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(57) ABSTRACT 
Anapparatus using reconfigurable integrated sensorelements 
with an efficient energy harvesting capability is described. 
Each sensor element has sensing and energy harvesting 
mode. In the sensing mode, the sensor element measures an 
environmental characteristic by generating electrical charge 
and outputs a time-encoded signal indicative of the measure 
ment. In the energy harvesting mode, the sensorelement itself 
is used to harvest energy from ambient energy source and 
makes it available to other sensor elements or circuit compo 
nents. The sensing element is Switched from the sensing 
mode to the energy harvesting mode when the electrical 
charge reaches a predetermined threshold. An image sensor 
device using asynchronous readout for harvesting energy 
from incident light while generating images is also described. 

28 Claims, 10 Drawing Sheets 
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FIG. 6 
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METHOD AND APPARATUS FOR ENERGY 
HARVESTING USING CMOS SENSOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This patent application claims the benefit of U.S. Provi 
sional Patent Application No. 61/202,435, filed Feb. 27, 2009, 
which is incorporated by reference in its entirety. 

FIELD OF THE INVENTION 

The present invention relates in general to the fields of 
electronic sensors and in particular to reconfigurable inte 
grated sensors as both sensing and energy harvesting ele 
ments, and to an asynchronous readout technique for effi 
ciently harvesting ambient energy using the sensors. 

BACKGROUND OF THE INVENTION 

Integrated sensors can convert environmental energy into 
electrical signals, and some of them, as in the case of inte 
grated image sensors, can be used for both sensing and energy 
harvesting. In the last decade, CMOS image sensors have 
gained attention due to their inherent advantages of low 
power and low cost. This is mainly due to the use of standard 
Complementary Metal Oxide Semiconductor (CMOS) tech 
nology which allows for integrating image capture devices as 
well as complex image processing circuits on a single chip. 
CMOS image sensors have a variety of applications in 

modern portable/mobile electronic systems and sensor net 
works. These systems are usually powered by batteries or 
external power Supplies. Therefore, power consumption is a 
major limitation in these portable/mobile systems since the 
capacity of the batteries often limits their operational time. In 
the case of sensor network, where the scarcest resource is 
energy, devices are expected to have a long operational time 
without human intervention for energy replenishment. 
Human intervention is undesirable due to the cost of checking 
a large number of devices. Low power has been typically 
achieved by using more advanced CMOS technologies fea 
turing low power Supply Voltage. Low Supply Voltage, how 
ever, is not preferable in CMOS image sensors as it has an 
enormous impact on imaging performance due to limited 
signal Swing and reduced signal-to-noise ratio (SNR). 

Energy harvesting technique can be utilized to exploit 
energy on-board, thus alleviating the requirement on external 
battery capacity. For example in CMOS image sensor, a Self 
Powered Pixel (SPS) approach that exploits the energy gen 
eration capability of integrated photodiodes as shown in FIG. 
1, has been previously studied. A photodiode Pd1 (102) is 
connected between a conventional power supply VDD 103 
and a power bus 104 shared by all the pixels in the image 
sensor. When exposed to incident illumination 106, photo 
diode 102 converts photons into electron/hole pairs, forming 
photocurrents that provide extra power to power bus 104. 
Another photodiode Pd2 (108) and transistors MN1, MN2, 
and MP1 form a conventional active pixel sensor (APS) struc 
ture, in which photodiode 108 operates as the photodetector. 
MN3 provides a biasing current for signal readout. With the 
energy generated by the additional photodiode 102, the 
energy drained from the power Supply can be reduced. 

However, the existing approach suffers several drawbacks: 
1) Significant silicon area is dedicated to the photodetector 
used for power generation. 2) Before each frame capture, the 
power photodetector is first charged-up. Poor illumination 
will elongate this period, thus leading to a very slow operation 
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2 
of the sensor. 3) The SPS cannot operate when the power bus 
drops below the minimum Supply Voltage, upon which the bus 
recharging cycle is invoked. 

BRIEF SUMMARY OF THE INVENTION 

Described herein are various embodiments of method and 
apparatus for utilizing integrated sensors to harvest energy 
from an ambient environment. The harvested energy can be 
used by the sensors to power components of the sensors or 
other circuit components, so that the power consumed from a 
conventional power Supply is reduced. The harvested energy 
can also be stored in an on-chip energy storage device or in an 
external energy storage device for later use or for powering 
external circuits. 

According to one embodiment, a sensor circuit, including 
a sensor array, is used to harvest energy from an ambient 
source. The sensors in the sensor array may be CMOS image 
sensors, piezoelectric sensors, or other sensors suitable for 
measuring environmental characteristics. The sensor circuit 
further includes a timing and control unit, one or more 
decoder and buffer units, and a signal processor and memory 
unit for implementing the required functionalities. The sensor 
circuit further includes a power management and energy Stor 
age unit for processing and storing the energy harvested by 
the sensor array. 

According to another embodiment, a sensor element 
including a sensor, a control circuit, and an encoding circuit. 
The sensor element has first and second operating modes. In 
the first operating mode (i.e., the sensing mode), the sensor 
element is used for measuring the environmental character 
istic by generating electrical charge. In the second operating 
mode (i.e., the energy harvesting mode), the sensor element is 
used as an energy harvesting device for using the electrical 
charge as a power Supply. The sensor element is Switched 
from the first operating mode to the second operating mode 
when the electrical charge reaches a predetermined threshold. 

Unlike the conventional Voltage domain sensing tech 
niques, the sensor element utilizes a time encoding technique 
to convert the environmental characteristic into an output 
signal indicative of a charging time. In a further embodiment, 
when the sensor is a photodetector or a photodiode used for 
measuring incident light intensity, the charging time is a time 
interval inversely proportional to the light intensity. When 
exposed to the incident light, the sensor generates electrical 
charge in response to the incident light. When the electrical 
charge reaches a predetermined threshold, the sensor is con 
figured to harvest energy from the incident light to electrical 
charge to supply power to the circuit components of the 
sensor element, external circuit components, or energy stor 
age devices. 

According to another embodiment, a method is provided 
for using an image sensor array to harvest energy from the 
light impinging on the sensor. The method utilizes an asyn 
chronous readout technique, where highly illuminated pixels 
charge up quickly and the output signals are read out from 
these pixels first, due to the fact that the electrical charge 
reaches the predetermined threshold earlier in these pixels 
than in other pixels receiving lower illumination. Once the 
output signals are collected, these highly illuminated pixels 
are configured to harvest energy at earlier times than those 
pixels exposed to lower illumination. When a group of pixels 
are Switch to the energy harvesting mode, the electrical 
charge in these pixels is used to contribute to the global power 
Supply, thereby reducing power consumption from the main 
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power Supply. As the process continues, more and more pixels 
are Switched to the energy harvesting mode, thereby creating 
an avalanche effect. 

According to some embodiments, a method is provided for 
operating a sensor element, comprising setting the sensor 
element in a first operating mode for measuring an environ 
mental characteristic by generating electrical charge in 
response to the environmental characteristic, generating an 
output signal in response to the electrical charge, determining 
that the electrical charge reaches a predetermined threshold, 
Switching in response to the determination result the sensor 
element to a second operating mode for using the electrical 
charge as a power Supply. 

According to Some alternative embodiments, an apparatus 
is provided comprising a sensing circuit having first and 
second operating modes, wherein the sensing circuit mea 
Sures an environmental characteristic in the first operating 
mode by generating electrical charge and operates as a power 
Supply in the second operating mode using the electrical 
charge, a control circuit connected to the sensing circuit for 
monitoring the electrical charge and for generating a feed 
back signal for Switching the sensing circuit from the first to 
the second operating mode when the electrical charge reaches 
a predetermined threshold, and an encoding circuit connected 
to the control circuit for generating an output signal in 
response to the electrical charge. 

According to still some alternative embodiments, an imag 
ing sensor is provided, comprising an array of sensor units, 
each having first and second operating modes, wherein each 
sensor unit generates an output signal indicative of a light 
intensity received by the sensing unit in the first operating 
mode and operates as a power supply in the second operating 
mode, a timing circuit for providing control signals to Switch 
each sensing unit between the first and second operating 
modes, and a processing circuit for selectively reading the 
output signals from the array of sensing units based on the 
operating modes of the sensing units. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts an existing technique for harvesting energy 
using a CMOS image sensor, 

FIG. 2 illustrates a diagram of circuit for harvesting energy 
by using reconfigurable sensing devices having a sensing 
mode and an energy harvesting mode; 

FIG. 3 depicts a block diagram of an imaging device for 
harvesting energy from integrated light sensing devices; 

FIG. 4 shows a structure of a sensor element integrated in 
the imaging device depicted in FIG. 3; 

FIG. 5 shows a circuit implementation of the sensor ele 
ment depicted in FIG. 4; 

FIG. 6 shows the signal waveforms of the sensor element 
circuit depicted in FIG. 5 during its operation; and 

FIG. 7 illustrates an asynchronous read-out technique for 
harvesting energy from a sensor array. 

DETAILED DESCRIPTION OF THE INVENTION 

Now turning to the drawings and referring to FIG. 2, a 
block diagram is shown therein for illustrating the general 
structure of circuit 200 for harvesting energy from one or 
more sensing device 204. The circuit 200, which includes at 
least one sensing unit 203, can be switched between a sensing 
mode and a energy harvesting mode. In the sensing mode, the 
sensing unit 203 converts certain physical parameters or envi 
ronmental characteristics such as light intensity, pressure, 
force, acceleration, into output signal 212 which is then read 
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4 
out and digitized. In the energy harvesting mode, the sensing 
unit 203 is connected to the energy storage unit or main power 
source 202 to contribute to the power supply, which is used to 
power various components of the circuit 200 or other external 
circuit 216. 
As further depicted in FIG. 2, the sensing unit 200 further 

includes switch 206 for selecting the sensing mode and the 
energy harvesting mode, a readout circuit 208 for reading and 
encoding the electrical signal 217 generated by the sensing 
device 204 into the output signal 212, and control circuit 210 
for generating a feedback signal 207 for controlling the 
switch 206 in response to the electrical signal 217 and exter 
nal reset signal 214. 

According to some embodiments, the sensing device 204 is 
a photodiode for measuring incident light intensity and gen 
erating electrical charge in response to the incident light. In 
keeping with this embodiment, the circuit 200 is a light sens 
ing element, commonly called pixel, integrated in an imaging 
device which is fabricated using the CMOS technique. 

FIG. 3 depicts a schematic diagram of a CMOS imaging 
device 300 according to this embodiment. Imaging device 
300 can be used in electronic imaging systems including, but 
not limited to cell phones, digital cameras, PDAs, remote 
sensing devices, medical imaging devices, etc., which are 
Suitable for generating digital images. Imaging device 300 
can also be integrated in wireless sensor networks including, 
but not limited to, imaging sensor networks for security and 
Surveillance applications. Unlike conventional imaging 
device, the imaging device 300 not only captures digital 
images, but also harvests energy from the incident light and 
contributes to power Supply, thereby reducing power con 
sumption from the main power source used to power the 
device 300. 

In particular, the image device 300 includes a pixel array 
306, a timing and control unit 310, one or more decoder and 
buffer units 304, a signal processor and memory unit 312, and 
a power management and energy storage unit 302. The pixel 
array 306 can be one-dimensional or two-dimensional, in 
which pixels 308 convert the incident light with different 
illumination levels to electrical signals for further storage or 
processing. 

Each pixel 308 is a sensing unit consisting of at least one 
photodiode, and a plurality of transistors fabricated using the 
CMOS technology. Each pixel 308 has a first operating mode 
(i.e., the sensing mode), where the photodiode orphotodiodes 
sense the illumination level (i.e., intensity) and generate elec 
trical charge in response to the incident light. 
The charging process (commonly known as integration) is 

determined in part by the intensity and exposure time of each 
pixel 308. In general, the higher the incident intensity, the 
faster the electrical charge is generated. On the other hand, the 
longer the exposure time (integration time), the higher the 
electrical charge. Consequently, the time interval required for 
the electrical charge to reach a predetermined charge level is 
inversely proportional to the incident light intensity. As a 
result, the charging process of each pixel 308 is time encoded 
and the integration time required for each pixel 308 to reach 
a predetermined charge threshold can be decoded to calculate 
the intensity of the light received by each pixel 308. 

In addition, the pixel 308 can be configured to harvest 
energy from the incident light. The transistors integrated in 
the pixel provide reset, control, readout, as well as other 
necessary functions. The timing and control unit 310 provides 
global clock signals for the sensor, and controls the operation 
of the entire sensor. The clock and control signals are distrib 
uted to other components by proper routing. The decoder and 
buffer units 304 are electrically coupled to the pixel array 306. 
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They are provided to address and access the signals generated 
by the pixel array 306, and load them into the signal processor 
and memory unit 312, which is electrically connected to the 
decoder and buffer units 304. The signal processor includes 
one or more digital processor, image encoders and decoders, 
analog-to-digital converters, calibration circuitries, etc. The 
memory includes both volatile and non-volatile memories. 
The signals generated by the pixel array 306 can be directly 
loaded into the processor for image processing Such as image 
compression, and the processed signals are stored in the 
Memory. 
The power management and energy storage unit 302 is 

electrically connects to the pixel array 306 and other circuit 
components for Supplying them with electrical power. In 
addition, the power management and energy storage unit 302 
also regulates and stores the energy harvested by the pixel 
array 306. Specifically, the power management and energy 
storage unit 302 can include step-up or step-down Switching 
regulators, Switch-capacitor power converters, low-dropout 
regulators, chargers, and other power conversion circuitry. 
Energy storage is realized by using on-chip capacitors or 
other CMOS compatible charge storage devices. The har 
Vested energy can be used to complement the main power 
source (not shown) and used to power the pixel array 306, 
other circuit components within the image sensor, or other 
circuits external to the sensor. Alternatively, the energy hard 
est by the sensor array 306 can be stored in on-board or 
external energy storage devices. 

FIG. 4 illustrates a structure diagram 400 of the pixel 308 
according to some embodiments. The pixel 400 is connected 
to a voltage source VDD and includes a reset transistor MN1, 
a photodiode Pd, a switch transistor MP1 connecting the 
anode of the photodiode Pd to a power bus 402, which pro 
vides power Supply Vpower from a main power source (now 
shown) and is shared by the entire pixel array 306, a threshold 
detection and feedback control unit 406, and a signal encod 
ing unit 408. 
The pixel 400 has two operating modes: a sensing mode 

(first mode) and an energy harvesting mode (second mode). In 
the sensing mode, the photodiode Pd is used to measure the 
incident light intensity using a timing coding technique. In the 
energy harvesting mode, the photodiode is used to harvest 
energy from the incident light received by the photodiode and 
to contribute to the power supply on the main power bus 402. 
The operation of the pixel 400 is described below. 

Initially, the sensor is in harvesting mode. The reset tran 
sistor MN1 is off and the switch transistor MP1 is on. The 
anode of the photodiode Pd is connected to the main power 
bus 402 through the switch transistor MP1. When the pixel 
400 is exposed to illumination, the photodiode Pd converts 
the incident photons into electron/hole pairs, thus forming 
photocurrents, to charge up the main power bus 402 to VDD'. 
Note the difference between VDD" and VDD is the open 
circuit voltage of the photodiode Pd. 
When the integration process (the sensing mode) begins as 

indicated by the timing and control circuit 310 through the 
control signals 410, MP1 is turned off and MN1 is turned on 
by reset signal 404. The node connecting the anode of Pd and 
the drain of MN1 is discharged to ground. During the inte 
gration process of the pixel’s normal operation mode, tran 
sistors MN1 and MP1 are turned off. The threshold detection 
and feedback control unit 410 monitors the voltage at the 
node connecting the anode of Pd and the drain of MN1. 
Once the voltage reaches a predetermined threshold, the 

threshold detection and feedback control unit 406 sends a 
control signal to turn on MP1, thereby connecting the anode 
of Pd to the main power bus 402, which is shared by the pixel 
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6 
array 306. Accordingly, the pixel 400 goes into the energy 
harvest mode, where the photodiode Pd is used to harvest 
energy from the incident light. The photodiode Pd continues 
to convert the incident light into electrical charge, which is 
used to contribute to the power Supply on the main power bus 
402. The harvested energy can be used by the pixel 308, other 
pixels, or other circuits within or external to the image sensor 
300, or be stored in energy storage devices such as on-board 
capacitors or external rechargeable batteries. 

Unlike conventional Voltage domain readout methods, the 
incident light intensity received by the pixel 408 is encoded 
by the interval from the beginning of the integration process 
(the sensing mode) to the time when the predetermined 
threshold is reached by the electrical charge generated by the 
photodiode Pd. As discussed above, this charging time inter 
val is inversely proportional to the light intensity received by 
the photodiode Pd. The signal encoding unit 408 generates a 
time-encoded signal 414 and places it on the output line for 
read-out. After some duration, MP1 is turned off, and the 
sensor enters harvesting mode and waits for the next integra 
tion cycle. 

FIG. 5 shows another implementation 500 of the pixel 
element 308 depicted in FIG. 3. In particular, the pixel ele 
ment 500 shown in FIG. 5 is connected to a voltage source 
VDD. The pixel 500 includes two photodiodes (Pd1 and Pd2), 
10 PMOS transistors, and 8 NMOS transistors. Pd1 acts as an 
energy harvesting device and continuously generates power, 
whereas Pd2 is switched between the sensing mode and the 
energy harvesting mode similar to the pixel 400 depicted in 
FIG. 4. 

In particular, MN1 is the reset transistor, and MP1 and MP2 
connect the anode of Pd2 to the main powerbus 502 shared by 
the pixel array 306. Transistors MN2-5 and MP2-4 form the 
threshold detection and feedback control unit 504 similar to 
406. Transistors MN6-7 and MP6-8 form the signal encoding 
unit 506 for implementing the signal read-out. Transistors 
MN8, MP5, and MP9-10 are switches for controlling the 
operations of the pixel 500. V is the voltage at the sensing 
node of the photodetector Pd2, and Vy is the output of the 
threshold detection and feedback control unit 504. The 
threshold detection and feedback control unit 504 monitors 
V and compares it with a threshold voltage which is set by 
the inverter formed by MN2 and MP4. 
Once the threshold Voltage is reached, Vy is pulled 

down, thus turning on MP6 and MP8. Output line RowReq is 
then pulled up and sent to the timing and control unit 310 for 
processing. After some duration, Row Ack signal is sent back 
to turn on MP7, and output line ColReq is pulled up and also 
sent to the timing and control unit 310. As discussed above, 
the incident light intensity information is encoded into the 
pulses of output signals, RowReq and ColReq. The Vis 
signal is asynchronously enabled by EN, which is a control 
signal from the timing and control unit 310 to refresh the pixel 
500, after the electrical charge at the sensing photodiode Pd2 
reaches the threshold and is used to distinguish between the 
sensing and energy harvesting modes of the pixel 500. 
The operation principle of the circuit 500 shown in FIG.5 

can be divided into two phases: the energy harvesting mode 
and the sensing mode. 

In the energy harvesting mode, the pixel is used to harvest 
energy from ambient light. Assuming the Voltage V power on 
the main power bus 502 is initially Zero, when the pixel is 
exposed to the incident illumination and the energy genera 
tion process begins, Pd 1 converts the incident photons into 
electron/hole pairs, thus forming photocurrents, to provide 
extra power onto the main power bus 502. After some dura 
tion, Vpower is fully charged up to VDD', where the differ 
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ence between VDD" and VDD is given by the open circuit 
voltage of the Pd2. Maximum energy is harvested once 
Vpower reaches VDD'. 

During the energy harvesting mode, the Reset signal is kept 
low and Reset remains high, thereby isolating the timing and 
control unit 310 from the pixel array 306 and keeping 
Row Acklow. At the same time, the EN signal is kept high in 
order to pull down the request lines RowReq, ColReq and 
Vs. Since at this stage Vs is low, the photodetector Pd2 is 
connected to the main power bus 502, thus contributing to 
power Supply. 

In the sensing mode, for normal operation of the photode 
tector Pd2, signal EN first changes to low, turning off MN8 
and thus isolating Vs from the ground. An active low pulse 
Reset is then generated slightly earlier than the active-high 
pulse Reset. The Reset pulse connects the main power bus 
502 and Vs, thereby pulling up Vs and Switching off 
transistor MP1. At this stage, the photodetector Pd2 is cut off 
from the main power bus 502. The Reset pulse then dis 
charges the voltage V of the photodetector Pd2 and initiates 
the integration process. 

In the sensing mode, Pd2 operates as the photodetector, 
charging V by its photocurrent proportionally to the illumi 
nation level. When V is charged up to the threshold voltage 
set by the threshold detection and feedback control unit 504, 
Vy is Switched off quickly. ASV changes to low, MP6 
and MP8 are turned on, thus enabling RowReq (charged up by 
Vpower). The RowReq signal is sent to the arbitration block 
in the timing and control circuit 310 for further processing. 
The Row Ack signal sent back to the pixel 500 will turn on 

transistor MP7. Since MP8 is already on, ColReq is pulled 
high and the ColReq signal is sent to the timing and control 
unit 310 for processing. After a period of processing, the EN 
signal is pulled up, thus turning on MN6-8. At this stage, the 
Vs signal is pulled down again, turning on MP1 and MP9. 
thus connecting Vy to the main power bus 502 and clearing 
Vy. The Switching of the EN signal from low to high 
controls the pixel 500 to switch from the sensing mode to the 
energy harvesting mode. Waveforms of the signals during the 
operations of pixel 500 are illustrated in FIG. 6. 

FIG.7 depicts the operations of an exemplary embodiment 
of the pixel array 700 including a 3 by 3 array. Each pixel in 
the pixel array 700 is similar to those depicted in FIGS. 4 and 
5. Under the control of circuits similar to the timing and 
control unit 310, the pixel array 700 can be used to generate 
digital images as well as harvest energy from the incident 
lights by utilizing the asynchronous pixels. 

Specifically, each pixel in the array 700 has an active mode 
(sensing mode) and a stand-by mode (energy harvesting 
mode), which are triggered asynchronously according to the 
local incident light intensity. In the sensing mode, the pixel 
draws power from a main power source through a main power 
bus, whereas in the stand-by mode the pixel generates energy 
and contributes to the main power Supply for powering the 
operations of other pixels that are sill in the sensing mode. 

After the integration process, the output signals are readout 
and the pixel enters the standby mode and the corresponding 
photodetector or photodetectors of the pixel are connected to 
the main power bus. The pixel continues to generate electrical 
charge to provide extra power Supply onto the main power 
bus, thereby reducing the power consumption drawn from the 
main power source. 
As discussed above, the integration process of a photode 

tector is proportional to the incident light intensity. As a 
result, highly illuminated pixels charge up quickly and the 
output signals are read out from these pixels first, due to the 
fact that the electrical charge reaches the predetermined 
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8 
threshold earlier in these pixels than in other pixels receiving 
lower illumination levels. Once the output signals are col 
lected, these highly illuminated pixels are configured to har 
Vest energy at earlier times that those pixels exposed to lower 
illumination levels. When a group of pixels are switch to the 
energy harvesting mode, the electrical charge in these pixels 
is used to contribute to the main power Supply, thereby reduc 
ing power consumption from the main power source. As 
remaining active pixels continue to charge up, more and more 
active pixels are Switched to the energy harvesting mode, 
thereby creating an avalanche effect. Consequently, the extra 
power generated by the pixel array continues to increase and 
the power consumption drawn from the main power source 
continues to decrease. 
As shown in FIG. 7, the illumination level of the incident 

light is indicated by the number of arrows, as higher number 
of allows indicates stronger incident light. When all of the 
pixels in the array 700 have similar threshold level, a pixel 
receiving higher illumination reaches the threshold earlier 
and thus ends the integration stage earlier than one receiving 
lower illumination. As time goes by (from Time 0 to Time 3), 
the pixels Switch from the sensing mode to the energy har 
vesting mode in the following sequence: 
Time 1: pixels (1, 1), (2, 1), and (3, 2) switch; 
Time 2: pixels (1,3), (2, 2), and (2, 3) switch; and 
Time 3: pixels (1,2),(3, 1), and (3, 3) switch. 
As can be seen, highly illuminated pixels (e.g., pixels 1, 1). 

(2, 1), and (3, 2)) switch first and hence contributing their 
harvested energy at an earlier stage. The pixels with lower 
illumination follow as these pixels continue to charge up. As 
a result, highly illuminated pixels can harvest energy for a 
longer time, and more energy can be scavenged from these 
pixels as other pixels continue the integration process. An 
efficient energy harvesting scheme is therefore obtained. This 
cannot be achieved by conventional APS, where pixels are 
operated sequentially using a clock signal, irrespective to 
their illumination level. 

All references, including publications, patent applications, 
and patents, cited herein are hereby incorporated by reference 
to the same extent as if each reference were individually and 
specifically indicated to be incorporated by reference and 
were set forth in its entirety herein. 
The use of the terms 'a' and “an and “the' and similar 

referents in the context of describing the invention (especially 
in the context of the following claims) are to be construed to 
cover both the singular and the plural, unless otherwise indi 
cated herein or clearly contradicted by context. The terms 
“comprising.” “having.” “including.” and “containing” are to 
be construed as open-ended terms (i.e., meaning “including, 
but not limited to.”) unless otherwise noted. Recitation of 
ranges of values herein are merely intended to serve as a 
shorthand method of referring individually to each separate 
value falling within the range, unless otherwise indicated 
herein, and each separate value is incorporated into the speci 
fication as if it were individually recited herein. All methods 
described herein can be performed in any suitable order 
unless otherwise indicated herein or otherwise clearly con 
tradicted by context. The use of any and all examples, or 
exemplary language (e.g., “Such as”) provided herein, is 
intended merely to better illuminate the invention and does 
not pose a limitation on the scope of the invention unless 
otherwise claimed. No language in the specification should be 
construed as indicating any non-claimed element as essential 
to the practice of the invention. 

Preferred embodiments of this invention are described 
herein, including the best mode known to the inventors for 
carrying out the invention. Variations of those preferred 
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embodiments may become apparent to those of ordinary skill 
in the art upon reading the foregoing description. The inven 
tors expect skilled artisans to employ such variations as 
appropriate, and the inventors intend for the invention to be 
practiced otherwise than as specifically described herein. 
Accordingly, this invention includes all modifications and 
equivalents of the Subject matter recited in the claims 
appended hereto as permitted by applicable law. Moreover, 
any combination of the above-described elements in all pos 
sible variations thereof is encompassed by the invention 
unless otherwise indicated herein or otherwise clearly con 
tradicted by context. 
What is claimed is: 
1. A method for operating a sensor array comprising a 

plurality of sensor elements, comprising: 
setting the plurality of sensor elements in a sensing mode 

for measuring an environmental characteristic by gen 
erating electrical charges in response to the environmen 
tal characteristic; 

generating a plurality of sensor element output signals in 
response to the electrical charges; 

comparing the electrical charges generated by the plurality 
of sensor elements to a predetermined threshold; 

asynchronously switching the plurality of sensor elements 
to an energy harvesting mode for harvesting electrical 
charge generated in response to the environmental char 
acteristic for Supplying power to the sensor array, 
wherein each sensor element is Switched to the energy 
harvesting mode when the electrical charge correspond 
ing to the sensor element reaches the predetermined 
threshold. 

2. The method of claim 1, wherein each sensor element 
includes an integrated photoelement for converting light into 
electrical charge and the environmental characteristic 
includes a light intensity. 

3. The method of claim 1, wherein each sensor element 
includes a piezoelectric sensor and the environmental char 
acteristic includes at least one of a pressure, an acceleration, 
and a strain. 

4. The method of claim 1, wherein the output signal of a 
sensor element is encoded with a charging time, wherein the 
charging time is the time required to reach the predetermined 
threshold based on the environmental characteristic mea 
sured by the sensor element. 

5. The method of claim 1, further comprising: 
providing a reset signal to the sensor array; and 
Switching the plurality of sensor elements from the energy 

harvesting mode to the sensing mode in response to the 
reset signal. 

6. An apparatus comprising: 
a sensor array comprising a plurality of sensor elements, 

the plurality of sensor elements being configured to be 
operated in a sensing mode and an energy harvesting 
mode, wherein the plurality of sensor elements measure 
an environmental characteristic in the sensing mode by 
generating electrical charges in response to the environ 
mental characteristic, and wherein the plurality of sen 
Sor elements harvest electrical charge generated in 
response to the environmental characteristic for Supply 
ing power to the apparatus in the energy harvesting 
mode; 

one or more control circuits connected to the plurality of 
sensor elements for monitoring the generated electrical 
charges and for generating a feedback signal for asyn 
chronously switching the plurality of sensor elements 
from the sensing mode to the energy harvesting mode, 
wherein each sensor element is Switched to the energy 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
harvesting mode when the monitored electrical charge 
corresponding to the sensor element reaches a predeter 
mined threshold; and 

one or more encoding circuits connected to the one or more 
control circuits for generating output signals in response 
to the monitored electrical charges. 

7. The apparatus of claim 6, wherein each sensor element 
comprises an integrated photoelement for receiving and con 
Verting light into the electrical charge. 

8. The apparatus of claim 7, wherein the sensor array is 
configured to receive a reset signal for initializing the sensing 
mode. 

9. The apparatus of claim 8, wherein each sensor element 
further comprises a bias transistor connected in series with 
the integrated photoelement, and wherein the reset signal 
turns on the bias transistor for draining electrical charge on 
the integrated photoelement to a ground. 

10. The apparatus of claim 9, wherein the one or more 
control circuits include a plurality of switch transistors for 
Switching the plurality of sensor elements between the sens 
ing mode and the energy harvesting mode. 

11. The apparatus of claim 10, wherein each switch tran 
sistor is connected in series with the integrated photoelement 
and a power bus. 

12. The apparatus of claim 10, wherein the one or more 
control circuits are configured to Switch each sensor element 
to the energy harvesting mode by turning on the Switch tran 
sistor, connecting the integrated photoelement to the power 
bus. 

13. The apparatus of claim 12, wherein electrical charge 
generated by an individual sensor element is used to power 
elements of the apparatus other than the individual sensor 
element through the power bus. 

14. The apparatus of claim 10, wherein the one or more 
control circuits are configured to Switch each sensor element 
to the sensing mode by turning off the Switch transistor, 
disconnecting the integrated photoelement from the power 
bus. 

15. An imaging device, comprising: 
a sensor array comprising a plurality of sensor elements, 

each sensor element having a sensing mode and an 
energy harvesting mode, wherein each sensor element is 
configured to generate an output signal indicative of a 
light intensity received by the sensing element in the 
sensing mode, and is configured to harvest energy for 
Supplying power to the imaging device in the energy 
harvesting mode; 

timing and control circuitry for providing control signals to 
Switch each sensing element between the sensing mode 
and the energy harvesting mode, wherein the timing and 
control circuit is further configured to asynchronously 
Switch the plurality of sensor elements from the sensing 
mode to the energy harvesting mode, wherein each sen 
Sor element is Switched from the sensing mode to the 
energy harvesting mode when a monitored electrical 
charge corresponding to the sensor element reaches a 
predetermined threshold; and 

a processing circuit for selectively reading the output sig 
nals from the sensor array. 

16. The imaging device of claim 15, wherein each sensing 
element further comprises: 

an integrated light sensor for converting light to electrical 
charge; 

a control circuit, part of the timing and control circuitry, for 
monitoring the electrical charge corresponding to the 
sensing element and for generating a feedback signal to 
Switch the sensing unit from the sensing mode to the 
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energy harvesting mode when the electrical charge 
reaches the predetermined threshold; and 

an encoding circuit for generating the output signal corre 
sponding to the sensing element based on a charging 
time of the sensing unit. 

17. The imaging device of claim 16, wherein a charging 
time for an individual sensing element to reach the predeter 
mined threshold in the sensing mode is inversely proportional 
to the light intensity received by the sensing element. 

18. The imaging device of claim 15, wherein the process 
ing circuit is further configured to forman image based on the 
output signals collected from the sensor array. 

19. The imaging device of claim 15, further comprising: 
a power management unit for maintaining a substantially 

consistent global power Supply when the sensing ele 
ments are Switched between the sensing mode and the 
energy harvesting mode; and 

an energy storage unit for storing at least a portion of the 
electrical charge provided by the sensing elements oper 
ating in the energy harvesting mode. 

20. The imaging device of claim 15, wherein power con 
Sumption from an external power Supply is reduced when at 
least one of the sensing elements operates in the energy har 
vesting mode. 
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21. The imaging device of claim 20, further comprising: 
an energy storage device electrically coupled to the sensor 

array for storing the electrical charge generated by the 
sensing elements in the energy harvesting mode. 

22. The imaging device of claim 21, wherein the energy 
storage device provides electrical power through the power 
management unit to the imaging device. 

23. The imaging device of claim 22, wherein the energy 
storage device provide energy to the other circuits. 

24. The imaging device of claim 21, wherein the energy 
storage device includes at least one of a capacitor and a 
rechargeable battery. 

25. The imaging device of claim 15, further comprising: 
a decoder and buffer unit; and 
a memory unit. 
26. The imaging device of claim 15, wherein the imaging 

device is fabricated using a Complementary Metal-Oxide 
Semiconductor (CMOS) technique. 

27. The imaging device of claim 15, wherein the sensor 
array includes one of a one-dimensional array of sensing 
elements and a two-dimensional array of sensing elements, 
wherein the sensing elements correspond to pixels, and 
wherein each pixel includes at least one photoelement. 

28. The imaging device of claim 15, further comprising 
energy harvesting elements that only operate in the energy 
harvesting mode. 


