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cient to be handled?]. Down-sampling techniques are usually
employed to reduce the bandwidth requirements. A recent
study indicates that a custom low-power image sensor can
increase a sensor node’s lifetime by two orders of magn#tu
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Fig. 1. Image sensor architecture block diagram

difge pixel array is driven by two sets of shift registers: one

from a COTS imager: First, it consumes 1mW of power gesets the p|er§, referred to aeset scan pham; the other
even less in active state. Second, it is able to compute ﬁ%cesses the pixels and o_utputs th_elr m_tegratlon voliages
temporal-difference between continuous frames and ta filts erred to asoutput scan chain. The pixels in the array are

out redundant data. In fact. an iMote2 node consumes gﬁcessed in a row-wise fashion when the pixels in the selecte
times more power in an ac'tive state than in a sleep mo are read out sequentially. When a pixel is selected by

[5]. Microcontroller unit (MCU) and radio communication'€ ©utput scan chain, the pixel outputs two analog signals:
components on a sensor node stay in a sleep state w & integration voltage of the current-frame and that of the

image sensor captures the same visual information. This Iowewous-frame voltage which is stored on a MOS capacitor

power state continues until an exceptional event is dedefde n ;he p|xelt. Atﬂlol?al com?zr:fltor IS Ogtst'\ze th?Wplxeltarrtay, A
example, the light intensity in a significant number of psb(ela.n. computes the temporal ditierence between two outputs.
has changed. digital pulse (event) is transmitted when the differencsspa

In this paper, we report a custom low-power image sensihe predefined thresholds in pixel. Two address encoders are

Mototrigger, which computes the temporal-difference betweedl the pixel's array boundary. They generate a 12-bit addres

two continuous light-intensity frames and communicatesrth associated with the pixe_l of the digital pulse. _Since there |
in address-event format. The light-intensity images as® al°he glol_oal comparator in the sensor, Mototrlgger performs
available. sequential analog comparison pixel by pixel.
Two analog buffers reside at the output of the pixel array and
Il. | MAGE SENSORARCHITECTURE output integration voltages from the selected pixel. Therty

In the Mototrigger, two continuous image-frames are sublogic generates proper non-overlapping timing sequences t
tracted, and the difference is compared with two predefin@éive the scan chains and the temporal comparator.
thresholds to generate a temporal-difference image. €igur The image sensor simultaneously output one digital signal
shows the block diagram of the image sensor architectuasd two analog signals: the digital signal reports eventsrwh
The core pixel array consists of €64 photodiode pixels. the light intensity in the pixels passes the thresholds; the
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Figure 2 shows the signal path from the photodiode t@esetRowo [«—]64 ciock ! I-:\s“"’c" 3
the global comparator. The APS pixel cell is composed o&esetRow1jl_|Z\64clockll , y:\emock;
a well-substrate junction photodiode, a reset transist) ( Output Pix(0, 0>' Output Pix(0,0)
three NMOS transistors (M2 to M4) as a source follower, & “° S PD = | SEPR.1)
MOS storage capacitor (M7), two switch transistors (M5 an@utput colt H : l”
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in the reset path of the photodiode because it increases tf&"Row’
amplitude of the pixel reset voltage to;y and extends the

pixel dynamic range. This also eliminates image lags, which

is caused by incomplete resets and is evident when an nMOS
reset transistor is used. However, the increased outpuigswi
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Fig. 3. Timing diagram of the mototrigger sensor
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comes at the expense of a larger pixel area. In the followers, 31_3 Vbia§4 823
the access transistors (M3, M9, M11) are used to control the o =
row sequence to access the pixels. The access transistgr (M3 o ‘#—4

is shared by the column of the pixels and controls the output s11 50f

sequence of the column. The global transistors (M14, M15j' >, Vout
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are the bias transistors which act as the current sourcésof Yin2>=—

source-followers.
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<—— Column Shared Circuit todiode, the pixel is addressed by the output scan chain.

The integration voltage is stored on the MOS capacitor by
asserting the signal ohode. After a reset, the pixel starts the
The analog storage structure in the pixel is composed g#cond-frame integration. The pixel outputs the secoaohdr
a MOS capacitor and two switch transistors (M5 and Mé)itegration voltage and the stored first-frame voltage when
The capacitor is implemented with a pMOS transistor bgixel is selected again. A global analog comparator sutstrac
connecting the source and drain to ground, while the bulk o voltages and compares the difference with the threshold
connected to V;. The pMOS capacitor is chosen because it iBvo light-intensity images are also available from the glob
more compact than a linear metal-to-metal capacitor asiaila output buffers.
in the bulk CMOS process. The storing voltage range for the
pMOS capacitor is between gy and V;;, a range that fits
the output of the nMOS source follower. Two column-shared The sample/hold circuit in the pixel includes two switch
pMOS followers are used to drive the global analog buffer anchnsistors (M5 and M6) and one hold capacitor (M7). The
compensate the DC level-shift of the nMOS source followgsurpose of the circuit is to hold the pixel value of the first
A global temporal comparator is placed at the pixel arrayfsame while the pixel is integrating for the second-frame.
output to computes the temporal-differences. The switch-induced error voltage in the sample/hold ctrcui
Figure 3 shows the timing diagram of computing & caused by two factors: first, the charge injection intottblel
temporal-difference image. The pixel starts the first-feantapacitor when the switches (M5 and M6) turn off; second,
integration with a reset in the photodiode. After a certaithe clock voltage fed through the gate-drain capacitance in

Fig. 2. Signal path from a pixel to the global temporal corapar

IV. SAMPLE/HOLD CIRCUIT IN PIXEL
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the switch transistors turn off in the order of M5, M6 and M3 T & T ey o SRS
so that the capacitor is connected to the signal source while — .| 8 .
M6 is switching. Dummy transistors are not used in the pixel %ﬂg o'z M
in order to minimize the pixel area. = . é .

The source and bulk of the transistors (M8 and M10) are (3 xento
connected in order to eliminate the non-linearity due to the v P DA
body effect. However, this connection causes a charge icaupl (TIITITITITITITIITT L = Xi]':)__mdd,[n]
between the gate and bulk of the transistor M8 when the l | eceecee | ]
output of the pMOS follower changes. This can corrupt the [ column Adress Encocer |
stored voltage on the capacitor (M7) when the pMOS follower 5 f il z
outputs the other pixel voltages and changes its value. A row 2IE TE oo
selected switch transistor (M6) is employed in order to Ishie e UL L
this negative effect. Different biases are applied to tsios Comparator

M14 and m15 to reduce the S/H offset in the pixel, which
could be as much as 13 mV.
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V. TEMPORAL-DIFFERENCECOMPARATOR DESIGN Fig. 5. Event generation in the sensor

The temporal-difference (TD) comparator subtracts thelpix

values in two continuous frames and outputs the events Wn’%}nponents. Similar cascoded inverter topology was used in

the frame difference exceeds a threshold. In Figure 4, the TB-ent 8-bit analog-to-digital converter publication fiom-
comparator contains three stages: (1) an AC signal amp"ﬁﬁbwer purpose?] [7].

(2) an inter-stage pMOS follower, (3) two parallel compara-
tors. VI. OUTPUT BUFFER AND EVENT ADDRESSENCODER
The AC amplifier in the first stage is a switched-capacitor
(SC) circuit based on a cascoded invertdl [The cascoded As anoutput buffer, the global amplifier in Figure 2 drives
inverter includes two pMOS (M1 and M2) and two nMOSR capacitance load of 15pF outside the chip. A single-stage
(M3 and M4) connected in series. The input transistor of tiPerational transconductance amplifier (OTA) is implerednt
inverter (M4) is separated by a capacitor with the input,althi because any compensation capacitor other than the load ca-
switches between the two inputs; \and \s. The biases are pacitance results in extra power consumption to drive them.
% for two middle transistors (M2 and M3) and,)/, for The open-loop gain of the OTA is 300V/V in simulations.
the top transistor (M1), where the,), can be varied to The amplifier has an input range between 0.5V and 3V which
change the inverter gain. The cascoded topology is usedntches the output range of the array.
the amplifier because it can deliver two main advantages oveMototrigger utilizes an event-based digital represeatgti
a common-source amplifier: first, the cascoded invertetdsieknown asaddress-event representation (AER) [?], [?] and
the input transistor from the output load; second, the adeto outputs temporal-difference visual information. AER is an
structure delivers a bigger output impedance and a bigger g@synchronous communication protocol. An imager transmits
A correlated double sampling (CDS) technique was used in téents when changes in pixels exceed a threshold. In Mgtotri
circuit to eliminate the correlated noise, such as the misma ger, collision detection circuit is unnecessary becaugelpi
in devices. The AC amplifier has a closed-loop gain of 20. are polled sequentially, and only one pixel is addressed at a
The pMOS follower is implemented as the second stage tigne. Figure 5 shows the system diagram of the event-address

drive the two 1pF input capacitor of the next stage. generation in the image sensor. When a pixel is selected,
For event generation in the third stage, a comparison tio integration voltages in the pixel, the previous-franmel a
obtained in two phases: current-frame value, are subtracted in the global comparat

1) Reset Phase: SwitchessS(Sys, Si3) and So (Sie, An event is generated if the difference exceeds the thrdshol
Ss2) are closed, while switchs$ (Sy1, Si1) is opened. This event signal sets th8ND-gates in the address encoder

The reference voltages, .y and Vy,.n, are stored on when the encoder outputs the selected pixel's address.

capacitor G, together with any correlated noise. The
inverter is also initialized to its logic threshold.

2) Compare Phase: SwitchS(S;1, Ss1) is closed, while  The sensor was fabricated on a % bulk CMOS process
switches $; (Sx3, S33) and Sz (Sp2, Si2) are opened. (v,,=0.75V and \,=—0.85V). The process features three
The pMOS follower’s output is connected and the commetal layers and one polysilicon. The die size is38nn?
parator changes its state when its voltage exceeds theluding the pixel array, row/column logic, global output
reference voltages. buffer, 25 pads and test structures. The micrograph of tige ch

A digital register is placed after the comparator output iis shown in Figure 6. The sensor operates at a power supply

order to store the comparison results and to drive the fatigw range between 2.5V and 3V.

VII. SYSTEM EXPERIMENTAL PERFORMANCE
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Fig. 6. Image sensor tapeout
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Fig. 7. Output images. Images are taken at normal room Ilghdmon
Figure (a) shows a 20 dollar bill. Figure (b) shows tempditierence images
of a waving hand.

Figure 7 shows the light-intensity images (upper) an
temporal-difference images (lower) from the sensor, whic
Experimental

is running at 60 light-intensity frame/s.
video outputs of the imaging system can be viewed
http://pantheon.yale.eduzf5/MT.html

Table | summarize the performance of the mototrigger. The
image sensor is capable of computing 30 temporal-diffe&enci :

frame/s and consumes 1.2mW at a power supply of 3.3V.

VIIl. CONCLUSION

We report a low power temporal feature extracting image

sensorMototrigger. The sensor is a 6464 active pixel image
sensor (APS) with temporal-difference computation cdjggbi

The sensor targets low-power image sensing in sensor net-
works. The sensor computes temporal-difference between twfl

light-intensity frames and communicates in address-efggnt

mat. The chip is capable of computing 30 temporal-diffeeenc

o
In comparison to the temporal-contrast imagers using parfl]
lel comparing P] [?] , mototrigger shares a comparator among

frames per second, consuming 1.2mW at 3V. Intensity ima
frames are also available at the speed of 60 frames per sec

TABLE |
SUMMARY OF IMAGE SENSORPERFORMANCE

Pixel Array 64x64

Pixel Size 29% 28 pm?
Technology 0.5um 1P, 3M CMOS
Pixel Fill Factor 23%

Chip Size 3x3 mne
Dark signal 15mV/s
Reset Fixed Pattern Noise 0.07%
Fixed Pattern Noise 0.4%
Operating voltage 2.5~3V
Maximum light intensity frame rate 60 frame/s
Maximum pixel readout rate 245k pixel/second
Power Consumption 1.2mw

triggered. Also Mototrigger outputs light-intensity sisapts,
which could be important in surveillance applications.
Mototrigger also differs from the previous APS temporal-
difference imager desigr?] in the following ways: First, it
includes a cascaded inverter as a comparator structure for
further power benefit. Second, pixels in Mototrigger in@sd
one storage capacitor in order to simplify the pixel design
and save pixel area. Third, it uses a source follower between
the photodetector and voltage storage structure so that the
photodector does not share its charge with the capacitonwhe
pixel stores its integration voltage. In this way, imagesbian
operate at a faster speed and with a higher light sensitivity
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