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Fig. 1. Cricket: An untethered, self-powered light sensor. (a) Cricket is a battery-free light sensor based on a minimalist analog circuit that emits short
but strong radio-frequency (RF) chirps. (b) The duration between consecutive chirps is inversely proportional to the incident light energy. Cricket has a very
wide dynamic range – from 10 lux to 170, 000 lux, which is well above direct sunlight. (c) Each cricket operates at a fixed RF frequency, and hence a large
number of them can be deployed using a small frequency band. Here, an array of crickets is used to emulate a low-resolution video camera. (d) A compact
cube with a cricket on each face can be used to precisely measure the centroid of any illumination field, such as the sky in (e). (f) A modified version of the
cricket circuit is used to create battery-free transition eyeglasses that can adapt to light in milliseconds, compared to photochromic transition glasses that take
roughly half a minute to darken and two minutes to lighten.

We present a sensor that can measure light and wirelessly communicate the
measurement, without the need for an external power source or a battery.
Our sensor, called cricket, harvests energy from incident light. It is asleep for
most of the time and transmits a short and strong radio frequency chirp when
its harvested energy reaches a specific level. The carrier frequency of each
cricket is fixed and reveals its identity, and the duration between consecutive
chirps is a measure of the incident light level. We have characterized the
radiometric response function, signal-to-noise ratio and dynamic range of
cricket. We have experimentally verified that cricket can be miniaturized at
the expense of increasing the duration between chirps. We show that a cube
with a cricket on each of its sides can be used to estimate the centroid of any
complex illumination, which has value in applications such as solar tracking.
We also demonstrate the use of crickets for creating untethered sensor arrays
that can produce video and control lighting for energy conservation. Finally,
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we modified cricket’s circuit to develop battery-free electronic sunglasses
that can instantly adapt to environmental illumination.

CCS Concepts: • Hardware → Wireless devices; Displays and imagers.
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lighting estimation and control, imaging, transition glasses, conservation.
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1 INTRODUCTION
Today, light sensors are used in a wide range of applications. In
security and monitoring, they are used to detect motion, lighting
changes and even simple activities. In safety, they are configured
to create light curtains for proximity and intrusion detection. In
the context of sustainability, they enable solar panels to track the
sun and indoor lighting systems to conserve energy. In the realm
of environmental sensing, they help monitor the weather and air
quality. In agriculture, they are used to measure the health of crops
and control irrigation. Light sensors are also used as light probes in
the fields of vision and graphics. Finally, millions of light sensors
are used in image sensors to produce photos and videos.

In many of the above applications, it is highly beneficial to have
the light sensors deployed in an environment without requiring
them to be tethered. An untethered light sensor should be able to
measure incident light and wirelessly communicate the measure-
ment without an external power supply or a battery that needs to
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be replaced. Our work is focused on the development of such a
self-powered (battery-free) sensor that uses light to measure light.
Our sensor, referred to as “cricket,” is based on a minimalist de-

sign and is shown in Fig. 1(a). It is a simple analog circuit that is
asleep for most of the time. It uses a photovoltaic cell that charges a
capacitor. When the capacitor reaches a certain voltage, the circuit
wakes up and transmits a short but strong radio-frequency (RF)
chirp, which can be received by a radio located in the environment.
Each generated chirp entirely depletes the energy harvested by the
capacitor, causing the circuit to go back to sleep and the harvest-
ing to start again. Since the time it takes to charge the capacitor
is directly proportional to the intensity of the incident light, the
duration between two consecutive chirps is a measure of the light
intensity (see Fig. 1(b)). In other words, the frequency of chirps
received by the radio is proportional to the light intensity, and the
carrier frequency of each chirp reveals the cricket’s identity.
Since each cricket operates at a fixed carrier frequency, a large

number of crickets can be defined in a small frequency band and used
simultaneously in an environment. In Fig. 1(c), an array of crickets
is used to emulate a low-resolution camera that can produce video.
Our cricket has several important characteristics. First, a single

photovoltaic cell is used to both measure the incident light and
power the circuit. Since we use inter-chirp duration to encode the
measured light energy, cricket has an unprecedented dynamic range
– from 10 lux to 170, 000 lux (well above direct sunlight) in the case
of our prototype. Equally important is the fact that a reduction in the
size of the photovoltaic cell, and hence the size of the cricket, simply
translates to an increase in the duration between chirps. While our
prototype uses a photovoltaic with an active area of 16×16 mm2, we
have experimentally verified the feasibility of using a photovoltaic
with a sensing area as small as 1.7 × 1.7 mm2. We have extensively
evaluated the performance of cricket by measuring its response
function, signal-to-noise ratio and dynamic range.
We introduce the concept of a cricket cube, which has a cricket

on each of its six faces (see Fig. 1(d)). We show that the six measure-
ments captured by the cube can be used to compute the “centroid”
of the illumination arriving at a point, irrespective of the complexity
of the illumination. Given the wide dynamic range of crickets, the
cube is able to accurately estimate illumination centroids for both
dimly-lit indoor scenes and outdoor scenes with direct sunlight (see
Fig. 1(e)). Among other applications, the computed centroid can be
used to orient solar panels to optimize the generation of renewable
energy.

A popular application of light sensors is in energy conservation,
where light measurements are used to control the intensities of
lamps in an indoor setting. Crickets, being untethered, are particu-
larly suited for this application as they are easily deployed in any
space. The measurements they produce are used to ensure that
the illumination of chosen areas (e.g., desks, workbenches, plants,
etc.) are kept constant, even as the ambient lighting (e.g., sunlight
through windows) varies. In another novel application, we have
modified the cricket circuit to develop battery-free electronic tran-
sition sunglasses (see Fig. 1(f)). Traditional transition glasses use
photochromic coatings that are extremely slow to adapt to lighting
changes. In contrast, our “eTransition” glasses adapt to lighting
changes almost instantaneously. We conclude the paper with a

brief discussion on the limitations of the current prototype and our
planned future work.

2 RELATED WORK
The most closely related work to ours is Sozu, a novel self-powered
wireless RF tag [Zhang et al. 2019] that can be powered by energy
harvested from a variety of physical phenomena. The authors have
also demonstrated the use of Sozu for the measurement of light.
There are two significant differences between our cricket and Sozu.
First, in Sozu’s case, the transmitted frequency is a function of the
light level, requiring each tag to use a range of frequencies for its
measurement. In contrast, cricket transmits at a single frequency and
uses time between chirps to encode light intensity. This allows us to
use a larger number of crickets within any given frequency band. A
second difference is that the maximum intensity measured by Sozu
is limited by the maximum voltage the energy source (photovoltaic
in the case of light) can produce. Since cricket measures the time
it takes to harvest a fixed amount of energy, it is not limited by
the peak voltage of the photovoltaic and is able to produce light
measurements over a very wide dynamic range with high accuracy.
Cricket maps light intensity to time by measuring the time it

takes to collect a fixed amount of energy. The concept of mapping
light intensity to a time measurement has been explored in the
past [Forchheimer and Astrom 1994] and implemented on an im-
age sensor [Brajovic and Kanade 1996; Culurciello et al. 2003]. An
interesting implementation of this sensing method is the spiking
camera [Zhu et al. 2019], an image sensor in which each pixel gen-
erates a spike when the accumulated energy reaches a threshold.
The spiking camera has been used to demonstrate a variety of vi-
sion tasks [Hu et al. 2022; Zhao et al. 2021; Zheng et al. 2021] and
fabricated on a chip [Huang et al. 2023]. Like all of the above works,
cricket maps the incident light level to a time measurement. How-
ever, our key innovation is the use of harvested energy both to
measure and wirelessly transmit the incident light intensity without
a battery or an external power source.
Several other works have also explored the design and applica-

tion of self-powered light sensors. Zhang et al. [2020] proposed
OptoSense, a self-powered sensor that can be adhered to surfaces
to detect simple activities such as 2D gestures or events such as a
door opening. In a similar vein, Zhang et al. [2022] proposed a com-
putational sensor that performs simple arthimetic on the outputs
of an array of photodiodes in hardware to reduce power consump-
tion. Both of the above designs use a photovoltaic panel for energy
harvesting, separate photodiodes for sensing, a microcontroller for
readout and transmission, and a battery for power when the har-
vested energy is inadequete. In contrast, our cricket is a simple
analog circuit that uses a single photovoltaic to both measure and
transmit light levels. Cricket can be viewed as having a minimalist
design as it does not use a microcontroller and only transmits mea-
surements when it can “afford” to. This approach enables cricket
to wirelessly provide measurements at low light levels (down to
10 lux) while being compact and fully self-powered.

Power harvesting light sensors have been used to demonstrate
a variety of other applications, including lighting control [Pand-
haripande and Li 2013] and gesture recognition [Li et al. 2018; Ma
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et al. 2019; Sandhu et al. 2021]. In these cases, a battery is needed
for measurement and transmission in low-light conditions. There
is also related work that uses RF backscatter as an alternate source
of energy for powering battery-free light sensors [Varshney et al.
2017] and cameras [Josephson et al. 2019; Naderiparizi et al. 2018,
2015]. In these cases, the sensor derives it energy from an RF reader
(as in the case of RFID tags) and can only provide measurements
when powered by the reader.

The last application we describe is a pair of electronic transition
sunglasses that can instantly adapt to environmental illumination
without the use of a battery. Traditional transition glasses, which are
inwide use today, are based on the chemical phenomenon called pho-
tochromism [Dorion and Wiebe 1970; Smith 1967]. Photochromism
is known to be very slow to respond to changes in light, taking 30-40
seconds to go from light to dark and over 2 minutes to return from
dark to light. Recently, a few sunglasses have appeared in the market
that use a liquid crystal (LC) light valve in front of each eye [DEKO
2024; La Vie 2024]. These devices respond instantaneously to inci-
dent light but require a battery to power them. Since the first part
of our cricket circuit is a self-powered pulse generator, we modified
the circuit to change the duty cycle of the pulse generator and have
it drive an LC valve. We used this idea to create a pair of transition
sunglasses that can function without the use of a battery.

Finally, there is growing interest in developing image sensors that
are partially powered by energy harvested from light incident upon
the sensor [Ay 2011; Fish et al. 2005, 2006; Law et al. 2011; Shi et al.
2011]. Nayar et al. [2015] demonstrated a self-powered camera with
30 × 40 pixels that harvests energy to read out a full image. While
this camera can produce video without an external power supply, it
does not harvest enough energy to wirelessly transmit its images.

3 CRICKET: A CHIRPING PIXEL
We begin with the reason we refer to our sensors as crickets. In
nature, male crickets produce loud chirps that are used as mating
calls. The chirp is made using a phenomenon called stridulation
where serrations on one wing are rubbed against a scraper on the
other wing. Brooks [1881] discovered a relationship between the
number of chirps a cricket makes per unit time and the ambient
temperature of its habitat. Later, Dolbear [1897] put forth an empir-
ical model for this relationship: 𝑇𝐹 = 50 + (𝑁60 − 40)/4, where 𝑁60
is the number of chirps in a minute and 𝑇𝐹 is the temperature in
Fahrenheit. The behavior of our light sensor is analogous, in that,
the chirps are short and loud, and the number of chirps per second
is proportional to the intensity of incident light. The chirps of our
sensor are inaudible as they are in the radio frequency regime.

3.1 Circuit
The circuit of a cricket is shown in Fig. 2. When the photovoltaic
cell is exposed to light it charges capacitor𝐶1, and voltage𝑉𝑐 begins
to rise. At some value of 𝑉𝑐 , the comparator comes to life. At that
point, the output of the comparator is 0. At an even higher value of
𝑉𝑐 , the output of the comparator jumps from 0 to 𝑉𝑐 , the oscillator
is activated and generates an RF frequency (in the GHz range).1 The

1We designed our crickets to function in the GHz range to keep the size of the antenna
small. Our power calculations indicate that our current prototype could be an FCC
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Fig. 2. Cricket circuit. When the photovoltaic cell is exposed to light, the
voltage across the capacitor𝐶1 begins to rise. At a certain voltage, the circuit
comes alive and the oscillator generates a short and strong chirp. The time
between consecutive chirps reveals the intensity of incident light.
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Fig. 3. Cricket prototype. The photovoltaic cell, printed circuit board and
RF antenna are stacked and packaged in a compact 3D-printed case.

carrier frequency 𝑓𝑖𝑑 of the oscillator, which is the identifier of the
cricket, is determined by the voltage 𝑉𝑓 . In our implementation, 𝑓𝑖𝑑
is preset by selecting the resistor 𝑅𝑏 .
Although the oscillator is now active, it is not yet connected

to the antenna due to the switch 𝑆 . The closing of this switch is
delayed to allow the preset voltage𝑉𝑓 to stabilize and ensure that the
frequency applied to the antenna is precise and stable. In our current
implementation, this delay has been set to roughly 10 µs. After the
delay, the oscillator is connected to the antenna, which transmits
an RF chirp for about 30 µs.2 This chirp duration is limited solely
by the fact that the oscillator is, by far, the highest power consumer
in the circuit. Hence, while the oscillator is active, it drains all the
energy stored in𝐶1. As a result,𝑉𝑐 falls rapidly until the comparator
output goes to 0, and the oscillator shuts down. At this point, 𝐶1
begins to recharge, and 𝑉𝑐 rises again.

The duration between chirps is determined by the time it takes for
𝐶1 to recharge, which in turn depends on the intensity of incident
light. In short, the carrier frequency 𝑓𝑖𝑑 of each chirp represents the

compliant Part 15 transmitter. For applications where a larger antenna can be used
and transmission over longer ranges and better penetration through dense media is
required, the cricket can be configured to function in the MHz range. This is done
by simply changing the oscillator, the antenna and the values of a few of the passive
components.
2Strictly speaking, a chirp is defined as a signal in which the frequency changes. In our
case, the frequency does change as the oscillator settles, but we only use the part of
the signal for which the frequency is constant.
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Fig. 4. Cricket voltages. The waveforms of the voltage𝑉𝑐 of the capacitor
𝐶1 and the comparator output 𝑉𝑜 , measured using an oscilloscope. The
oscillator is connected to the antenna only after its output frequency has
stabilized.

identity of the cricket, and the frequency 𝑓𝑐 of the chirps (chirps per
second) is proportional to intensity of the incident light.
In the supplemental material, we have provided a more detailed

description of how the circuit works as well as the values and model
numbers of the components we used in our current prototype.

Figure 3(a) shows the key components of the cricket, and Fig. 3(b)
shows the final packaged prototype which was used in all our ex-
periments. The layout of the printed circuit board is available on-
line [Nayar et al. 2024]. Figure 4 shows the voltage𝑉𝑐 across𝐶1 and
the comparator output voltage 𝑉𝑜 measured using an oscilloscope,
for a light level of 150 lux. Note the sawtooth waveform of 𝑉𝑐 , the
period of which is inversely proportional to the incident light level.
The waveform of the comparator output𝑉𝑜 is a train of short pulses,
one of which is magnified. The shape of this pulse is unaffected by
the incident light level. It is roughly 40 µs wide, during which time
the oscillator is active. Due to the delay discussed previously, it is
only for the last 30 µs of the pulse that the oscillator is connected
to the antenna.

When the oscillator is off, the circuit only consumes about 2.2 µW.
Virtually all the power is used by the oscillator when it is on, which
is about 10 mA at 2.9 V for 40 µs. We have estimated that a redesign
of the oscillator would enable it to generate chirps of the same
power while consuming roughly 1/10th the power consumed by the
current oscillator. This gain can be used to reduce the area of the
photovoltaic cell by a factor of 10. Alternatively, an oscillator that
is 10 times more efficient can be used to increase the transmittance
range of cricket by a factor of

√
10 = 3.33.

3.2 Signal Processing: Chirp Detection
As mentioned above, each cricket is assigned a specific carrier fre-
quency 𝑓𝑖𝑑 . We have designed all our crickets to lie in the range
2.04 GHz ≤ 𝑓𝑖𝑑 ≤ 2.11 GHz. The chirps are received by a software-
defined radio (SDR) located in the environment, which is tuned to
the middle of the above range and reads a 50 MHz baseband signal
𝑥 (𝑡), an example of which is shown in Fig. 5(a). We found that with
line of sight, the crickets could be placed up to 40 feet away from
the SDR for it to receive strong chirps. The spikes seen in Fig. 5(a)
correspond to chirps received by the SDR, one of which is mag-
nified in Fig. 5(b). Since we know 𝑓𝑖𝑑 for each cricket, we detect
its chirps in the frequency domain. First, we compute a 4096-point
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Fig. 5. Chirp detection. (a) Signal from a single cricket received by the soft-
ware defined radio. (b) A time-expanded view of a single chirp. (c) The known
carrier frequency 𝑓𝑖𝑑 of the cricket is used to detect chirps in frequency
domain. Here, the power within a small window around 𝑓𝑖𝑑 is plotted as a
function of time. The frequency 𝑓𝑐 of received chirps (chirps per second) is
proportional to the incident light level.

(80 µs) discrete Fourier transform (DFT) with a Hamming window
in 2048-point (40 µs) steps. Since a cricket’s 𝑓𝑖𝑑 may vary slightly
with temperature and humidity, we search for its chirps within a
2 MHz band centered around 𝑓𝑖𝑑 . In each 4096-point window, we
compute the average power within this 2 MHz band, as shown in
Fig. 5(c). A chirp is detected when the power exceeds a threshold.
Note that the time resolution of each detection depends on the

number of samples by which the DFT window is shifted. While we
have typically used a shift of 2048 samples, in some applications
we have used smaller shifts to achieve higher time resolution. Our
signal processing code is available online [Nayar et al. 2024].

3.3 Performance
We have conducted a detailed analysis of the performance of our
cricket prototype. Figure 6(a) shows the setup we used for most of
our experiments, which includes a regulated halogen light source, a
mirror to control the distance between the source and the cricket,
a luxmeter placed next to the cricket to obtain ground truth light
levels, and a software radio placed about 12 feet from the cricket.

Radiometric Response Function: To characterize the cricket’s
response function, we measured the frequency 𝑓𝑐 of detected chirps
for light levels varying from 10 lux to 3500 lux, which was the
maximum light level we could generate using our regulated source.
The measured response function is shown in Fig. 6(b) and is seen
to be linear. In order to illustrate that the linearity of the response
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Fig. 6. Performance characteristics of crickets. (a) Experimental setup used to evaluate the performance of crickets. The cricket is illuminated using a
regulated halogen light source. A luxmeter is placed close to the cricket to obtain ground truth light levels. In these experiments, the software defined radio
was placed roughly 12 ft from the cricket. (b) The radiometric response of a cricket was found to be linear. Also shown is a zoomed-in view of the response
function for low light levels (0 − 100 lux). Ideally, the response function should pass through the origin. It does not in our measurements because of a small
error (roughly 7 lux) in the measurements produced by the luxmeter, which were used as ground truth. (c) The PSNR of a cricket for different light levels.

function holds for low light levels, we also show a zoomed-in view
of the lower end of the response function (blue box) which includes
measurements in the range 0 − 100 lux. The best line that fits our
measurements shows that the response remains linear in this range.
Ideally, this line should pass through the origin, but it intersects the
𝑥-axis at about 7 lux. We attribute this offset to a bias in our luxmeter
readings which were used as our ground truth light measurements.

We have fabricated a total of 24 crickets (see Fig. 9(a)), all of which
have linear response functions with slightly different gains due to
expected variability in the values of the components used. Each
cricket produces roughly 0.1 chirps per lux, per second.

Dynamic Range: Cricket has a remarkably wide dynamic range as
it can measure light levels ranging from 10 lux (dimly lit room) to
170,000 lux, which is well above direct sunlight.3 The lower limit of
10 lux is due to the fact that the oscillator we used requires 2.9 V to
chirp, and the photovoltaic we used does not produce that voltage for
light levels less than 10 lux. Note that this is not a fundamental limit
– this lower limit can be significantly lowered by custom-designing
the oscillator and the photovoltaic. The upper limit of the dynamic
range results from the fact that, at some light level, the received
chirps, which are roughly 30 µs wide, will abut each other, making
them undetectable as distinct chirps. To estimate the upper limit,
we take a conservative approach and require consecutive chirps to
be separated by at least 30 µs to be reliably detected. This condition
corresponds to a light level of approximately 170,000 lux. Therefore,
we can approximate the dynamic range as:

20 log10
(
170, 000 lux

10 lux

)
dB = 84.6 dB. (1)

In our experiments, we have measured light levels as low as 10 lux
in a dark room and as high as 62,800 lux under sunlight (see Fig. 13).

Signal-to-Noise Ratio To quantify cricket’s signal-to-noise ratio,
we captured its chirps under different light levels over a duration
of time. For each light level, the 𝑁 detected chirps were used to

3Direct sunlight on a clear day is estimated to be around 130,000 lux [Schlyter 1997].
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Fig. 7. Miniaturization of cricket.We varied the active area of the photo-
voltaic by sliding a mask over a cricket. The frequency 𝑓𝑐 of chirps decreases
linearly with the active area, for any given light level. We found that the
active area of the current prototype could be reduced by a factor of 100×,
which suggests that by trading-off the number of chirps received per second,
the active area of a cricket can be as small as 1.7 × 1.7 mm2.

compute the average and variance of the light level. Figure 6(c) lists
the peak signal-to-noise ratio (PSNR) computed for the different
light levels. The drop in PSNR with increase in light level can be, in
part, attributed to the fact that the chirps get closer as the light level
increases, and hence the precision with which the time between
consecutive chirps can be measured decreases.

Power: Crickets are designed to chirp only when they can afford to.
In other words, virtually all of the harvested energy is used during
a chirp, and the circuit draws minimal power between chirps. We
have estimated the power consumption during a chirp to be 29 mW,
and when it is not chirping to be 2.2 µW. Note that the number
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(a) (b) (c) (d)

Fig. 8. A self-powered pixel array. (a) Crickets are manually arranged to emulate a 4 × 4 camera. Since each cricket has a unique carrier frequency 𝑓𝑖𝑑 ,
chirps from a large number of crickets can be simultaneously received by the software radio and processed to obtain the light intensities measured by all the
crickets. (b) A spot light is moved around over the array. The inset visual on the right shows the "image" captured by the array. In (c) and (d), shadows are cast
on the array using a ruler and a piece of cardboard. Videos generated by the array are included in the supplemental video.
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Fig. 9. Measuring time-varying light patterns. (a) We have fabricated
24 crickets, each with its own chirp frequency. (b) The precision of crickets
is illustrated here by projecting an illumination pattern on two crickets and
sliding the pattern over the crickets as a function of time. The measured
signals for the step, ramp and sine patterns demonstrate the ability of
crickets to measure light with high accuracy. The supplemental video shows
the brightness measured by each cricket varying with time.

Fig. 10. Luxophone. Two crickets are used to create a musical instrument
where the performer modulates the ambient light falling on the crickets to
control volume and frequency.

of chirps per unit time is proportional to the light level. Therefore,
the power consumption, 𝑃 , is a function of the light level, 𝐿 lux,
and can be approximated as: 𝑃 ≈ 𝛼𝐿 + 𝛽 , where 𝛼 = 116 nW/lux,
and 𝛽 = 2.2 µW. Details of this power model are provided in the
supplemental material.

Size: As mentioned above, as long as the photovoltaic can produce
sufficient voltage, the cricket will chirp. The photovoltaic we used
has an active area of 255 mm2. In Fig. 7, we show how the active area
of the photovoltaic effects the chirp frequency 𝑓𝑐 . In this experiment,
we emulated different active areas by using a linear stage with
micrometer accuracy to slide an opaque mask over the photovoltaic
while it was exposed to a light intensity of 700 lux. As expected, the
chirp frequency 𝑓𝑐 falls with the active area. Interestingly, the cricket
continues to chirp with an active area as small as 2.89 mm2, which
is a reduction in active area by a factor of 100× and corresponds to
a photovoltaic with an active area of 1.7 × 1.7 mm2.

Figure 9 demonstrates the measurement accuracy of crickets. Two
crickets are placed at a distance from each other, and illumination
patterns (step, ramp and sine functions) are swiped passed the crick-
ets using a projector. The plots on the right side show the brightness
measured by each cricket as a function of time. In Fig. 8(a), 16 crick-
ets are used to create a 4 × 4 grid of pixels. Since each cricket has a
different carrier frequency 𝑓𝑖𝑑 , the chirps from all the crickets are
simultaneously detected and used to construct the image shown
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Fig. 11. Measuring the illumination centroid using a cricket cube.
(a) A cube with a cricket on each of its six faces. (b) Each cricket can only
receive light from four octants. (c) All the sources within an octant can be
represented with a single "resultant" source.

within each frame. The array is illuminated using a spot light in
Fig. 8(b), and shadows are cast on it using a ruler and a card in
Fig. 8(c) and Fig. 8(d), respectively.
On the lighter side, we used crickets to create a musical instru-

ment, which we refer to as a Luxophone (Fig. 10). Inspired by the
Theremin [1928], an instrument that uses capacitance to wirelessly
sense a musician’s hand motions to control the volume and fre-
quency of a single note, the Luxophone maps the light falling on
two crickets to volume and frequency. As seen in Fig. 10, a performer
creates music by modulating the ambient light falling on the two
crickets. Music generated using the luxaphone is included in the
supplemental video.

4 CRICKET CUBE FOR SOURCE ESTIMATION
The estimation of the illumination of a scene has several applications
in vision and graphics. Examples include surface reconstruction us-
ing shape from brightness methods, determining material properties
and scene relighting. In other fields, illumination estimation can
enable solar panels to track the sun, estimate weather parameters
and monitor lighting in an urban setting.

If the illumination is restricted to a single point source, three crick-
ets oriented differently are sufficient to estimate the brightness and
direction of the source. Assume that the three crickets have known
orientations �̂�1, �̂�2 and �̂�3, and the unknown point source is 𝑺 = 𝑘𝒔,
where 𝑘 is its brightness and 𝒔 is its direction. Let the three cricket
measurements be 𝐼1, 𝐼2 and 𝐼3. Then, we can find the point source
as 𝑺 = 𝑵 −1𝑰 , where 𝑵 = [�̂�1, �̂�2, �̂�3]𝑇 and 𝑰 = [𝐼1, 𝐼2, 𝐼3]𝑇 . This
result can be viewed as the inverse of photometric stereo [Woodham
1980], where three known sources, activated in sequence, can be
used to compute the surface normal of a Lambertian scene point.
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Fig. 12. Source estimation using a cricket cube. (a) Prototype of a cricket
cube. (b) Setup used to estimate the accuracy of single source estimation.
The zenith angle 𝜙 and azimuthal angle 𝜃 were varied using a rotary stage
and a source with adjustable height. (c) The actual (blue dots) and measured
(red dots) source directions. The mean absolute errors in 𝜃 and𝜙 were found
to be 2.37𝑜 and 0.49𝑜 , respectively.

Note that the above point source estimation using crickets works
only when the source is “visible” to all three crickets.
Now, consider the case where the illumination is complex with

an arbitrary number of unknown point sources,4 and we wish to
find the “centroid” of the entire illumination field. The centroid is of
particular value in applications such as solar panel tracking, where
we want the panel to be tilted in the direction of maximum irradi-
ance to maximize energy harvesting. Numerous methods have been
proposed for sensing the sun direction for solar tracking [Salgado-
Conrado 2018]. Note that the centroid direction could differ from
the sun direction when the sky contribution is significant.
Consider the cube shown in Fig. 11(a), which has a cricket on

each of its six sides. Since the crickets are on a cube, their normals
are related as:

�̂�2 = −�̂�1, �̂�4 = −�̂�3, �̂�6 = −�̂�5 . (2)

Assume the illumination to be represented on a sphere and the
cube to be located at the center of the sphere. To account for the fact
that the sphere is only partially visible to each cricket, we partition
the sphere into its 8 octants, as shown in Fig. 11(b). Now, consider

4Although for our purposes here we view the illumination as being comprised of a set
of point sources, our results generalize to extended sources as they can be modeled as
collections of point sources.
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Estimated Centroid (Cricket Cube)

Fig. 13. Illumination centroid estimation using a cricket cube. (a) For each time instant, the ground truth centroid was estimated using HDR images
computed from 8 differently exposed images taken using the fisheye camera. Estimated centroids for (b) an indoor scene and (c) the sky. Note that the centroid
estimates obtained from just the 6 cricket measurements produced by the cube closely track the ground truth. This can be attributed to the high precision and
wide dynamic range of crickets.

octant 6, which includes a number of sources with unknown bright-
nesses and directions, as shown in Fig. 11(c). All of these sources
can be represented with a single “resultant” source: 𝑺6 =

∑
𝑖 𝑘𝑖 𝒔6𝒊 .

Since different octants do not share sources, the resultant source for
the entire sphere is:

𝑺𝑟 =

8∑︁
𝑖=1

𝑺𝑖 . (3)

Note that any given cricket can only receive light from the four
octants visible to it. For instance, cricket 1 can only receive light
from octants 2, 3, 6, and 7. So, we can express the light measurements
from the six crickets as:

𝐼1 = 𝑺2�̂�1 + 𝑺3�̂�1 + 𝑺6�̂�1 + 𝑺7�̂�1 ,

𝐼2 = 𝑺1�̂�2 + 𝑺4�̂�2 + 𝑺5�̂�2 + 𝑺8�̂�2 ,

𝐼3 = 𝑺1�̂�3 + 𝑺2�̂�3 + 𝑺3�̂�3 + 𝑺4�̂�3 ,

𝐼4 = 𝑺5�̂�4 + 𝑺6�̂�4 + 𝑺7�̂�4 + 𝑺8�̂�4 , (4)
𝐼5 = 𝑺1�̂�5 + 𝑺2�̂�5 + 𝑺5�̂�5 + 𝑺6�̂�5 ,

𝐼6 = 𝑺3�̂�6 + 𝑺4�̂�6 + 𝑺7�̂�6 + 𝑺8�̂�6 .

From the above equations and the constraints in Eq. (2), we obtain
the resultant source as:

𝑺𝑟 = 𝑵 −1𝑰 , (5)

where, 𝑵 = [�̂�1, �̂�3, �̂�5]𝑇 and 𝑰 = [𝐼1 − 𝐼2, 𝐼3 − 𝐼4, 𝐼5 − 𝐼6]𝑇 . The
direction of the centroid of the illumination is simply the direction
of the resultant source: 𝒔𝒄 = 𝑺𝑟 /∥𝑺𝑟 ∥.
The cricket cube we developed is shown in Fig. 12(a). We first

evaluated its ability to estimate the centroid direction 𝒔𝒄 by using a
single point source, in which case 𝒔𝒄 is the direction of the source.
As seen in Fig. 12(b), a rotary stage was used to vary the azimuthal
angle 𝜃 , and the height of the source was varied to set the zenith
angle 𝜙 . The cube was able to estimate the source direction with

high accuracy – the mean absolute errors in 𝜃 and 𝜙 were found to
be 2.37◦ and 0.49◦, respectively.

Next, we used the cube to find the illumination centroid for both
indoor and outdoor scenes. To obtain ground truth, we used the fish-
eye camera shown in Fig. 13(a). To capture the wide dynamic ranges
of these scenes, which included table and ceiling lamps indoor and
direct sunlight outdoor, for each instant in time, we captured 8 fish-
eye images using different exposures and computed a high dynamic
range (HDR) image. The ground truth centroid (blue dot) was com-
puted from the HDR image. In the frames shown in Fig. 13(b) and
Fig. 13(c), the centroid estimated using the six cricket cube measure-
ments (red dot) is very close to the ground truth in both the indoor
and outdoor examples. The mean absolute error in the angle be-
tween the ground truth and cube-estimated centroids for the indoor
and outdoor scenes were found to be 4.14◦ and 2.92◦, respectively. It
is worth reiterating that we only used six measurements to estimate
the centroid. This performance can be attributed to the cricket’s
high sensitivity and wide dynamic range.

5 LIGHTING CONTROL

Lighting control for energy conservation is a problem that has
been extensively studied. The idea is to continuously adjust the
intensities of lamps in an indoor setting (offices, factories, nurseries,
etc.) based on measurements provided by light sensors that are
positioned in regions where lighting needs to be controlled (desks,
entrances, plants, etc.). In these settings, there is typically some
ambient illumination (e.g., sunlight through windows) that varies
in an unpredictable manner over time.
Previous works in this area have explored the design of sensor

networks and control algorithms for adjusting lighting [Pan et al.
2008; Park et al. 2007;Wen et al. 2006; Yeh et al. 2010]. Pandharipande
and Li [2013] have developed a light-powered sensor that uses a
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Fig. 14. Lighting control using crickets. (a) Three crickets are positioned in regions where we wish the illumination to be kept constant. The lighting was
controlled using three Wi-Fi enabled LED lamps. Over a span of 3.5 hours, the ambient illumination varied dramatically due to light streaming through the
windows and the ceiling lights being turned on and off. (b) Despite the significant changes in ambient illumination, the lighting of the three regions remained
more or less constant. (c) The lamp intensities generated by the control algorithm. In this example, lighting control led to an energy saving of 37% compared to
keeping the three lights at maximum brightness.

microcontroller-based circuit to measure illumination and detect
motion. Since these sensors require more power than crickets, they
use a larger solar cell and rely on a battery to function in lower light
conditions. In comparison, crickets can measure light down to 10 lux
without a battery. They are compact and can be easily placed in the
scene without being conspicuous (see Fig. 14(a)). Furthermore, as
shown in Fig. 7, the current prototype can be significantly reduced
in size, enabling them to be inconspicuously embedded in a variety
of everyday objects (furniture, devices, etc.).

Assume we have an indoor space with 𝑛 controllable lamps and𝑚
regions where we have placed crickets. We represent the lamp inten-
sities using the vector 𝑳, where each of its elements is normalized to
lie between 0 and 1. We denote the measurements obtained from the
crickets as𝑴 . The direct effect of the lamp intensities on the cricket
measurements is given by the transport matrix 𝑲 : 𝑴 = 𝑲𝑳, where
𝑲 is an𝑚 × 𝑛 matrix. We measure 𝑲 offline by eliminating all the
ambient light (turning off other lights and shutting the windows),
fully turning on each of the controllable lights in sequence, and
recording the corresponding cricket measurements.

The lighting model for the space can now be written as𝑴 = 𝑲𝑳+
𝑨, where𝑨 is the unknown, time-varying ambient illumination. Let
𝑴𝐷 be the desired cricket measurements dictated by the application,
𝑴 (𝑡) be the current cricket measurements, and 𝑳(𝑡) be the current
lamp intensities. Our control algorithm finds the next (adjusted)
lamp intensities 𝑳(𝑡 + 1) so as to minimize the discrepancy between
𝑴𝐷 and𝑴 (𝑡+1). We assume that the ambient lighting varies slowly,
and hence 𝑨 is the same at times 𝑡 and 𝑡 + 1. We can then define a
loss function that represents the difference between the desired and

actual measurements at time 𝑡 + 1 as:

Loss (𝑳(𝑡 + 1)) = | | (𝑲𝑳(𝑡 + 1) +𝑨) −𝑴𝐷 | |2 . (6)

Using our lighting model, we can express the ambient light as:
𝑨 = 𝑴 (𝑡) − 𝑲𝑳(𝑡). Substituting this into Eq. (6), we get:

Loss (𝑳(𝑡 + 1)) = | |𝑲 (𝑳(𝑡 + 1) − 𝑳(𝑡)) +𝑴 (𝑡) −𝑴𝐷 | |2 . (7)

Our lighting control algorithm finds the next lamp intensities 𝑳(𝑡+1)
by minimizing Eq. (7) subject to the constraint 0 ≤ 𝑳(𝑡 + 1) ≤ 1,
which can be solved using quadratic programming.

Figure 14 shows the above method applied to a conference room
with windows, ceiling lights and three controllable lights, over a
span of 3.5 hours. Three crickets are placed close to the three users
of the conference table and their desired measurements were chosen
to be 520 lux, 450 lux and 515 lux. In this experiment, each lamp
had a non-zero contribution to each of the three crickets. That is,
all the elements of the transport matrix 𝑲 were non-zero.

The ambient lighting of the scene varied dramatically during the
experiment (please see supplemental video). Despite these changes,
as seen in Fig. 14(b), the outputs of the three crickets remain more
or less constant. The short deviations in the cricket measurements
seen in the plot are due to the fact that some of the ambient lighting
changes were abrupt. In Fig. 14(c), we show the optimal lamp inten-
sities computed by our algorithm. As is evident, the lamp intensities
had to be varied significantly over time to ensure the cricket mea-
surements remained close to the desired values. From these plots
we estimated that the total energy saved by controlling the lamp
intensities, versus keeping them at maximum brightness, was 37%.
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Fig. 15. eTransition glasses. (a) A modified version of the cricket circuit is used to develop sunglasses that can automatically adjust their transmittance based
on the brightness of the environment. (b) The glasses can adapt to lighting changes within 100 milliseconds compared to today’s widely used photochromic
transition lenses that take over 30 seconds to darken and over 2 minutes to lighten.
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Fig. 16. eTransition glass circuit. The output 𝑉𝑜 of the comparator in
Fig. 2 is a train of pulses. We modified this light-powered pulse generator
so that its peak value is proportional to the incident light and its duty cycle
is 50%. This output is used to drive a liquid crystal (LC) valve such that its
transmittance is inversely proportional to the incident light. This circuit was
used to develop the battery-less transition glasses shown in Fig. 15(a).

6 ETRANSITION GLASSES
In our last application, we describe a pair of transition sunglasses
that use liquid crystal (LC) valves that are driven by a self-powered
circuit (Fig. 16) inspired by cricket. Note that the first part of the
cricket circuit in Fig. 2 – from the photovoltaic to the comparator
output – is essentially a self-powered pulse generator with a very
low duty cycle. For our transition glasses, we modified cricket’s
pulse generator and changed the values of some of the components
(see supplemental material) so that the output 𝑉𝑜 of the comparator
has a duty cycle of 50% and its peak voltage is proportional to
the incident light. In place of the oscillator in Fig. 2, we use an
inverter that converts 𝑉𝑜 to an AC pulse train that is used to drive
the LC valve. The transmittance of the LC valve is therefore inversely
proportional to the incident light. The resistors 𝑅𝑠 and 𝑅𝑔 are used
to control the transition speed and attenuation range, respectively.
In the supplemental material, we have provided a more detailed
description of how the circuit works as well as the values and model
numbers of the components we used in our implementation.

Figure 15(a) shows a prototype of our “eTransition” glasses. The
frame includes 3 miniature solar cells on each side, an LC valve for
each eye, and the circuit in Fig. 16. Multiple solar cells are used in
this case only because each one has a low peak voltage of 0.4 V and
a minimum of 2.0V is needed to drive the LC valves. Figure 15(b)

shows four video frames of a user captured while the illumination
of the environment is increased by turning on a bright source. As
can be seen, the transition is completed within a span of 90 ms.

7 DISCUSSION
There are several directions along which we plan to extend our
work. First, we plan to miniaturize our cricket design so we can
deploy them in large numbers both in the form of arrays as well as a
network of light sensors. This will involve the custom design of the
photovoltaic cell, the oscillator and a single integrated circuit for the
remaining components. Our current implementation uses an off-the-
shelf antenna. It is well known that custom designing the antenna
for a specific frequency and form-factor can significantly enhance its
efficiency. Antenna design is an involved task, but we believe it is a
worthwhile investment since we would like our miniaturized cricket
to have a longer transmission range than our current prototype.
Second, while we have demonstrated the use of cricket cubes

for measuring point source direction and centroid estimation for
arbitrary illumination, we plan to investigate how a small number
of crickets can be used to create untethered outward-looking and
inward-looking light probes that can provide richer descriptions of
illumination.

Finally, we believe that the concept of a cricket can be generalized
to a light-powered environmental sensor that can measure not only
light but other parameters such as temperature, pressure and humid-
ity. There are a variety of components, including passive ones such
as thermistors, that can be incorporated into our current design.
The key challenge is to ensure that the additional measurements
are faithfully encoded within the chirps transmitted by the cricket.
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