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Abstract—Passive infrared (PIR) sensors are widely used in motion sensing and lighting control. However, stationary
occupants always trigger false-negative detects of PIR sensors and result in uncomfortable lighting swings and short
lifetime of electronic appliances. To address this issue, a synchronized low-energy electronically chopped PIR (SLEEPIR)
sensor is developed in this letter for true presence detection, where a liquid crystal (LC) optical shutter is proposed to
electrically chop signals received by the PIR sensor in the long-wave infrared (LWIR) region (8—12 .m), where human
skin radiates the most. Utilizing the anisotropic absorption property of the LC material, the shutter shows high modulation
with a low driving voltage ( V,,s = 4.17 V). Instead of using the mechanical shutters previously developed by our group that
are driven by motors, the SLEEPIR sensor reduces the power consumption,weight, volume, and noise level by 90.5%,
83.8%, 82.6%, and 100%, respectively, while maintaining high sensitivity and reliability. Thanks to the high modulation
of the LC shutter in the LWIR region, the experimental results show that the SLEEPIR sensor could detect stationary
occupants with high accuracy within the range of 4.0 m and with a large field-of-view of 100°.

Index Terms—Thermal sensors, light modulation, liquid crystal (LC) infrared shutter, passive infrared (PIR) sensor, presence detection.

[. INTRODUCTION

Driving
Signal PIR

Passive infrared (PIR) sensors are widely used for occupancy pres-
ence detection [1], [2], occupancy positioning [3], tracking [4], and

4 on-

identification [5], owing to their low cost, low energy consumption, % J aalleE
large detection range, and high reliability. However, a major short-

coming of PIR sensors is that they are motion detectors and, therefore, LC Copper Sensing
cannot detect stationary. A survey shows that the average time spent Shutter  Foil Elements

every day on stationary or equivalent to stationary activities, such
as sleeping, studying, and watching television, is 11.8 h per indoor
occupant [6]. Despite their popularity, such frequent false-negative
detections and inaccurate occupancy estimations challenge their ap-
plication with fast-growing smart home appliances. Adding active
optical shutters that change the intensity of the received IR radiation
is an intuitive option [7]-[10]. The group has previously developed
optical shutters driven by different mechanical structures to block the
IR radiation received by PIR sensor [7]-[9]. However, these optical

e
shutters require mechanical parts and raise concerns about reliability @
and additional power consumption, noise, volume, and weight.
In this regard, this letter reports a synchronized low-energy elec-  Fig 1. (a) Schematic diagram of the SLEEPIR sensor. (b) Diagram of
tronically chopped PIR sensor (SLEEPIR) that utilizes a liquid crystal the prototype. (c) Photograph of the prototype with dimensions. (d) One
(LC) electronic shutter to chop the signals received by the on-board pyroelectric sensing element receives the radiation W(t) followed by

PIR sensor. As shown in Fig. 1(a), the SLEEPIR consists of one the preamplifier circuit. The inset demonstrates. th(_a periodical cha}nge
analog PIR sensor, NaPiOn AMN24112, Panasonic, Inc., a lab-made ggnlf:gtflér@@Lga;g:J;ter. @ PIR sensor. @ Circuit board. @ Micro-
LC shutter with associated driving circuitry and an Arduino nanomi-

crocontroller unit (MCU). The LC shutter exhibiting high modulation
in the long-wave infrared (LWIR) region, where human skin radiates
the most. When operating, the LC shutter will periodically modulate
the radiation from stationary occupants and, thus, trigger a response
from the on-board PIR sensor of the SLEEPIR. This way, SLEEPIR Il. DEVICE OVERVIEW

extends the function of the traditional PIR sensors toward stationary
occupants detection with a barely noticeable addition of weight, size,
and power consumption.

) . . As shown in Fig. 1(b) and (c), the LC shutter fabricated in our
Corresponding author: Ya Wang (e-mail: ya.wang@tamu.edu). X . i R X
Associate Editor: D. Utndani. lab consists of a high birefringence LC mixture, LCM-1660 (LC
Digital Object Identifier 10.1109/LSENS.2020.2976801 Matter, USA), sandwiched by two Germanium substrates. Unlike the
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Fig. 2. (a) Working principle of the anisotropic absorption effect of the 15 Moduation dependence onthe V-
LC shutter. (b) Photograph of LC shutter. i § . ' !
o
traditional LWIR LC modulators reported in the literature [11]-[19], 5 L -
the LC shutter used in SLEEPIR exhibits a high transmittance, elimi- g 05 )
nates the use of polarizers and, therefore, significantly lowers the cost. g
As shown in Fig. 1(b), the driving circuit provides the ac signals at . . . . . . .
122 Hz to turn the LC shutter ON and OFF at a period of 8 s. The MCU 2 4 6V v )8 10 12 14
ms

also receives the analog signal from the SLEEPIR, processes the data
on the spot, and/or send it to the hub if there is a sensor network
required. Note that the diagonal sensing elements of the PIR sensor
are covered by copper foil to block IR signals in order to cancel the
polarization in the opposite direction.

A. PIR Sensor Working Principle

As shown in Fig. 1(d), one pyroelectric sensing element, which is
made of pyroelectric material, could convert the change of heat flux to
current. When the radiation power received by the pyroelectric material
is W(t) =W, ¢, which is modulated at a frequency w, then the
voltage response Vo, (¢) for the preamplifier stage is in the form of [20]

Rppnp'Aw
Gr(1+0212) (1 + 0222)"?

Vou (1) = W (). ey

Here, p' is the perpendicular component of the pyroelectric coeffi-
cient p; A is the area of the sensing element; n represents the emissivity
of sensing element; tr = H/Gr and 7z = Ry, Cy, represent the ther-
mal and electrical constant, respectively, where H, Gr, Ry;, and Cy,
stand for thermal capacity, thermal conductance, feedback resistance,
and capacitance, respectively. Commercial-of-the-shelf PIR sensors
normally consist of two or four sensing elements placed in series with
opposite polarizations. By covering the sensing element(s) with the
same polarization, the transmission change of the LC shutter would
introduce obvious voltage signals from the PIR sensor, as shown
in Fig. 1(a). When the LC shutter, which is in front of the PIR
sensor, changes its transmission periodically, the received radiation
W(#) would change periodically, as shown in the inset of Fig. 1(d),
thus causing the change of the output voltage Vo, (7).

B. LC Shutter Design and Property

In this letter, the LC shutter uses anisotropic absorption mechanism
to modulate the IR light, as shown in Fig. 2(a). The LC compounds
normally have a long axis and short axis. These two axes have dif-
ferent absorptions, depending on the incident light polarization. For
an unpolarized input light, half of the intensity is along the long axis,
and the other half is along the short axis. When no electric field is
applied, the plane formed by the long and short axes is perpendicular
to the incident light. Then, the light in both polarization directions
encounters large absorption. As the electric field increases, the LC
molecules will be reoriented along the longitudinal direction because
the employed LCM-1660 has a positive dielectric anisotropy. In this
case, the absorption of the long axis to the incident light that shares the

(b)

Fig. 3. (a) FTIR spectrums for various V;,s values. (b) Modulation over
different Vi in the range of 8—-12 um.

same polarization direction decreases. Thus, the transmittance would
increase. In other words, the electric field that applies to this kind of LC
shutter would modulate the transmission rate. As aforementioned, this
configuration does not require the use of polarizers and, thus, increases
the overall transmittance and lowers the cost significantly.

A commercial LC mixture, LCM-1660, which contains isoth-
iocyanato (NCS) group, is chosen due to its high birefringence,
large absorption anisotropy, low viscosity, and relatively large dipole
moment [21].

To fabricate the LC shutter, the single-side antireflection-coated
germanium (Ge) is chosen as the substrates due to its high transmission
in the LWIR region and high conductivity. First, a thin polyimide layer
is coated on the Ge substrates using spin coating. Then, alignment is
created on the surface by rubbing. Two rubbed Ge substrates form an
empty cell in an antiparallel way with 21 pum cell gap controlled by
applying microsphere glass beads. Finally, LCM-1660 is injected into
the empty cell due to the capillary effect. The photograph of the LC
shutter is shown in Fig. 2(b).

The electro-optical property of the LC shutter is tested. The LC
shutter is placed in the chamber of the Fourier-transform infrared
spectroscopy (FTIR) (Thermo Scientific Nicolet iS5) spectrometer.

The external voltage is provided by a waveform generator (Keysight
33500B) and a voltage amplifier (Trek model 2220). The electric
field is in the form of an alternating current square wave with the
frequency of 100 Hz and various amplitudes. The V;y of the applied
ac voltage increases from O to 14 V. The FTIR spectrums in Fig. 3(a)
show that the transmission rate of the LC shutter would change after
the applied ac voltage. To quantify such changes, the modulation is
defined as follows. First, we denote Ton(A) and Torr()) to be the
transmission spectrum of the LC shutter with and without an applied
voltage, respectively. In the remaining content, the states of the LC
cell with or without an external voltage are referred to as ON-state and
OFF-state, respectively.

According to Planck’s law, a black body with the surface temperature
T and the power emitted per unit area of the body, per unit solid angle
of emission, and per unit wavelength X is given by

2hc? 1

B = A5 exp (he/ikgT) — 1 @
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Fig. 4. (a) Driving signal that applies on the LC IR shutter. The blue

circle indicates the ac voltage shown in the inset. (b) ON/OFF state
of the LC shutter. (c) Output signal from the SLEEPIR sensor. The
occupant is standing at a distance of 1.8 m with the angle of 0°.

where # is the Planck constant, ¢ is the speed of light, and kg is the
Boltzmann constant. The emitted energy Won and Wogr in the range
of [A;, A,] for both ON and OFF state could be written as

A2

A
Won :/ B (M)Tox (A)dX, Wogg :/ B (M) Tore (A)dA. (3)

1 S|
To simplify the modeling, we assume that the transition between the
ON and OFF states follows the exponential equations, which are

Won + Worr

Wox — W,
Wise (1) = =2 exp (iw,1) + —~——2 (4)
2 2
Won — W, W Wi
Wiy (1) = wexp (—iwst) + M )

Here, the subscripts rise and fall indicate the ON—OFF and OFF—ON
transitions, respectively. The modulation frequencies @, and wyare
related to the response time of the LC cell, w, = 7 /t,, s =7 /ty,
where . and ¢, represent the rise and decay time. By removing the dc
component, (1) becomes

Rppnp'Apw (Wox — Worr)

Vour = T T
2Gr (1 4 0?13)* (1 + ?3)?

(6)

where w = w, or w; for the rising or falling transitions, respectively.
We define the term “modulation” as Won — Wopr With an arbitrary unit.
Equation (6) shows that the response of a PIR sensor is proportional
to the modulation. We calculate the modulation Wony — Wogr in the
range of 8 — 12 um, and it is shown in Fig. 3(b). We surprisingly
find that the maximum of the modulation happens when external
voltage V = 4.17 Vins. When V > 4.17 Vi, the modulation starts
decreasing. When V' > 12 V,;,, the modulation saturates. Under such
a high voltage, most of the LC directors have been reoriented by the
electric field so that the optical modulation has reached the saturation
level.

C. SLEEPIR Operation Method

From (6), the state of the LC shutter should change to introduce the
output signal of the PIR sensor. To fulfill such operating conditions, the
SLEEPIR sensor sends two channels of piecewise modulated signals in
opposite phases to drive the LC shutter. Fig. 4(a) shows the driving ac
voltage. The amplitude of the ac voltage is 4.9 V,,,s. The time durations

Table 1. Comparison Between SLEEPIR (This Letter), C-PIR [6], Ro-
PIR [7], and LAMPIR [8].
Sensor Weight Size (cm) Power? Sound level®
(g (mW) (dBA)
C-PIR [6] 130.0 8.0%x6.3x6.0 1050.0 42.6
Ro-PIR [7] 160.0 10.0%6.0x4.5 1680.0 36.0
LAMPIR [8] 40.0 6.5x4.30x4.5 190.0 30.2
SLEEPIR 21.0 3.0%x3.50x5.0 100.0 0.0
Compare to -83.8% -82.6% -90.5% -100.0%
C-PIR

aPower consumption includes the microcontroller and wireless module.
bBackground sound level of acoustic sound level is 30.0 dB-A, mea-
sured using WENSN WS1361 sound level meter.

for ON and OFF states are Toy and Topr, respectively. In this letter,
Ton = Torr = 4. The inset figure shows the actual field that applies
to the LC shutter during ON state. Meanwhile, the MCU samples
the analog signal from the PIR sensor at the frequency of 50 Hz.
Table 1 presents some characteristics comparison of SLEEPIR and
the chopped PIR sensors driven by the mechanical shutters developed
by our group [6]-[8].

lll. EXPERIMENTAL RESULTS
A. Test Setup

To characterize the SLEEPIR prototype for true human presence
detection, the sensor node is placed facing front with a height of
1.0 m. One subject stands in front of the prototype. To measure the
field-of-view (FOV), the SLEEPIR sensor node will rotate to different
angles, while the subject remains in the same direction. The viewing
angle increases from 0° to 50° with 10° increment. For each viewing
angle, we first collect 1 min of data from the unoccupied scenario, then
another 1 min of data when the subject is from 0.3 to 4.5 m away from
the sensor with 0.3 m increment.

B. Presence Detection Result

One example waveform from the SLEEPIR sensor is plotted in
Fig. 4(c) as well as the corresponding LC shutter state [see Fig. 4(b)].
The waveform is for the situation when the test subject stands stationary
at 1.8 m away and the angle of the system is 0°. The SLEEPIR output
shows polarity peaks whenever the state of the LC shutter changes,
suggesting positive detection. The peaks at rising and falling edges
of the LC states show the opposite phase since the transmission of
the LC shutter changes oppositely. We define the peak-to-peak value
Vopr and V¢ for the rising and falling transitions, respectively. They
are calculated by subtracting the minimum value from the maximum
value of the sensor signal within a window T,,. In this letter, we choose
T,, = 2s. The reason that V},,, and V,,;; are different is that ¢, and ¢, of
the LC shutter are different. Thus, the response voltage signal of the
SLEEPIR sensor, which follows (6), would be different.

To differentiate the occupied and unoccupied scenarios, the max-
imum values of V. and V,,; for the unoccupied scenario are also
plotted. More specifically, Fig. 5 shows the V. values for each
combination of viewing angle and occupant’s distance. The threshold
plane is chosen to be the maximum unoccupied Vp,, value, which
is 0.5 V. The location whose V;,; value is larger than the threshold
value is classified as the occupied spot. The FOV and the detection
range are also plotted in the inset of Fig. 5, indicating that the FOV
of the SLEEPIR sensor is 100°, which is close to the onboard PIR
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Fig. 5. Averaged V,,; values when the occupant is at different dis-
tances and angles. The inset shows the corresponding FOV of the
SLEEPIR sensor node.

sensor (100°). The experimental results reveal that the SLEEPIR sensor
can detect stationary occupants in the range up to 3.0 m with the FOV
of 100° at the accuracy of 100%.

IV. CONCLUSION

In summary, this letter reports a SLEEPIR for true human presence
detection where an LC infrared electronic shutter with the associated
facile driving circuit is proposed. Different from existing infrared
optical shutters, the operation configuration builds off the LCM-1660
material that exhibits a high modulation in the LWIR region (8—12 um).
The configuration does not require high-cost IR polarizers or high
driving voltage. The experimental results show that the SLEEPIR
sensor can detect stationary occupants with 100% accuracy. The FOV
of the SLEEPIR is found to be 100°, which is close to the onboard PIR
Sensor.

Future work will be focused on the following points:

1) improving the modulation of the LC shutter, including opti-
mizing the cell gap of the LC shutter, and exploring other LC
configurations;

2) decreasing the cost and power consumption of the proposed
sensor node by exploiting the low-power modes of MCU;

3) conducting in-field experiments;

4) integrating machine learning methods so that statistical features
extracted and ranked from the raw SLEEPIR output signal could
be fed to machine learning models so that sensitivity can be
further improved for field tests.
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