of
the can surrounding the thermopile which serves as the
cold junction of the thermopile, Further, ar Jeast 3 por-
tion of added thermal mass which surrounds the radia-
tion guide is unitary with the can as well. Specifically, a
taper 39 results in an enlarged region 41 which serves as
a thermal mass in accordance with the principals of the
parent application. The taper 39 continues along a con-
ductive thermal mass 34 which surrounds the can and a
conductive plug 36. Both the mass 34 and plug 36 are of
copper and are in close thermal contact with the can 3.

The outer sleeve 38 of the extension 18 and the inter-
mediate extension 20 are of plastic material of low ther-
mal conductivity. The sleeve 38 is separated from the
can 30 and thermal mass 34 by an insulating air space 40.
The taper of the can 30 and thermal mass 34 permits the
insulating space to the end of the extension while mini-
mizing the thermal resistance from the end of the tube
32 to the thermopile, a parameter discussed in detail
below. The inner surface of the plastic sleeve 38 may be
coated with 2 good thermal conductor to distribute
across the entire sleeve any heat received from contact
with the ear. Twenty mils of copper coating would be
suitable.

In contrast with the prior design, the portion of the
sleeve 38 at the foremost end of extension 18 has a re-
gion 43 of constant onter diameter before a tapered
region 45. The region of constant outer diameter re-
duces the ocuter diameter at the distal end and minimizes
interference when rotating the extension in the ear to
view the tympanic membrane area. The tapered region
is spaced six millimeters from the end of the extension to
allow penctration of the extension into the ear canal by
no more than about eight millimeters. |

One of the design goals of the device was that it
always be in proper calibration withont requiring a
warm-up time. This precluded the use a heated target in
a chopper unit or heating of the cold junction of the
thermopile as was suggested in the O’Hara et al. U.S.
Pat. No. 4,602,642. To accomplish this design goal, it is
tiecessary that the system be able to operate with the
thermopile at any of a wide range of ambient tempera-
tures and that the thermopile output have very Jow
sensitivity to any thermal perturbations.

The output of the thermopile is a function of the
difference in temperature between its warm junction,
heated by radiation, and its cold junction which is in
close thermal contact with the can 30. In order that the
hot junction respond only to radiation viewed through
the window 35, it is important that the radiation guide
32 be, throughout a measurement, at the same tempera-
ture as the cold junction. To that end, changes in tem-
perature in the guide 32 must be held to a minimum, and
any such changes should be distributed rapidly to the
cold junction to avoid any thermal! gradients. To mini-
mize temperature changes, the tube 32 and the can 30
are, of course, well jnsulsted by means of the volume of
air 40. Further, a high conductance thermal path is
provided to the cold junction. This conductance is en-
hanced by the unitary construction, Further, the can 30
is in close thermal communication with the thermal
masses M and 36, and the high conductivity and thick-
ness of the thermal masses increase the thermal conduc-
tance. A high thermal conductivity epoxy, solder or the
like joins the can and thermal masses. The solder or
epoxy provides a significant reduction in thermal resis-
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6
thermopile which is rated to temperatures of 125° C. a
low temperature solder of indivm-tin alloy which flows
at 100° C. is allowed to flow into the annular tmass 34 to
provide good thermal coupling between all elements.
‘The thermal resistance from the outer surface of the
plastic sleeve 38 1o the conductive thermal mass is high

to minimize thermal perturbations to the inner thermal -

mass, To minimize changes in temperature of the guide
32 with any heat transfer to the can which does occur,
the thermal mass of the can 30, annular mass 34 and plug
36 should be large. To minimize thermal gradients
where there it some temperature change in the tube
during measurement, the thermal resistance between
any two points of the thermal mass shounld be low.

Thus, duse to the large time constant of the thermal
barrier, any external thermal disturbances, such as when
the extension contacts skin, only reach the conductive
thermal mass at extremely low levels during a measure-
ment period of a few seconds; due to the large thermal
mass of the material in contact with the cold junction,
any such heat transfer only causes small changes in
temperature; and due to the good thermal conductance
throughout the thermal mass, any changes in tempera-
ture are distributed quickly and are reflected in the cold
junction temperatuse quickly so that they do not affect
temperature readings.

The thermal RC time coastant for thermal conduc-
tion through the thermal barrier to the thermal mass and
tube should be at least two orders of magnitude greater
than the thermal RC time constant for the temperature
response of the cold junction to heat transferred to the
tube and thermal mass. The RC time constant for con-
duction through the thermal barrier is made large by the
large thermal resistance through the thermal barrier and
by the large thermal capacitance of the thermal mass.
The RC time constant for response of the cold junction
is made Jow by the low resistance path to the cold junc-
tion through the highly conductive copper can and
thermal mass, and the low thermal capacitance of the
stack of beryllivm oxide rings and pin conductors to the
thermopile.

Although the cold junction capacitance is naturally
low, there are size constraints in optimizing the thermal
capacitance of the thermal mass, the thermal resistance
through the thermal barrier and the internal thexmal
resistance. Specifically, the external thermal resistance
can be increased by increased radial dimensions, the
capacitance of the thermal mass can be increased by
increasing its size, and the thermoal resistance through
the longitudinal therral path through the tube can be
decreased by incressing its size. On the other hand, the
size must be limited to permit the extension to be readily
positioned and manipulated within the car.

Besides the transfer of heat from the environmeant,
another significant heat flow path to the conductive
thermal mass is through leads to the system. To mini-
mize heat transfer through that path, the leads are kept
to small diameters. Further, they are embedded in the
plug 36 through bores 70; thus, any heat brought into
the system through thosa leads is quickly distributed
throughout the thermal mass, and only small changes in
temperature and small gradients resuit,

Becanse the temperature of the thermal mass is not
controlled, and the response of the thermopile 28 is a
function of its-cold junction temperature, the cold junc-
tion must be monitored. To that end, a
thermistor is positioned at the end of a central bore 72 in

tance. Where solder is used, to avoid damage to the  the plug 36

-
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A schematic illustration of the electronics in the hous-
ing 14, for providing a temperature readout op display
16 in response 1o the signal from the thermopile, is
presented in F1G. 3. The system is based on @ micro-
processor 73 which processes software routines in-
cluded in read only memory within the processor chip
The processor may be a 6805 processor sold by Motor-

.ola.

The voltage generated across the thermopile 28 due
to a temperatare differential between the hot and cold
junetions is amplified in an operational amplifier 74. The
analog output from the amplifier 74 is applied as one
input to s multiplexer 76. Another input to the mult-
plexer 76 is a voltage taken from a voltage divider R1,
R2 which is indicative of the potential V4 from the
power supply 78. A third input to the multiplexer 76 is
the potential across a thermistor RT1 mounted in the
bore 72 of block 36. The thermistor RT1 s coupledina
voltage divider circuit with R3 across a reference po-
tential VRef. The final input to the multiplexer is a
potential taken from a potentiometer R4 which may be
adjusted by a user. The system may be programmed to
respond to that input in any of a number of ways. In
particular, the potentiometer may be used as a gain
control or as a DC offset control.

At any time during the software routine of the micro-
processor 73, one of the four inputs may be selected by
the select lines 78, The selected analog signal is applied
to a multiple slope analog system 80 used by the micro-
processor in an integrating analog-to-digital conversion
80, The subsystem 80 may be a TSC500A sold by Tele-
dyne. It utilizes the reference voltage VRef from a
reference source 82. The microprocessor 73 responds to
the output from the convertor 80 to generate a count
indicative of the analog input to the convertor.

The microprocessor.drives four 7-segment LED dis-
plays 82 in a multiplexed fashion Individual displays are
selected sequentially through a column driver 84, and
within each selected display the seven segments are
controlled through segment drivers 86.

When the switch 22 on the housing is pressed, it
closes the circuit from the battery 78 through resistors
RS and R6 and diode D1 to ground. The capacitor C1
is quickly charged and field effect transistor T1 is
turned on. Through transistor T1 the V- potential
from the storage cell 78 is applied to a voltage regulator
86. The regulator 86 provides the regulated +5 volts to
the system. It also provides a reset signal to the micro-
processor. The reset signal is low until the +5 volt
reference is available and thus holds the microprocessor
its & reset state, When the + 5 volts is available, the reset
signal goes high, and the microprocessor begins its pro-

ed routine. )

‘When the switch 22 is released, it opens its circnit, but
a charge is maintained on capacitor C1 to keep transis-
tor T1 on. Thus, the system continues to operate. How-
ever, the capacitor C1 and transistor T1 provide a very
simple watchdog circait. Periodically, the microproces-
sor applies a signal through driver 84 to the capacitor
C1 to recharge the capacitor and thus keep the transis-
tor T1 on. If the microprocessor should fail to continne
its programmed routine, it fails to charge the capacitor
C1 within a predetermined time during which the
charge on C1 leaks to a level at which transistor T1
turns off, Thus, the microprocessor must continue in its
programmied routine or the system shuts down. This
prevents spurious readings when the processor is not
operating properly.
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‘With transistor T1 on, the switch 22 can be used as an
input through diode D2 to the microprocessor to initi-
ate any programmed action of the processor. .

In addition to the display, the system has a sound
output 90 which is driven through the driver 84 by the.
microprocessor.

In order to provide an analog output from the detec-
tor, a digital-to-analog convertor 92 is provided. When
selected by line 94, the convertor converts serial data on
line 96 to an analog output mades available to a user.

Both calibration and characterization data required
for processing by the microprocessor may be stored in
an electrically erasable programmable read only mem-
ory (EEPROM) 100. The EEPROM may, for example,
be a 93c46 sold by International CMOS Technologies.
Inc. The data may be stored in the EEPROM by the
microprocessor when the EEPROM is selected by line
102. Once stored in the EEPROM. the data is retained
even after power down. Thus, though electrically pro-
grammable, once programumed the EEPROM serves as
a virtually nonvolatile memory.

Prior to shipment, the EEPROM may be pro-
grammed through the microprocessor to store calibra-
tion data for calibrating the thermistor and thermopile.
Further, characterization data which defines the per-
sonality of the infrared detector may be stored. For
example, the same electronics hardware, including the
microprocessor 73 and its internal program, may be
used for a tympanic temperature detector in which the
output is accurate in the target temperatire range of
about 60°* F. to a 110° F. or it may be used as an indus-
trial detector in which the target temperature range
would be from about 0" F. to 100° F. Further, different
modes of operation may be programmed into the sys-
tem. For example, several different uses of the sound
source 90 are available. A

Proper calibration of the detector is readily deter-
mined agd the EEPROM is readily programmed by
means of an optical communication link which includes
a transistor T2 associated with the display. A communi-
cation boot may be placed over the end of the detector
during a calibration/characterization procedure. A
photodiode in the boot generates a digitally encoded
optical signal which is filtered and applied to the detec-
tor. T2 to provide an input to the microprocessor 73. In
a reverse direction, the microprocessor, may commuani-
cate optically to a detector in the boot by flashiog spe-
cific segments of the digital display 82. Through that
communication liok, an outside computer 106 can momi-
tor the outputs from the thermistor and thermopile and
perform a calibration of the devices. A unit to be cali-
brated is pointed at each of two black body radiation
sources while the microprocessor 73 converts the sig-
nals and sends the values to the external computer. The
computer is provided with the actnal black body tem-
peratures and ambient temperature in the controlled
environment of the detector, computes calibration vari-
ables and returns those variable to be stored in the de-
tector EEPROM. Similarly, data which characterizes a
particular radistion detector may be commuuicated to
the mieroprocessor for storage in the EEPROM.

A switch 108 is positioned behind a hole 110 (FIG. 1)
in the radiation detector so that it may be actnated by a
rigid metal wire or pin. Through that switch, the user
may control some specific mode of operation such as
converting the detector from degrees Fahrenheit to
degrees centigrade, That mode of operation msy be
stored by the microprocessor 73 in the EEPROM so
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that the detector continues to operate in a specific mode
until a change is indicated by closing the switch 108.

A gwitch 106 may be provided ecither internally or
through the housing to the user to set a mode of opera-
tion of the detector. By positioning the switch at either
the lock position, the scan position or 8 neutral position,
any of three modes may be selected. The first mode is
the pormal scan mode where the display is updated
continyously. A second mode is a lock mode where the
display locks after a selectable delay and then remains
frozen until power is cycled or, optionally, the power-
on button is pushed. The sound source may be caused to
sound at the time of lock. The third mode is the pgak
mode where the display reads the maximum value
found since power-on until power is cycled or, option-
ally, the poawer-on button is pushed.

The processor determines when the voitage from the
divider R1, R2 drops below each of two thresholds.
Below the higher threshold, the processor periodically
enables the sound source to indicat= that the battery is
low and should be replaced but allows continued read-
out from the display. Below the lower threshold, the
processor determines that any output would be unreli-
able and no longer displays temperature readings. The
unit would then shut down upon release of the power
button,

In the present system, the target tempersture is com-
puted from the relationship

T = KW(H—Hy)+ Ty Q)
where Tris the target temperatiire, Kh is a gain calibra-
tion factor, H is the radiation sensor signal which is
offset by H,such that (H —Hg)=0 when the target is at
the cold junction temperature of the device to counter
any electronic offsets in the system, and Ty is the hot
Jjunction temperature. This relationship differs from that
previously used in that Kh is temperature compensated
relative to the average temperature of the thermopile
rather than the cold junction, or ambient, temperature.
Further, the hot junction temperature rather than the
gld Jjunction temperatore is referenced in the relation-

p.

The gain calibration factor Kh is temperature com-

pensated by the relationship,
) n . @)
Khw G(l - rm(—'-'-g—-_-c- -n))

where G is an empirically determined gain in the sys-
tem. Tco is the temperature coeflicient of the Seebeck
coefficient of the thermopile and Tz is the temperature
st which the instrument was caljbrated. The pse of the
average temperature of the thermopile rather than the
cold junctiou temperature provides for a much more
accurate response where a target temperature is signifi-
cantly different from the ambient temperature.

As noted, the relationship by which the target tem-
perature is determined includes the hot junction temper-
ature as the second term rather than the cold junction
temperature. Hot junction temperature is computed
from the relationship

Vymd @un (T—T0) (%]
where I is the number of junctions in the thermopile
and gy is the Seebeck coefficient at the average tem-
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perature of the thermopile. The Seebeck coefficient can
be determined from the relationship

e ees e )

where agis the specified Seebeck coefficient at a partic-
ular specification temperature and Ts is that specifica-
tion temperature. Again, it can be seen that temperature
compensation is based on the average thermopile tem-
perature rather than just the cold junction temperarre.
By substituting equation (4) into equation (3) and solv-
ing for Ty, the hot junction temperature is found to be

@

Ta=({(Ter*Ts+ 1) £ [(Teo*Tr+ 122 *Teol
[(Tel(Te* T —(Te /) + Te+ (Vs *an] 1/ Teo )
The actual sensor output Vgcan be determined from
the digital value available to the processor from the
cquation: ‘

K ®
Vs (H ~ B goe

where K ,4pis the analog-to-digital eonversion factor in
volts/bit and Gegis the gain of the front end amplifier.

Reference to the hot junction temperature rather than
the cold junction temperature in each term of the reja-
tionship for determining the target temperature pro-
vides for much greater accuracy over a wide range of
ambient temperatures and/or target temperatures.

To provide a temperature readout, the microproces-
sor makes the following computations: First the signai
from thermistor RT1 is converted to temperature uvsing
a linear approximation. Temperature is defined by a set
of linear equations

yu=M(x—x0)+b

where x is an input and xo is an input end point of a
straight line approximation. The values of M, xo and b
are stored in the EEPROM after calibration. Thus, to
obtain a temperature reading from the thermistor, the
microprocessor determines from the values of xo the
line segment in which the temperature falls and then
performs the computation for y based on the variables
M and b stored in the EEPROM.

The hot junction temperature is computed A fourth
power representation of the hot junction temperature is
then obtained by a lookup table in the processor ROM.

The sensed radiation may be corrected nsing the gain
calibration factor Kh, the sensor gain temperature coef-
ficient Teco, the average of the hot and cold junction
temperatures and s calibration temperature Tz stored in
the EEPROM. The corrected radiation signal and the
fourth power of the hot junction temperature are
summed, and the fourth root is taken. The fourth root
calculation is also based on a lincar approximation
which is selected according to the temperature range of
interest for a particular nnit. Again, the break points and
coefficients for each linear approximation are stored in
the EEPROM and are sclected as required.

An additional factor based on ambjent temperature
may also be included as an adjostment. The temperature
of the ear T, which is sensed by the thermopile is not
actually the core temperature T.. There is thermal
resistance between Terand T, Further, there is thermal
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resistance between the sensed ear temperature and the
ambient temperature. The resuit is a sense temperature
T, which is a function of the core temperature of inter-
est and the ambient temperature. Bascd on an assumed
constant K¢ which is a measure of the thermal resis-
tances between T, T and T,, core tempmmre can be
computed as

Te —
ke

Te
Tom To+ =

This computation can account for a difference of from
oune-half to one degree between core temperature and
scnsed ear temperature, depending on ambicnt tempera-
fure.

A similar compensation can be made in other applica-
tions. For example, in differential cutaneous tempera-
ture scanning, the significance of a given differential
reading may be ambient temperature dependent.

The actual computations performed by the processor
are as follows, where:

H is the digital value of radiation signal presented to

the processor

H, is the electronic offsct

He is corrected H (deg K4)

Tc is ambient and cold junction temperature (deg F)

Taf is 4th power of Tamb (deg K¥)

Tt is target temperature (deg F)

Tz is ambient temp during cal (deg F)

Td is the displayed temperature

Rt is the thermistor signal

Kh is a radiation sensor gain cal factor

Zt is a thermistor zero cal factor

Th is the hot junction temperature
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agis the Seebeck coefficient of the thermopile at a | »

spcclﬁad temperature
J is the number of junctions in the thermopile
Tco is a temperature coafficient for the Seebeck coef-
ficient
Ts is the temperature at which axis specified
Ter is core temperature
kc is a constant for computing cors temperature
V3 is the sensor output voltage
Grgis the gain of the front end amplifier
Kapis the analog-to-digital conversion factor
Vs=(H—-H)}*AD/GFE
. Tc(deg F)==Thermistor lookup table (Rt)~Zt
Th=[(Tco*Ts+ 1)+ [(Tco*Ts+ 12— (2*Tco)*

[(Too((Tc*Ts) - (Tc/2))+ Te+(Vs/-
F*a)]li)/Teo
He(deg K9=Kh*(H--H,)*(1 +T-

co*(Th—Te¢)/2—Tz))

Thi(deg K4)=4th power lookup tsbie (Tc)

Ti(deg F)=(Hc+Thf)! (Final lookup table)

Tor=Te+(Tt-Te)/ke

Tt(deg C)=(5/9) * (TRdeg F)—32) optional

The following is a list of the information which may
be contained in the EEPROM and therefore be pro-
grammable st the time of calibration:

Radiation sensar offset

Radiation sensor gain

Radiation sensor temperature coefficient

Thermistor offset

Ambient temperature at calibration

Thermistor lookup table

Final temperature lookup table

Adjustment factor F
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Sound source functions:
Beep at button push in lock mode
none/20/40/80 milliseconds long -
Beep at lock
none/20/40/80 milliseconds long
Beep at power down
none/20/40/80 milliseconds Jong -
Beep at Jowbattery
none/20/40/80 milliseconds long
interval 1/2/3 sec
single/double becp
Timeout functions:
Time to power-down
0.5 1o 128 sec in (.5 s2c increments
Delay until lock
0.5 to 128 sec in 0.5 sec increments
Other functions:
Power-on button resets lock cycle
Power-on button resets peak detect
Display degrees C / degrees F
EEPROM *“Calibrated” pattern to indicate that the
device has been calibrated
EEPROM checksum for a self-check by the pro-
cessor
* FIGS. 4A—4D provide a flowchart of the firmware
stored in the microprocessor 73. From reset when the
mstrument is turned on, the system is initialized at 110
and the contents of the EEPROM are read into memory
in the microprocessor at 112, At 114 the processor rcads
the state of power and mode switches in the system. At
116, the system determines whether a mode switch 113
has placed the gystem in a self-test mode. If not all eights
are displayed on the four-digit display 82 for a brief time
At 120 the system performs all A-to-D coaversions to
obtain digital representations of the thermopile output
and the potentiometer settings through multiplexor 76.

The system then enters a loop in which outputs dic-
tated by the mode switch are maintained. First the tim-
ers are updated at 122 and the switches are again read at
124. When the power is switched off, from 126 the
system enters a power down loop at 128 until the system
is fully down. At 130, the mode switch is checked and
if changed the system is reset. Although not in the tym-
panic temperature detector, some detectors have a
mode switch available to the user so that the mode of
operation can be changed within a loop.

At 132, 136 and 140, the system determines its mode
of operation and enters the appropriste scan process
134, lock process 138 or peak process 142. In a scan
process, the system updates the output to the corrent -
reading in each loop. In a lock process, the system up-
dates the output but locks onto an output after some
period of time. In the peak process, the system output is
the highest indication noted during a scan. In each of
these processes, the system may respond to the pro-
gramming from the EEPROM to perform any number
of functions as discussed above. In the peak process
which is selected for the tympanic tsmperature mea-
surement, the system locks onto 8 peak measurement
after a preset period of time. During assembly, the sys-
tem may be set at a test mode 144 which will be de-
scribed with respect to FIG. 4D.

In any of the above-mentioned modes an output is
calculated at 146. Then the system joops back to step
122. The calculation 146 is illustrated in FIG. 4B.

At 148 in FIG. 4B the raw sensor data is obtained
from memory. The sensor offset taken from the EE-
PROM is subtracted at 150 and the ambient temperature
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previously obtained from the potentiometer RT1 is
accessed at 152, The temperature coefficient adjustment
is calculated at 154. At 156, the sensed signal is multi-
plied by the gain from EEPROM and by the tempera-
ture coefficient. At 158, the fourth power of the ambient
temperature is obtained, and at 160 it is added to the
sensor signal. At 162, the fourth root of the sum is ob-
tained through a lookup table. Whether the display is in
degrees centigrade or degrees Fahrenheit is determined
at 164. If in degrees centrigrade, a conversion is per-
formed 2t 166, At 168, adjustment values, including that
from the potentiometer R4, are added.

Analog-to-Digital conversion is performed peripdi-
cally during an interrupt to the loop of FIG. 4A whi
ocecurs every two millissconds. The interrupt routine is
illustrated in FIG. 4C. Timer counters are updated at
170. A-to-D conversions are made from 172 only every
100 milliseconds when a flag has been set in the prior
interrupt cycle. During most interrupts, an A/D con-
version does not occur. Then, the 100-millisecond
counter is checked at 174, and if the count has expired,
a flag is set at 176 for the next interrupt. The flag is
checked at 178 and, if found, the display is updated at

- 180, The system then returns to the main loop of FIG,
4A.

Where the 100 millisecond flag is noted at 172 an
A-to-D conversion is to be performed. The system first
determines at 182 whether a count indicates there
should be a conversion of the thermopile output at 184
or a conversion of the the thermistor output at 186. The
thermopile sensor conversion is performed nine out of
ten cycles through the conversion loop. At 188, the
system checks to determine whether 8 conversion is
made from the potentiometer R4 or from the battery
voltage divider R1, R2 at 192, These conversions are
made alternately.

FIG. 4D illustrates the self-test sequence which is
called by the mode switch 113 only during assembly.
During the test, the beeper sounds at 182 and all display
segments are displayed at 184. Then the system steps
each character of the display from zero through nine at
186, The system then enters a test loop. At 188, the
system senses whether the button 108 has been pressed.
If 50, a display counter is incremented at 190. The dis-
play for the unit then depends on the count of the dis-
play counter, With the zero count, the adjustment po-
tentiometer value is displayed at 192, Thereafter, if the
display counter is incremented by pressing the button
108, the raw sensor data is displayed. With the next
increment, ambient temperature is displayed at 196, and
with the pext increment, the raw output from the smbi-
ent temperature sensor RT1 is displayed. With the next
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increment, the battery voltage is displayed. After the
test, the assembler sets the mode switch to the proper

_opeﬂu'ng mode. .

While this invention has been particularly shown and
described with references to preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes in form and details may be made
therein without departing from the spirit and scope of
the invention a5 defined by the appended claims.

We claim:

1. A temperature detector comprising:

a housing adapted to be held by band;

an extension from the housing adapted to be inserted
into an ear;

a radiation sensor supported within the detector and
which receives radiation passing into the extension
from a target area in the ear;

& temperature display on the housing for displaying
temperature; and :

a battery powered electronics in the housing for con-
verting radiation sensed by the sensor to tempera-
ture displayed by the display, the electronics in-
cluding a processor for providing an inner body
temperature displayed on the housing as a function
of the received radiation, indicating target temper-
ature, compensated by an indication of ambient
temperature to provide an inner body temperature
approximstion.

2. A temperature detector as claimed in claim 1
wherein the inner body temperature is core tempera-
ture.

3. A radiation detector comprising:

a radiation sensor mouated to view a target of biolog-

ical surface tissue;

a temperature sensor for sensing ambient tempera-
ture;

an electronic circuit coupled to the radiation sensor
and temperature sensor and responsive to 2 signal
from the radiation sensor and the temperature
sensed by the temperature sensor to provide an
indication of an internal temperature adjusted for
the ambient temperature to which the surface tissue
is exposed; and

an output for providing an indication of the internal
temperature.

4, A radiation detector as claimed in claim 3 wherein

the output is a display.

5. A radiation detector as clairned in claim 3 wherein
the biological surface tissue includes & tympanic mem-
brane and the display provides an indication of core

temperature.
LR T I I
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RADIATION DETECTOR PROBE

RELATED APPLICATIONS

This is a Continnation-in-part of application Ser. No.
07/832,109, filed Feb. 6, 1992 for “RADIATION DETEC-
TOR WITH HIGH THERMAL STABILITY,” now U.S. Pat.
No. 5,325,863 and of application Ser. No. 07/889,052, filed
May 22, 1992, for “EAR THERMOMETER RADIATION
DETECTOR,” now U.S. Pat, No. 5,381,796 and of appli-
cation Ser. No. 07/760,006, filed Sep. 13, 1991, for
“RADIATION DETECTOR PROBE,” now U.S. Pat. No.
5,445,158, which is a Continuation-in-part of application
Ser. No. 07/646,855, filed Jan. 28, 1991 for “RADIATION
DETECTOR HAVING IMPROVED ACCURACY,” now
U.S. Pat. No. 5,199,436, which is a divisional of application
Ser. No. (77/338,968 filed Apr. 14, 1989, now U.S. Pat. No.
5,012,813, which is a Continuation-in-part of application
Sex. No, 07/280,546 filed Dec, 6, 1988 for “RADIATION
DETECTOR SUITABLE FOR TYMPANIC TEMPERA-
TURE MEASUREMENT,” now U.S. Pat. No. 4,953,419, all
of the above noted related applications are incorporated
herein by refercnce.

BACKGROUND

Radiation detectors which utilize thermopiles to detect the
heat flux from target surfaces have been used in various
applications. An indication of the temperature of a target
surface may be provided as a function of the measured heat
flux. One such application is the testing of electrical equip-
ment. Another application has been in the scanning of
Cutaneons tissue o locate injured subcutaneous regions. An
injury results in increased blood flow which in turn results
in a higher surface temperature. Yet another application is
that of ear temperatre measurement. More specifically, a
tympanic device relies on a measurement of the tcmperature
of the tympanic membrane area in the ear of an animal or
buman by detection of infrared radiation as an alternative to
traditional sublingual thermometers. Other ear temperature
measurements may be limited to the outer region of the ear
canal.

SUMMARY OF THE INVENTION

-In one embodiment of the present invention, a radiation
detectar comprises a radiation sensor such as a thermopile
and a thermal mass enclosing the thermopile. The thermal
mass includes an elongated thermally conductive tube of a
first internal diameter, The tube extends fram the distal end
of the detector to a xear volume of larger internal diamcter
in which the sensor is mounted. In one device, the tube is
gold plated and is thus highly reflective. In another device
the tube is plated with a metal oxide for high absorption of
radiation. A rigid windew is mounted adjacent to an end of
the tabe, preferably the distal end where it seals the tube.

In accordance with one feature of the present invention,
the: portions of the thermal tnass forming the tobe and year
volume are formed in a unitary stracture of high thermal
conductivity matexial, The unitary thermal structure has an
outer surface with an outer diametsr at its distal end which
is less than an outer diameter about the rear volume. The
outer surface is tapered about the wbe such that a unitary
thernal mass of increasing outer diameter is provided about
the end of the tube adjaccat to the rear volume. The unitary
themal mass maximizes conductance and thermal mass
withia a limited diameter, To avoid changes in fixtures nsed
in mounting the thermopile within the unitary thermal
structure, in one embodiment the thermal structure is of
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limited diameter and may be supplemented with an addi:
tional thermal mass. The additional thermal mass surrounds
the rear volume and a partion of the tube and is in close
thermal contact with the unitary thermal structure, In another
embodiment, the unitary thermal structare extends from the °
distal end of the detector to a housing such that no additional
thermal mass is required.

It has been found that a narrow field of view radistion
detector provides a more accurate and reliable reading of
tympanic temperature, In the detector of the present
invention, that field of view is obtained by controlling the
reflectance of the inner surface of the tube, the length and
diameter of the mbe and the position of the thermopile
behind the tube. In one embodiment, the tube has a reflective
inner surface providing a field of view from the thermopile
of about sixty degrees or less. A fleld of view of less than
about sixty degrees allows far viewing of only a portion of
the ear canal within less than about 1 centimeter of the
tympanic membrane. In another embodimeant, the tabe has a
nonreflective inner surface which produces a field of view
from the thermopile of about thirty degrees or less, In either
embodiment, the thexmopile response may be fine tuned by
changing the position of the thermopile behind the tube
which changes the field of view and alters the thexmopile
response signal level

In accordancc with another aspect of the present
invention, the infrared radiation sensor is mounted in the
rear volume within the unitary thermal mass. The sensor has
an active area influenced by radiation from an external target
and a reference area of known temperature which is sub- .
stantially unaffected by radiation. The seasor is preferably a
thermopile having its cold junction reference area thermally
coupled to the thermal mass but it may be a pyroelectric
device. The thermally conductive tube is thermally coupled
to the thermal mass and passes radiation to the sensor fram
the external target. A thermal barrier surrounds the thermal
mass and tbe. The temperature of the thermal mass, and
thus of the sensor reference area, is allowed to float with
ambient, A temperature measurement of the thermal mass is
made to compensate the sensor cutput.

Temperature differences between the tube and sensar
reference area would lead to inaccurate readings. To avoaid
those diffcrences, the large unitary thermal mass minimizes
temperatire changes from beat which passes through the
thermal barrier, and good condnctivity within the mass
increases conductance and minimizes temperature gradients.
The outer thexmal RC time constant for thermal conduction
throngh the thermal barrier to the thermal mass and tube is
atleast two, and preferably at least three orders of magnitude
greater than the inner thermal RC time constant for the
temperature response of the reference area to heat trans-
fexted to the tube and thermal mass. For prompt readings, the
inner RC time constant should be about % second or less.

Preferably, the thermally conductive tube is tharmally
coupled to the sensor by a thermally conductive material
such as epoxy. In accordance with the present inveation, the
amount of thermally conductive material is tuned to the
detectar to minimize the response of the scosar to undesired
thermal perturbations of the tube. Providing an insofficient
amount of material causes a positive error response from the
sensor for thermal perturbations, while too much material
causes a negative error response from the sensor for thermal
permirbations. By providing the proper amount of material
between the sensor and the tube, the added thermal conduc-
tance from the material tunes the reference arca and the
active arca of the sensor to respond in phase to thermal
perturbations such that the sensar response is substantially
unaffected by said perturbations. o
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In the radiation detector of the present invention, the
Tadiation sensor and the tube are positioned in an extension
which is particularly suited for obtaining tyrapanic tempera-
ture measurements. To accomplish this, the extension is
inserted into a subject's ear, and preferably into the ear
canal. Once inserted, the extension is pivoted and the sensor
scans the ear canal and senses the emitted radiation. The
detector employs electronics which detects the peak radia-
tion sensed by thc sensor and converts it to a tympanic
temperature indication.

The probe extension which supports the radiation sensor
extends from a housing which displays the tympanig tem-
perature. The housing extends along a first axis and the
extension preferably extznds at an angle of about 75 degrees
from the first axis. This housing supports the battery pow-
ered electromics for converting radiation sensed by the
sensor to tympanic temperature displayed by the display.
The electronics included a processor for providing the
displayed temperature based on radiation received from the
tympanic membrane. If the sensar receives radiation from
the cooler outer car instsad of the tympanic membrane, the
processor determines the displayed temperature as a func-
tion of the received radiation compensated by an indication
of ambijent temperature to produce a core tempetature
approxingation. The entire instrument is housed in a single
hand-held package. The small additional weight of the
electronics in the hand-held unit is acceptable because
readings can be made quickly.

In accordance with another aspect of the present
invention, the probe extension is adapted to be inserted into
an ear canal. More specifically, the diameter of the distal tip
as well as the shape and taper of the cxtension may be sct to
provide a detector useful in norral adult car capals or a
pediatric detector useful in simall car canals, especially
children’s ear canals, and swollen adult ear canals. To that
end, the extension has a diametsr of about 3-8 mm about its
distal end and a substantially conical shape increasing ‘in
diameter along its length from its distal end and character-
ized by an included angic of about 25-60 degrees. As such,
the extension is capable of being inscrted into an ear canal
up to one-third of the length of the ear canal.

In a pediatric detector embodiment the conical shape of
the extension has an included angie of about forty degrees.
Further, the diameter of the tip of the distal end of the
extension is preferably in the range of 3—6 min, As such, the
pediatric detector is particularly useful on subjects having
small ear canals but is also useful on adult subjects. In
another embodiment the conical partion of the extension has
an included angle of about thirty degrees. The diameter of
the tip of the distal end of the cxiension is no more than
about 7 min. As such, the detector is particnlarly useful on
adult subjects having noarmal ear canals, but it may also be
used on children,

The radiation sensar assembly of a preferred embodiment
includes a sensing device which is mounted within a rigid
structure of high thermal condactivity such as beryllinm
oxide and has its reference area thermally cotpled thereto.
The passage through a thermally conductive tube passes
thermal radiation from the external target, such as a tym-
penic membrane, to the thermopile. A window is mounted
on the rigid structure such that it is in close thermal contact
with the structare.

In onc embodiment of the present invention, a detector
comprises a substantially conical extcnsion employing the
above-described radiation sensor assembly. Preferably, the
sensor assembly includes a thermopile sensor. In this
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embodiment, the tube provides a field of view from the_
thermopile of about thirty degrees or less. A thermal mass of
high thermal conductivity material surrounds the tube and
encloses the rigid sttuctire in a rear volume. The thermal—
mass has a region within the rear volume which is defined
between a rearwardly facing surface of the thermal mass and
forward a face of the window. The region is preferably filled
with air, providing a low thermal conductivity environment
therein. The high thermal conductivity mass provides close
thermal contact among the tnbe, the rigid structure, the
thermopile cold junction and the ends of the window. As
such, a continoous low thermal resistance path is formed
from the tube to the cold junction of the thermopile and the
window is held to the cold junction temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages
of the inventiop will be apparent from the following more
particular description of preferred embodiments of the
invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the different views. The drawings are not nec-
essarily to scale, emphasis instead being placed upon illus-
trating the principles of the invention.

FIG. 1 illustrates one embodiment of a radiation detector
far tympanic temperature measurements in accordance with
the present invention.

FIG. 2 is a cross-sectional view of the extension of the”
detector of FIG. 1 in which the thermopile radiation sensor
is positioned.

FIG. 3 illustrates another embodiment of the radiation
detectar for tympanic temperatine measurements in accor-
dance with the present invention.

FIG. 4 is a cross-sectional view of the exteasion of the
detectar of FIG. 3 in which the thermopile radiation sensor
is positioned.

FIG. 5 is a profile of pair of configurations of the
extension of FIG. 4.

FIG. 613 an colarged cross-sectional view of the extension
of FIG. 4.

FIG. 7 is a cross-scctional view of a radiation sensor
assembly of the detector of FIG. 6.

FIG. 8 is a block diagram of the electronic circuit can
embodying a feature of the preseat invention,

FIGS. 9A-9D are flow charts of the system firmware.

FIG. 10 is a cxoss-sectional view of a thermopile can
embodying a feature of the present invention.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

In one embodiment of the present invention, the radiation
detector 12 of FIG. 1 includes a flat housing 14 with a digital
display 16 for displaying a tympanic temperature measure-
ment. Although the display may be located anywhere on the
housing, it is preferred that it be positioned on the end so the
user is not inclined to watch it during a measurement. The
instrument makes an accurate measurement when pivoted to
scan the ear canal, and the user should concentrate on only
the scanning motion. Then the display can be read. A
thermopile radiation sensor is supported within a probe 18 at
the opposite end of the housing 14. The housing extends
along a first axis 19 (FIG. 2) and the extension 18 extends
arthogonally from an intermediate extension 20 which
extends at an angle of about 15 degrees from the first axis.
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As such, the extension 18 extends at an angle of about 75
degrees from the first axis 19 of the housing, Thus, the head
of the detectar, including the extension 18 and 20, has the
appearance of a conventional otoscope. An on/off switch 22
is positioned on the housing.

A cross-sectional view of the extension of the detector of
FIG. 1isillustrated in FIG. 2 A base portion 23 is positioncd
within the housing 14, and the housing clamps about a
groove 24. As poted, the portion 20 extends at about a 15
degree angle from the first axis 19 and thus from the base
portion 23. Further, the extension 18 extends at about a 75
degree angle from the first axis. The extension 18 is tapered
toward its distal end at 26 so that it may be comfortably
positioned in the ear canal to view the tympanic membrane
and/or ear canal.

A preferred disposable element to be used over the
extension 18 is presented in the *419 patent and will not be
discussed here.

The edge at the end of the probe is rounded so that when
the probe is inserted into the car it can be pivoted somewhat
without discomfort to the patient. The probe is also curved
like an otoscope to avoid interference with the ear. By thus
pivoting the probe, the ear canal is scanned and, at some
arientation of the probe during that scan, one can be assured
that the maxironm temperature is viewed. Since the ear canal
cavity leading to the tympanic arca is the area of highest
temperature, the instrurncnt is set in a peak detection mode,
and the peak detected during the scan is taken as the
tympanic tsmperamre.

An improved assembly within the extension 18 is illus-
trated in FIG. 2. A thermopile 28 is positioned within a can
30 of high conductivity material such as copper. The con-
ductivity should be greater than two watts per centimeter per
degree Kelvin, The can is filled with a gas of low thermal
conductivity such as Xenon. The thermopile 28 is positioned
within a rear volume 31. It is mounted to an assembly which
includes a header 33, The volums is sealed by cold welding
of the header 33 to a flange 42 extending from the can. Cold
welding is the preferred approach to making the seal and, to
utilize past welding fixtures, the outer diameter of the can is
limitcd. Thermal epoxy may be used as an alternative,

The thermopile views the tympanic membrane area
through a radiation guide 32. The radiation guide 32 is gold
plated to minimize oxidation. It is closed at its forward end
by a germanium window 35. The rigid garmanium window
assures that the radiation guide is sealed from contamination
and is itself easily cleaned. Germanium is less fragile than
silicon and passes higher wavelengths. To minimize
expensc, the window is square with each side slightly longer
than the diameter of the radiation gnide 32. The window is
cemented with cpoxy within a counterbore in a flange 37 at
the end of the radiation guide, The epaxy serves as a gas seal
and mechanical support for the somewhat brittle germanium
window. The flange serves to protect the germanium win-
dow should the detecter be dropped. The diagonal of the
window is less than the dismeter of the counterbore, and its
thickness is lcss than the depth of the counterbore.
'I'hcrcfore,ifﬂ:cdetecmrisdxopped.anyfmewhich
presses the plastic housing toward the window is absorbed
by the flange. The germanium need only withstand the
forces due to its own inertia.

From the perspective of the thermwpile flake 28, the
radiation, guide 32 shifts the front aperture at the window 35
back to the proximal end of the radiation guide at 46. Thus,
the ficld of view of the device is determined by the diameter
of the aperture 46 and its distance from the flake 28. There
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are, however. stray rays which, thotugh not being directed to
the flake from the aperture, may oltimately strike the flake
after reflection within the volume at 31. Such reflections
effectively increase the fisld of view and are thus undesir-
able. The frustoconical surface 44 surrounding the aperture
46 reficcts most of those stray rays toward the rear of the
volume 31 rather than toward the thermopile flake. As
shown in FIG. 2, the flake views jtself in the surface 44, thas
minimizing stray radiation.

The angled surface surrounding the aperture can be
applied to more conventional thermopile cans as fllustrated
in FIG. 10. Here, the window 310 is mountad directly across
the aperture 312 of the can 314. As in conventional
assemblies, the can is closed by rear header 316. The
thermopile flake 318 is centered on a polyester sheet 320
stretched between beryilium oxide rings 322 and 324, As in
the case of FIG. 2, the surface 326 surrounding the apertmre
312 is frustoconical such that it is angied back from the
aperture, It can be seen that stray rays 328 which should not
be seen by the thermopile flake 318 will be refiected
rearwardly toward the beryllium oxide rings where they
should be absorbed rather than toward the flake as indicated
by the broken lines as they would if the surface surrounding
the aperture were cylindrical.

Whereas the detector disclosed in the 419 patent had a
field of vicw of about 120°, it has been determined that a
narrower field of view of about sixty degrees or less provides
the user with an easier and more accurate indication of
tympanic temperature. With a parrower field of view, the |
thermopile flake, when directly viewing the tympanic
membrane. also views less than about onc centimeter along
the ear cagal wherein the tissue is at substantially the same
temperature as the tympanic memnbrane. A better view of the
tympanic membrane also results from the cylindrical exten-
sion 43 beyond the conical portion of the extension 18, With
the ear canal straightened by the probe, the extension 43 can
extend well into the ear canal beyond any hair at the canal
opening. .

The tympanic membrane is about 2.5 centimeters from
the opening of the car canal The ¢ar capal for an adult
subject is typically about 8 mm wide, so the diameter of the
tip of the extension is no more than about 8 mm wide. The
conical partion of the extension 18 prevents the tip of the
cxtension from extending more than about eight millimeters
into the ear canal. Beyond that depth, the patient suffers
Roticeable discomfort. With a field of vicw of less than aboat
sixty degrees, the car canal is viewed more than about eight
millimeters from the tip of the extension 18. Thus, only the
car canal within less than 9 millimeters of the tympanic
membrane is viewed as the radiation guide is directed
toward the membxane, The result is a Jore accurate and
reliable reading of the tympanic temperatire which is essen-
tially core temperature,

With the present instriment, the narow field of view is
obtained by extending the enlarged resr vohume between the
flake and the radiation guide. Radiation which enters the
radiation guide at greater angles, yet travels through the
radiation guide, leaves the guide at greater angles and is thus
unlikely to be viewed by the flake. The length of the
radiation guide is another parameter which affects the field
of view. By using a planoconvex lens as the window 35, the
field of view can be further limited. ’

Decreasing the field of view increases the amount of heat
which is absorbed by the can in which the thermopile is
mounted, The added heat Joad adds to the importance that
the can, including the radiation guide, have a large thermal
mass and high thermal condnctivity as discussed below.
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As distinguished from the structure presented in the 419
patent, the volume 31 swrounding the thermopile and the
radiation guide arc formed of a single picce of high con-
ductivity copper. This unitary construction eliminates any
thermal barriers between the faremost ead of the radiation
guide and the portion of the can surrounding the thermopile
which scrves as the cold junction of the thermopile. Further,
at least a portion of added thermal mass which surrounds the
radiation guide is unitary with the can as well- Specifically,
a taper 39 results in an enlarged region 41 which serves as
a thermal mass in accordance with the principals of the
parent application. The taper 39 continues along a conduc-
tive thermal mass 34 which surrounds the can and’a con-
ductive plug 36. Both the mass 34 and plug 36 are of copper
and are in close thermal contact with the can 36.

The outer sleeve 38 of the extension 18 apd the interme-
diate cxtension 20 are of plastic material of low thermal
conductivity. The slecve 38 is separated from the can 30 and
thermal mass 34 by an insulating air space 40. The taper of
the can 30 and thermal mass 34 permits the insulating space
1o the end of the extension while minimizing the thermal
resistance from the end of the mube 32 to the themmopile, a
parameter discussed in detail below. The inner surface of the
plastic slceve 38 may be coated with a good thermal
conductor to distribute across the entirc sleeve any heat
received from contact with the ear. Twenty mils of copper
coating would be suitable.

In contrast with the prior design, the portion of the sleeve
38 at the foremost end of extension 18 has a region 43 of
constant outer diameter before a tapered region 45. The

region of constant outer diameter reduces the outer diameter.

at the distal end and minimizes interfercnce whea pivoting
the extension in the car to vicw the tympanic membrage
area. The tapercd region is spaced six millimeters from the
end of the cxtegsion to allow penctration of the extension
into the ear canal by no more than about eight millimeters.

One of the design goals of the device was that it always
be in proper calibration without requiring a warm-up tme.
This preciuded the use of a heated target in a chopper unit
of heating of the cold junction of the thermopile as was
suggested in the O'Hara et al. U.S. Pat. No. 4,602,642. To
accomplish this design goal, it is necessary that the system
be able to operate with the thermopile at any of a wide range
of ambicnt temperatures and that the thermopile output bave
very low sensitivity to any thermal perturbations.

The outpat of the thexmopile is 2 function of the difference
in between its warm junction, heated by
radiation, and its cold junction which is in close thermal
contact with the can 30. In order that the hot junction
respond only to radiation viewed through the window 35, it
is impoctant that the radiation guide 32 be, throughout a
measurement, at the same temperature as the cold junction.
To that end, changes in temperature in the guide 32 must be
held to a minimum, and any such changes should be
distributed rapidly to the cold junction to aveid any thermal
gradients. To minimize temperature changes, the tube 32and
the can 30 arc, of course, well insulated by means of the
volume of air 40. Further, 2 high conductance thermal path
is provided to the cold junction. This conductance is
enhanced by the unitary construction. Further, the ¢can 30 is
in close thermal commupication with the thermal masses 34
and 36, and the high conductivity and thickness of the
thermal masses increase the thermal conductance. A high
thermal conductivity cpoxy, solder or the like joins the can
and thermal masses. The solder or epoxy provides a signifi-
cant reduction in thermal resistance. Where solder is used, to
avoid damage to the thermopile which is rated to tempera-
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tures of 125° C., a low temperature solder of indium-tin_
alloy which flows at 100° C. is allowed to flow into the
annular mass 34 to provide good thermal coupling between
ail elements. -

"The thermal resistance from the cuter surface of the
plastic sleeve 38 to the conductive thermal mass is high'to
minimize thermal perturbations to the inner thermal mass.
To minjmize changes in tcmperamre of the guide 32 with
any heat transfer to the can which does oceur, the thermal
mass of the can 30, annular mass 34 and plug 36 should be
large. To minimjze thermal gradients where there is some
temperantire change in the tube during measurcment, the
thermal resistance between any two points of the thermal
mass should be low.

Thus. due to the large time constant of the thermal barrier,
any external thermal disturbances, such as when the exten-
sion contacts skin, only reach the conductive thermal mass
at extremely low levels during a measurement period of a
few seconds; due to the large thermal mass of the material
in contact with the cold junction, any such heat transfer only
causes small changes in temperatare; and due to the good
thermal conductance throughout the thermal mass, any
changes in temperature are distributed quickly and are
reflected in the cold junction temperature quickly so that
they do not affect temperature readings.

The thermal RC time constant for thermal conduction
through the thermal barrier to the thermal mass and twbe
should be at least two arders of magnitude greater than the.
thermal RC time constant for the temperature response of
the cold junction to heat transfcrred to the tube and thermal
mass, The RC time constant for conduction through the
thermnal barrier is made large by the large thermal resistance
through the thermal barrier and by the large thermal capaci-
tance of the thermal mass. The RC time constant for
response of the cold junction is made low by the low
sesistance path to the cold jupction through the highly
conductive copper can and thermal mass, and the low
thermal capacitance of the stack of beryllium oxide rings
and pin conduetors to the thermopile.

Although the cold junction capacitance is naturally low,
there are size constraints in optimizing the thermal capaci-
tance of the thermal mass, the thermal resistance through the
thermal barrier and the internal thermal resistance.
Specifically, the cxternal thermal resistance can be increased
by increased radial dimensions, the capacitance of the ther-
mal mass can be increased by increasing its size, and the
thermal resistance through the longitadinal thermal path
through the tmbe can be decreased by increasing its size, On
the other hand, the size must be limited to permit the
extension to be readily positioned and manipulated within
the ear.

Besides the transfer of heat from the environment, another
significant heat Bow path to the conductive therma) mass is
through leads to the system. To minimize heat transfer
through that path, the leads are kept to small diameters.
F\mbu.meymembeddedinﬂxcplngasdmughbmcﬂo:
thus, any heat brought into the system through those Jeads is
quickly distributed throughout the thermal mass, and only
small changes in temperanire and small gradients result,

Because the temperamre of the thermal mass is not
controlled, and the response of the thermopils 28 is a
function of its cald junction temperature, the cold junction
temperature monst be monitored. To that end, a thexmistor is

65 positioned at the end of a central bare 72 in the plug 36.

Another cmbodiment of the present invention is illus-
trated in FIG. 3. The radiation detector 212 employs a
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thermopile radiation sensor supported within a probe exten-
sion 218 of the opposite end of the housing 14. As shown in
FIG. 4, the extznsion 218 extends at an angle of about 75
dogrees from a first axis 219 along which the housing
extends. The extension 218 is tapered along its length from:
its distal end, making the instrnnent 212 particulardy useful
in obtaining tympanic temperatre measurements without
cansing the subject discomfort,

As previously discussed, the other embodiment provided
an extension with a constant diameter tip which works well
in car canals of about the same diameter. However. this tip
does not fit within smaller car canals, and subjects with
larger diameter car canals will suffer discomfort as the
constant diameter tip of the extension countacts the walls ‘of
their ear canals during pivoting to scan the ear canal. In
accordagce with the present invention, the substantially
conical shaped extension 218 has an inereasing diameter
along a portion of its length from its distal end such that the
extension may be inserted into an ear canal without causing
discomfort, Once inserted, the extension 218 is pivoted to
scan the ear canal adjacent to and including the tympanic
membrane. The conical shape of the extension 218 ensures
that the edge of the tip of the extension is unahle to contact
the walls of the ear canal, The thermopile 28 senses radiation
within the car canal during the pivotal rotation of the
extension 218. The detector 212 employs electronics in the
housing 14 for detecting the peak radiation sensed by the
sensor 28 and converting it to a tympanic temperature
indication. Further, the electronics may also provide an
andible tone indicating that peak radiation has besn detected
for a particular measwwement period. The variable tone or
variable pulse signal allows a user to know when to stop
pivoting the extension for a given subject.

The diameter of the distal tip of the probe extension as
wedl as its taper may be selectad to provide a detector useful
in normal ear canals or a pediatrie detector useful in small
ear canals. In one configurarion, as shown in FIG. 5, the
extension 218 has a small diameter tip and is tapered along
its length at its distal end making the extension particularly
suited for insertion into small ear canals, A small ear canal
is about 3—6 ram wide, so the diameter of the extension 218
along the portion of its length from its distal tip 226 is no
more than aboat 3-6 mm. Further, the extension 218 com-
prises an outer sleeve 238 with a tapered portion 245
exteoding at a twenty degree angle from the distal tip 226,
As such, the conical partion 245 of the extension has an
included angle of about forty degrees. With a preferred 3.4
mm outer diameter at the tip 226 and a forty degree included
angle along the conical portion 245, the extension 218 is
capable of being inserted about 4 mm into a small ear canal.
A young child's ear canal is about 10 mm in length, so the
extension may be inserted into the child’s ear canal up to
about one-third of the length of the ear canal without causing
discomfort.

In another configuration, indicated by dashed lines in FIG.,
§, an cxtension 318 has a larger diameter tip and is tapered
such that the extension is particularly suited for normal ear
canals including adult ear canals and ear canals of older
children. A normal ear canal i abowt 8 mm wide, and the
diameter of the extension 318 about its distal tip 326 is no
more than 7 mm. The tapered portion 345 of the outer sleeve
extends at about a fifteen degree angle from the distal tip 326
which comresponds to a thirty degree included angle, As
such, the extension 318 having a preferred tip diameter of
about 5 mm is capable of being inserted about § mm into a
normal ear canal, or about one-third of the length into the
canal without causing the subject discomfort.
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Referring to FIG. §, the extensions 218 and 318 have
different profiles which were selected to minimize discom-
fort to the subject and to provide for accurate tympanic
temperanire readings, To that end, the diameter of the tip o
the extensions is specified and depends on the diameter of
the subject’s ear canal. Further, the extensions are config-
ured to provide a field of view of about thirty degrees which
provides more accurate readings as explained below. Thus,
to provide a thirty degree field of view at 0,, with a 3 mm
inner diameter of mbe 232, the length 21 from the tip 226 to
the thermopile 28 is about 7.5 mm. Due to the proximity of
the thermopile 28 to the tip (7.5 mm), the extznsion 218
requires the steeper taper of 20 degrees so that the thermo-
pile assembly (not shown) fits into the extension. Also, the
taper of 20 degrees provides a neccssary stop in close
proximity to the distal end 226 for preventing insertion of
the extension 218 too far into a short ear canal so as to cause
discomfort, To achieve the thirty degree field of view at 8,
with a tube 322 diameter of about 4.5 mm, a length of 12 of
about 11 mm is required. Due to the larger diameter tip 326,
the thermopile 328 is further from the tip for the same ficld
of view so that the conical portion 345 may have a 15 degree
taper. An adult canal has a flap of cartilage at the outer region
of the ear (the concha). Thus, the conical portion 345 having
the 15 degree taper is advantageous as it allows the extan-
sion 318 to be narower and thus be inserted past the
cartilage and extend into the car canal.

An improved assernbly within the extension 218 is shown
in FIG. 4. A thermopile 28 is positioned within a thermat -
mass 230 fortued of high thermal conductivity material such
as copper. In contrast to the previous embodiment, the
thermal mass 230 is a one-piece structure which mounts into
a bore 233 within a portion 220 of the extension 218.
Further, no contact between the thermal mass 230 and the
outer sleeve 238 is made at the distal end 226 of the
extension. Instead, a ridge 242 in the mass 230 contacts the
slecve 238 to achjeve alignment of the mass and the distal
end of the sleeve. The thermopile 28 is located in a rear
volume 231 and views the tympanic membrane area through
a condnctive tube 232 formed in the mass 230,

Referring to FIGS. 6 and 7, the thermopile is mounted on
the rcar surface of a sheet of polytetrafiucroethylene 248
suspended from the rear surface of a first beryllium oxide
ring 250. A mass of infrared absorbing black material 258 js -
positioned on the opposite surface of the sheet and serves as
a radiation collector. A second beryllium oxide ring 252
supparts the first ring 250 and the two rings are supportzd by
a copper header 256. A window 235 formed of silicon or
germaninm is mounted on the first ring 250. The rings 250
and 252, the window 235 and the header 256 are thermally
coupled by high thermal conductivity epoxy 255. A pair of
leads 260 formed of 20 mils of kovar provide structural
support to the assembly and provide a thermopile outpat
signal to the electronics via a pair of 40 gauge wires 262, As
such, the tube and the region defined by the surface 237 and
the window 235 are filled with air. A sufficient amount of
silver paint may be included within the rings to axidize all
air, and thus create a nitrogen environment in the gas tight
tegion. Altérnatively, the window may be positioned at the
distal end 226 of the housing 218 as indicated by the dashed
lines in FIG. 4. Having the window positioned directly on
the sensor assembly minimizes temperature gradients
between the window and thermopile, but positioning the
window at the distal end minimizes contamination of the
surface of tube 232

It has been determined that a significantly narrower field
of view provides the user with an easicr and more accurate




Case 1:01-cv-11306-WGY Document 11 Filed 10/03/01 Page 56 of 96

o 5,653,238

11

tympanic temperatare indications, The detector disclosed in
the *419 patent had a wide field of view of about 120° and
the detectors disclosed in the ’813 patent and deseribed in
the other embodiment have a field of view of about 60° or
Iess. Thus, one object of this embodiment was to reduce the
field of view to Obtain a namower field of view of about
thirty degrees or less. To that end, the narrower field of view
is obtained by plating the inner surface of the tube 232 with
a layer of nonreflective material. Preferably, the non-
reflective layer is a metal oxide such as nickel oxide or
aluminum oxide., A metal oxide layer is employed because
tmetal oxides are durable and will not change in propexties if
the inner surface of the tube is cleaned. Further, theimetal
oxide layer should be thin (a few tenths of thousandths of an
inch) such that virtnally po temperature gradient exists
across the layer. The metal oxide surface absorbs substan-
tially all tadiation which strikes the mube 232 and allows
radiation passing directly through the tube to reach the
thermopile 28.

The dimensions of the mbe 232 are chosen such that
radiation entering the tube at angles of only up to fifteen
degrees from the longimdinal axis of the tube passes dirsctly
to the thermopile. With the thirty degree field of view, the
probe can easily be positioned such that substantiaily only
the tympanic membrane may be viewed.

The ahove approach to decreasing the radiation gathering
aperture size to abont 3 mm and redacing the field of view
to about thirty degrees significantly inareases the noise level
at the thermopile relative to the signal level. Further, this
approach increases the amount of radiation which is
absorbed by the thermal mass in which the thermopile is
mountcd. These two-effects add to the importance that the
thermal mass, including the tube, provide a large thermal
mass and high thermal conductivity.

The thermal mass 23 is of unitary construction which
eliminates thermal barriers between the mbe 232 and the
portion 241 of the thermal mass surounding the thermopile
28, Further, a plag 272 of high thermal conductivity matczial
positioned behind the thermopile 28 is in close thermal
contact with the mass 230. The outer slecve 238 is formed
of low thermal conductivity plastic and is separated from the
mass 238 by an insulating air space 240. The taper 239 of the
mass 230 increases the insulating air space adjacent to the
end of the extension 226 while minimizing thermal resis-
tance from the tube 232 to the thermopile. The inner surface
of the plastic sieeve 238 may be coated with a good thermal
conductor to diswibute across the eptire sleeve any heat
received from contact with the ear.

In order that the hot junction respond only to radiation
viewed through the window 238, it is important that the tube
232 and the window 235 be, throughout a measurement, at
the same temperatare as the cold junction. The thermopile
7% acts as a thermal amplifier having 2 gain based on the
pumber of junctions and the Seecbeck coefficient. Thus,
temperature gradients sensed by the thermopile are amphi-
fied by 2 factor of about 100. To minimize exrers, changes
in temperature in the tube 232 must be held to a minimum,
and any such changes should be distributed rapidly to the
cold junction to avoid any thermal gradients. To minimize
temperature changes, the tube 232 and the mass 230 are well
insulated by means of the volume of air 240. To avoid
thermal gradients, the tube 232 is plated with a thin layer of
high conductance nou-refiectance metal oxide which mini-
mizes temperatore gradients across the layer Further, the
thermal mass 230 is thermally coupled to the rings 250 and
252 with high conductivity thermal epoxy 255 such that 2
high t_:onductanee thermal path is provided from the tube 232
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to the cold junction, This conductance is enhanced by the
unitary construction of the mass 234 ] .

In accordance with another aspect of the invention, the
amount of thermal epoxy 255 between the rings 250 and 252—
and the mass 230 is tuned to the assembly to minimize the
respense of the thermopile 28 to undesired thermal pertur-
bations at the end of the mass. Referring to FIG. 6, thermal
variations in the air region 243 lead to heating of the tip 227
of the mass 230 which causes the inner surface of the tube
232 to emit radiation. If these thermal variations arc not
sensed by the cold junction via the high conductance thermal
path from the mbe 232 in phase with the sensing of the
radiation by the hot junction, the thermopile 28 produces an
erTar response.

Accordingly, the epoxy 255 may be incrementally added
to adjust the high conductivity thermal path to the cold
junction to bring the hot and cold junction thermal responses
in phase. An insufficient amount of epoxy 255 causes a
positive error Tespouse as the hot junction responds to
thermal variations faster than the cold jumction.
Alternatively, too much epexy 255 causes a negative eor
response as the cold junction responds faster to thermal
variations than the hot junction. When the proper amount of
epaxy has been provided, the tuned assembly produces no
more than 0.1° themopile response for up to 20° thermal
variations during a test.

1t has been determined in previous devices that a signifi-
cant source of thermal gradients is caused by radiation from.
the window. To minimize these thermal gradients, the win-
dow 235 is mountsd on the ring 250 with high thermal
conductivity epoxy 255 such that it is thermally coupled to
the cold junction. The epoxy provides a significant rednction
in thermal resistance and provides good thermal coupling
between all elemants. On the other hand, conductance to the
viewing region of the window should not be less than that to
the cold junction. Thus, the window 235 is spaced from a
rear face 237 of the mass 230 and its ends are spaced from
the inner volume 231 by a low thermal conductivity air
region. The region ensures that temperatare gradients are
distributed to the cold junction via the thermal mass and not
directly through the window causing thermal gradients.

The thermal resistance from the outer surface of the
plastic sleeve 238 1o the conductive thermal mass 230 is high
to minimize thermal perturbations to the inner thermal mass.
The thermal mass is large to minimize changes in tempera-
ture of the tube 232 with any heat transfer to the rass which
does occtr. Further, the thermal resistancs between any two
points of the thermal mass 230, the tube 232, the window
235 or the rings 250 and 252 is low to minimize thermal
gradients where there is some temperature change in the
tube during measurement.

Thus, due to the large tirae constant of the thermal barrier
238, any external thermal disturbances, such as when the
extension contacts skin, only reach the conductive thermal
mass 238 at extremely low levels during a measurcent
period of a few seconds. Due to the large thermal mass of the
materials in contact with the cold junction, any such heat
transfer only causes small changes in temperatuze. Also, due
to the good thermal conductance throughout the thermal
mass, tube, window and rings any changes in temperature
are distributed quickly and are reflected in thé cold junction
temperature quickly so that they do not affect temperature
readings. .

The thermal RC time constant for thermal conduction
through the thermal barrier 238 to the thermal mass 230 and
tube 232 is at Icast two arders of magnitude greater than the
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thermal RC time constant for the temperature response of
the cold junction to heat transferred to the tnbe and thennal
mass. The RC time constant for conduction through the
tharmal barier 238 is made large by the large thermal
resistance through the thermal barrier and by the large
thermal capacitance of the thermal mass. The RC time
constant for response of the cold junction is made lIow by the
low resistance path to the cold junction throngh the highly
conductive thermal mass, and the low thermal capacitance of
the stack; of beryllium oxide rings to the thermopile.

Besides the transfer of heat from the environment, another
significant heat flow path in the system is through the leads
260. To minimize heat transfer through that path, thé lead
diameters are kept small and the leads 260 are trimmed off
in the region 246. A pair of 40 gauge wires 262 are soldered
to the shortened leads 260. The wires 262 cxtend from the
region 246 through the plug 272 and provide thermopile
signals to the electronics.

Yet another potential heat flow path in the systsm is
through the header 256 to the plug 272. Since the header is
in close thermal contact with the thermopile cold junction,
any thermal gradients through the header 256 would be
amplified 100 to 1000 times by the thermopile producing
large error signals. In the present invention, the insulating
region 246 of air is provided behind the header 256 to
minimize heat transfer through that path, Thus, any thermal
gradients in the plug would be forced to tavel through the
mass 230 and would be substantiaily dissipated without
affecting the thermonpile,

Because the temperature of the thermal mass 230 is not
controlled and the response of the thermopile 28 is a
function of its ¢old junction temperature, the cold junction
temperatire must be monitored, To that end, a thermistor
271 is positioned adjacent to the region 246 in the plug 272.
The plug 272 is in thermal contact with the mass 230 such
that the thermistor 271 is thcrmally coupled to the cold
junction of the thermopile 28, However, the thermal path
between the thermopile 28 and the thermnistor has some
thermal resistance. This resistance produces a temperature
difference between the cold junction temperature and the
sensed temperature which is not amplified. Therefore such
errar is not as significant as gradient errars amplified by the
thermopils,

A schematic fllustration of the electromics in the housing
14 of both embodiments of the present invention (FIGS. 1
and 3), for providing a temperature readout on display 16 in
1esponse to the signal from the thermopile, is prescated in
FIG. 8. The system is based on a microprocessor 73 which
processes software routines included in read only memory
within the processor chip. The processor may be a 6805
processor sold by Motorola

The voltage generated across the thermopile 28 due to a
temperature differential between the hot and cold junctions
is ampiified in an operational amplifier 74. For the detector
of FIG. 1, the chopper citcnit 67 is not employed and analog
cutput from the amplifier 74 is applicd as one uput to a
multiplexer 76, For the detector of FIG, 3, the thermopile
output voltage is smailer so the amplifier 74 is configured in
the chopper stabilized amplifier cireuit 67, The circuit
cmploys a switched feedback loop that removes internal
offset voltages associated with the amplifier 74. The feed-
backloop comprises switches 69 and 71, an ampplifier 73 and
a storage capacitor C11. When the radiation detector is
powered on, switch 69 is opened and switch 71 is closed.
With this configuration, the feedback loop stares the offset
voitage for the amplifier 74 in capacitor C11. The switch
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positions are then reversed such that the input signal to
amplifier 74 is combined with the offset stored in the

capacitor C11. The combined outpat is applied an input to

the multiplexer 76.

Another input to the multiplexer 76 is a voltage taken ~

from a voltage divider R1, R2 which is indicative of the
potential V+ from the power supply 78. A third input to the
muitiplexcr 76 is the potential across a thermistor RT1
maounted in the bore 72 of block 36. The thermistor RT1 is
coupled in a voltage divider circuit with R3 across a refer-
ence potential VRef. The final input to the multiplexer is a
potential taken from a potentiometer R4 which may be
adjusted by a user. The system may be programmed to
respond to that input in any of a number of way. In
particular, the potentiometer may be uscd as a gain control
ar as a DC offset control.

At any time during the software routine of the micropro-
cessar 73, one of the four inputs may be selected by the
select lines 78. The selected analog signal is applied to a
multiple slope analog system 80 used by the microprocessor
in an intcgrating analog-to-digital conversion 80. The sub-
systern 80 may be a TSC500A sold by Teledyne. It utilizes
the reference voltage VRef from a refercnce source 82, The
microprocessor 73 responds to the output from the converter
80 to generate a count indicative of the analog input to the
convertor,

The microprocessor drives four 7-segment LED displays
82 in a muitiplexed fashion. Individual displays are selected

sequentially through a column driver 84, and within each

sclected display the seven segments are controlled through
segment drivers 86.

‘When the switch 22 on the housing is pressed, it closes the
circuit from the battery 78 through resistors RS and R6 and
diode D1 to ground. The capacitor Cl is quickly charged,
and fleld effect transistor T1 is turned on, Through transistor
T1, the V+ potential from the starage cell 78 is applied to a
voltage regulator 86. The regulator 86 provides the regulated
+5 volts to the system. 1t also provides a reset signal to the
microprocessor. The reset signal is low antil the +5 volt
reference is available and thus holds the microprocessor in
a reset state, When the +5 valts is available, the reset signal
goes high, and the microprocessor begins its programmed
routine.

‘When the switch 22 is released, it opens its circuit, but a
charge is maintained on capacitor C1 to keep transistor T1
on. Thus, the system continues to operate. However, the
capacitor C1 and transistor T1 provide a very simple watch-
dog circuit, Periodically, the microprocessor applies a signal
through driver 84 to the capacitor C1 to recharge the
capacitor and thus keep the transistor T1 on. If the micro-
processor shounld fail to continue its programmed routine, it
fails to charge the capacitor C1 within a predetermined time
during which the charge on Cl leaks to a level at which
transistor T1 torns off. Thus, the microprocessor must con-
tinue in its programmed routine or the system shuts down.
This prevents spurious readings when the processor is pot
operating properly.

With transistor T1 on, the switch 22 can be used as an
input through diode D2 to the microprocessor to initiate any
programmed action of the processor.

In addition to the display, the system has a sound output
90 which is driven through the driver 84 by the micropro-
CESS0r

In order to provide an analog output from the detector, a
digital-to-analog convertor 92 is provided. When selected by
linc 94, the convertor converts scrial data on line 96 to an
analog output made available to a user.
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Both calibration and characterization data required for
processing by the microprocessor may be stared in an
electrically erasable programmable read only memory
(EEFROM) 100. The EEPROM may, for example, be a
93046 sold by Intexrnational CMOS Technologies, Inc. The
data may be stored in the EEPROM by the microprocessor
when the EEPROM is selected by line 102. Once stored in
the EEFROM. the data is retained even after power down.
Thus, though electrically programmable, once programmed
the EEPROM serves as a virtually norvolatile memeary.

Prior to shipment, the EEPROM may be programmed
through the microprocessar to store calibtation data for
calibrating the thermistor and thermopile. Further, dharac-
terization data which defines the personality of the infrared
detector may be stored. For example, the same electronics
hardware. inclnding the microprocessor 73 and its {aternal
program, may be used for a tympanic temperature detectar
in which the output is accurate in the target temperature
range of about 60° F. to a 110° E or it may be used as an
industrial detector in which the target temperatare range
would be from about —100° F. to 5000° F. Further, different
modes of operation may be programmed into the system. For
cxampie, scveral different uses of the sound source 90 are
available,

Proper calibration of the detector is readily determined
and the EEFROM is readily programmed by means of an
optical communication link which includes a transistor T2
associated with the display. A communication boot may be
placed over the end of the detsctor during a calibration/
characterization procedure. A photodiode in the boot gen-
crates a digitally eacoded optical signal which is filtered and
applied to the detector T2 to provide an input to the
microprocessor 73. In a reverse direction, the microproces-
Sor may communicate optically to a detector in the boot by
flashing specific segments of the digital display 82. Through
that communjcation link, an outside computer 106 can
monitor the outputs from the thermistor and thermopile and
perform a calibration of the devices. A unit to be calibrated
is pointed at each of two black body radiation sources while
the microprocessor 73 converts the signals and sends the
values to the external computer, The computer is provided
with the actual black body temperatures and abient tem-
pexature in the controlled enviromment of the detector,
computes calibration variables and retirns those variable to
be stored in the detector EEPROM. Similarly, data which
characterizes a particular radiation detector may be commu-
nicated to the microprocessor for storage in the FEEPROM.

A switch 108 is positioned behind a hole 110 (FIG. 1) in
the radiation detector so that it inay be actuated by a rigid
meta] wire or pin. Through that switch, the user may control
some specific mode of operation such as converting the
detector from degrees Fahrenhett to degrees cenﬂgrade That
maxde of operation may be stored by the microprocessor 73
in the EEPROM so that the detector continnes to operate in
a specific mode until a change is indicated by closing the
switch 108.

A switch 106 may be provided either internally or throngh
the housing to the user to set a mode of operation of the
detector. By positioming the switch at cither the lock
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modes may be selected. The first mode is the noomal scan
mode where the display is updated continuously. A second
mode is a lock mode where the display locks after a
sclectable delay and then remains frozen until power is
cycled or, optionally, the power-on button is pushed. The
sound source may be caused to sound at the time of lock.
The third mode is the peak mode where the display reads the
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maximnm value found since power-on until power is cycled
or, optionally, the power-on button is pushed.

The processor determines when the voltagc from the
divider R1, R2 drops below cach of two thresholds, Below—
the higher threshold, the processor periodically enables the
sound source to indicate that the battery is low and shonild
be replaced but allows continued readout from the display.
Below the lower threshold, the processor determines that
any output would be unreliable and no longer displays
temperature readings. The unit would then shut down upon
release of the power button.

In the present system, the target temperature is computed
from the relationship

)

where Ty is the target temperature. Kh is a gain calibration
factor, H is the radiation sensor signal which is offset by H,,
H,)=0 when the target is at the cald junction

T KW(H-H W T*

such that (H—
temperatare of the device to counter any electronic offsets in
the system, and Ty is the hot junction temperature, This
relationship differs from that previously used in that Kh is
temperatare compensated relative to the average tempera-
ture of the thermopile rather than the cold juaction, or
ambient, temperature. Further, the hot junction temperature
rather than the cold junction temperature is refexenced in the
relationship.

The gain calibration factor Kh is temperature compen-
sated by the relatdonship :

Kh=G( 1-1‘.»( T’;T" -Tz) )

where G is an empirically determined gain in the system,
Teo is the temperature coefficient of the Scebeck coefficient
of the tharmopile and Tz is the temperature at which the
instrurgent was calibrated. The use of the average tempera-
ture of the thermopile rather than the cold junction t=mpera-
ture provides for a mich more accurate response where a
target temperature is significantly different from the ambient
temperature.

As noted, the relationship by which the target temperature
is determined includes the hot junction temperaturc as the

second texmn father than the cold junction temperature, Hot
junction temperature is computed from the relationship

VO (Ta-Te)

where Iy is the nunber of junctions in the thermopile and
Oy is the specified Seebeck cosfficient at the average
temperature of the thermopile. The Seebeck coefficient can
be determined from the relationship

Is-Tc

o1 (25 )

where o, is the specified Seebeck cocfficient at a particolar
specification temperature and Ty is that specification tem-
perature, Again, it can be seen that temperature compensa-
tion is based on the average thermopile temperature rather
than jost the cold junction temperature, By substiruting
equation (4) into equxtlon (3) and solving for Ty the hot
junction ternperature is found to be

2)

6}

“®

fﬁ(Tm‘Tﬁl)ﬁ(ﬁﬂ‘Tﬁl)’-(l'R‘o)'l(Tm((MHE’ﬂ)Hm
VA )] Y R0 &

The actual sensor output V; can be determined from the
digital value available to the processor from the equation:
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Vsl(H—H.)% ®

where K, is the analog-to-digital conversion factor in
volts/bit and Gy is the gain of the front end amplifier.

Reference to the hot junction temperature rather than the
cold junction temperature in each term of the relationship for
determining the target temperature provides for much
greater accuracy over a wide range of ambient ternperatares
and/or target temperatures.

To provide a ternperawre readout, the microprocessos
makes the following computations: First the signal from
thermistor RT1 is converted to temperature using a Hnear
approximation. Temperature is defined by a set of linear
equations

yM{x-xo)tb

where x is an input and xo is an input cnd point of a straight
line approximation. The values of M, xo and b are stored in
the EEPROM after calibration. Thus, to obtain a temperature
reading from the thermistor, the microprocessor determines
from the values of xo the line segment in which the
temperature falls and then performs the computation for y
based on the variables M and b stored in the EEPROM.

The hot junction temperaturc is computed. A fourth power
representation of the hot junction temperature is then
obtained by a looknp table in the processar ROM.

The sensed radiation may be comrected using the gain
calibration factor Kh, the sensor gain temperature coefficient
Tco, the average of the hot and cold junction temperatures
and a calibration temperatare Tz storced in the EEPROM.
The comrected radiation signal and the fourth power of the
hot junction temperatire are summed, and the fourth root is
taken. The fourth root calculation is also based on a linear
approximation which is sclect=d accarding to the tempera-
ture range of interest for a particular unit. Again, the break
points and coefficients for sach linear approximation are
stored in the EEFROM and are selected as required.

An additional factor based on ambient temperature may
also be included as an adjustment, The temperature of the ear
T, is sensed instead of the temperature of the tympanic
membrane, the temperature. sensed by the thexmopile is not
actually the core temperature T_. There is thermal resistance
between T_ and T,. Further, there is thermal resistance
between the sensed ear temperature and the ambient tem-
perature. The result is a sense temperature T, which is a
function of the core temperature of intatest and the ambient
temperature, Based on an assumed constant K. which is a
measyre of the ratio of thetmal resistances between T, T,

and T,, T,, and T, core terperatine can be computed as

This computation can account for a difference of from
one-half to one degree o more betweent core temperature

and sensed ear temperature, depending on ambient tempera-
ture. :

A similar compensation can be made in other applica-
tions. For example, in differential cutancous temperature
scanning, the significance of a given differential reading may
be ambient temperatie dependent.

The actua] computations performed by the processor are
as follows, where:

H is the digital value of radiation signal presented to the

processor
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H, is the electronic offsct
He is corrected H (deg K%
Tc is ambient and cold junction t:.mpcramre (dcg F)
Taf is 4th power of Tamb (deg K%
Tt is target temperature (deg F)
Tz is ambient temp during cal (deg F)
Td is the displayecd temperature
Rt is the thermistor signal
Kh is a radiation sensor gain cal factor
Zt is a thermistor zero cal factor
Th is the hot junction temperature
o, is the Seebeck coefficient of the thermopile at a
specified temperature
T is the number of junctions in the thermopile
Teo is a ternperature cocfficicnt for the Scebeck cocfficient
Ts is the temperature at which o, is specified
Ter is core temperature ‘
ke is a constant for computing core temperature
Vs is the sensor output voltage
Gy is the gain of the front end amplifier
K, p is the analog-to-digital conversion factor
Vg=(H=H_)Y*AD/GFE
Te(deg F)=Thermistor lookup table (Rt)-Zt

Ty = [(Too*Ts+ 1) H(Teo®Ts + 1P - (2°Teo)®
[(Teol(Te* Ts) — (TC22)) + T+

(Voo )12y 1o

He(deg K*)=Kh*(H-H,)*(1+Teo*((Th-Tc¥2-Tz))

Thf(deg K*)adth power lookup table (Tc)

Tt(deg F)=(Hc+Thf)“* (Final lookup table)

Ter=Te-HTt~Te)/ke

Tt(deg Cy=(5/9y*(Tf(deg F)—32) optional

The following is a list of the information which may be
contained in the FEPROM and therefore be programmable
at the time of calibration:

m;leldwbkbeq
Timeout functicns:
Time m power-down
5 10 128 sec in .5 sec increments ’
Delay until lock
S to 128 e i .5 sec incremenis
Other functions
Power-on button resets bock cysle
Power-on button rescts peak deimct
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~continued

Display degrees C/dcgrees F.
EEPROM “Calibrated™ patictn to indizats
that the devico has been calibrated
EEPROM checksom for a aelf-check by the
Frocessor

FIGS. 9A-9D provide a flowchart of the firmware stored
in the microprocessar 73. From reset when the instrument is
fumed on, the system is initialized at 110 and the contents of
the EEPROM are read into memory in the microprocessor at
112. At 114, the processor reads the state of power and mode
switches in the system. At 116. the system determines
whether 2 mode switch 113 has placed the system in a
self-test mode. If not, all cights are displayed on the four-
digit display 82 for a tricf time. At 120, the system pecforms
all A-to-D conversions to obtain digital representations of
the thermopile output and the potentiometer scttings through
multiplexor 76.

The system then enters a loop in which outputs dictated by
the mode switch are maintained. First the imers are updated
at 122 and the switches arc again read at 124, When the
power is switched off, from 126 the system enters a power
down loop at 123 until the system is fully down. At 130, the
mode switch is checked and if changed the system is resct.
Although not in the tympanic temperature detector, some
detectors have a mode switch available to the user so thatthe
mode of operation can be changed within a loop.

At 132, 136 and 140, the system determines its mode of
operation and enters the appropriate scan process 134, lock
process 138 ar peak process 142. In a scan process, the
system updates the output to the current reading in each
loop. In a lock process, the system updates the cutput but
locks onto an ontput after some period of time. In the peak
process, the system output is the highest indication noted
during a scan. In cach of these processes, the system may
respond to the programming from the EEPROM to perform
any number of functions as discussed above. In the peak
process which is selected for the tyropanic temperature
measurement, the system locks onto a peak measurement
after a preset period of time. During assembly, the system
may be set at a test mode 144 which will be described with
respect to FIG. 9D.

In any of the above-mentioned modes, an output is
calculated at 146. Then the system loops back to step 122,
The calculation 146 is illustrated in FIG. 9B,

At 148 in FIG, 9B, the raw sensor data is obtained from
memory. The sensor offset taken from the EEFROM is
subtracted at 150, and the ambient temperature previously
obtaincd from the potentiometer RT1 is accessed at 152. The
temperature cocfficient adjustment is calculated at 154, At
156, the sensed signal is multiplied by the gain from
EEFROM and by the temperature coefficient. At 158, the
fourth power of the ambient temperature is obtained, and at
160 it is added to the sensor signal. At 162, the fourth root
of the sum is obtained through a lookup table. Whether the
display is in degrees centigrade or degrees Fahrenheit is
determined at 164, If in degrees centigrade, a conversion is
performed at 166, At 168, adjustment values, including that
from the potentiometer R4, are added.

Analog-to-Digital conversion is performed periodically
daring an interrupt to the loop of FIG. 9A which occurs
every two milliseconds. The interrupt rontine is illustrated in
FIG. 9C. Timer counters are updated at 170. A-to-D» con-
versions are made from 172 only every 100 milliseconds
when a flag has been set in the prior interrupt cycle, During
most interrupts, an A/D conversion does not occur. Then, the
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100-millisecond counter is checked at 174, and if the count
has expircd, a flag is sct at 176 for the next interrupt. The flag. ~
is checked at 178 and. if found, the display is updated at 180.
The system then rettrig to the main loop of FIG. 9A. -

‘Where the 100 millisecond flag is noted at 172, an A-to-D
conversion is to be performed. The system first determines
at 182 whether a count indicates there should be a conver-
sion of the thermopile output at 184 or a conversion of the
thermistor output at 186. The thermopile sensor conversion
is paformed nine out of ten cycles through the conversion
loop. At 188, the systemn checks to determine whether a
conversion is made from the potentiometer R4 or from the
battery voltage divider R1, R2 at 192. These conversions are
made alternately.

FIG. 9D illustrates the seif-test sequence which is called
by the mode switch 113 only during assembly. During the
test, the beeper sounds at 182 and all display segments are
displayed at 184. Then the system steps ¢each character of the
display from zero through nine at 186. The system then
enters a test loop. At 188, the system senses whether the
button 108 has been pressed. If so, a display counter is
incremented at 190. The display for the unit then depends on
the count of the display coonter. With the zero count, the
adjustment potemtiometer value is displayed at 192.
Thereafter, if the display counter is incremented by pressing
the button 108, the raw sensor data is displayed. With the
next increment, ambicnt temperature is displayed at 196, and
with the next increment, the raw output from the ambicat
temperature sensor RT1 is displayed. With the next
increment. the battery voltage is displayed. After the test, the -
asscmbler sets the mode switch to the proper operating
mods.

While this invention has been particularly shown and
described with references to preferred embodiments thereof,
it will be understood by those skilled in the art that varous
changes in form and details may be made therein without
departing from the spirit and scope of the invention as
defined by the appended claims. For example, most featres
of the invention may be applied to a device having a
pyroclectric radiation sensor. Also certain features such as
the low reflectance, high thermal conductivity tube may
provide stable response and narrow field of view even where
the tube is thermally isolated from the sensor. In that case,
a second temperature sensar would be provided for the tube
to compensate for temperature differences between the tube
and sensor cold junction.

What is claimed is:

1. An ear temperature detector comprising:

a housing adapted to be held by hand;

an extension from the housing having a distal end adapted

to be inserted into an ear, the extension supporting a
tube for directing radiation from an ear to a radiation
sensor, the mbe having arigid window at an end thereof
away from the radiation sensor;

a temperature display on the housing for displaying car

temperature; and

bantery powered electronics in the housing far converting

radiation sensed by the sensor to emperature displayed
by the display. .

2 An ear teyperature detector as claimed in claim 1
whegein the radiation sensor is a thermopile, a cald junction
of which is allowed to follow ambient temperature.

3. An ear temperature detector as claimed in clajm 1
wherein the rigid window comprises germanium,

4, An car temperature detector as claimed in claim 1
wherein the extension extends at an angle from the housing,

5. An car temperanie detector as claimed in claim 4
whercin the housing extends along a flrst axis and the
extension extends at an angle of about 75 degrees from the
first axis,
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6. An car temperature detector as claimed in claim 1
wherein the extension increases in diameter along a length
from its distal end and has a diameter at the distal end such
that the extension is adapted to be inserted into an ear canal.

7. An car temperature detector as claimed in claim 1
wherein the extension has a substantially constant diameter
along a first portion of its length from its distal end and an
increasing diameter aloog a second portion of its length
following the first portion such that the extension is adapted
to be inserted into an ear canal. _

8. An car temperature detector as claimed in claim 1
wherein the extension has a diameter of less than about 7
mm along a partion of its length from its distal end, the
extension forming a substantially conical shape along said
portion of its Jength, the conical shape further including an
included angle of about 25-60 degrees such that the exten-
sion is adapted to be inserted into 2 normal ear canal up to
about one-third of the length of the ear canal

9. An ear temperature detector as claimed in claim 1
wherein the extension has a diameter of about 3—6 mm along
a portion of its length from its distal end, the extension
forming a substantially conical shape along said portion of
its length, the conical shape further including an included
angle of about 25-60 degrees such that the extension is
adapted to be inserted into a small car canal up to about
one-third of the length of the ear canal.

10. An ear temperatore detector comprising:

an infrared radiation sensor with an active arca influenced
by radiation from an extarnal target and a reference area
having a known reference temperature and being sub-
stantially unaffected by said radiation, the radiation
sensor being mounted within a thermal mass and hav-
ing its reference area within the therrpal mass and
thermally coupled to the thermal mass;

a thermally conductive tube coupled to the thermal mass
for passing thermal radiation from an external target to
the radiation sensor;

a thermal barrier surrounding the thermal mass and tube;
and

an outer thermal RC time constant for thermal conduction
through the thermal barrier to the thermal mass and
tube being at least two orders of magnitude greater than
an inner thermal RC time constant for the temperature
response of the radiation sensor reference area to heat
transferred to the tube and thermal mass throngh the
thermal barrier.

11 An ear temperature detector as claimed in claim 10
wherein the outer RC time constant is at least three orders of
magnitude greater than the inner RC time constant,

12. An ear temperature detector as claimed in claim 16

wherein the tube comprises a non-reflective inner suxface for .

preventing radiation incapable of passing directly through
the tube from being provided to the radiation sensor.

13. An ear temperature detector a5 claimed in claim 12
wherein the non-reflective inner surface of the tube is
formed of metal oxide,

14, An ear temperatare detector as claimed in claim 10
wherein the tube provides a narrow field of view from the
radiation sensor of about sixty degrees or less.

15. An car temperature detector as claimed in claim 10
whercin the tube provides a field of view from the radiation
sensor of about thirty degrees or less.

16. An ear temperatare detector as claimed in claim 10
wherein the radiation sensor is a thermopile.

17. An car temperatare detector comprising:

a housing adapted to be held by band;
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an extension from the housing having a distal end adapted
to be inserted into an car and supporting a tube for -
directing radiation to a radiation sensor from the ear,
the tube having a rigid window at an end thereof away
from the radiation sensar, the extension increasing in
diameter along a portion of its length from its distal
end;

a temperature display on the housing for displaying car
temperature; and

battery powered clectronics in the housing for converting
radiation sensed by the sensor to temperatore displayed
by the display.

18. An ear temperature detector as claimed in claim 17
wherein the extension has a substantially constant diameter
along a portion of its length from its distal end preceding the
portion of the extension increasing in diameter.

19. An ear temperature detector as claimed in claim 17
wherein the cxtension forms a sobstantially conical shape
along said portion of its length, the conical shape further
incduding an included angle of about 25-60 degrees.

20. A tympanic temperature detector as claimed in claim
19 wherein the extension has a diameter of about 3-6 mm
along a portion of its length from its distal end such that the
extension is adapted to be ingerted into a small ear canal up
to about one-third of the length of the ear canal.

21. An car temperature detector as claimed in claim 17
whercin the extension has a diameter of less than about 8
mm along a portion of its length from its distal end such that
the extension is adapted to be inserted into a normal ear
capal up to about one-third of the length of the ear canal.

22, An ear temperature detector as ¢laimed in claim 17
whexein the extension comprises an elongated tube formed
of high thermal conductivity material extending from the
distal end of the extension to a rear volume in which the
radiation sensor is mounted, the tube providing a field of
view from the thermopile of about sixty degrees ar less.

23. An ear temperature detectar comprising:

a thexmopile mounted within a rigid stracture and having

a junction thermally coupied to the rigid structure;

a thermaily conductive tube and a window for passing
thermal radiation from an external target to the ther-
mopile; and

a thermal mass of high thermal conductivity matexial
surrounding the tube and enclosing the rigid structure
in a rear volume, the thermal mass being thermally
conpled to the tube, the rigid stracture, a junction of the
thermopile and the window.

24. An car temperanure detector as claimed in claim 23
wherein the tube provides a narow field of view of about
thirty degrees aor less.

25. An car temperature detector as claimed in claim 23
further comprising an extension smrounding the tube and
having a distal end adapted to be inserted into an ear canal,

26. An car detector as claimed in claim 23
whexein the tbe is positioned in an extension which has a
diameter of about 3-6 mm along a portion of its length
extending from a distal end, the extension having a substan-
tially comical shape along a portion of its distal cod, the
conical shape further including an included angle of about
Mumsummnmemmmadapmdtobe
inserted into a small ear canal.

27. A method of obtaining cartr.xnpenmrc comprising:

providing a radiation detector comprising an extension for
passing infrared radiation from an exterpal target'to a
scasor, the detector further comprising electronics for
detecting the peak radiation sensed by the sensor;




Case 1:01-cv-11306-WGY Document 11 Filed 10/03/01 Page 62 of 96

T 5,653,238

23

inserting the extension into an ear;

pivoting the extension to scan the car canal, the sensar

sensing radiation during scanning; and

in the clectronics detecting the peak radiation to obtain an

car temperature.

23. An ear temperature detector comprising:

a housing adapted to be held by hand;

an extension from the housing adapted to be inserted into

an ear, the extension passing radiation from the ear to
a radiation seasor;

a temperature display on the housing for displaying ear

tetnperature; and

electronics in the housing for converting radiation sensed

by the sensor to temperature displayed by the display,
the electronics including a radiation peak detectar such
that a peak temperature is displayed with scanning of
the extension in an ear.

29. A radiation detector comprising:

an infrared radiation sensor; and

an extended tubs having a gas-tight window at a distal end

thereof through which radiation passes to the sensor. a
sealed gaseous envirorment being maintained through
the length of the mbe.

30. A radiation detector comprising:

an infrarcd radiation sensor; and

an extended tabe having a rigid window at a distal end

thereof through which radiation passcs to the sensor.

31. Aradiation sensor as claimed in claim 30 wherein the
window maintains a sealed gaseous environment through the
length of the tube.

32. A radiation sensor as claimed in claim 31 wherein the
sealed gaseous enviromment through the length of the tube
surrgunds the infrared radiation sensor.

33. A radiation sensor as claimed in claim 30 wherein the
window comprises germanium.
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34. A radiation detector comprising:

a radiation sensor; and - -

a can enclosing the radiation sensor, the can having an
aperture through which the radiation sensor views a-
target along a viewing axis, the aperture being sur-
rounded by a surface angled toward the viewing axis
such that the surface faces the radiation sensor.

35, A radiation dstector as claimed in claim 34 further

comprising a tube directing radiation to the aperture.

36. A temperatire detector comprising:

a radiation sensor mounted to view a target;

a terpperature sensor for sensing ambient temperatire;

an electronic circuit coupled to the radiation sensor and
temperature sensor and responsive to a signal from the
radiation sensar and the temperature sensed by the
temperature sensor to provide an indication of an
internal temperatwre of the target adjusted for the
ambient temperature to which the target is exposed; and

an output for providing an indication of the internal
temperature.

37. Atemperature detector as claimed in claim 36 adapted

to sense radiation from an ear,

38. A method of obtaining ear temperatire comprising:

providing a radiation detector comprising an extension
through which an infrared radiation sensor receives
radiation from an external target, the detector further
comprising electronics for detecting the peak radiation
sensed by the sensor;

inserting the extension into an ear:

scanning the ear canal, the sensor sensing radiation during
seanning; and

detecting the peak radiation to obtain an ear temperature
in the clectronics.

39. A method as claimed in claim 38 wherein the extcrnal

3 target is scanned by pivoting the extension to scan the car

canal.
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RADIATION DETECTOR PROBE

RELATED APPLICATIONS

This application is a continuation of co-pendinyg applica-
lion Ser, No. 08/333,205 filed Nov. 2, 1994 which is a CIP
uf Ser. No. 07/832,109 filed Feb. o, 1992, U.S. Pat. No.
5.325.863 and of Ser. No. (07:889.032 filed May 22, 1992,
U.S. Pat. No. 5,381,796 and of Ser. No. 07/760.006 filed
Sep. 13, 1991, U.S, Pat. No. 5.445,158, which is a CIP of
Ser. No. 07/646.855 filed Jan. 28. 1991. U.S. Pat. No.
3,199,436 which is a Divisional ol 3cr. No. 07/338,968 filed
Apr. 14, 1989, U.S. Pat. No. 3,012,313, which is a CIP of
Ser. No. 07/280,546 filed Dee. o, 1988, U.S. Pat. No.
+.993.419.

BACKGROUND '

Radiation detectors which utilize thermopiles to detect the
heat tlux from target surfaces have been used in various
applications. An indication ot the temperature of a target
surface may be provided as a tunction ot the measured heat
Hux. One such application is the testng of electrical equip-
ment. Another application has been in the scapning of
cutaneous tissue to locate injured subcutaneous regions. An
injurv results in increased blood tlow which in turn results
in a higher surface temperature. Yet another application is
that of car temperatyre measurcment. More specifically, a
tvinpamc device relies on a measurement of the temperature
of the tympanic membrane area in the «ar of an animal or
human by detection of infrared radiation as an alternative to
traditional sublingual thermometers. Other ¢ar temperature
measurements may be limited w the outer reyion ot the car
<anal.

SUMMARY OF TIIC INVENTION

lo one embodiment of the present 1avention, a radiation
detecior comprises a radiation sensor such as a thermopile
and a thermal mass enclosing the thermoptle. The thermal
mass includes an clongated thermaily conductive tube of a
first internal diameter. The fube extends trom the distal end
ut the detector 10 a rear volume of lurger internal diameter
in which the sensor is mounted. In one device, the mbe is
¢old plated and is thus highly relectve. In another device
the rube is plated with a metal oxide tor high absorpuon of
radiation. A rigid window 15 mounted adjaceat to an end of
the tube, preferably the distal end where 1t seals the tube.

{o accordance with one feature of the present invention,
the portions of the thermal mass torming the tube and rear
volume are formed in a unitary structure of high thermal
vonductivity material. The unitary thermal structure has an
ouler surface with an outer diameter at its distal end which
is less than an outer diameter sbout the rear volume. The
outer surface is tapered about the whe such that a unitary
thermal mass of increasing outer diameter is provided about
the end of the tube adjacent to the rear volume. The unitary

therrnal mass maximizes conductance and thermal mass «

within a limited diameter. To avoid changes in fiXtures used
in mounting the thermopile within the unitary thermal
strucrure, in one embodiment the thermal siructure is of
limited diameter and may be supplemented with an addi-
tonal thermal mass. The additional thermal mass surrounds
the rear volume snd a portion of the wbe and 15 in close
thermal contact with the unitary thermal structure. In another
cmbodiment. the unitary thermai structure extends from the
distal end of the detector to a housing such that no additional
thermal mass is required.

It bas been found that a narrow tield of view radiation
detector provides a more accurate and reliable reading of
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tympanic lemperature. [n the detector of the present
invention. that ticld of view is obtained by controlling the
reflectance of the inner surface of the tube, the length and
diameter of the tube and the position ot the thermopile
behind the tube. In one embodiment, the tube has a reflective
inper surface providing a field of view trom the thermopile
of about sixty degrees or less. A field of view of less than
about sixty degrees ailows for viewing of only a portion of
the car canal within less than about 1 centimeter of the
tympanic membrane. In another embodiment, the tube has a
nooreflective inper surface which produces a ficld of view
trom the thermopile of about thirty degrees or less. In either
embodiment, the thermopile response may be fine tuned by
changing the position of the thermopile behind the tube
which changes the field of view and alters the thermopile
response signal level.

In accordance with another aspect of the present
invention, the infrared radiation sensor is mounted in the
rear volume withun the unitarv thermal mass. The sensor has
ao active area influenced by radiation from an external target
and a reference area of known temperature which is sub-
stantially unatfected by radiation. The sensor is preferably a
thermopile having its cold junction reference area thermally
coupled to the thermal mass but it may be a pyroelectric
device. The thermally conductive tube is thermaily coupled
1o the thermal mass and passes radiation to the sensor from
the external target. A thermal barrier surrounds the thermal
mass and tube. The temperature of the thermal mass, and
thus of the sensor reference area, is allowed to tloat with
ambicat, A temperature measurement of the thermal mass 15
made 10 vcompensate the seasor output. .

Temperature differences between the tube and sensor
reference urea would lead to inaccurate readings. To avoid
those differences, the large unitary thermal mass minimizes
temperature changes from heal which passes through the
thermal barrier, and good conductivity within the mass
increases conductance and minimizes lemperature gradients.
The outer thermal RC time coastant for thermal conduction
through the thermal barrier to the thermal mass and tube is
at least two, and preferably at least three orders of magnitude
greater than the inner thermal RC time constant for the
temperature response of the reference area 1o heat trans-
terred 1o the tube and thermal mass. For prompt readings, the
inner RC time constant should be about Yz second or less.

Preferably, the thermally conductive tube is thermally
coupled 10 the seosor by a thermally conducuve material
such as epoxy. [n accordance with the preseat invenuon, the
amount of thermally conductive material is tuned to the
detector to minimize the response of the sensor to undesired
thermal perturbations of the tube. Providing an insutficient
amount of material causes a positive error response from the
sensor for thermal perturbations, while too much material
causes a negative error response trom the sensor for thermal
perturbations. By providing the proper amount of material
between the sensor and the tube, the added thermal conduc-
tance trom the material tunes the reterence area and the
active area of the sensor to respond in phase to thermal
perturbations such that the sensor respoase is substantially
unaffected by said perturbations.

In the radiation detector of the present invenuon, the
radiation sensor and the tube are positioned 10 an extension
which is particularly suited for obtaining tympanic tempera-
ture measurements. To accomplish this, the extension is
inserted into a subject’s ear, and preferably into the ear
capal. Once inserted, the extension is pivoted and the seosor
scans the car canal and senses the emitted radiation. The
detector employs electronics which detects the peak radia-
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lion sensed by the sensor and copverts it to a tympanic
temperature indication.

The probe extension which supports the radiation sensor
extends from a housing which displays the tympanic tem-
perature. The housing extends along a first axis and the
exiension preferably extends at an angie of about 73 degrees
from the first axis. This housing supports the battery pow-
cred electronics for converting radiation sensed bv the
~cnsor to tvinpanic temperature displayed by the display.
The electronics included a processor for providing the
dispiaved temnperature based on radiation received trom the
vmpanic membrane, If the sensor receives radiation trom
the cooler outer ear instead of the tvmpanic membrane. the
processor determines the displayed temperature ag a func-
tion of the received radiation compensated by an indication
ol ambient temperature to produce a1 core temperature
approxirnation. The entire instrument is housed 1 a single
hand-held package. The small additional weight ot the
clecironics in the hand-held unit is acceptable-because read-
ings can be made quickly.

In accordance with another aspect of the present
invention, the probe extension is adapted to be inserted into
a0 ear canal. More specifically, the diameter of the distal tip
15 well as the shape and taper of the extension may be sct o
provide a detector useful in normal aduit ear canals or a
pediatnic detector useful in small car canais. especially
children’s ear canals, and swollen adult ear canals. To that
¢nd. the extension has a diameter of about 3-8 mm about its
distal end and a substantially conical shape increasing tn
diameter along its length from s distal end and character-
ized by an included angle of about 2560 degrees. As such,
the extension is capable of being inserted into an ear canal
up to one-third of the length of the vur canal.

In a pediatric detector embodiment the conical shape of
the ¢xtension has an included angle of about forty degrees.
Further, the diameter of the tip of the distal end of the
vXiension is preferably in the range of 3-6 min. As such, the
pediatric detector is parucularly usetul on subjects having
small var canals but is also usetul on adult subjects. In
another ermbodiment the conical portion of the extension has
an included angie of about thinty degrees. The diameter of
the tp of the distal end of the exiension s no more than
about 7 min. As such, the detector 15 particularly usetul on
adult subjects having normal car canals, but it may also be
used on children.

The radiation scasor assembly ot a preferred embodiment
includes a sensing device which is mounted within a1 nigid
structure of high thermal conductivity such as bervilium
oxide and bas its reference area thermally coupled thereto.
The passage through a thermally conduclive tube passes
thermal radiation trom the external target, such us a tvm-
panic membrane. to the thermopile. A window is mounted
un the rigid structure such that it is in close thermal contact
with the structure.

In one embodiment of the present invention, a detector
comprises a substantially conical ¢xtension emploving the
above-described radiation sensor assembly. Preferably, the
sensor assembly includes a thermopile sensor. Ia this
cembodiment, the tube provides a field of view from the
thermopile of about thirty degrees or less. A thermal mass of
high thermal conductivity material surrounds the tube and
encloses the rigid structure in a rear volume. The thermal
mass has a region within the rear volume which is defined
between a rearwardly facing surtace of the thermal mass and
torward a face of the window. The region is preferably filled
with air, providing a low thermal conductivity environment
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therein. The high thermal conductivity mass provides close
thermal contact among the tube, the nygid structure, the
thermopile cold junction and the ends of the window. As
such, a continuous low thermal resistance path is formed
from the tube to the cold junction of the thermopile and the
window is heid to the coid junction wmperature.

BRIEF DESCRIPTION OF THE DRAWINGS

The toregoing and other objects, [catures and advantages
of the invention will be apparent from the following more
particular description of preferred ¢mbodiments of the
invention. as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the different views. The drawings are not nec-
essarily to scale-; emphasis instead being placed upon
illustrating the principles of the invention.

FIG. 1 illustrates one embodiment of a radiation detector
for tympanic lemperature measurements m accordance with
the present invention.

FIG. 2 is a cross-sectional view o: the extension of the
detector of FIG. 1 in which the thermopue radiation sensor
is positoned.

FIG. 3 illustrates another embodiment of the radiation
detector tor tympanic temperature measurements in accor-
dance with the present invention. )

F1G. 4 is a cross-sectional view o the extension of the
detector of FIG. 3 in which the thermopiie radiation sensor
is positioned.

FIG. 5 is a profile of pair of onfiyurations of ‘the
extension of FIG, 4.

FIG. 6 is an enlarged cross-sectiona view of the extension
of F1G. 4.

FIG. 7 is a cross-sectional view of a radiation seosor
assembly of the detector of FIG. 6

FIG. 8 is a block diagram of the ¢iectronic eircuit of the
detector of the present invention.

FIGS. YA-9D are How charts of tke svsten tirmware.

FIG. 10 is a cross-sectional view of 1 thermopile can
embodying a teature of the present inventon.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

In one embodiment of the present waveation, the radiation
detector 12 of FIG. 1 includes a fat housing 14 with a digital
display 16 for displaying a tympanic temperature mmeasure-
ment. Althouyh the display mayv be locaied anywhere on the
housinyg, it is preferred that it be positioned on the end so the
user is not inclined to watch it during 1 measurement. The
instrument makes an accurate measurement when pivoted to
scan the ear canal, and the user shouid concentrate on only
the scanning motion. Then the disolav ¢an be read. A
thermopile radiation sensor is supported within a probe 18 at
the opposite end of the housing 14. The housing extends
along a first axis 19 (FIG. 2) and the exiension 18 extends
orthogonally from an intermediate cxtension 20 which
extends at an angle of about 15 degrees trom the first axis.
As such, the extension 18 extends st an angle ol about 75
degrees trom the first axis 19 of the bousing. Thus. the head
of the detector, including the extensidn {8 and 20, has the
appearance of a conventional otoscope. An on/off switch 22
is positioned on the housing.

A cross-sectional view of the extension of the detector of
FIG. 1 is illustrated in FIG. 2. Abase portion 23 is positioned
within the housing 14, and the housing clamps about a
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groove 24. As poted, the portion 20 extends at about a 15
degree angic from the first axis 19 and thus from the base
portion 23. Further, the extension 18 extends at about a 75
degree angle from the first axis. The extension 18 is tapered
toward its distal end at 26 so that it may be comfortably
positioned in the ear canal to view the tympanic membrape
and/or ear ¢anal.

A preterred disposable element to be used over the
cxtension 18 is presented in the '419 patent and will not be
discussed here.

The edge at the end of the probe is rounded so that when
the probe is inserted into the ear 1t can be pivoted somewhat
without discomfort to the patient. The probe is also curved
like an otoscope to avoid interference with the ear. By thus
pivbtmg thc probe, the car canal is scaoned and! at somc
orientation of the probe during that scan, one can be assured
that the maximum temperature is viewed. Since the ear canal
cavity leading to the tympanic area is the area of highest
lemperature, the instrument is set 1 a peak detection mode.
and the peak detected during the scan is taken as the
tympanic temperature.

An improved assembly within the extension 18 is illus.
trated in FIG. 2. A thermopile 28 is positioned within a can
30 of high conductivity material such as copper. The con-
ductivity should be greater than 1wo walts per centimeter per
degree Kelvin. The can is filled with a gas of low thermal
conductivity such as Xenon. The thermopile 28 is positioned
within a rear volume 31. It is mounted to an assembly which
includes a header 33. The volume is sealed by cold welding
of the header 33 to a tlange 42 extending from the can. Culd
weldiny is the preferred approach to making the seal and. to
ulilize past welding fixtures, the outer diameter of the can s
limited. Thermal epoxy may be used as an alternative.

The thermopile views the tympanic membrane area

through a radiation guide 32. The radiation guide 32 is gold 2

plated to minimize oxidation. It is closed at its forward end
by a germanium window 35, The rigid germanium window
assures that the radiation guide is sculed from coatamination
and is itself casily cleaned. Germanium is less fragile than
silicon and passes higher wavelengths. To minimize
uXpense. the window is square with cach side slightly lonyzer
than the diameter of the radiation guide 32. The window is
cemented with epoxy within a counterbore in a tlange 37 at
the end of the radiation guide. The epoxy serves as a gas seal
and mechanical support for the somewhat brittle germanium
window. The dange serves to protect the germanium win-
dow should the detector be dropped. The diagonal of the
window is [ess than the diameter of the counterbore, and its
thickness is less than the depth of the counterbore.
Therefore. if the detector is dropped, any force which
presses the plastic housing toward the window is absorbed
by the flange. The germanium need only withstand the
forces due to its own inertia.

From the perspective of the thermopile flake 28, the

racdiation guide 32 shifts the front aperture at the window 35 s

back to the proximal end of the radiation guide at 46. Thus.
the field of view of the device is determined by the diameter
of the aperre 46 and its distance from the flake 28. There
are, however, stray rays which, though not being directed to
the flake from the apermure, may uitimately strike the tlake
after reflection within the volume at 31. Such reflecuoans
cifectively increase the field of view and are thus undesir-
able. The frustoconical surface 44 surrounding the aperture
46 reflects most of those stray rays toward the rear of the
volume 31 rather than toward the thermopile Hake. As
shown in FIG. 2, the flake views itself in the surface 44, thus
minimizing stray radiation.
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The angled surface surrounding the aperture cam be
applied to more conventional thermopile cans as illustrated
in FIG. 10. Here, the window 310 is mounted directlv across
the aperture 312 of the can 314. As in conventional
assemblies, the can is closed by rear header 316. The
thermopile flake 318 is centered on a polyester sheet 320
stretched between beryllium oxide rings 322 and 324. AT"in
the case of FIG. 2, the surface 326 surrounding the aperture
312 is trustoconical such that it is angled back from the
aperture. It can be seen that stray rays 328 which should not
be sceu by the thenmopile Hake 318 will be edected
rearwardly toward the beryilium oxide rings where they
should be absorbed rather than woward the flake as indicated
by the broken lines as they would if the surface surrounding

s the aperure were cylindrical.

Whereas the detector disclosed in the "419 patent had a
field of view of about 120° il has been determined that a
narrower tield of view of about sixty degrees or less provides
the user with an easier and more accurate indication of
tympanic temperature. With a narrower field of view, the
thermopile flake, when directly viewing the tympanic
membranc, also views lcss than about onc centimeter along
the ear canal wherein the tissue is at substantiallv the same
temperature as the lympanic membrane. A better view of the
tvmpanic membrane also results {rom the cylindrical exten-
sion 43 beyond the conical portion of the extension LS. With
the ear canal straightened by the probe. the extension 43 can
extend well into the ear canal beyond any hamr at the canal
openiny.

The tympanic membrane is about 1.5 centimeters from
the opening of the car camal. The car canal for an adult
subject is typically about 8 mm wide, so the diameter of the
tip of the extension is no more than about 3 mm wide. The
conical portion of the extension 18 prevents the tip of the
¢xlension from extending more than about eight millimeters
into the ear canal. Bevond that depth. the patient sutfers
noticeable discomfort. With a field of view of less than about
sixty deyrees. the ear canal is viewed more than about eight
milimeters from the tip of the extension 18. Thus. oply the
ear ¢anal within less than 9 millimeters of the tympanic
membrane 15 viewed as the radiation guide is Jirected
toward the membrane. The result 15 a more accurate and
reliable reading of the tympanic temperature which is essen-
tigily core temperature.

With the present instrument, the narrow ficld of view is
obtatned by extending the eniarged rear volume between the
flake and the radiation guide. Radiation which enters the
radiation guide at greater angles. Vel ravels through the
radiation guide, leaves the guide at greater angles and is thus
uniikely 10 be viewed by the flake. The length of the
radiation wuide is another parameter which atfects the field
of view. By using a planoconvex lens as the window 35, the
field of view can be further limited.

Decreasing the ficld of view increases the amount of heat
which is absorbed by the can in which the thermopile is
mounted. The added heat load adds to the importance that
the can. including the radiation guide. have a large thermal
mass and high thermal conductivity as discussed below.

As distinguished from the structure presented in the *419
patent, the volume 31 surrounding the thermopile and the
radiation yuide are formed of a sing[c piece of high con-
ductivity copper. This unitary construction eliminates any
thermal barriers between the foremost end of the radiation
puide and the portion of the can surrounding the thermopiie
which serves as the cold junction of the thermopile. Further,
at least a portion of added thermal mass which surrounds the
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radiation guide is unitary with the can as well. Specifically,
a taper 39 resuits in an enlarged region 41 which serves as
a thermmal mass in accordance with the priocipais of the
parent application. The taper 39 continues along a conduc-
tive thermal mass 34 which surrounds the can and a con-
ductive plug 36. Both the mass 34 and plug 36 are of copper
and are in close thermal contact with the can 30.

The outer sleeve 38 of the extension 18 and the interme-
diate extension 20 are of plastic material of low thermal
conductivity. The sieeve 38 is separated from the can 30 and
thermal mass 34 by an insulaung air space 40. The taper of
the can 30 and thermal mass 34 permits the insulating space
10 the end of the extension while minimizing the thermal
resistance from the end of the tube 32 to the thermopile, a
parameter discussed in detail below. The inner surfice of the
plastic sleeve 38 may be coated with a good thermai
conductor to distribute across the ecntire sleeve any heat
received from cootact with the ear. Twenty mils of eopper
coating would be suitable.

In contrast with the prior design, the portion of the sleeve
38 at the foremost end of extension 18 has a region 43 of
constant outer diameter betore a lapered region 45. The
region of constant outer diameter reduces the outer diameter
at the distal end and minimizes interference when pivoting
the extension in the ear to view the tympanic membrane
area. The tapered region is spaced six millimeters from the
end of the extension to allow penetration of the extension
into the ear canal by no more than about eight millimeters.

One of the desizn goals of the device was that it always

he in proper calibration without reguiring a warm-up time.
This precluded the use of a heaed target in a chopper unit
ur heating of the cold junction of the thermopile as was
suggested in the O Hara et al. U.S. Pat. No, 4,602,642, To
accomplish this design goal, it is necessary that the system
be able to operate with the thermopile at any of a wide range
of ambient temperatures and that the thermopile output have
very low sensitivity to any thermal perturbations.

The output of the thermopile is a tunction of the difference
in temperature between is warm junction, heated by
radiation, and its cold junction which is in ¢lose thermal
contact with the can 30. In order that the hot junction
respond only to radiation viewed through the window 35, it
is important that the radiation yuide 32 be. throughout a
ineasuremeunt, at the same teaperature as the cold junction.
To that end, chanyes in temperature in the guide 32 must be
held 1o a minimum, and any such changes should be
distributed rapidly to the cold junction to avoid any thermal
gradients. To minimize temperature changes, the tube 32 and
the can 30 are, of course. well insulated by means of the
volume of air 4. Further. a high conductapce thermal path
is provided to the cold junction. This conductance is
<nhanced by the unitary coustruction. Further, the can 30 is
in close thermal communication with the thermal masses 34
and 36, and the high conductivity and thickness of the
thermal masses increase the thermal conductance. A high
thermal conductivity epoxy, solder or the like joins the can
and thermal masses. The solder or epoxy provides a signifi-
cant reduction in thermal resistance. Where solder 1s used. to
avoid damage to the thermopile which is rated to tempera-
ures of 125° C.. 4 low temperature solder of indium-tin
alloy which flows at 100° C. is allowed to tlow into the
annular mass 34 1o provide good thermal coupling between
all elements.

The thermal resistance from the outer surface of the
plastic sleeve 38 to the conductive thermal mass is high to
minignize thermal perturbations to the inner thermal mass.
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To minimize changes in temperature of the guide 32 with
any heat transter o the can which does occur, the thermal
mass of the ¢can 30, annular mass 34 and plug 36 should be
large. To minimize thermal gradients where there is some
temperature change in the tube during measurement. the
thermal resistance between any two points of the thermal
mass shouid be low.

Thus. due to the large time constant of the thermal barrier,
any external thermal disturbances, such as when the exten-
sion contacts skin, only reach the conductive thermal mass
at extremely low levels during a measurement period of a
tew seconds; duc to the large thermai mass of the material
in contact with the cold junction. any such heat transfer only
causes small changes in temperature; and due to the good
thermal conductance throughout the thermal mass, any
changes in temperature arc distributed quickly and are
reflected in the cold junction temperawre quickly so that
they do not affect temperature readings.

The thermal RC timme constant for thermal conduction
through the thermal barmier to the thermal mass and tube
should be at least two orders ot magnitude greater than the
thermal RC time coostant for the temperature respouse of
the cold junction to heat transferred to the tube and thermal
mass. The RC time constant for conduction through the
thermal barrier is made large by the large thermal resistance
through the thermal barmier and by the large thermal capaci-
tance of the thermal mass. The RC time coostant for
response of the cold junction is made low by the low
resistance path to the cold junction through the highly
conductive copper c¢an and thermal mass, and the low
thermal apacitance of the stack of bervllium oxide rings
and pin conductors to the thermopiie.

Although the cold junction capacitance s naturally low,
there are size constrainis in oprimizing the thermai capaci-
tance of the thermal mass, the thermal resistance through the
thermal barrier and the internal thermal resistance.
$pecifically. the external thermal resistance can be increased
by increased radial dimensions. the capacitance of the ther-
mal mass cap be increased by increasing its size, and the
thermal resistance through the longitudinal thermal path
through the mibe can be decreased by increasing its size. On
the other hand, the size must be limited to permit the
eXtension to be readily positdooed and manipuiated within
the ear.

Besides the wanster of heat from the enviroomeat, another
significant beat fow path to the conductive thermal mass is
through leads to the system. To minimize heat transfer
through that path. the leads are kept to small diameters.
Further. thev are embedded in the plug 36 through bores 70;
thus, anv eat brought into the system through those leads is
quickly distributed throughout the thermal mass, and oaly
small chanyes in temaperature and small yradients result.

Becausc the temperature of the thermal mass is oot
controlled. and the response of the thermopile 28 is a
function of its cold junction temperature, the cold junction
temperature must be monitored. To that end, a thermistor is
positioned at the ead of a central bore 72 in the plug 36.

Another embodiment of the preseat inveation is illus-
trated in FIG. 3. The radiation detector 212 cmploys a
thermopile radiation sensor supported within a probe exten-
sion 218 of the opposite end of the housing 14. As shown in
FIG. 4. the extension 218 extends atan angle of about 75
degrees from a first axis 219 along which the housing
extends. The extension 218 is tapered along its length from
its distal ¢nd, making the instrument 212 particularly useful
in obtaining lympanic lemperature measurements without
causing the subject discomfort.
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As previously discussed, the other embodiment provided
an extension with a constant diameter tip which works weil
in ear canals of about the same diameter. However, this tip
does not fit within smaller ear canals. and subjects with
larger diameter ear canals will suffer discomfort as the
constant diameter tip of the extension contacts the walls of
their ear canals during pivoting (o scan the ear canal. In
accordance with the present invention, the substantially
conical shaped extension 218 has un increasing diameter
along a portion of its length from its distal end such that the
extension may he 1nserted into an ear canal without causing
discomfort. Once inserted, the extension 218 is pivoted to
scan the ear canal adjacent to and including the tympanic
membrane. The conical shape of the ¢xtension 218 ensures
that the edge of the tip of the cxtcnsion is unable to contact
the walls of the car canal. The thermopile 28 senses radiation
within the ear canal during the pivotal rowation of the
extension 218. The detector 212 emplovs clectronics in the
housing 14 for detecting the peak radiation sensed by the
sensor 28 and converting 1t 10 1 tympanic ternperature
indication. Further, the electronics may also provide an
audible tone indicating that peak radiation has been detected
for a particular measurement period. The variable tone or
variable pulse signal allows a user o know when (o stop
pivoting the extension for a given subject.

The diameter of the distal tip of the probe extension as
well as its taper may be selected to provide a detector usetul
in pormal ear canals or a pediatnc detector useful in small
ear canals. In one configuraton, as shown in FIG. 5, the
cxtension 218 has a small diameter tip and is tapered aloug
its length at its distal end making the extension particularly
suited for insertion into small ar canais. A small ear canal
is about 3—6 mm wide, so the diameter of the extension 218
along the portion of its length from uts distal tip 226 is no
more than about 3-6 mm. Funther, the extension 218 com-
priscs an outer sleeve 238 with a tapered portion 245
cxtending at a twenty degree angle trom the distal tip 226.
As such, the conical portion 245 of the extension has an
included angle of about forty degrees. With a preferred 3.4
mm ouler diameter at the tip 226 and a forty degree included
anule aloag the conical portion 245, the extension 218 is
capable of being inserted about 4 mm into a small ear canal.
A young child’s car canal 15 about |0 mm in Jength, so the
exiension may be inserted into the ¢hid’s ear canal up to
about oge-third ot the leagth of the var canal without causing,
discomtort.

In another contiguration, indicated by dashed lines in F1G.
5, an extension 318 has a larger diameter tip and is tapered
such that the extension is particularly suited for normal car
canals including adult ear canals and ear canals of older
children. A normal ear canal s about 8 mm wide, and the
diameter of the extension 318 about its distal tip 326 is no
more than 7 mm. The tapered portion 345 of the outer sleeve
extends at about a fifteen degree angie from the distal tip 326
which corresponds to a thinty degree included angle. As
such, the extension 318 having a preferred tip diameter of
about 5 mm is capable of being inserted about 8 mm into a
normal ear canal, or about one-third of the length into the
capal without causing the subject discomfort.

Referring to FIG. 5, the extensions 218 and 318 have
different profiles which were selected to minimize discom-
fort to the subject and to provide for accurate tympanic
temperature readings. To that end, the diameter of the tip of
the extensions is specified and depends on the diameter of
the subject’s ear canal. Further, the extensions are config-
ured to provide a ficld of view of about thirty degrees which
provides more accurate readings as explained below. Thus,
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to provide a thirty degree field of view at 8,, with a 3 mm
inner diameter of tube 232, the length 21 from the tip 226 to
the thermopile 28 is about 7.5 mm. Due to the proximity of
the thermopiic 28 to the tip (7.5 mm), the extension 218
requires the steeper taper of 20 deprees so that the thermo-
pile assembly (mot shown) fits into the extension. Also, the
taper of 20 degrees provides a necessary stop in ciose
proximity to the distal cnd 226 for preventing insertion of
the extension 218 too far into a short ear canal so as to cause
discomfort. To achieve the thiny degree field of view at 8,
with a tube 322 diameter of about 4 5 mm, a length of L2 of
about 11 mm is required. Due to the larger diameter tip 326,
the thermopile 328 is further from the tip for the same field
of view so that the conical portion 345 may have a 15 degree
taper. An adult canal has a flap of cartilagc at the outer region
of the ear (the concha). Thus, the conical portion 345 having
the 15 degree taper is advantageous as it allows the exten-
sion 318 to be narrower and thus be inserted past the
cartilage and extend into the ear canal,

An improved assembly within the extension 218 is shown
in FIG. 4. A thermopile 28 is positioned within a thermal
mass 230 formed of high thermal conductivity material such
as copper. In contrast to the previous embodiment, the
thermal mass 230 is a one-piece structure which mounts iate
a bore 233 within a portion 220 of the extension 218.
Further, no contact between the thermal mass 230 and the
outer sleeve 238 is made at the distal end 226 of the
extension. Instead, a ridge 242 in the mass 230 coatacts the
sleeve 238 to achieve alignment of the mass and the distal
eud of the slegve. The thermopile 28 is luocated in a .reac
volume 231 and views the tympanic membrane area through
a conductive tube 232 formed in the mass 230.

Referring to FIGS. 6 and 7, the thermopile is mounted on
the rear surface of a sheet of polytetratiuorocthylene 248
suspended from the rear surface of a first beryilium oxide
ring 250. A mass of infrared absorbing black material 258 is
positioned on the opposite surface of the sheet and serves as
a radiation collector. A second beryllium oxide ring 252
supports the first ring 250 and the two rings are supported by
a copper header 256. A window 235 formed of silicon or
vermanium is mounted on the first rinyg 250. The rings 250
and 252. the window 235 and the header 256 are thermally
coupled by high thermal conductivity epoxy 255. A pair of
leads 260 formed of 20 mils of kovar provide structural
support to the assembly and provide a themmopile output
signal to the electronics via a pair of 40 gauge wires 262. As
such, the tube and the region defined by the surface 237 and
the window 235 are filled with air. A sufficient amount of
silver paint may be included withio the rings to oxidize all
air, and thus create a nitrogen environment in the gas tight
region. Alternatively, the window may be positioned at the
distal end 226 of the housing 218 as indicated by the dashed
lines in FIG. 4. Having the window positioned directly on
the sensor assembly minimizes temperature pradients
between the window and thermopile, but positioning the
window at the distal end minimizes contamination of the
surface of ube 232,

It has been determined that a significandy narrower field
of view provides the user with an easier and more accurate
tympanic temperature indications. The detector disclosed in
the *419 patent had a wide field of view of about 120® and
the detectors disclosed in the '813 patent and described in
the other embodiment have a field of view of about 60° or
less. Thus, one object of this embodiment was to reduce the
field of view to obtain a narrower field of view of about
thirty degrees or less. To that ead, the narrower field of view
is obtained by plating the inner surface of the tube 232 with




Case 1:01-cv-11306-WGY Document 11 Filed 10/03/01 Page 81 of 96
6,047,205

11

a layer of non-reflective material. Preferably, the non-
reflective layer is a metal oxide such as nickel oxide or
aluminum oxide. A metal oxide layer is cmployed because
metal oxides are durabie and will not change in properties if
the inner surface of the tube is cleaned. Further. the metal
oxide layer should be thin (a few tenths of thousandths of an
inch) such that virtually no temperawre gradient exists
across the layer. The metal oxide surface absorbs substan-
tially all radiatiop which strikes the tube 232 and allows
radiation passing directly through the tube to reach the
tieemopile 28.

The dimensions of the tube 232 are chosen such that
radiation entering the tube at angles of only up to tifteen
degrees from the longitudinai axis of the tube passey directly
to the thermopile. With the thirty degree field of view. the
probe can easily be positioned such that substantially only
the tympanic membrane may be viewed.

The above approach to decreasing the radiation gathering
aperture size to about 3 mm and reducing the field of view
to about thirty degrees significantly increases the noise level
at the thermopile relative to the signal level. Further. this
approach increases the amount of radiation which is
absorbed by the thermal mass in which the thermopile is
mounted. These two effects add to the imponance that the
thermal mass, including the tube, provide a large thermal
mass and high thermal conductivity.

The thermal mass 230 is of unitary construction which
eliminates thermal barmiers between the tube 232 and the
portion 241 of the thermal mass surrounding the thermopile
28. Further. a plug 272 of high thermal conductivity matenai
positioned behind the thermopile 28 is in close thermal
contact with the mass 230. The outer sleeve 238 is formed
of low thermal copductivity plastic and is separated from the
mass 230 by aq insulating air space 240. The taper 239 of the
mass 230 increases the insulating air space adjacent to the
end of the extension 226 while minimizing thermal resis-
tance from the tube 232 to the thermopile. The inner surtace
of the plastic sleeve 238 may be coated with a good thermai
conductor to distribute across the cntire sleeve any heat
received from contact with the ear.

In order that the bot junction respond oaly to radiation
viewed through the window 235, it is important that the tube
232 and the window 235 be, throughout a measurement. at
the same temperature as the cold junction. The thermopile
28 acts as a thermal amplifier having a gain based on the
number -of junctions and the Scebeck coefficient. Thus,
temperature gradients sensed by the thermopile are ampli-
fied by a factor of about 100. To minimize errors, chanyes
in temperature in the tube 232 must be held to a minimum,
and any such changes should be distributed rapidly to the
cold junction to avoid any thermal gradients. To minimize
temperature changes, the tube 232 and the mass 230 are well
insulated by means of the volume of air 240. To avoid
thermal gradients, the tube 232 is plated with a thin layer of
high conductance non-reflectance metal oxide which mini-
mizes ternperature pradients across the layer. Further, the
thermal mass 230 is thermally coupled to the rings 250 and
252 with high conductivity thermal epoxy 255 such that a
high conductance thermal path is provided from the rube 232
to the cold junction. This conductance is enhanced by the
unitary construction of the mass 230.

In accordance with another aspect of the invention, the
amount of thermal epoxy 255 between the rings 250 and 252
and the mass 230 is tuned to the assembly to minimize the
response of the thermopile 28 to undesired thermal pernur-
hations at the end of the mass. Referring to FIG. 6, thermal
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variations in the air region 243 lead to beating of the tip 227
of the mass 230 which causes the inner surface of the tube
232 to emit radiation. If these thermai vadations are not
sensed by the cold junction via the high conductance thermal
path from the tube 232 in phase with the scosing of the
radiation by the hot junction, the thermopile 28 produces an
erfor response. =

Accordingly, the epoxy 255 may be incrementally added
to adjust the high conductivity thermal path to the cold
junction to bring the hot and cold junction ihcrmal responses
m phase. An msufficient amount of ¢poxy 255 causes a
positive error response as the hot junction responds to
thermal variations faster than the coid junction.
Alternatively, too much epoxy 255 causes a negative error
response as the cold junction responds fasier to thermal
variations than the hot junction. When the proper amount of
epoxy bas been provided, the tuned assembly produces no
more than 0.1° thermopile response for up 1o 20° thermal
variations during a test.

It has been determined in previous devices that a signifi-
cant source of thermal gradien!s is caused by radiation from
the window. To minimize these thermal gradients, the win-
dow 235 is mounted on the ring 250 with high thermal
conductivity epoxy 255 such that it is thermally coupled to
the cold junction. The epoxy provides a significant reduction
in thermai resistance and provides good thermal coupling
between all elements. On the other hand. conductance to the
viewing region of the window should not be less than that to
the cold junction. Thus. the window 235 is spaced from a
rear face 237 of the mass 230 and its ends are spaced from
the inoer volume 231 by a low thermal conductivity air
region. The region ensures that temperature gradicnts are
distributed to the cold junction via the thermal mass and not
directly through the window causiog thermal gradients.

The thermal resistance from the ocuter surface of the
plastic sleeve 238 to the conductive thermal mass 230 is high
to minimize thermal perturbations to the inner thermal mass.
The thermal mass is large to minimize changes in tempera-
ture of the tube 232 with any heat transter o the mass which
does occur. Further. the thermal resistance between any two
pownts of the thermal mass 230, the wbe 232, the window
235 or the rings 250 and 252 is low o munimize thermal
gradicnts where there is some lemperature change m the
tube during measurement.

Thus, due to the large time constant of the thermal barrier
238, any external thermal disturbances. such as when the
extepsion contacts skin, only reach the conductive thermal
mass 230 at extremely low levels during 2 measurcment
period of a few seconds. Due to the large thermal mass of the
materials in comtact with the cold junction, any such heat
transter only causes small changes in emperature. Also, due
to the good thermal conductance throughout the thermal
mass, tube, window and rings any changes in temperature
are distributed quickly and are reflected in the cold junction
temperatre quickly so that they do not afect temperature
readings.

The thermal RC time constant for thermal conduction
through the thermal barrier 238 to the thermai mass 230 and
tube 232 is at least two orders of magnimde greater than the
thermal RC time constant for the temperature response of
the coid junction to heat transferred to the mbe and thermal
mass. The RC time constant for conduction through the
thermal barrier 238 is made large by the large thermal
resistance through the thermal barrier and by the large
thermal capacitance of the thermal mass. The RC time
constant for response of the cold juncnon is made low by the
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low resistance path to the cold junction through the highly
conductive thermal mass, and the low thermal capacitance of
the stack of bervilium oxide rings to the thermopile.

Besides the transter of heat from the environment. acother
significant beat How path in the system is through the leads
260. To minimize heat trapsfer through that path, the lead
diameters are kept small and the leads 260 arc trimmed off
in the region 246. A pair of 40 gauge wires 262 are soldered
1o the shoriened leads 260. The wires 262 extend from the
region 246 through the plug 272 and provide thermopile
s1gnals to the efectromcs.

Yet another potential heat tlow path in the system is
through the header 256 to the plug 272. Since the header is
in close thermal contact with the thermopile coid junction,

A

any thermal gradients through the header 256 would be

amplified 100 10 1000 times by the thermopile producing
large error signals. In the present invention, the insulaling
region 246 of air is provided behind the header 256 to
minimize heat transfer through that path. Thus, any thermal
gradients in the plug would be forced to travel through the
mass 230 and would be substantially dissipated without
atfecting the thermopiie.

Because the temperature of the thermal mass 230 is not
coatrolled and the response ol the thermopile 28 is a
function of its cold junction temperare. the cold junction
lemperature must be monitored. To that end, a thermustor
271 is positioned adjacent to the revion 246 in the plug 272
The plug 272 is in thermal contact with the mass 230 such

that the thermistor 271 is thermally coupled to the old |

junction of the thermopile 28. However, the thermal path
between the thermopile 28 and the thermistor has some
thermal resistance. This resistance produces a temperature
difference between he cold junctivn tewperature aud the

sensed temperatyre which is not amplified. Therefore such .

w

CITOr iS not as significant as gradient errors amplified by the ~

thermopile.

A schematic illustration of the electronics in the housing
14 of both embodiments of the present invention (FIGS. 1
and 3), for providing a temperature readout on display 16 in
respanse (o the signal from the thermopile, is presented in
FIG. 8. The system is based on a microprocessor 73 which
processes software routines included in read only memory
within the processor chip. The processor may be a 6303
processor sold by Motorofa.

The voltage yenerated across the thermopile 28 due w a
temperature differential between the hot and cold junctions
is amplified in an operational ampliifier 74. For the detector
of FIG. 1, the chopper circuit 67 is not employed and analog

output trom the amplifier 74 is applied as one input to a ;

multiplexer 76. For the detector ot FIG. 3, the thermopile
output voitage 15 smaller so the amplifier 74 is configured in
the chopper stabdized amplifier circuit 67. The circuit
employs a swiiched feedback loop that removes internal
offset voltages associated with the amplifier 74, The feed-
back loop comprises switches 69 and 71, an amplifier 73 and
4 storage capacitor C11, When the radiation detector is
powered on. swiich 69 is opened and switch 71 is closed.
With this configuration, the feedback loop stores the otfset
vollage for the amplifier 74 in capacitor C11. The swich
positions are then reversed such that the input signal to
amplifier 74 is combined with the offset stored in the
capacitor C11. The combined output is applied an input to
the muitiplexer 76.

Another input to the multiplexer 76 is a voltage taken
from a voltage divider R1, R2 which is indicative of the
potential V+ from the power supply 78. A third input to the
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mujtiplexer 76 is the potential across a thermiswor RT1
mounted n the bore 72 of block 36. The thermisior RT1 is
coupled in a voitage divider circuit with R3 across a refer-
ence potenual VRef. The final input 1o the multipiexer is a
potential taken from a potentiometer R4 which may be
adjusted by a user. The system may be programmed to
respond to that ipput mm any of a pumber of way " In
particular, the potentometer may be used as a gain control
or as a DC offset controi.

At any time during the software routine of the micropro-
cessor 73. ope of the four iopuis may be selected by the
select lines 78. The selected analog signal is applied 10 2
multiple slope analog system 80 used by the microprocessor
in an inteyrating analog-to-digital conversion 80. The sub-
system 80 may be a TSC500A sold by Tcledvne, It utilizes
the reference voltage VRef from a reference source 82. The
microprocessor 73 responds to the output from the converter
80 to generate a count indicative of the analog mput to the
convertor.

The microprocessor drives four 7-segment LED displays
82 in a multiplexed fashion. Individual dispiays are selected
sequentially through a column driver 84, and within each
selected display the seven segments are controlled through
segment drivers 86.

When the switch 22 o the housing is pressed. it closes the
circuit from the battery 78 through resistors RS apd R6 and
diode D1 to ground. The capacitor C1 is quickly charged,
and field etfect transistor T1 is tumed on. Through transistor
T1, the V+ potential from the storage cell 78 is appiied o a
voltage reyulator 86. The regulator 86 provides the regulited
+3 volts o the system. It also provides a reset signal to the
microprocessor. The reset sigoal is low until the +35 voit
refercnce is availabic and thus holds the microprocessor in
a reset state. When the +35 volts is available, the reset signal
goes high, and the microprocessor begins its programmed
routine.

When the switch 22 is released, it opens its circuit, but a
charge 1s maintained on capacitor C1 to keep transistor T1
ou. Thus, the system continues to operate. However, the
capacitor C1 and transistor T1 provide a verv simple watch-
dog circuit. Periodically, the microprocessor applies a signal
through driver 84 to the capacitor Cl w recharge the
capacitor and thus keep the transistor T1 on. if the micro-
processor should fail to continue its programmed routine. it
fails to charge the capacitor C1 within a predetermined time
during which the charge on C1 leaks to a level at which
ransistor T1 turns off. Thus, the microprocessor must con-
tpue in its programmed routine or the system shuts dowa.
This prevenis spurious readings when the processor is not
operatiny properly.

With transistor T1 on, the switch 22 can be used as an
input throuyh diode D2 to the microprocessor 1o initiate any
programmed action of the processor.

[n addition to the display, the system has a sound output
90 which 15 drven through the driver ¥4 by the micropro-
Cessor.

In order to provide an analog output trom the detector. a
digital-to-analog convertor 92 is provided. When selected by
line 94, the convertor converts serial data on line 96 to an
analog output made available to a user.

Both calibration and characterization data required for
processing by the microprocessor may be siored in an
electrically erasable programmable read only memory
(EEPROM) 100. The EEPROM may, tor example, be a
93¢46 sold by International CMOS Technologies, Inc. The
data may be stored in the EEPROM by the microprocessor
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when the EEPROM is selected by line 102, Once stored in
the EEPROM, the data is retained even after power down.
Thus, though electrically programmable, once programmed
the EEPROM serves as a virmaily nonvolatile memory.

Prior to shipment, the EEPROM may be programmed
through the microprocessor to store calibraton data for
calibrating the thermistor and thermopile, IFurther, charac-
terization data which defines the personality of the infrared
detector may be stored. For example, the same electronics
hardware, inciuding the microprocessor 73 and its internal
program, may be used for a tympamc temperaiure detector
in which the output is accurate in the target temperature
range of about 6(° F. to a 110° F. or it may be used as an
industrial detector in which the farge! temperatufe range
would be from about ~100° F. to 5000° F. Funther, different
modes of operation may be programmed into the system. For
example, severai different uses of the sound source 90 are
available.

Proper calibration of the detector is readily determined
and the EEPROM is readily programmed by means of an
optical communication link which includes a transistor T2
associated with the display. A communication boot may be
placed over the end of the detector during a calibration/
characterization procedure. A photodiode in the boot gen-
crates a digitally encoded optical signal which is filtered and
applied to the detector T2 to provide an input to the
microprocessor 73. In a reverse direction, the microproces-
sor may communicate opticaily to a detector in the boot by
Hashing specific segments of the digital display 82. Through
that communication link. an cutside computer 106 can
mounitor the outputs from the thermistor and thermopile and
perform a calibration of the devices. A unit to be calibrated
is pointed at each of two black body radiation sources while
the microprocessor 73 coaverts the signals and sends the
values to the external computer. The computer is provided
with the actual black body temperatures and ambient tem-
perature in the conuoiled environment of the detector,
computes calibration variables and returns those variable to
he stored in the detector EEPROM. Similarly, data which
characterizes 4 particular radiation detector may be commu-
nicated to the microprocessor tor storage in the EEPROM.

A switch 108 is positioned behind a hole 110 (FIG. 1) in
the radiation detector so that it may be actuated by a rigid
metal wire or pin. Through that switch. the user may control
some specific mode of operation such as converting the
detector from degrees Fahrenheit to degrees centigrade. That
mode of operation may be stored by the microprocessor 73
in the EEPROM so0 that the detector continues to operate in
a specific mode until a change is indicated by closing the
switch 108.

Aswitch 106 may be provided either internally or through
the housing to the user 10 set a mode of operation of the
detector. By positioning the switch at either the lock
position, the scan position or a neutral position, any of three
modes may be selected. The first mode is the normal scan
mode where the display is updated continuously. A second
mode is a lock mode where the display locks after a
selectable delay and then remains frozen until power is
vyeled or, optioaally, the power-on button is pushed. The
sound source may be caused to sound at the time of lock.
The third mode is the peak mode where the display reads the
maxunum value found since power-on until power is cycled
or, opticnally, the power-ou button is pushed.

The processor determines when the voltage trom the
divider R1, R2 drops below each of two thresholds. Below
the higher threshold, the processor periodically enables the
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sound source to indicate that the battery is low and should
be repiaced but allows continued readout from the display.
Below the iower threshold, the processor determines that
any output would be unreliable and no longer displays
temperature readings. The unit would then shut down upon
release of the power button.

{n the present system, the target temperature is computed

from the relationship .

iz KhH=-Ha+ T th

where T, is the target temperature, Kh is a gain calibration
tactor. H is the radiation sensor signal which is offset by H,
such that (H-H_)=0 when the target is at the cold junction
temperature of the device to counter any electronic offsets in
the svstem, and Ty is the hot junction temperature. This
relationship differs [rom that previously used in that Kh is
temperature compensated relative to the average tempera-
ture of the thermopile rather than the cold junction, or
ambient. temperature. Further, the hot junction temperature
rather than the cold junction temperature is referenced in the
relationship.

The gain calibration factor Kh is temperature compen-
sated bv the relationship

T =T
] C_T?‘))

Kh=0CG]1l - Tca(

where ( is an empirically determined gain in the system,
Teo is the temperature coefficient of the Seebeck cocflicient
of the thermopile and Tz is the temperature at which the
instrument was calibrated. The use of the average tempera-
ture of the thermopile rather than the cold junction tempera-
ture provides for a much more accurate response where a
target lemperature is significantly different from the ambient
lcmpcralurc.
As poted, the relationship by which the target temperature
15 determined includes the hot juncuon temperature as the
second (e rather than the cold junction temperature. Hot
junction temperature is computed from the relationship
Virdtt T 1) 3)
where 1., is the number of juncuons in the thermopile and
(1,4, s the specified Seebeck coefficient at the average
tempeiatwee of the thermopile, Thie Seebeck coetlicicut cau
be determined from the relationship

Tw =T, 5
.1.,.-a,,(1-rca( i C-T;J)

where a,, is the specified Seebeck coetlicient at a particular
speciticaion temperature and s 1s thal specitication tcm-
perature. Again, it can be seen that temperature compensa-
tion is based on the average thermopile temperature rather
than just the cold junction temperature. By substituting
equation (+) into equation (3) and solving for T, the hot
junction temperature is found to be

[E)}

1, | Trer T s Vs (Tro® Tea V)2 (2 Tra) | (Ten((Tr*T)=(Tr* e Trs
Vr*a )|l *YTeo ®

The actual sensor output Vs can be determined from the
digital value available to the processar trom the equation:
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Kap 6)

Vs = (H-H,)—
Grr

where K,, is the analog-to-digital conversion factor io
volts/bit and G, is the gain of the front end amplifier.

Reference to the hot junction temperature rather than the
cold junction temperature in each term of the retationship for
determining the target temperature provides for much
yleater accuracy over a wide range of ambient temperatures
andsor target temperatures.

To provide a temperawre readout the microprocessor
makes the following computations: First the signal from
thermistor RT1 is converted lo temperature using a linear
approximation. Temperature 15 detined by a set of linear
cquations

y=M(x-x0)+b

where X 1s an input and Xo 15 an input ¢nd point of a straight
line approximation. The values of M. xo and b are stored in
the EEPROM atter calibration. Thus. to obtain a temperature
reading from the thermistor. the microprocessor determines
from the values of xo the Lae segment in which the
temperature talls and then performs the computation for v
based on the variables M and b stored in the EEPROM.

The hot junction temperature is computed. A fourth power
representation of the hot junction temperature is then
obtained by a lookup table in the processor ROM.

The sensed radiation may be corrected using the gain
calibration factor Kh, the sensor gain temperature coefficient
Tco, the average of the hot and cold junction temperatures
and a calibration temperature Tz stored in the EEPROM.
The corrected radiation signal and the fourth power of the
hot junction temperature are summed. and the fourth root is
laken. The fourth root calculation is also based on a linear
approximation which is selected according to the tempera-
ture range of interest for a particular unit. Again, the break
points and coefficients for cach linear approximation are
stored in the EEPROM and are selected as required.

An additional factor based on ambient temperature may
also be included as an adjustmemt. The temperature of the ear
| 15 sensed instead of the temperature of the tympame
membrane, the temperature sensed bv the thermopile s not
sctually the core lemperature T, There 15 thermal resistance
between T, and T,. Further. there 1s thermal resistance
between the sensed ear temperature and the ambient tem-
perature. The result is a sense temperature T, which 15 a
tfunction of the core temperature of interest and the ambient
temperature. Based on an assumed constant K- which 1s a
measure ol the ratio of thermal resistances between T.,, T,
and T, T, and T, core temperalure can be computed as

T.-1,

c

Ter=T,+

This computation can account for a difference of from
one-half to one degree or more between core temperature
and sensed car temperature, depending oo ambient tempera-
ture.

A similar compensation can be made in other applica-
tions. For example, in differental cutaneous temperature
scanning, the significance of a given differcntial reading may
be ambient temperature dependent.

The actual computations performed by the processor are
as follows, where:

H is the digital vaiue of radiation signal presented to the

processor
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H, is the electronic offset
Hc is corrected H (deg K*)
Tc is ambicnt and cold junction tcmperamure (deg F)
Taf is 4th power of Tamb (deg K*) . -
Tt is target temperature (deg F) ’
Tz is ambient temp during cal (deg F)
Td is the displayed temperature
Rt is the thermistor signal
Kh is a radiation sensor gain cai factor
Zt is a thermistor zero cal factor
Th is the hot junction temperature
o, is the Secbeck coefficient of the thermopile at a
specified temperature
I is the number of junctions in the thermopile
Tco is a temperature coetficient for the Seebeck coefficient
Ts is the temperature at which at is specified
Ter 1s core temperature
ke is a constant for computing core temperanire
V, is the sensor output voltage
Gpg is the gain of the front end amplifier
K, s the analog-to-digital conversion factor
V gm( H-H,YAD/GFE
Te(dey Fy=Thermistor lookup table (Rt)-Zt
T, =[(Teo* Ts+1)2{(Teo* Ts+1)* (2= Teo)* [ Teo((Te* Ts)=
(TC* N+ TeH(VI*a ) ]] Y Teo
He(deg K*mKh*(H-H )*(1+Teo*((Th-Tc)/2-T2)) ~
Thif(deg K*)=4th power lookup table (Tt)
Tt(deg F)=(Hc+Thf)"* (Final lookup table)
Ter=Te+(Tt-Te)ke
Tt(deg C)=(3%6)*(Tf(deg F)~32) optional
The following is a list of the information which may be
containcd in thec EEPROM and thercforc be programmablic
at the time of calibration:
Radiation sensor offset
Radiation sensor gain
Radiation sensor temperature coefficient
Thermistor otfset
Ambieat temperawre at calibration
Thermistor lookup table
Final emperature lookup table
Adjusiment factor F
Sound suutee fuuctivos.
Beep at button push in lock mode
none/20/40/80 milliseconds long
Beep at lock
none/20/40/80 milliseconds long
Becp at power down
none/20/40/80 milliseconds long
Beep at lowbattery
none/20/40/80 miiliseconds long
interval 1/2/3 sec
single/double beep
Timeout functons:
Time to power-down
0.5 to 128 sec in 0.5 sec increments

Delay uatil lock
0.5 to 128 sec in 0.5 sec increments

Other functions:
Power-on button resets lock cycle
Power-on button resets peak detect
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Display degrees C/degrees F
EEPROM “Calibrated” pattern to indicate that the
device has been calibrated
EEPROM checksum for a seif-check by the processor

FIGS. 9A-9D provide a fiowchart of the firaware stored
in the microprocessor 73. From reset when the instrument is
turned on, the system is initialized at 110 and the contents of
the EEPROM are read into memory in the microprocessor at
112. At 114, the processor reads the state of power and mode
switches in the system. At 116, the system determines
whether a wode switch 113 bas placed the system tu a
self-test mode. If not, all eights are displayed on the four-
digit display 82 for a brief time. At 120, the system performs
all A-to-D conversions to obtain digital reptesentations of
the thermopile output and the potentiometer settings through
multiplexor 76.

The system then enters a loop in which outputs dictated by
the mode switch are maintained. First the timers are updated
at 122 and the switches are again read at 124. When the
power is switched off, from 126 the system enters a power
down loop at 128 until the system is fully down. At 130, the
mode switch is checked and if changed the system is reset.
Although not in the tympanic temperature detector, some
detectors have a mode switch available 10 the user so that the
mode of operation can be changed within a loop.

Al 132, 136 and 140, the sysicm determines its mode of
operation and entcrs the appropriate scan process 134, lock
process 138 or peak process 142. In a scan process, the
sysiem updates the output to the current reading in each
loop. In a lock process, the system updates the output but
locks onto an output after some period of time. In the peak
process, the system output is the highest indication noted
during a scan. In each of these processes, the svstem may
respond to the programming from the EEPROM to perform
any number of functions as discussed above. In the peak
process which is selected for the tympanic temperature
measurement, the system locks onto a peak measurement
atter a preset period of time. Duriny assembly, the system
may be set at a test mode 144 which will be described with
respect to FIG. 9D.

In any of the above-mcntioncd modes, an output is
calculated at 146. Then the system loops back 1o step 122,
The calculation 146 is illustrated in FIG. 9B.

At 148 in FIG. 98, the raw sensor dala s obtained from
memory. The sensor offset taken trom the EEPROM is
subtracted at 150, and the ambient iemperamre previously
obtained from the potentiometer RT1 is accessed at 152. The
temperature coefficient adjustinent is calculated at 154. At
156, the sensed signal is muitiplied by the gain from
EEPROM and by the temperature coefficient. At 158, the
fourth power of the ambient temperature is obtained, and at
160 it is added to the sensor signal. At 162, the founh root
of the sum is obtained through a lookup table. Whether the
display is in degrees centigrade or degrees Fahrenbeit is
determined at 164. If in degrees centigrade, a conversion is
performed at 168. At 168, adjustment values, including that
from the potentiometer R4, are added.

Analog-to-Digital conversion is performed periodically
during an interrupt to the loop of FIG. 9A which occurs
cvery two milliseconds. The interrupt routine is illustrated in
FIG. 9C. Timer counters are updated at 170. A-to-D con-
versions are made from 172 only every 100 milliscconds
when a flag has been set 1 the prior interrupt cycle. During
most interrupts, an A/D conversion does not occur. Then, the
100-millisecond counter is checked at 174, and if the count
has expired, a ag is set at 176 for the next interrupt. The tag
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is checked at 178 and, if found, the display is updated at 180.
The system then returns to the main loop of FIG. 9A.

Where the 100 millisecond flag is noted at 172, an A-to-D
conversion is to be performed. The svsiem first determines
at 182 whether a count indicates there should be a conver-
sion of the thermopile output at 184 or a conversion of the
thermistor output at 186. The thermopile sensor conversion
is performed nine out of ten-cycles througir the conversion
loop. At 188, the system checks to determine whether a
conversion is made from the potentiometer R4 or from the
battery voltage divider R1, R2 at 192. These conversions are
made alternately.

FIG. 9D illustrates the scif-test sequence which is called
by the mode switch 113 only during assembly. During the
test, the beeper sounds at 182 and all dispiay segments are
dispiayed at 184. Then the system sieps each character of the
display trom zero through nine at 186. The system then
enters a test loop. At 188, the sysiem senses whether the
button 108 has been pressed. If so, a display counter is
incremented at 190. The dispiay for the unit then depends on
the count of the display counter. With the zero count, the
adjustment potentiometer value is displayed at 192.
Thereafter, if the display counter is incremented by pressing
the button 108, the raw sensor data is displayed. With the
next increment, ambient temperature is displayed at 196, and
with the next increment, the raw output from the ambient
temperature sensor RT1 is displayed. With the next
increment, the battery voltage is displaved. After the test, the
assembler sets the mode switch to the proper operating
mode. -

While this invention has been particularly shown and
described with references to preterred embodiments hereof,
it will be understood by those skilled in the art that various
changes in form and details may be made therein without
depaning from the spinit and scope of the invention as
defined by the appended claims. For example, most features
of the invention may be applied to a device having a
pyroelectric radiation sensor. Also centain teatures such as
the low retliectance, high thermal conductivity tube may
provide stable response and narrow tield of view even where
the tube is thermally isolated from the sensor. In that case,
a second temperature sensor would be provided for the tbe
to compensaie for temperature differences between the tube
and sensor cold junction.

What s claimed is:

1. A method of detecting temperature of biological tissue
comprising:

praviding a radiation detector for sensing infrared radia-

tion from an external targey;

sensing radiation from multiple areas of the biological

tissuc with the radiation detector; and

electronically detecting the peak radiation from the muj-

tiple areas to obtain a peak temperature signal.

2. A mcthod as claimed in claim 1 wherein the radiation
detector comprises a temperature display for displaying the
peak temperature of the biological tissue during scan.

3. A method as claimed in claim 1 wherem the radiation
sensor is a thermopile.

4. A method as claimed in claim 1 further comprising
sounding an audible tone from the radiation detector to
indicate detection of peak radiation.

5. A method as claimed in claim 1 wherein the biological
tissue is scanned with movement of the radjation detector.

- * » " b4
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TEMPORAL ARTERY TEMPERATURE
DETECTOR

BACKGROUNID OF THE INVENTION

In recent years, infrarcd thermorneiers have come into
wide use for detection of temperature of adults. For core
lemperature readings, intrared thermometers which are
adapted 1o be inserted into the palient’s car have been very
successful. Early infrared thermometers were adapted to
extend into the ear canal in order to view the tympanic
membrane and provide an uncorrected, direct reading of
tympanic temperature which correlates with pulmonary
artery temperature. More recently, however, to provide for
greater comfort and case of use, ear thermmometers have been
designed to provide corrected readings of the generally
cooler distal car canal. Such thermometers measure tem-
peraturc of distal car canal Ussue and caleulate anerial core
temperature via heat balance.

Core temperature is a term used to describe deep body
lemperature and is approximate:d by oral, rectal, ear, pul-
monary artery, esophageal and bladder temperatures and the
like. Of those temperatures, pulmonary artery temperature is
the most precise definition of core temperature since it is
closest to the heart and its blood is supplied to all tissues.
Calculations of arterial core temperature via heat balance
provide approximations of the pulmonary artery
termperature, and unless otherwise indicated, core tetnpera-
ture refers to the pulmonary artery temperature.

The arterial heat balance approach is based on a model of
heat flow through senes thermal resistances from the arterial
core temperature to the ear skin temperature and from the ear
skin temperature 10 ambient temperature. Accordingly, after
sensing both the skin temperature and ambient temperature,
the arterial core temperature can be calculated. The thermal
resistance model also allows for computation of equivalent
oral and rectal lemperatures with the mere adjustment of a
weighting factor in the computation. Infrared ear thermom-
cters using the arterial heat balance arc disclosed in U.S. Pat.
Nos. 4,993,419; 5,012,813; 5,109,436; 5,381,796; 5,445,
158; 5,653,238 and 3,271,407, the entire teachings of which
are incorporaicd herein by reference.

To avoid clinical difficulties in using ear thermometers,
particularly with neonates, axillary (underarm) infrared ther-
mometers have been introduced. Infrared thermometers
designed for axillary temperature measurements are pre-
sented in U.S. patent applications Ser. Nos. 08/469,484,
08/738,300 and 08/881,891, the entire teachings of which
are incorporated herein by reference. In each of those
devices, an infrared detector probe extends from a tempera-
ture display housing and may easily slide into the axilla to
lightly touch the apex of the axilla and provide an accurate
infrared tempcerature rcading in as little as one-half second.
The axillary thermometer also relies on the arterial heat
balance approach to provide arterial, oral or rectal tempera-
mre.

'The axillary infrared thermometer has found great utility
not only with neonates but as a screening tool in general, and
especially for small children where conventional tempera-
fure measurements such as a thermometer under the tongue
or a reetal thermometer are difficult.

In ear and neonate axillary thermometry, the difference
between skin temperature and ambient temperature has been
weighted by a coefficient approximating h/pc, where h is an
empirically determined coefficient which includes a radia-
tion view factor between the skin tissue and ambient, p is
perfusion rate and ¢ is blood specific hear. In ear and neonate
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axillary thermometry, that coetlicient was found cmpirically
to be about 0.09 and 0.03, respectively, with only minor
variations. However, with greater exposure for heat transfer
and higher vasomotor functions, that coefficient has been
determined empirically for the adult axillary region o be
about 0.13 with much more significant variations according
1o the patienl’s (emperature.

SUMMARY OF THE INVENTION

The present invention provides for particularly conve-
nient lemperature readings of neonate, child and adult tem-
peratures by detecting the temperature of the forehead
directly over the superficial temporal artery.

Because arteries receive blond directly from the hean,
they are a good choice for detecting core temperature, but an
artery at the extremities of the body, such as those felt as
pulse points at the wrist or ankle. are highly subject 1o
vasoconstnction. This means, for example, that when an
individual is exiremely sick, in shock, or even just cold or
nervous, the arieries constrict 1o reduce the flow of blood 10
that area as a means of retaining heal, or as in the case of
shock, in an ¢ftfort to redirect the blood to more critical areas
of the body. This can result in a large temperature change at
the artery which is a local artifact only and not representative
of core temperature.

Ruling out those arteries located in the exiremities, in
attermpting lo replicaic the temperature at the source (the
heart), we find, in the temporal artery, an artery as short a
distance from the heart as possible, with a high and rela-
lively constant blood flow, and that is readily accessible on
all individuals. The heart, the lungs and the brain are vital 1o
our very exislence, so the supply of blood is high to these
organs and continues as high as possible even through, in the
face of grave illness, other arcas may shut down to accom-
modate.

Originating in the heart is the aorta, the main trunk of the
arterial system. A direct extension of the aorta is the com-
mon carotid artery, a robust artery which runs upward in the
neck and divides into the internal and external carotids. But,
the carotids, even the external carotid, are at best partially
embedded, and at worst completely embedded in the skull,
and therefore are not accessible at the skin. Extending
directly from the carotid is the temporal artery, again an
artery dividing internally and externally. We look to the
external branch which travels in front of the ear and up into
the soft temple area, terminating in a fork direcily between
the skin and the skull adjoining the eyebrow.

Demonstrably, the temporal artery is very easily acces-
sible; in fact in most individuals, it is usually quite visible.
Terminating in a two-prong fork, it easily doubles the
assurance of measuring the correct area. Touching it does not
present a nisk of injury. There are no mucous membranes
present, thus eliminating the risk of contaminates such as
those found in the mouth and rectum. And, despite lying so
close 10 the skin surface, the temporal artery perfusion,
which is the flow of blood per unit volume of tissue, remains
relatively constant and so ensurcs the stability of blood flow
required for our measurement.

In accordance with one aspect of the invention, a lem-
perature sensor is scanned across the forehead, preferably in
the vicinity of the temporal artery, and a peak temperature
reading is provided from the scan. At least three readings per
second should be made during the scan, preferably about ten
readings per second. The method can be extended to other
arteries near the skin such as in the axilla. The preferred
radiation sensor is a radiation sensor which views a target
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surface of the forehead through a reficetive cup. The cup bas
a large open diameler close 10 the target surface and a
window al the base of the cup through which the radiation
sensor views the target, the cup being out of the tield of view
of the sensor. The refiective cup is spaced from the target
surface by a smooth lip ol low thermal conductivity mate-
rial.

As im prior ear and axillary thermomelers, inernal core
lemperature can be computed from the function

T {1+ (hpe)NT - T+ T, it
where T, and T, are the skin and ambient temperatures. The
function can be seen to include a weighted difference of
surface temperature and ambient temperature with a weight-
ing coeflicient b/pc.

In accordance with another aspect of the invention, clec-
tronics in the detector compute an internal temperature of
the body as a function of ambient temperature and sensed
surface temperature. The function includes a weighted dif-
ference of surface emperature and ambicnt temperature, the
weighting being varied with target icmperature. The weight-
ing varies with target temperature through a minimum in the
range of 96° F. 1o 1 00° F, the weighting increasing above
and below the minimum. In paricular, the weighting is an
approximation of h/pc at the forehead artery where b is a
heat transfer coefficient between the target surface and
ambient, p 1s perfusion rate and ¢ is blood specific heat. In
a preferred embodiment, the weighting is a linear approxi-
mation baving a minimum between 96° T, and 97° F. The
approximation of h/pc at the minimum is about 0.19. In
another embodiment, the weighting includes a polynomial
approximation of 1+h/pe=k, T,*~k.T +k; where h is a heat
transfer cocfficient between the target surface and ambient,
p is perfusion rate, ¢ is blood specific beat T, is skin
temperature, K, is approximately 0.00359, k. is approxi-
mately 0.708 and k, is approximately 36.1.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advaniages
of the invention will be apparent from the following more
particular description of preferred embodiments of the
invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the different views. The drawings are not nec-
essarily to scale, emphasis instead being placed upon illus-
trating the principles of the invention.

F1G. 1 illustrates an infrared thermometer scanning the
temporal artery in the forchead in accordance with the
present invention.

FIGS. 2A, B and C are cross-sectional views of three
embodiments of the radiation scosor assembly of the inven-
tion.

FIG. 3 is an electrical block diagram of the electronics of
the thermometer of FIG. 1.

FIG. 4 illustrates the arterial heat balance model.

FIG. 5 illustrates the change in weighting coefficient
(1+h/pc) with change in skin temperature.

DETAILED DESCRIPTION OF THE
INVENTION

As illustrated in FIG. 1, the temporal arteries 12 and 14
extend upwardly toward the side of the human face and
bifurcate at 16 and 18 in the forehead region. In that region,
the termporal artery passes over the skull bone very close to
the skin and is thus termed the superficial temporal artery.
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The superficial temporal artery is, therefore, particularly
accessible for providing temperature readings and, as an
arlery, has a temperature close to the heart temperature.
Further, there are no known arterial:venus anastomoses, that
15, shunts between the artery and veins for regulation of skin
temperature, Accordingly, the blood flow is relatively stable,
varying a maximum of only 50% as opposed to as much as
500% in other areas of the skin.

To locate the temporal artery, a temperature sensor, pref-
erably a radiation detector 20, 15 scanned across the side of
the forehead over the temporal artery while electronics in the
detector search for the peak reading which indicates the
termporal artery. Preferably, that temperature reading is then
further processed in accordance with an algorithm specific to
the temporal artery for providiog a display tcmperature
which may, for example, correspond to core, oral or rectal
lemperature.

The temperature detector 20 provides an audible beep
with each peak reading. A display 26 provides the tempera-
ture reading resulting from the electronic processing dis-
cussed below, updated to each new peak reading. A button
28 enables the user to activate the temperature detecior. In
one embodiment, an LED 22 which flashes with each peak
reading can be observed when someone other than the
patient performs the reading, and another LED on the other
side of the housing can be observed by the patient, particu-
larly when taking his own temperature.

FIG. 2A illustrates one sensor assembly for the radiation
detector of FIG. 1. The assembly is similar to that presented
in application Ser. No. 08/881,801. A thermopile 60 is
mounted within a can 62 in conventional fashion. For high
stability the thermopile may be a vapor deposited thermopile
surrounded with xenon gas, but for reduced cost it may be
a serniconductor thermopile surrounded with air. An infrared
radiation transparent window 63 is provided over a viewing
opening in the can. The can 62 is set within a bore within a
heat sink 64. A shoulder defines an aperture 66 at the base
of a conical cup 68 through which the thermopile views the
target. The cup is preferably of low emissivity in order to
provide emissivity compensation as disclosed ia U.S. Pat.
No. 4,636,091, Preferably, the heat sink 64 in which the cup
is formed is of aluminum. Alternatively, the heat sink may
be of brass, nickel plated in the cup region.

An elastomeric o-ring 70 is positioned behind the can 62,
A plug 72 is threaded into the bore in the heat sink 64 to
press the ring 70 against the rear flange 71 of the can and
thus press the flange against a shoulder in the heat sink bore.
With the flange pressed against the shoulder and having a
close tolerance with the larger diameter of the bore, an air
gap 73 is maintained about the side and front of the can. This
arrangernent provides for good thermal contact between the
can and the heat sink 64 at the rear and also makes the
thermopile highly resistant 10 mechanical shock since the
shock is only transferred through the thin flange past the
shock absorbing elastomer. If the flange were rigidly
clamped between metal parts, there would be a danger of
shock breaking the gas seal of the can. An opening 74 is
provided through the center of the plug 72 for access of
electrical leads 75 to the thermopile can. The heat sink 64 is
press fit in a plastic cap 77 which is threaded on to the
tubular head 79 of the detector.

The plastic cap 77 in which the sensor assembly is
mounted is of low thermal conductivity, preferably less than
one hundredth that of aluminum. The housing thermally
isolates the heat sink 64 from the surrounding environment
to minimize heat flow to the heat sink. Further, the heat sink
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64 is of significant thermal mass. Accordingly, the RC time
constamt for change in temperature of the radiation sensor.
with change in temperature to which the housing is exposed,
can be made large for a more stable temperature reading.
The thermal resistance is made high by the low conductivity
housing, and the thermal capacitance is made high by the
large mass of the heat sink 64. That RC time constant should
be at least 5 minutes and is preferably about 25 minutes.

Past designs of infrared thermometers, such as presented
in U5, Pat. No. 4,993,419, have relied on a massive
thermopile can which also served as the heat sink. That
design assured a high RC time constant for thermal conduc-
tion through the external thermal barrier w the heat siok
relative to a thermal RC time constant for temperature
response of the cold junction to heat transferred to the heat
sink. The latter low RC time constant was obtained by
assuring a low thermal resistance to the cold junction using
expensive high conductivity material in a specially designed
can/heat sink. In the present device, a design goal is 10 use
a conventional low cost thermopile mounted in a light
weight can which does not provide the low thermal resis-
tance of the prior design. Accordingly, it is important that the
can be mounted to assure that all heat conduction to the
thermopile be through the rear of the can which serves as the
thermal ground 1o the thermopile. That objective is obtained
by making thermmal contact to the can through the rear flange
and assuring an air space about the sides and front of the can.

Forming the emissivily compensating cup 68 in the heat
sink reduces the cost of the assembly and also improves the
thermal characteristics. Although the emissivity of the cup is
weally zero, it is in fact about 0.1. With the cup [ormed as
part of the heat sink, it is at the temperature to which the can
is grounded. Accordingly, any thermal emissions from the
surface 68 will be at substantially the same temperature as
the cold junction and thus not be seen. The electronics can
also be calibrated to compensate for the loss of reflectance
due to non-ideal emissivity, but that calibration is affected by
the temperature of the reflective surface. By assuring that the
surface 68 is at the temperature 10 which the thermopile can
is grounded, the temperature of the surface is generally
known and compensation can be made temperature depen-
dent.

When adapted to household use, coocerns for patient
cross-contamination associated with clinical tcmperature
detectors is not so significant. Further, at the forechead,
evaporation of moisture is not as significant as in the ear and
axillary applications. Accordingly, the disposable radiation
transparent covers used in prior infrared thermometers, such
as 1n Ser. Nos. 08/469,484 and 08/738,300 is less desirable.
However, in the clinical environment, the transparent cover
is still preferred to prevent cross contamination.

During the scanning of the radiation detector across the
forehead, contact of the housing 78 with the skin can cause
cooling of the skin. To minimize that cooling, a circular lip
80 protrudes axially beyond the tip of the heat sink 64. The
lip has a thin radius of 0.02 to 0.05 inch, preferably about
0.03 inch, to minimize the thermal conductance through the
insulation material. The heat sink 64 is recessed 0.02 to 0.05
inch, preferably about 0.03 inch, behind the tip of the lip. For
comfort during scanning, the lip has a smooth curve.

Another embodiment of the radiation sensor assembly is
presented in FIG. 2B. As in the prior embodiment, the
thermopile 120 is positioned within a can 122. The can is
retained in a heat sink 124 by an o-ring 126 which presses
against the flange 128 of the can and is set within a
circumferential groove in the bore 130 of the heat sink. As
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betore, wires 132 extend through that bore. The housing 134
of the detector head is a split tube formed of two parts which
meet along longitudinal scams. The two lube paris are held
together by a nut 136 to which a plastic cap 138 is snap fit.
The heat sink is retained in the assembly by an o-ring 140
which is sealed within a groove in the heat sink and a groove
in the nut 136. As before, the cap 138 has a curved lip which
extends beyond the tip of the heat sink 124, Cap 138 is of
sott material for the comfort of the patient.

In the embodiment of FIG. 2C, the thermopile is posi-
tioned within a can 150 of high thermal mass similar to that
disclosed 10 U.S, Pat. 5,012,813, The can is set within a
sleeve 152 which 15 retained in the head housing 154 by
o-rings 156 and 158. A plastic cap 160 is threaded onto the
head 154, and the can 150 is centered within the cap by an
additional o-ring 162. A low cmissivity cup 164 is press fit
within the cap 160 and, as before, is recessed behind a
smooth lip 166.

An electrical block diagram for the radiation detector is

. prescoied in FIG. 3. A microprocessor 80 is at the heart of

the circuit. A power control circuit 82 responds to activation
of the button switch 84 by the user to apply power to the
microprocessor and other elements of the circutit. That power
is maintained until the microprocessor completes the mea-
surement cycle and signals the power control 82 to power
down. The microprocessor is clocked by an oscillator circuit
86 and may communicate with an external source for
programmming and calibration through communication con-
ductors 88. The temperature determined by the micropro-
cessor 15 displayed on the liquid crystal display 100, and
detection of peaks during the temperature processing is
indicated by a beeper 102. Peaks are detected from readings
taken al least three times per second, and preferably about
ten times per second, for rapid scan across the forehead to
avoid cooling of the forehead through the detecior. During
the measurement process, the microprocessor takes readings
through a multiplexer/analog-to-digital converter 90. The
preferred microprocessor 80 is a2 PIC16C74 which includes
an internal 8-bit A-D converter. To minimize expense, the
circuil 1s designed 1o rely solely on that A-D converter.

Thermopile 92 provides a voltage output signal equal to
the fourth power diffcrence between target temperature and
the temperature of the thermopile cold junction, offset by
voltage reference 94. The voltage output from the thermo-
pile is amplified by an amplifier 96, having a gain in the
order of 1000, which also provides an offset determined by
a pulse width modulated filter 108 controlled by the micro-
processor. Through operation of the multiplexer, the micro-
processor provides an analog-to-digital conversion of the
amplified sensor output and of the detector temperature T,
provided by temperature sensor 98. The temperature sensor
98 is positioned to sense the substantially uniform tempera-
ture of the thermopile cold junction, can and heat sink. An
auto zero switch 104 is included to allow for isolation of the
amplifier 96 from the thermopile 92 during a calibration
sequence as discussed in prior U.S. application Ser. No,
08/738,300.

It is well known that the output of the thermopile is
proportional to (T,*~T,*) where T, is the target skin tem-
perature viewed by the radiation detector and T, is the
temperature of the detector measured by sensor 98. From
that relationship, T, can be computed. It is also known that,
based on the determined skin temperature and the ambient
temperature to which the skin is exposed, an internal core
temperature can be computed using the arterial heat balance
approach illustrated in FIG. 4. Heat flux q from the internal
core temperature T_ passes through the skin 30 to the
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ambient cnvironment at temperature T,. The skin is thus
held at some inermediate temperature T,.

The heat loss of skin, such as at the forehcad, the external
car canal or axilla, 1 the environment can be calculated with
the following well-known equation:

p=hA(T,-T,) 2)

where q1s heat flow, A is surface area, T, and T, the skin and
ambient lemperatures, respectively, and b is an empirically
determined coefficiem which includes a radiation view fac-
tor between the skin tissue and ambient. The equation takes
the lincar form for simplicity. Although the exact form of the
equation is fourth-power due to the radiation exchange, the
lincanized form provides excellent accuracy over the range
of interest of about 90° 10 105° F.

Heat flow from the core arterial source to the skin is via
blood circulation, which is many times more effective than
tissue conduction. Thermal transport via the circulation can
be described with the following equation:

gwe(T,-T,) ®

where ¢ again is heat flow, w is blood mass flow rate, ¢ is
blood specific heat, and T, and T, are core and skin
lemperatures, respectively.

Accordingly, the skin can be viewed thermally as tissue
being warmed by its blood supply as governed by equation
3, balanced by radiating heat to ambient as governed by
equation 2.

Equating:
MA(T,-T, )=we(T,-T,) O
Simplifying by dividing by surface area A;
KT -T.)=po(T~T,) (&)

where p is blood flow per unit area, also termed perfusion
rac.

Equation 5 then provides a method to calculate corc
lemperature T, when skin temperature T, and ambient
temperature T, are known, and the cocfficients (or their
ratio) have been empirically determined.

Solving for T,:

Te=(Wpe)(T ~T )+T, ©)

where h/pc, the weighting coefficient which weights the
difference of surface temperature and ambient temperature,
is empirically determined on a statistical basis over a range
of paticnts and clinical situations.

An alternative method of calculating is to employ an
elecirical analog technique, since equations 2 and 3 have the
identical form of a simple voltage/current relationship. The
method employs the convention that electrical current is
analogous to heat flow and voltage differential is analogous
to temperature differential.

Accordingly, equations 2 and 3 may be written as:

Y]
&

q=(VRNT~T,)
g=(1R)T~T.)

and the electrical circuit can be drawn, with T, and T, as
constant temperature (voltage) rescrvoirs (FIG. 4). A third
equation with a more convenient form can be written as:

g=(HRARINT-T,) ®

Using equations 7 and 9 and solving for T.:
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T.=((RAR AR ~T 4T, (10)

and finaily:

T,=k(T T, )T, ()
which is the precise form of the heat balance cquation
programmed into arterial hcat balance instruments, with
(R,+R,)/R, expressed as the k-Lactor.

The k Factor can be rewritten as follows:

R+ R- R
ko= = =1

L (12)
e R

=] +(h/pe)

Accordingly, in cither form, cquation 6 or 11, it can be seen
that the weighting coctficient b/pe is applied to 1he difference
of surface and ambient temperature.

In the weighting coctficient, ¢ is a constant. In car
temperature and neonatal axillary temperature
measurements, the perfusion rate is also generally constant,
resuliing 1o h/pe of aboutl 0.09 for adult cars and 0.05 for
neonates. For a normal adult, the perfusion rate of the axilla
is such that the weighting coefficient b/pe is about 0.13.
Further, the perfusion rate varics according to the condition
of the patient. In particular, with a fever, the perfusion rate
can become much higher. Similarly, in the forehead, perfu-
sion rate varies with skin temperature.

In both the ear and axiila, the coefficient h is relatively
coastant. The forchead has greater exposure to the ambient
environment, and the radiation heat loss increases with
increased skin temperature. Thus, where the weighting coef-
ficient h/pc decreased for all increasing skin temperatures in
the ear and axilla temperature measurements, it has been
found that, as illustrated in FIG. 5, the weighting coefficient
reaches a minimum at near normal body temperature and
then, due to the increasing value of h, incrcases. Empirical
data suggests that the value h/pc decreases linearly 82 to a
value of about 0.19 and a temperature of about 96-97° F.
The coefficient then increases linearly with skin temperature
but at a lesser slope at 84. The linear approximations
Ulustrated in FIG. 5 are used in the computations in the
clinical model. However, in the consumer model, those
linear approximations are replaced by a single polynomial
approximation 86:

1+h/pe=0.00358887,°-0.707922T,+36.0981

Since all body site temperatures of interest arise from the
arterial temperature source, the arlerial heat balance can be
applied to any site. Accordingly, based on the Thevenin
equivalents theorem, oral and rectal diagnostic equivalents
T, and T, of artenial lemperature can be calculaled by
appropriate selection of k-Factor, empirically taking into
consideration resistances R, and R

Individual aspects of the radiation detector which make it
particularly suited to providing temperature readings from
the temporal artery and other arteries can be found in
applicant’s prior desigos. However, none of those designs
provide the unique combination of elements which enable
consistenl measurements of core temperature by scanning
across a superficial artery. Specifically, the Exergen D501
Industrial Temperature Detector used in emissivity compen-
sating cup and provided a peak temperature based on about
ten temperature readings per second. However, that device
did not perform a heat balance computation and was thus not
suited to measurement of core temperature. The emissivity
compensating cup was utilized in the axillary temperature
detector with a heat balance computation, but that unit was
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not adapted to be scanned across the target surface. The
detected peak in that device used to indicate when the
reading bad stabilized aod could be relicd upon. That peak
detection was based on only one reading per sccond. Appli-
canl’s prior car lemperature detectors have obtained a peak
temperature {rom tea readings per second but with pivoling,
of the detector rather than with lateral scan across the target
surface. There was no emissivity compensating cup.

While this invention has been particularly shown and

described with references to preferred embodiments thereof,

it will be understood by those skilled in the art that various
changes in form and details may be made therein without
departing from the spirit and scope of the invention as
defined by the appended claims.

What is claimed is:

1. A method of detecting buman body lemperature com-
prising:

laterally scannoing a temperature detector across a fore-

head; and

providing a peak temperatire reading from plural read-

ings during the step of scanning.

2. A method as claimed in claim 1 wherein the (empera-
ture detector comprises a radiation sensor which views a
target surface area of the forehead.

3. A method as claimed in claim 2 wherein the radiation
sensor views the target surface area through a reflective cup,
the cup having a large open diameter close lo the target
surface area and a window at the base of the cup through
which the radiation sensor views the target surface area, the
cup being out of the field of view of the sensor.

4. A method as claimed in claim 1 further comprising
computing an internal body temperature as a function of
ambient lemperature and the peak temperature reading.

5. A method as claimed in claim 4 wherein the function
includes a weighted difference of surface temperature and
ambient temperature, the weighting including an approxi-
mation of h/pc at a forehead artery where h is a heal transfer
coefficient between a larget surface of the forehead and
ambient, p is perfusion rate and ¢ is blood specific heat.

6. A method as claimed in claim 3 wherein the approxi-
mation of h/pc at the minimum is about 0.19.

7. A method as claimed in claim 4 wherein the tempera-
ture detector comprises a radiation sensor which views a
target surface area of the forehead.

8. A method as claimed in claim 7 wherein the radiation
sensor views the target surface area through a reflective cup,
the cup having a large open diameter close lo the tarpet
surface area and a window at the base of the cup through
which the radiation sensor views the target surface area, the
cup being out of the ficld of view of the sensor.

9. A method as claimed in claim 8 wherein the reflective
cup is spaced from the target surface area by a smooth lip of
low thermal conductivity material.

10. A method as claimed in claim 4 wherein the weighting
is a linear approximation having a minimum between 96° F.
and 97° F.

11. Amethod as claimed in claim 4 wherein the weighting
includes a polynomial approximation of 1+h/pcwk,T,*-
k,T.+k; where h is a heat transfer coefficient between the
target surface and ambient, p is perfusion rate, ¢ is blood
specific heat, k, is approximately 0.00359, k, is approxi-
mately 0.708 and k, is approximately 36.1.

12. A method as claimed in claim 1 wherein the tempera-
ture detector is scanned across an artery.

13. A method as claimed in claim 1 wherein the tempera-
ture detector is scanned across a temporal artery.

14. A method of detecting human body temperature
comprising:
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detecting temperature at a forehead through a lateral scan

across the temporal artery; and

compuling an internal body temperature of the body as a

function of ambient temperaiure and sensed surface
lemperature.,

15. A method as claimed in claim 14 wherein the function
includes a weighted difference of surface temperature and
ambient terperature, the weighting being vaned with target
temperature through 2 minimum in the range of 96° F—100°
E, the weighting, increasing above and below the minimum.

16. A method as claimed in claim 14 wherein the function
includes a weighted difference of surface temperature and
ambient temperature, the weighting including an approxi-
mation of h/pc at a forehead artery where h is a heat transfer
coefficient between the target surface and ambient, p is
perfusion rate and ¢ is blood specific heat,

17. A method as claimed in claim 14 wherein the tem-
perature detector comprises a radiation sensor which views
a target surface area of the forehead.

18. A method as claimed in claim 17 wherein the radiation
sensor views the target surface area through a reflective cup,
the cup having a large open diameter close to the target
surface area and a window at the base of the cup through
which the radiation sensor views the target surface area, the
cup being out of the field of view of the sensor,

19. A method as claimed in claim 18 wherein the reflee-
tive cup is spaced from the target surface area by a smooth
lip of low thermal conductivity material.

20. A method as claimed in claim 14 wherein (cmperature
is detected in the vicinity of an artery.

21. Amethod as claimed in claim 14 wherein temperature
is detected in the vicinity of a temporal artery.

22. A method of detecting human body temperature
comprising:

laterally scanning a temperature detector across an artery;

and

providing a peak temperature reading from plural read-

ings during the step of scanning,

23. A method as claimed in claim 22 wherein the lem-
perature detector comprises a radiation sensor which views
a target surface area over the artery.

24. Amethod as claimed in claim 23 wherein the radiation
sensor views the target surface area through a reflective cup,
the cup having a large open diameter close to the target
surface area and a window at the base of the cup through
which the radiation sensor views the target surface area, the
cup being out of the field of view of the sensor.

25. A method as claimed in claim 22 further comprising
compuling an internal temperature of the body as a function
of ambient temperature and sensed surface temperature, the
function including a weighted difference of surface tempera-
ture and ambient temperature, the weighting being varied
with target temperature through a minimum in the range of
96° F. 10 100° F., the weighting increasing above and below
the minimum.

26. A method as claimed in claim 22 wherein the tem-
perature detector is scanned across a temporal artery.

27. A method of detecting human body temperature
comprising measuring temperature of the temporal artery
through skin.

28. A method as claimed in claim 27 wherein temporal
artery temperature is measured with an infrared detector.

29. A method as claimed in claim 28 wherein the infrared
detector is scanned across the temporal artery.

30. A method as claimed in claim 27 further comprising
computing an internal temperanire of the body as a function
of ambient temperature and sensed surface temperature,
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31. A method as claimed in claim 30 wherein the function
inctudes a weighted difference of surface temperature and
ambient ternperature, the weighting including an approxi-
mation of h pe at a forehead artery where h is a heat ranster
cocflicien! between the target surface and ambient, p is
perfusion rate and ¢ is blood specific heat.

32, A method of detecting human body temperature
compnsing:

detecting temperature at a forehead; and

computing an internal body wwmperature of the body as a

function of ambient temperature and sensed surface
temperature, the function including a weighted differ-
ence of surface temperaure and ambient temperature,
the welghting including an approximation of h/pe at a
forehead artery where b is 2 heat transfer coefficient
between the target surface and ambient, p is perfusion
rate and ¢ is blood specific heat.

33. A body temperaiure detector system comprising:

a temperature detector; and

electronie circuitry which measures peak temperature
from at least three readings per second during scan of
the temperature detector across an artery and which
processes the measurcd peak lemperature to provide a
temperature display based on a model of heat balance
rclative 10 a detected arterial temperature, the electromic
circuitry compuling an internal temperature of the body
as a function of arnbient 1emperature and sensed sur-
face temperature, the function including a weighted
difference of surface temperature and ambient
temperature, the weighting including an approximation
of h/pc at a forchead artery where h is a heat transfer
cocfficient between the target surface and ambient, p is
perfusion rate and c is blood specific heat.

34. A detector system as claimed in claim 33 wherein the

approximation of h/pc at the minimum is about 0.19.
35. A body temperature detector system comprising:
a temperature detector; and

electronic circuitry which measures peak temperature
from at least three readings per second during scan of
the temperature detector across an artery and which
processes the measured peak temperature to provide a
temperature display based on 4 model of heat balance
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relative to a detected arterial temperature, the electronic
circuitrv computing an internal temperature of the body
as 4 lunction of ambient temperature and sensed sur-
tace temperature. the function including a weighted
difference ol surface temperature and ambient
temperature, the weighting being a linear approxima-
tion having ¢ minimum between 96° F. and 97° F.

36. A body temperature detector system comprising:
a temperature detector; and
clectronic circuitty which measures peak temperature

from at least three readings per sceond during scan of
the temperature detector across an arlery and which
processes the measured peak temperature 1o provide a
lemperature display based on a model of heat balance
rclative to a detected anterial temperature, the electronic
circuitry computing an internal temperature of the body
as a function of ambient temperature and sensed sur-
face temperature, the function including a weighted
difference of surface temperature and ambient
temperature, the weighting including a polynomial
approximation of 1+h/pc=k, T 2k, T +k, where h is a
heat transfer coetficient between the target surface and
ambient, p is perfusion rate, ¢ is blood specific heat, k,
is approximately 0.00359, k. is approximately 0.708
and k4 is approximately 36.1.

37. A body temperature detection system comprising:
a lemperature sensor which senses temperature of a skin

surtace; and

electronic circuitry which computes an internal tempera-

ture of the body as a function of ambient temperature
and sensed surface temperature, the function including
a weighted difference of surface terperature and ambi-
ent temperature, the weighting being varied with target
ternperature through a minimum in the range of 96°
[.-100° F., the weighting increasing above and below
the minimum, the weighting including an approxima-
tion of h/pe at a forehead artery where h is a heat
transfer cocfficicnt between the target surface and
ambient, p is perfusion rate and ¢ is blood specific heat,
the approximation of h/pc at the minimum being about
0.19.




