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CHOPPED PASSIVE INFRARED SENSOR APPARATUS AND METHOD FOR
STATIONARY AND MOVING OCCUPANT DETECTION

GOVERNMENT LICENSE RIGHTS

[0001] This invention was made with government support under grant number AR0O00053 1
awarded by the Department of Energy. The government has certain rights in the invention.
BACKGROUND
[0002] The present disclosure relates generally to infrared detectors, and more specifically
to passive infrared (IR) detectors and their methods of use 1n the detection of long infrared
radiation (1.e., 8-15 microns). The human body radiates most at a wavelength of about 10
MICrons.
[0003] Passive infrared (PIR) occupancy sensors are used in a variety of applications,
including motion detection, tracking, personal i1dentification, and the automated control of
lighting systems as well as heating, ventilation, and air conditioning (HVAC) systems. As
will be appreciated by those skilled 1n the art, the sensing principle of such devices 1s based
on the pyroelectric effect, which relates to the ability of certain materials to generate a
temporary voltage as they are heated or cooled.
[0004] In a pyroelectric material, a change 1n temperature modifies the positions ot the
atoms slightly within the crystal structure, such that the polarization of the material changes.
However, because the voltage generated by pyroelectric materials occurs 1n response to
fluxuations of radiated heat, conventional PIR sensors that are adept at detecting moving
objects are unable to detect stationary objects.
[0005] Further example detectors include thermopile sensors, which are based on the

Seebeck effect, and can measure the temperature of both moving and stationary objects.
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However, thermopile sensors are not practical solutions for occupancy detection due to their
short sensing distance, narrow field of view and relatively high cost of manufacture.
SUMMARY

[0006] In view of the foregoing, notwithstanding recent developments, there 1s a need for
improved intrared sensing technology, including the ability to sense stationary as well as
moving objects. Also beneficial would be the ability to distinguish human from non-human
occupants.

[0007] Thus, 1n accordance with various embodiments, the functionality of PIR sensors 1s
expanded to include stationary object detection. The methods and apparatus described herein
relate to a PIR-based occupancy sensor that includes a sensing element and a Fresnel lens
disposed over a surface of the sensing element, and further includes an optical chopper
disposed 1n front of the sensing element. The sensor may further include applicable sensing
and control circuitry.

[0008] The disclosed chopped PIR (C-PIR) sensor 1s capable of detecting both stationary
and moving occupants utilizing, according to certain embodiments, a semi-transparent
infrared chopper that 1s adapted to periodically shutter radiation incident on the sensing
element. The chopper 1s adapted to move (e.g., oscillate) back and forth 1n front of the sensor
during operation of the sensor to create relative motion between the sensing element and a
target object. This perceived relative motion, 1n conjunction with supporting circuitry,
enables the detection of objects that are themselves stationary.

[0009] Advantageously, a non-linear vibrating chopper may be integrated with one or more
PIR sensing elements and a suitable Fresnel lens without increasing the footprint of the
device relative to traditional sensors, which facilitates their incorporation into conventional

systems.
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[0010] Moreover, while the semi-transparent chopper can etficiently shutter unidirectional
infrared (IR) power that 1s radiated by stationary occupants, it has a negligible influence on
the ommidirectional power radiated from the ambient environment. Therefore, a voltage
difference generated by the C-PIR sensor between occupied and unoccupied scenarios can be
used to 1dentity the presence of stationary occupants with a high degree ot accuracy. For
moving occupant detection, the chopper can minimally aftfect the variation of radiated power,
and thus lead to comparable detection accuracy.

[0011] Applicant has developed a theoretical model that describes the physics and
dynamics of IR radiation that 1s temporally shuttered by the chopper. Parametric studies,
experimental characterization, and empirical analysis are used to obtain chopper settings
appropriate for a given application, including the chopper thickness and oscillation
frequency.

[0012] Experimental results reveal that the C-PIR sensor can detect stationary occupants at
distances up to 4 m, and moving occupants at distances up to 8 m, while maintaining a
detection accuracy of 100%. The field of view of the C-PIR sensor was measured to be 110°
(horizontal) and 90° (vertical), which provides a wide viewing angle.

[0013] In accordance with embodiments ot the present application, a pyroelectric IR sensor
includes a pyroelectric sensing element for detecting infrared radiation emitted from an
object, a Fresnel lens disposed over a surface of the pyroelectric sensing element, and an
optical chopper for intermittently intercepting the intrared radiation from being incident onto
said pyroelectric sensing element.

[0014] A method of detecting an occupant using a pyroelectric IR sensor includes

collecting wnilrared radiation using a pyroelectric sensing element, wherein prior to the
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infrared radiation being incident upon a surface of the pyroelectric sensing element the

infrared radiation passes through a Fresnel lens and an optical chopper.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS
[0015] The following detailed description of specific embodiments of the present
application can be best understood when read 1n conjunction with the following drawings,
where like structure 1s indicated with like reference numerals and i1n which:
[0016] Fig. 1 1s a schematic diagram of an infrared (PIR) sensor including an optical
chopper according to various embodiments;
[0017] Fig. 2 depicts the 1rradiation of a single sensing element by a heat source and an
associated circuit for measuring a voltage output from the sensing element;
[0018] Fig. 3 1s a block diagram of a driving circuit for oscillating an optical chopper
according to various embodiments;
[0019] Fig. 4 1s a top view of a PIR sensor showing the location of the optical chopper and
dual sensing elements;
[0020] Fig. 5 1s a side view of the PIR sensor of Fig. 4 showing the location and range of
motion of the optical chopper with respect to the dual sensing elements;
[0021] Fig. 6 1s a schematic diagram of a chopped infrared sensor including two
pyroelectric sensing elements separated by an opaque wall according to further embodiments;
[0022] Fig. 7 1s a plot showing the variation of radiated power on dual sensing elements;
[0023] Fig. 8 depicts the time-varying output voltage from dual pyroelectric sensing
elements:
[0024] Fig. 9 1s a plot comparing peak-to-peak voltage versus time for conventional and

chopped PIR sensors for unoccupied and occupied environments;
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[0025] Fig. 10 1s a plot of voltage versus chopping period for unoccupied and occupied
environments;

[0026] Fig. 11 1s a plot of sensing distance versus chopping period for an exemplary C-PIR
Sensor;

[0027] Fig. 12 1s a plot of sensing accuracy versus sensing distance for stationary and
moving objects;

[0028] Fig. 13 1s a plot of output voltage versus sensing distance for a moving object;
[0029] Fig. 14 1s a plot of voltage versus time for various radiation-emitting objects; and
[0030] Fig. 15 1s a plot of output voltage for an inanimate object heated to different
temperatures and located at different distances from an exemplary C-PIR sensor.

DETAILED DESCRIPTION

[0031] Reterence will now be made 1n greater detail to various embodiments of the subject
matter of the present application, some embodiments of which are 1llustrated 1n the
accompanying drawings. The same reference numerals will be used throughout the drawings
to refer to the same or stmilar parts.

[0032] Referring to Fig. 1, an infrared sensor 100 according to various embodiments
includes a pyroelectric sensing element 110, a Fresnel lens 120 disposed over the sensing
element 110, and an optical chopper 130 disposed between the pyroelectric sensing element
110 and the Fresnel lens 120. Although a single sensing element 110 1s shown, plural sensing
elements may be used 1n conjunction with various embodiments.

[0033] The sensing element 110 may include any suifable matenial that exhubits a
pyroelectric response.  Example matenals mclude hthium miobate (LiNbO3) and hthium
tantalate (1aTa0s), which in crystalline form may be spontaneously polarized such that
clectric dipoles develop within the crystal stracture. Heating a LilNbOs or LaTall; erystal, for

S
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example, to a temperature just below its Curie temperature in an electrical field will cause
these dipoles to align with the electrical field.

[0034] Fresnel lens 120 1s configured to concentrate a source of electromagnetic radiation
(e.g., infrared radiation) into a defined beam, 1.e., as a condensing lens, which enables the
sensing element 110 to sample radiation from a wide viewing area. The Fresnel lens 120 1s
positioned over a surface of the sensing element 110, between the sensing element and object
200. In certain embodiments, the Fresnel lens 120 may be spaced away from the surface ot
the sensing element.

[0035] The chopper 130, which 1s also located between the sensing element 110 and object
200, 1.e., a source of infrared radiation, 1s configured to partially and periodically shutter the
radiant power emitted from the object 200 and received by the sensing element 110. As used
herein, a ““‘chopper” or an “optical chopper” refers to a device that periodically interrupts a
beam of electromagnetic radiation.

[0036] In certain embodiments, the chopper 130 may be located between the Fresnel lens
120 and the object 200 or, as 1n the illustrated embodiment, the chopper 130 may be located
between the Fresnel lens 120 and the sensing element 110. The chopper 130 1s configured to
only partially attenuate radiation emitted by the object and incident on the sensing element
110.

[0037] A semi-transparent optical chopper 130 may be made from polyethylene or
polypropylene plastic, for example. For instance, a high density polyethylene (HDPE)
plastic may be used as the chopper material due to 1ts long wavelength IR transmission
bandwidth, 1.e., over the range of 8 to 15 um. In example embodiments, the transmission of
infrared radiation through the semi-transparent chopper may range from 20 to 80%, e.g., 20,

30, 40, 50, 60, 70 or 80%, including ranges between any of the foregoing values. The semi-

6
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transparency of the chopper 130 eliminates the occurrence of a fully-attenuated signal, which
beneficially impacts the detection range of the sensor 100.

[0038] The dimensions of the chopper are not particularly limited. The chopper thickness
may range from 0.25 to 0.5 mm, e.g., 0.25, 0.3, 0.35, 0.4, 0.45 or 0.5 mm, including ranges
between any of the foregoing values. In certain embodiments, the sensor response 1s
proportional to the width of the chopper, which may range from 1 to 10 mm, e.g., 1, 2, 4, 6, 8
or 10 mm, including ranges between any of the foregoing values. The effect of the width of

the chopper (0.36 mm thick polypropylene) on output voltage 1s summarized in Table 1.

[0039] TABLE 1

Width of chopper AV
(mm) (V)
1 0.3
60
2 0.5
60
3 0.6
40
4 0.8
00
S 0.8
30
6 0.9
60
7 1.2
30

[0040] In certain embodiments, the non-linear chopper 130 1s composed of a cantilever

beam having a tip magnet. A pair of external magnets located on opposite sides of the

7
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cantilever beam and an external excitation coil are adapted to interact with the tip magnet and

osclllate the cantilever.

[0041] Referning still to Fig. 1, the sensor 100 may further include a drive element 140 and
an amplitying control circuit 150. As described 1n further detail here, the drive element 140
and associated circuitry 1s configured to control movement, e.g., periodic oscillation or
rotation ot the chopper 130. In certain embodiments, a servo motor and an Arduino Uno
MCU may be used to drive the chopper 130. By way of example, a servo motor can be
programmed to rotate the optical chopper at 3.75 rpm, such that the motor and chopper makes
a 180° rotation 1n 8 seconds.

[0042] During operation of the sensor 100, when a target area 1S unoccupied,
omnidirectional power radiated from the ambient can bypass the chopper. When occupied,
the radiated heat emitted by the occupant 200 can be completely chopped 1n one direction,
which, 1n turn, will produce a measureable output voltage, indicating the presence of the
occupant, whether the occupant 1s 1n motion or not.

[0043] In certain embodiments, the sensor 1s adapted to detect long wavelength infrared
radiation, such as radiation emitted by the human body. As used herein "long wavelength
infrared radiation” refers to electromagnetic radiation having a wavelength of 8 to 15
microns, €.2., 8, 10, 12 or 15 microns, including ranges between any of the foregoing values.
[0044] With reference to Fig. 2, the output voltage response (Ry) of an 1rradiated sensing

element 110, that 1s, the output voltage Uy per Watt of input power Wy, can be expressed as

Uo Sconst w

Wo  (1+w?T2)1/2(1+w?12)1/?’
[0046] where o 1s the angular frequency of the radiated power, tr and 1g are the thermal

and electrical time constants, respectively, and S...s« = ARg npL /Gt 1s a constant assoclated
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with a particular C-PIR sensor, where A = l.w, 1s the sensing area, Rg 1s the resistance of the
gate, n 1s the emussivity of the pyroelectric element, p, 1s the normal direction pyroelectric
coefficient, and G 1s the thermal conductance to the ambient.

[0047] In Fig. 2, Ry 1s the resistance of the gate and the load, Cg and Ca represent the
capacitance of the pyroelectric sensing element 110 and the amplitier 150, respectively, 1, 1s
the current output of the sensing element 110, and Ug 1s the supply voltage.

[0048] In certain embodiments, the chopper 1s driven by a coil-magnet couple. A block
diagram of an example driving circuit 1s shown 1n Fig. 3. The driving circuit controls the
current through the coils M. The capacitor C and the coils M constitute an LC oscillating
circuit when the driving switch 310 1s turned ON. The detector and comparator 320 sense the
voltage extreme point across the capacitor C, and output a signal to the controller 330. The
DC power source 340 supplements the power delivered to the capacitor C when the power
switch 350 1s turned ON and the driving switch 310 1s turned OFF. Using information from
the detector/comparator 320, the controller 330 controls actuation of the driving switch 310
and the power switch 350.

[0049] In an example method, the capacitor C 1s initially fully charged. Then, the driving
switch 310 1s turned ON so that the LC oscillating circuit generates an electromagnetic force
to drive the chopper 130 across the pyroelectric sensing element 110. The voltage across the
capacitor C 1s then inverted by the LC oscillating circuit.

[0050] When the voltage reaches a maximum, a trigger signal 1s sent to the controller 330
by the detector/comparator 320. The controller 330 turns the driving switch 310 OFF until
the chopper 130 reaches i1ts destination. In certain embodiments, the chopper 130 may be

stationary for some time while the driving switch 310 1s OFF.



CA 03048649 2015-06-26

WO 2018/132546 PCT/US2018/013281

[0051] The driving switch 310 1s then turned ON to cycle the chopper 130 back. The
current flows back and the voltage across the capacitor C 1s inverted. The capacitor recovers
its original polarization when the voltage across the capacitor 1s 1nverted twice. The
controller 330 then turns the driving switch 310 OFF after the voltage reaches a maximum.
[0052] While the two cycles may consume energy, which decreases the voltage across the
capacitor, at this point the power switch 350 can be turned ON to charge the capacitor. After
the capacitor 1s fully charged, a new cycle can be initiated.

[0053] As describe above, the optical chopper may be physically translated (e.g.,
oscillated) back and forth 1n order to temporally interrupt the flux of IR radiation received by
the sensing element. In further embodiments, a solid state optical chopper may remain
stationary and the IR transmittance of the optical chopper may vary as a function of time. For
instance, an optical chopper may include an electrochromic coating that may be biased with a
suitable voltage to control the IR transmission therethrough. As will be appreciated, a
chopped sensor may be implemented 1n a variety of configurations.

[0054] According to further embodiments, and as shown 1n Fig. 4 and Fig. 5, which are a
top-down plan view and a corresponding lateral view, respectively, a C-PIR sensor 100
includes: dual sensing elements 110, a Fresnel lens 120 arranged peripheral to the sensing
elements, a semi-transparent chopper 130 having a drive element 140, and an
amplifier/microcontroller unit (MCU) 150. In the illustrated embodiment, the dual sensing
elements 110 are connected 1n series with opposite polarity. The optical chopper 130 1s
mounted on a pivot 132 and 1s contigured to oscillate 1n front of the sensing elements.

[0055] With particular reference to Fig. 5, the trajectory of the oscillating chopper 130 over
one chopping period (tip — tra) 1s shown schematically. The positions tgra, trp, tre, (RD, LA,

i, tie and trp 1ndicate the time instant when the chopper left and right edges (Cy and Cg)

10
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arrive at positions A, B, C and D. The two 1illustrated positions of the chopper 130 represent
the two positions where sensing elements 110 are completely, but independently covered. In
certain embodiments, the areal dimensions of the chopper may be greater than the areal
dimensions of the underlying sensing element, such that the sensing element will be entirely
overshadowed by the chopper for a finite time during operation of the sensor. By partially
and 1ntermittently attenuating the radiated heat receiving by the sensing elements 110,
stationary occupants 200 can be detected.

[0056] A further C-PIR sensor configuration 1s shown in Fig. 6. The sensor includes two
pyroelectric elements 110, an overlying Fresnel lens 120, and a semi-transparent chopper 130
mounted on a pivot 132 along the midline between the sensing elements. The Fresnel lens
120 1s divided into two regions, and a barrier 160 opaque to IR radiation 1s positioned
between the pyroelectric elements, e.g., along the midline.

[0057] During operation, the combination of sensors may be used to detect occupancy over
a broad field of view, where the sensing area 1s divided 1nto two regions. Furthermore, the
incorporation of plural, e.g., two or more, sensing elements 110 into the sensor can improve
detection precision. The sensor-generated voltage can be used to indicate the presence or
absence of an object within the sensor’s field of view.

[0058] Without wishing to be bound by theory, if the radiated power density from an
occupant 1s defined as @, (power per unit area) and the transmittance of the chopper 1s
defined as kg, the power received by the two sensing elements W(t) during one chopping

period (tip — tra) can be represented by the following piecewise function:

W(t) = @, w, [2]. — vt (1_Kch)]; tra St < tgp
W(t) =@, w 1. (1"Kch); t(rp S U< trC
W(t) = @y w, [2le (ls _Vct) (1_Kch)]; (rc St < tgp
W(t) = 20, we le Kep; trp <t<tra
W(t) = @, W, [(1_Kch)(vct — lc) + 2l Kenl; tta St< 4p

11
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W() = @ wele [1+Ken]; i St<tc

W() = O we [(1-Kep) (vt — L = 1) + 2le Kepl; e St<tp.
[0059] In the foregoing equations, 1. represents the width of the chopper, 1. and w,
represent the length and width of a sensing element 110, respectively, I 1s the space between
the two sensing elements, and v, represents the velocity of the chopper 130. The 1deal
wavetorm of W(t) for each chopping period 1s shown as a solid line 1n Fig. 7.
[0060] As noted previously, only the variation of incident power (radiation) on a
pyroelectric sensing element can induce an output voltage change. The variation of incident
power, AW(t), can be represented as a sinusoidal function with a period T =t p — tga and an
amplitude equal to @y, w, 1. (1-K.,), such that AW(t)=®}, w, . (1-K,) sin|(2xt)/T]. In an
unoccupied environment, AW(t) radiated from the ambient 1s typically small, as 1llustrated by
the dashed line 1n Fig. 7.
[0061] Referring to Fig. 8, shown 1s a graph of voltage output corresponding to AW(t) as a
function of time, 1.e., as a function of chopping period. The peak-to-peak (P-P) voltage value
U,pe iInduced by ambient radiation defines a background condition. During operation, a peak-
to-peak value U, from the C-PIR sensor may be compared with U,,.. In an example
method, 1t (Uypm — Uppe) > U, where Uy, 1 a threshold detection value, a moving or
stationary occupant 1s detected. If, on the other hand, (U, — Uppe) < Uy, an unoccupied
scenario 1s indicated.
[0062] The variation of incident power, AW(t), suggests that the transmittance and the
chopping speed may aftect the radiated power and thus have an effect on sensing
performance. Theretore, a parametric study may be used to 1dentify suitable values.
[0063] In an example evaluation, a 1 mm thick, 2 mm wide chopper 1s chosen, which 1s

wider than the associated sensing element array. For an occupant with a skin temperature ot

36°C seated 1n front of the C-PIR sensor, the output voltage waveform 1s shown 1n Fig. 9, and

12
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may be characterized by two peak variations at opposite flow directions across two chopping
periods. The results confirm the chopping principle shown 1n Figs. 4 and 5, where a
maximum voltage 1s realized when either of the sensing elements 110 1s completely
overshadowed by the moving, semi-transparent chopper.

[0064] Fig. 9 also shows that the peak-to-peak voltage value for a C-PIR sensor in an
unoccupied environment (U,,. =0.4 V) 18 higher than that of 1ts conventional PIR counterpart
(0.12 V). With the occupant stationary at a distance of 1 m, the signal for the C-PIR sensor
increases significantly (U, =4.6 V), while almost no change 1s measured for the
conventional sensor (0.12 V).

[0065] Referring to Fig. 10, 1t 1s observed that U, varies significantly with varying
chopping period, suggesting that the chopping frequency may be selected for a specific
sensor. In certain embodiments, the PIR sensor has a time delay of less than 15 seconds, e.g.,
4, 8, 12 or 15 seconds, including ranges between any of the foregoing values. As used herein,
“time delay” 1s the time between the moment when the sensor 1s first triggered and when the
sensor can be triggered again.

[0066] Referring to Fig. 11, sensing test results are shown for choppers having four
different thicknesses (1.51 mm, 1 mm, 0.77 mm, and 0.51 mm) at an ambient temperature of
21.7°C and different chopping speeds. It will be appreciated that U, varies with the chopper
thickness and the chopping speed.

[0067] In accordance with the 1instant embodiment, an ambient-dependent threshold value
18 pre-detined as Uy = max (1.6%Upype, Uppet 0.2 V). The results (Fig. 11) indicate the
existence of a maximum detection range at different chopping periods, where the three
thicker choppers exhibit essentially invariant profiles as a function ot chopping period,

indicating a wider range of their optimal chopping speeds. For instance, the sensor having
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the 0.77 mm thick chopping element exhibits a detection range of 4 m over a chopping period
ranging from 7 to 11 s.

[0068] Referring to Fig. 12, sensing accuracy data is plotted for the C-PIR sensor having a
0.7 mm thick chopping element, evaluated at a chopping period of 7.5 s for both stationary
and moving occupants. The evaluation was conducted over two days at an ambient
temperature varying from 24.9°C to 25.5°C with Ug = 1.6%U,. =0.64 V.

[0069] For stationary occupancy detection and an occupant located at a distance of 1, 2, 3,

3.5, 4 or 4.5 m from the C-PIR, 20 datasets were collected for each distance. A sensing

accuracy of 100% 1s obtained for a range of up to 4 m (100 datasets). At a distance of 4.5 m,
however, the accuracy drops to 65%. In certain embodiments, for stationary occupancy
detection, a detection accuracy of 95% or greater, e.g., 95, 96, 97, 98, 99 or 100%, including
ranges between any of the foregoing values, can be achieved over a sensing distance of up to
4m,e.g., 1,2, 3or4m, including ranges between any of the foregoing values, over a field of
view of up to 110°, e.g., 45, 60, 90, 100 or 110°, including ranges between any of the
foregoing values.

[0070] For moving occupancy detection, the same occupant walked randomly at a speed of
about 0.5 m/s at a distance from the C-PIR sensor of 5, 6, 7, 8, 8.5, 9 or 10 m. The C-PIR
sensor maintains an accuracy of 100% for a range of up to 8 m (80 datasets). The accuracy
drops to 75% (or less) for distances of 8.5 m and beyond. In certain embodiments, for
moving occupancy detection, a detection accuracy of 95% or greater, e.g., 93, 96, 97, 98, 99
or 100%, including ranges between any of the foregoing values, can be achieved over a
sensing distance of upto8 m, e.g., 1, 2, 3, 4, 5, 6,7, or 8 m, including ranges between any of
the foregoing values, over a field of view of up to 110°, e.g., 45, 60, 90, 100 or 110°,
including ranges between any of the foregoing values.
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[0071] A plot of peak-to-peak voltages trom the C-PIR sensor over different detection
ranges 1s shown 1n Fig. 13, along with comparative data from a counterpart PIR sensor,
indicating that both the C-PIR and PIR sensors produce similar output voltage for moving
occupancy detection.

[0072] Referring to Fig. 14, shown are the voltage waveforms of the C-PIR sensor under
four scenarios, which are (1) stationary occupant located at a distance of 2.5 m, (1) moving
occupant located at a distance of 2.5, (111) hot (96.2°C) kettle located at a distance of 2.25 m,
and (1v) environmental baseline. Because the hot kettle cannot induce a voltage greater than
Un=0.64 V at a distance of 2.5 m, the kettle 1s located at 2.25 m for comparison.

[0073] Referring to Fig. 15, plotted 1s the output voltage from the C-PIR sensor for a
stationary kettle of different temperatures that 1s placed at different distances. The threshold
of V =0.64V 1s annotated. It will be appreciated from the data that a hot kettle (or other
small heat source) located at a distance of 2.5 m or greater from the C-PIR sensor will not
trigger the sensor, and thus can be distinguished from a human occupant at these distances.
[0074] In a further test using an analog sensor and a servo motor to move the chopper, 1t
was determined that the sensor output can be modeled as a sinusoidal wave with oscillations
between 0 and 5V. Experiments with the analog sensor compared the voltage output of three
stationary objects: a hot kettle (85°C), one occupant, and two occupants. A control voltage

reading was taken in each experiment. The voltage data are summarized in Table 2.

[0075] TABLE 2

Kettle One Two
(85°C) Occupant Occupants
Distance AV (V) AV (V) AV (V)
(m)
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Control 1.24 1.08 1.08
1 4.84 4.96 4.36
2 4.40 4.96 4.96
3 4.52 4.24 4.32
4 3.08 4.24 4.32
S 1.32 3.36 3.48
6 1.12 2.24 1.24

[0076] Embodiments of the apparatus and method described herein are contigured to detect
both moving and stationary objects as well as distinguish between human and non-human
occupants. Using several pyroelectric elements, the disclosed sensors can locate and track
mobile occupants. An exemplary sensing apparatus includes the teatures of passive and
active sensing, as well as a long sensing distance, wide field of view and low cost. The
apparatus and methods described herein can be used with systems including, but not limited
to, HVAC, lighting, security, and robot navigation.

[0077] As used herein, the singular forms ““a,” “an” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for example, reference to a “sensor”
includes examples having two or more such “sensors” unless the context clearly indicates
otherwise.

[0078] Unless otherwise expressly stated, it 1s in no way intended that any method set forth
herein be construed as requiring that 1ts steps be pertormed 1n a specific order. Accordingly,
where a method claim does not actually recite an order to be followed by 1ts steps or 1t 1s not

otherwise specitically stated 1n the claims or descriptions that the steps are to be limited to a

specitic order, 1t 1s no way intended that any particular order be inferred. Any recited single
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or multiple feature or aspect 1n any one claim can be combined or permuted with any other
recited feature or aspect 1n any other claim or claims.

[0079] It will be understood that when an element such as a layer, region or substrate 1s
referred to as being formed on, deposited on, or disposed "on" or "over" another element, 1t
can be directly on the other element or intervening elements may also be present. In contrast,
when an element 1s referred to as being "directly on" or "directly over” another element, no
intervening elements are present.

[0080] While various features, elements or steps of particular embodiments may be
disclosed using the transitional phrase “comprising,” 1t 1s to be understood that alternative
embodiments, including those that may be described using the transitional phrases
“consisting’” or “‘consisting essentially ot,” are implied. Thus, for example, imphed
alternative embodiments to an optical chopper that comprises polypropylene include
embodiments where an optical chopper consists essentially of polypropylene and
embodiments where an optical chopper consists of polypropylene.

[0081] It will be apparent to those skilled 1n the art that various modifications and
variations can be made to the present invention without departing from the spirit and scope ot
the invention. Since modifications, combinations, sub-combinations and variations of the
disclosed embodiments incorporating the spirit and substance of the invention may occur to
persons skilled 1n the art, the invention should be construed to include everything within the

scope of the appended claims and their equivalents.
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CLAIMS

What 1s claimed 1s:

1. A pyroelectric IR sensor comprising:
a first pyroelectric sensing element for detecting infrared radiation emitted from an
object;
a Fresnel lens disposed over a surface of the pyroelectric sensing element; and
an opfical chopper for internutiently intercepting the infrared radiation from being

incident onto said first pyroelectnic sensing element.

2. The sensor of claum 1, wherein the first pyroeleciric sensing element comprises hithium

niobate or hthiam tantalate.

3. The sensor of claim 1, wherein the Fresnel lens is spaced away from the surface of the

sensing element

4. The sensor of claim 1, wherein the optical chopper 1s semi-transparent to long

wavelength infrared radiation.

5. The sensor of claim 1, wherein the optical chopper comprises polyethylene or

polypropylene.
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6. The sensor of claim 1, wherein a length of the optical chopper 1s greater than a length
of the sensing element and a width of the optical chopper 1s greater than a width of the

sensing element.

7. 'The sensor of claim 1, wherein the optical chopper 1s disposed between the sensing

element and the Fresnel lens.

3. The sensor of claim 1, further comprising a second pyroelectric sensing element.

9. The sensor of claim 8, wherein a barrier opaque to IR radiation 1s disposed between

the first pyroelectric sensing element and the second pyroelectric sensing element.

10. The sensor of claim 8, wherein the optical chopper i1s configured to intermittently
intercept the indrared radiation from being incident onto said second pyroelectric sensing

element.

11, A method of detecting an occupant using a pyroelectric IR sensor comprising:
collecting infrared radiation using a first pyroelectric sensing element, wherein prior
to the infrared radiation being incident upon a surtace of the first pyroelectric sensing element

the infrared radiation passes through a Fresnel lens and an optical chopper.

12. The method of claim 11, wherein the infrared radiation passes through the Fresnel

lens prior to passing through the optical chopper.
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13. The method of claim 11, wherein the intrared radiation passes through the optical

chopper prior to passing through the Fresnel lens.

14. The method of claim 11, wherein the optical chopper 1s semi-transparent to long

wavelength infrared radiation.

15. The method of claim 11, wherein the IR transmittance ot the optical chopper varies

as a function of time.

16. The method of claim 11, wherein the sensing element generates a voltage from the

collected infrared racdhation and the generated voltage 1s compared to a threshold detection

value.

17. The method of claim 11, further comprising collecting the infrared radiation using a

second pyroelectric sensing element.

18. The method of claim 11, wherein the pyroelectric IR sensor detects a stationary

occupant with at least 95% accuracy at a sensing distance of up to 4 m.

19. The method of claim 11, wherein the pyroelectric IR sensor detects a moving

occupant with at least 95% accuracy at a sensing distance of up to 8 m.
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