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A 3.6us Latency Asynchronous Frame-Free
Event-Driven Dynamic-Vision-Sensor

J. A. Lefero-Bardallo, T. Serrano-Gotarredona, Bndinares-Barranco

Abstract—This paper presents a 128x128 dynamic vision sensor. Each pixel detects temporal changes in the local
illumination. A minimum illumination temporal contrast of 10% can be detected. A compact preamplification stage has
been introduced that allows to improve the minimum detectable contrast over previous designs, while at the same time
reducing the pixel area by 1/3. The pixel responds to illumination changes in less than 3.6ps. The ability of the sensor to
capturevery fast moving objects, rotating at 10K revolutions per second, has been verified experimentally. A frame-based
sensor capableto achieve this, would require at least 100K frames per second.

[. INTRODUCTION
Conventional image sensors are frame-based. Ineftaased imagers the detected photocurrent is attetyin a capacitor

during a fixed time period (the frame time). Thadled voltage level of each pixel is communicated sequential way out of
the chip. Frame-based imagers have some advardagesis very compact pixels, high fill factor, lixed pattern noise (FPN),
among others. However, they have serious drawbaokbk as waste of bandwidth, because all the pisetsl out their

information regardless of wether they have newrmftion to transmit or not. Also, because photamtris integrated over a
fixed time period (generally in the order of 20-3)ninformation about higher speed moving objextest. When a fast moving
scene has to be sensed one solution is to redec&aime period but this generates an overwhelmmguat of data to be
transmitted and processed. Mechanisms for deteofisagions of interest can be applied but this ddas high computational
costs and delays [1]-[3].

Biological vision sensors operate in a quite ddfdrway. When the activity level of a retina pixeaches some threshold,
the pixel sends a spike to its connected neurdmet Way, information is sent out and processedigootisly in time (in a frame-
less way) and communication bandwidth is used doylyactive pixels. Highly active pixels send spilaster and more
frequently than less active ones. Event driven ddrass-Event-Representation (AER) [4]-[6] bioinsdivision sensors have
become very attractive in recent years becauskeif fast sensing capability, reduced informatiorotighput and efficient in-
sensor processing. A large variety of AER visionsegs have recently appeared in the literaturey sscsimple luminance to
frequency transformation sensors [7], time-to-faptke coding sensors [8]-[11], foveated sensog$-[13], temporal contrast
vision sensors [14]-[19], motion sensing and corapah systems [20]-[22], and spatial contrast senfly]-[18], [23]-[25], just
to mention a few.

In this paper we present a very low latency AERebaemporal contrast vision sensor. The detectideroporal contrast at
the focal-plane level can be very useful to semsk @ocess high-speed moving objects while redunégindancy and thus
maintaining a low level of data to be processedief# prior frame-based temporal difference detectagers have been
published [26]-[30], however they suffer from limit speed response because they operate based tonypirent integration
during consecutive frames and computing the diffeeebetween them. Several event-based (frametéegjoral contrast vision
sensors have been reported in recent years [13]-Th@y are also referred to as Dynamic Vision $en¢DVS). The sensor

published by Kramer [16] had low contrast sengigjuivhile the one by Zaghloul [17]-[18] suffereain poor FPN (fixed pattern
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noise). Lichtsteiner et al. [14]-[15] presented fiingt practical DVS by introducing a self-clockeditched capacitor differencing
and amplification stage resulting in low FPN (2.5%actical contrast sensitivity (15%), reasonghiel array size (128x128),
very good latency (1), excellent intrascene dynamic range (120dB), sardfficient maximum event rate throughput (1Meps).
The sensor was appropriate for high speed visionest could follow rotating objects up to a sp@@00 rps. Recently, a single
pixel for a DVS sensor that achieves a 0.3% conassitivity has been published [31]. The highentrast sensitivity is
achieved by a two-stage differencing amplifier [3Bs increasing the pixel gain a factor 50. Hosvethis new design has very
reduced pixel bandwidth.

This paper presents a new AER transient vision®e(3VS) which is based on the one reported by tsiginer and
Delbruick [14]-[15]. By introducing a small area rewitched preampliflying stage we obtain a slighistter contrast sensitivity
(10%) while reducing the pixel area by a 1/3 facBy using an alternative photo sensing stagen¢stean be reduced down to
3.6us. As a result, the sensor is capable of deteatitaging objects up to a speed of 10000 rps. The maid is an increase in the
current consumption due to the preamplificatiogstand a smaller intrascene dynamic range. FPNiradseases slightly but it
remains significantly lower than the achieved casitisensitivity. A mechanism has been designegnardically adapt the DC
levels of the pixel preamplifying stage accordiagimbient illumination. Thanks to this adaptatiomcmanism the retina achieves

a dynamic range higher than 100dB. However, inglsaynamic range is reduced to 54dB.

II. PIXEL DESIGN
The pixel presented in this paper is based on &iqusly reported design [14]-[15]. However, in tipeesent design a

preamplification stage has been introduced thawalito achieve a slightly improved pixel sensitivithile reducing pixel area.
Fig. 1(a) shows a conceptual block diagram of titkelpThe first stage, the photoreceptor stagectvlis based on a gate-

biased source-driven stage [34], converts photeatit,, to voltagev,,

|
Vo = vG+nuT|n|Lh : 1)
sp

wheren andly, are the substhreshold slope factottledubsthreshold current factor of transistyy  ].[88 this type of

source-driven stages, gate voltage sets the Dél ¢dthe source voltag¥,,  of transistdy, for a giphotocurrent,,,

The second stage, which is the new preamplificagtage, is a voltage gain stage producing an owtitage

|
Vpa = Voir + GnuTmILh )
sp

beingG the voltage gain of this preamplificatioagset andV,; a DC voltage. Voltaye,  feeds a capaditfterentiator stage
(as proposed in [14]) such that

lon
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C, sp C,
The capacitive rati€,/C, is designed to produce aufutti voltage amplification. Thus, total voltage difiqation from V, to
Vi is A = GC,/C, . VoltageVy,; is compared to threshoMs ~ afjd . hWhtageV,; exceeds the upper threshgjd
a negative event is generated through cha@ief nadd V;; is reset to an intermediate reference voliage . When
voltageV,;; decreases below the lower threshgd  siipe event is generated through char@al and Mgdeis reset to

reference voltag®/gee



3 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. XX, NO. X, XX

Let us call Vyiyon = (Vo —Vrer) + (Vos + Voe,)  the voltage excursion at nodl;  that generatesgiespositive event
through the ON channel, whekg, is the DC offsetag® of comparatoh,, in Fig. 1(a), andv,, represents the DC offset
voltage of amplifier Ay plus the systematic offset voltage introduced @t input node by switching. Similarly,

Vaisiorr = (Vo —Vrer) + (Voss— Vos) IS the voltage excursion at nolg,;  that generasisgie negative event through the
OFF channel, withv/,i; being the DC offset voltage mhparatoAy. Referring to the input, let us call “ON contrésteshold”
(or “ON contrast sensitivity")egv the minimum conttagimulus that generates a single positive evemrugh output channel
ON, and “OFF contrast threshold” (or “OFF contrasnsitivity”) 6,, the minimum contrast stimulus thatngrates a single

negative event through output channel OFF. By natiigg equation (3),

e+ - |n|bright — VdiffON _ (Vg_VREF)+(Vos+Vosn)

ev Iy NU7A nU;A "
0> = _in lgark _ Vaittorr _ (Vo —Vrer) + (Vos— Vos1)
* lprigtn ~~ NUTA nuUA

That way, the minimum contrast stimulus to be dettcan be adjusted through pixel threshold voﬂagge andV, . For
amplifiersAg, Ao, @ndAg¢ we used simple 7-transistor differential inputistures, as opposed to the very simple structwsed u
by Lichtsteiner [14]. The reason was to be abliedely adjust voltag¥ger, and also to allow testing of large differenceseen
VRer andvg/_. In Section IV.A., we will illustrate how theseréisholds must be set to optimize the pixel consassitivity. Next,

we describe in more detail the photoreceptor ardmplification stages.

A. Photoreceptor
The schematic of the photoreceptor block is degiate-ig. 1(b). An n-well/p-substrate photodiodegeates a photocurrent

lpn Which is converted into voltagé,, by transiskdg heTphotodiode node is clamped to virtual grounds tincreasing the
photoreceptor bandwidth and compensating the effieitte large photodiode parasitic capacita@ge is ifiput clamping stage
[34] avoids any Miller coupling capacitance betwésminput and output nodes of the voltage ampliffeus achieving very high
bandwidth. Another interesting feature of this seudriven active feedback stage, as analyzed drefsewhere [34], is that it
becomes stable for operating currehjs below aatye. The “inverting voltage amplifier” in Fig.HdYis always biased with a
sufficiently high currentl, (in the order of nano @ermes) to not limit the delay of the photo diodarimh. Thanks to the
avoidance of any Miller capacitance between thelifiempinput and output nodes, the sensor’s lateoayld be improved by a

factor of 5 with respect to its prior design [14F].

For low values of the photocurrehg, , the photorémepas a first order dynamics with a dominant pdie to the

photodiode node with an associated time constaijt [3

_ Guso * 9uscNU7Cqy

Yrmn Iph

, )

Tyg

where g,,,, is the transconductance of the voltage dieptransistorM, , andy,,, andy,. are the output condwsea of
transistorsM, and/, respectively (see Fig. 1b).
For larger values of the photocurrégt , two compiemjugate poles may appear, dominated by the botaie dynamics, with

an associated time constant &nd
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C / ImpImnC
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where C, is the equivalent capacitance at output ndge and g, = Jqe, + Jgsc - TraNsconductancg,,, is the only light
dependent parameter changi@gThe worst cas€ (maximum) is achieved fog,,, = g, ., resulting @ = /g,,,C,/49,Cy
Transconductancg,,, can be one or two orders of ruaignlarger tharg, , but,; is easily at least two ad magnitude
larger thanC, . Therefore, maximum Q would at the tnapproach unity. Consequently, in this circuiterevf complex poles

appear because of large photo currents, these wilésduce negligible ringing.

In Section IV we show that for illumination valuep to 30klux, the photoreceptor is the stage thmitd the pixel’s

bandwidth and the dominant pole is approximatelgdr with the photoreceptor current as predictedd(b).

B. Small-Area Preamplifying Sage
The schematic of the small-area preamplifier staggown in Fig. 1(c). It is composed of two inuegtgain stages formed

by transistorsi\/lnl, Mp, and/lnz, Mp, respectively. Each gain simgeeceded by a buffering stage which helps apathe DC
voltage level at the input of the amplifier. Thevénting gain stages are designed to operate irstitomg inversion regime,

providing a total gain

), BT,

G = @)

Bp(\%,) Py Bp(\%,) P2
The preamplifying stage was designed to providaal toltage gain approximately equal to 25.

. . _ 24um W\ _12um (W) _ 12um (W) _ 0,6um .
The transistors aspect rat|(€ﬁv_y)n1 = 3 amm 2m (Y_v)pl _16,um (\(Lv)nz _1,2,um (\m 5 _8,um were desigaed

operate in strong inversion while at same time iga moderate current biasing in the order oA per pixel. The first stage is

designed with larger transistors as its mismata@miplified by the voltage gain of the second stage.

In weak inversion the gain of the preamplifyingggtdecomes

NG\ 2
6= (). ®
wheren, andn, are the subthreshold slope factorsd88e PMOS and NMOS transistors respectivelytf&ogain of the

preamplifying stage would be reduced approximately, if biased in weak inversion.

As we will see in the next Section, voltag}é®_§jcl Mgglcz adapt dynamically to global illumination changestisat global

illumination can change over several decades whdgreamplifier stages remain properly biased.

ndwidth and the dominant pole is approximatelydineith the photoreceptor current as predictedd (5.

C. Differentiator and Comparator Sages
The next stage is a self-clocked switched capadiféerencing and amplification stage as used bghtsteiner et al. [14].

Lichtsteiner used a gain of 20 for this stage, Whiequired aC,/C, capacitor ratio of 20, resulting ihigh capacitor area
consumption. Actually, most of the pixel area (aéin60%) was consumed by these two capacitors. incase, since we
introduce extra gain through the preamplifiers,omty implemented a gain of 5 for the switched cépadifferential stage, thus

helping to reduce the overall pixel area. If the @®process offers the possibility of using MiM caipars, Lichsteiner’s design
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would be much more area efficient. However, evethig case, introducing these small area pre-aieg@ifmproves the gain (and

therefore the contrast sensitivity) by an extratiplitative factor.

For the voltage comparators and the in-pixel AERcwnication circuits, we used the same circuitaalyereported by

Serrano et al. [35].

lll. SYSTEM DESIGN
The complete system architecture block diagrarhasve in Fig. 2(a). The system is composed of a 128xpixel array, a row of

128 preamplifier biasing cells that detect the agerillumination along that row which adapts the IB@Is of the preamplifiers
voltage biase¥,q, ~and,q,, , asetof programmable cusmmtes that allow to fine tune all the curreasks needed by the
pixel by accessing to a very reduced set of pi6$, [@d finally the row and column address evemrmainication circuitry that
generates the output addresses. The AER read-oemscimplemented in this design is Boahen’s rovalfgritechnique which
latches all the events generated simultaneoustyriow and reads them out sequentially speedinggmifisantly the read out

process when high event rates have to be manag@gd [3

The schematic of a preamplifier biasing cell isadletl in Fig. 2(b). Each cell contains a replicatuf pixel photoreceptor
circuit that senses the local illuminatiog, . Thess current is replicated by the current mirronfed by the two identical
transistorsM,, and\/lpr and summed and low pass filtereal common node/. , where a large distributed cémacl-
eliminates the high frequency components of theeigcurrent. The result is a spatio-temporal aeeahghe sensed illumination
along the rowg1 which is locally replicated throughsubpico ampere current mirror [38]-[39]. The ieated E feeds a
modified replica of the pixel photoreceptor circwttere the photodiode has been substituted byuthi@coampere current mirror
output. The output voltage of this sta‘t‘y_‘g}1 is theutrio a replica of the preamplifying stage, where feedback amplifierd¢
andAy, have been added to keep the DC levels of the piifiers outputs tied to the external voltage referesV,; and/,,
These reference voltages are adjusted to optingizeand power consumption of the preamplifier st&geedback amplifiers
(i = 1,2) are detailed in Fig. 2(cJhe output transistord,,; andMp,; are replicated once per pixel array cell (row)spdince per
biasing cell (column). This way, the DC currentypded to node¥,q scales directly with pixel array size. The capeeitoad at
nodeV,; scales with the number of rows in the array, sd tias current,; and the compensation capaci@ywould require
further readjustments when adding rows. The bias@lig are replicated once per pixel array columertsure scalability with the
number of columns. Nodeé,; V,, Vg,  aNGy, are shared éwtiole array as well as by the row of 128 biasials.
Their DC levels are adapted with illumination chasigso that the average output voltages of the ppifaers are always
correctly biased in the strong inversion saturat@gime. Whenever there is a sudden change of iglabaination, this type of
retinas produce a sudden storm of output evens® (&lthere is no adaptation mechanism [14]). Tieetconstant of the
adaptation mechanism depends on the average phaotuNe designed it to be in the order of hundrefimilliseconds for

illumination levels of about 1klux.

IV. EXPERIMENTAL RESULTS
A prototype has been fabricated in a double-potgetal 0.35m CMOS technology. The fabricated retina has auésa of

128x128 pixels and occupies a total area of 5.5mE7including the pads. Fig. 3(a) shows a microphatphrof the fabricated
prototype and Fig. 3(b) a plot of the layout ofaarangement of 4 pixels. Pixels are arranged ynansetrical way sharing analog
and digital routing channels. Thus, noise couplbggween analog and digital parts is minimized. @iglines are routed

horizontally over digital parts using metal 2, véehdensitive analog lines are routed horizontallgranalog parts. Metal 4 is
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reserved to cover the full array except for thetptimde. Table 1 summarizes the main design spatifins [40] and compares
them with previously reported designs. The retires wested with a 16mm F/1.4 C-mount lens. Compauiitly the design

reported by Lichtsteiner et al. [14], this protatyachieves a lower contrast threshold with a 1¢a aeduction. The latency time
has also been reduced fronu$sdown to 3.@s. The current consumption increases due to themplkfication stages. FPN also
increases slightly but it remains significantly Ewthan the achieved contrast sensitivity. Thenaetichieves a dynamic range

higher than 100dB. However, intrascene dynamiceasgeduced to a factor of 54dB. Sample imagestaen in Fig. 4.

A. Uniformity of Response, Minimum detectable contrast, and Pixel Gain Characterization.

To characterize the uniformity of the response tvan contrast, a similar procedure to the onesttged by Lichtsteiner
and Delbriick [14] was followed. In order to stimelall pixels uniformly, a moving gradient bar (8hoin Fig. 5(c)) was
presented to the retina and the number of positiMenegative events generated by each pixel wasdedt. The bar crossed the
screen in about 4s. For this we used a TFT mopitoviding a scene illumination of about 250 lux.eTtontrast of the stimulus
was measured to be = InIbLght = 1,39 (which corresponds to a l:#%tastnor 400%). The experiment was repeated for
different settings of the pixeldtar;lr(esholds. The Wwas swept 30 times for each setting. This wayetmh pixel(x,y) we obtain its
corresponding number of positine (x, y) and negativéx, y) nesvéred per edge presentation for the differenttirsgs of
threshold voItages|‘(/REF—Vg/_| ). Fig. 5(a) shows the histogréor N”_(x, y) , for both positive (crosses) and negatias)
events. Histograming the number of events (as dorj@4]) does not clearly show the contrast sevigjtiof the sensor as a
). Howewbe same data can be used to histogﬂ%{n_w

function of threshold voltage settingb/ﬁEF—Vﬁ , by ntiimg

following. The number of events generated by algixea given stimulus contraét  and threshold agit setting is given by

N = — )
Oy
i i i Zaghloul et al.
This work Lichtsteiner | Gottardi et Chi et al. 9 Gruev etal. | Posch et al. [19]
et al. al.
Resolution 128x128 128x128 128x64 90x90 96x60 189x187 304x240
Fill factor 8.7% 8.1% 20% 17% 14% 30% 10%-20%
Latency 3.6us 15us 25Qus <5ms - 20ms I3s
Consumption | 132-231mw 24mw 100w 4.3mwW 63mw 30mW@5V| 50mW-175mW
0.35um 4M 0.35um4M 0.35um 0.5um 3M 0.35um 4M 0.5um 0.18m 4M 2P
Technology 2P 2P 2P 2P MIM
Pixel area 35x35um? 40x4Qum? | 26x26um? 25x251m? 34x4Qum? 25x251m? 20x2Qum?
Chip area 5.5x5.6mM | 6x6.3mnf | 4.5x2.5mm 3x3mnt 3.5x3.3mm - 9.9x8.2mm
Contrast 10% 15% 10% 2.2% - - 13% (single
Sensitivity pixel)
FPN 4.0% contrast 2.1% - 0.5% of scale 1-2 decades 0.6% of -
contrast scale
DR >100dB 120dB 100dB 51dB 50dB - 125dB
Intrascene DR 56dB 120dB 100dB 51dB - 125dB

Table 1. Main design specifications and comparison with previous designs



7 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. XX, NO. X, XX

Consequently, for each pixel we can compute itstraensensitivity‘a;/v_(x, y) = 9/N+/_(x, y) , and generate the corresponding
histogram foreg,_ as shown in Fig. 5(b). As can beeoled, it was possible to set an average contnasshiold as low as
8., = 10,45% with a FPN ofo (8,,) = 4.0%. It was possible to adjust a lower thrégalue, but then the output was dominated
by noise events. This minimum detectable contrast lireen improved with respect to the 15% minimumtrest threshold
reported in [14] thanks to the increase in pixehg# is limited by noise, but also by the misntatef the comparatord\(x and

Agn in Fig. 1). Tuningvg/_ too close to the reset voltagenode Vg in Fig. 1, results in some pixels having some hef t
comparators always ON, and thus self-oscillatimgréasing gainPA  helps in attenuating the effecthisf comparator offset
mismatch (see eq. (4)). Improving minimum dete&alointrast has been precisely the motivation optheent design, increasing
the pixel gain to increase the pixel sensitivitydaloing it with a compact circuitry that allows gmnultaneously reduce pixel
area. Although this preamplifying circuitry intraths some amount of gain mismatch, the 4% FPN rendaiver than the 10%

overall contrast sensitivity limit.

Using eq. (4) and the measured mean values ofthieast thresholdgg\, afll, we can estimate the asthieslue of the
average pixel gaimfA . By representing the averagerast threshold Q;v anf,, ) as a function of the \ggtahreshold
Vrer —Vg/_| , and fitting these graphs to straight lines, we chtain the average gak  from the slopes, asasethe average

offset voltages for V, +V,, andV,—V,; . The resulting averagengs A = 60.8, while the offsets are

Voot Voo, = 103mV andV, -V, = 89mV . Assuming/ o, = Voq results My, = Vg = 7mV aMl, = 96mV . This

osn

latter offset is dominated by reset switching iretlioffset.

B. Dynamic Range
The operation of the retina has been verified fggradl00dBs of illumination change. The retina haerbtested for bright

illumination (higher than 50Klux) down to illumiriahs below 1lux. Maximum ambient illumination waest &y using two 20W
compact fluorescent light (CFL) bulbs each providabout 30Klux when placed 40cm apart from thengefscene illumination
was measured with an RS 180-7133 digital lightmkteated at the retina position). Then neutral derfdters were used to
progressively darken the field of view of the ratiThe density filters were Newport FS-ND broadbands that guarantee flat

transmission from ultraviolet to near infrared.

The lower illumination limit of the retina is limat by the dark current of the photodiodes whidbwser than 12fA. We were
not able to measure the photodiode dark currert wety high precision in our chip, but could esistbthat it was lower than
12fA. This was done by collecting the total currentvitog through nod&/ynq01, in Fig. 2(b) while keeping the retina in darkness.
The current measured through that node in thesditomms is 128%,,. plus the leakage current due to the pads andgvifihe
total current measured in the darkness through Ngg@:, was 2.3pA. We measured a leakage current for the pads amwi
of 0.76A, what gives an estimation of the dark currggt, of 12A.

Intra-scene illumination range of the retina isited, since the preamplifying stage self-adaptsone single global
illumination level. Nevertheless, an intra-scenenilination dynamic range of up to 54dB has beeiifiedr Fig. 6 shows the
response of the retina with half of the visualdiglt 1lux while the other half is illuminated atOfi@x, by inserting a neutral

density filter diagonally over the field of view W placing the setup in a dark chamber to availkcéons.

C. Pixel Bandwidth
To measure the pixel bandwidth a group of pixetsted in the center of the array were stimulatet wiflashing Kingbright

super bright red LED L-793SRC-B (1400mcd@20mA)daling a similar procedure as the one developedibigtsteiner and

Delbruck [14]. We created a scene illumination tgcpng two CFL bulbs near the retina but not disedcused on it. A scene
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illumination of 30klux was measured by placing light meter RS-180-7133 in the retina position. T was placed in front

of the retina. The LED diode was modulated witlinaisoidal signal
V(t) = Vg + Asin2Trft (10)

We varied the frequency of the sinusoid and coutitednumber of positive and negative events gee@ray each stimulated
pixel per period of the sinewave. The measurememt® averaged over a 20 seconds time period. Ifirthgnitude of the
stimulus contrast and the voltage thresholds apé ¢@nstant, the pixel gain is directly relatedtte number of generated events
(see egs. (4) and (9)). The measurements wereteepiea different values of the illumination by @ring neutral density filters
of different attenuation values. These neutral iefitters were placed just in front of the retjrthus attenuating simultaneously

the scene and the LED illuminations.

Fig. 7(a) plots the measured values of the evamtgyrle as a function of the frequency of the sidal signal for different
illumination values. Each of these curves wasditte a first order transfer function. Fig. 7(a)cakhows the fitted first order
function corresponding to the lowest illuminatidnicblux. The optimally extracted poles are plotiedrig. 7(b) as a function of
the illumination. Also, superimposed as a soliddrathe optimal linear fitting of the poles poagitigersus the illumination is
shown. As can be observed, in all the measureniiation range the bandwidth is approximately Imedh the photocurrent as

predicted by eq.(5).

D. Latency
Latency is the delay it takes from the occurrerfcanoillumination change at the photodiode untéd torresponding output

event is transmitted off-chip. To measure the kyemve used the super bright LED stimulated witbtep signal [14]. We
measured the latency as the delay between thénstep LED signal and the first output request esponding to an event with
the address of the stimulated pixel. In the sameagawve did in the previous experiment, we createthtense scene illumination
by placing two CFL bulbs near the retina but noéclly focused on it. A scene illumination of 30kkvas measured by placing
the light meter RS-180-7133 in the retina positibhe LED was placed in front of the retina. Neuttahsity filters were placed
just in front of the retina, thus attenuating sitankously the scene and the LED illuminations. \&dgomed the measurements
for different values of the illumination. Each messment was repeated a total of 30 times. Theteesfithese measurements are
shown in Fig. 7(c) which plots the measured lateseya function of the illumination. The latency @d¢ion measured among the
30 trials is also marked with error bars. As cambserved, the latency is inversely proportionahwillumination. For very low
illumination (in the order of 1 lux) the measuredehcy is10ms , while for high level of illumination Klux) the measured
latency was 348s. The only part of the pixel whose latency depesrddlumination is the photoreceptor stage in Hi(p). The
rest of circuitry introduces a light independentagiebut depending on biasing.

E. Noise Characterizations
To characterize noise, we collected noise eventth@uwt stimulus) for different settings of illumitian and threshold

VRer —Vg/_ settings. Events are separated according toshggir Fig. 8(a) represents as a functioﬁM{EF —Vg/_| thaber

of noise events per pixel per second collectec&mh sign, under an ambient illumination of 3 leig. 8(b) represents the noise
events as a function of illumination f(ﬁVREF—Vg/_‘ = 175mV , whichapproximately the bias we used to determine the
minimum contrast threshol@g,_ in Fig. 5. Noise evartsgenerated at a constant average rate, faea ght and threshold
setting. If a stimulus is moving fast, then theaaf signal to noise events will be high. Howevas, stimuli move slower, the

noise events start to become relevant and the lbgagaal to noise ratio decreases.
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F. Power Consumption
Chip power consumption has been characterized. iiéasurements are shown in Fig. 9, where the tdial current

consumption is plotted versus the output event. rétee total current consumption includes the curmsumed by the
programmable current biasing block, the pixel agaod digital parts, and the peripheral AER commation circuitry. At low
output event rates the current consumption is datathby the analog parts, which depends on thelibhging, while at high
event rates the current is consumed mainly by thgatl event generation parts. The current consionpat moderate output
event rates (belowMeps) measured in Fig. 9 is approximately 44mA from@/3power supply, that is a consumption of 145mW.
Most of this current consumption comes from thersjrinversion biased preamplifier stages. For vegh event rates (above
1Meps) there is a sudden increase in power consumpgoause now the contribution of the digital outpad$ (and all the AER

communication circuitry) becomes larger than tiidhe preamplifier stages.

G Simulus Rotation Limit
This sensor is specially appropriate for very fastving objects. According to our measurements #resar can detect

moving objects at frequencies higher than 10KHz. hage set up several experiments to generate \igty dpeed moving

stimuli.

We painted a white dot on the rotating black blaflan electrical fan. The maximum rotating speetheffan was 400Hz
(24Krpm). The retina could easily detect it. Fi@. shows a spatio-temporal representation of théip®sand negative events
captured during a time of 7ms. The gray dots cpoed to the positive events and the black dotsespond to the negative

signed ones.

In order to generate faster and controlled stimaliused a Tektronix 2467-B analog oscilloscope wgrin XY mode. We
applied as X and Y inputs two signals with a cdhdrb frequency generating a spiral-like trace oe tiscilloscope display.
However, there was a persistency of the ON statth@foscilloscope phosphor display that made nssipte to check the
negative transitions at frequencies higher than AKMe could check that positive edges are correfgtected up to frequencies
slightly higher than 10KHz. Fig. 11(a) plots theun stimuli waveforms applied to the X and Y inpatghe oscilloscope and Fig.
11(b) shows the image observed in the oscillosdigrgay for a 500Hz frequency of the input sigradgtured by a commercial
photograph camera. Fig. 11(c)-(d) plot the spatingioral representation of the positive and negativents generated by the
retina when it is stimulated by the oscilloscopseptily for different frequencies of the applied sign Positive events are
represented as gray dots while negative eventplateed as black dots. At a stimulus frequency @13z both positive and
negative events are clearly distinguished for fhiemkmoving generated dot. However, for frequesdiethe order of 1KHz the
negative events begin to become sparse. The prokéanelated with the stimulus, as we observedtttigadscilloscope phosphor
display had a persistency time of the ON stateqtatented to observe a quick ON-OFF transitiontl@ncontrary, the fast OFF-
ON transition of the oscilloscope display allowesdto observe the ON events of the fast moving gdbua frequency of 10KHz.
The chip illuminance for this experiment was 250ixich is the light provided by the oscilloscopeném setting trace intensity
to maximum), measured with our light meter. As shaw Fig. 11(b), the spiral has 5 cycles. Consetiyeat 1KHz spiral
rotation, a pixel detects a change after 5 cyckgjiring a bandwidth of aboukK®z. According to Fig. 7(a), at this illumination

level, a pixel can still provide output foKBiz

V. CONCLUSIONS
A 128x128 temporal contrast retina has been imphetke The new design including a low area prearyiplif stage allows

to improve contrast sensitivity over previous dasigrhile reducing the pixel area by a 1/3 factoglébal adaptation mechanism
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is included that dynamically adapts the bias lewdlshe preamplification stages to ambient illuntioa, thus achieving a
dynamic range higher than 100dBs. The global atiaptanechanism uses light sensed on a periphenrallnofuture prototypes
the objective is to obtain the average directlyrfrihe pixel array. Designing preamplifying stagpsrating at low currents to

reduce static power consumption is also an objectffuture work.
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List of figure captions

Fig. 1. (@) Conceptual block diagram of pixel (b) schematic of the photoreceptor block, and (c) schematic of the
preamplifier block

Fig. 2. (a) System level architecture. (b) Schematic of a preamplifier biasing cell. This cell is repeated 128 times along a
row. (c) Detail of feedback amplifiers A¢; and As, in (b).

Fig. 3. (a) Microphotograph of the fabricated prototype, and (b) layout of the arrangement of 4 pixels.

Fig. 4. Sampleimages created by histogramming events. (a) Moving hand. (b) M oving head. (c) Moving cellular phone. (d)
M oving camer a watching lamp in front of window where outside object can be seen.

Fig. 5. (a) Histograms of the number of events generated per pixel per edge presentation for different threshold settings,
and, (b) distribution of the positive and negative pixel contrast threshold for different settings of the threshold voltages. (c)
Stimulusbar used with the TFT monitor.

Fig. 6. Snapshot capture for afactor 500 of intrasceneillumination (1 to 500 lux)

Fig. 7. (a) Measured transfer function of the events per cycle as a function of the sinusoid frequency for different values of
theillumination, (b) transfer function polelocation at a function of theillumination, and (c) measured latency and latency
deviation (error bars) versustheillumination.

Fig. 8. Noise characterizations. Aver age noise events gener ated per pixel per second (a) asfunction of threshold settings for
3lux illumination, and (b) as function of illumination for [Vrgg - VO] = 175mV.

Fig. 9. Measured power consumption as a function of output event rate
Fig. 10. Spatio-temporal representation of events generated by rotating dot at 400Hz

Fig. 11. (a) Input signals applied to oscilloscope X-Y channels, and (b) corresponding trace in the oscilloscope display in X-
Y mode captured with a commercial photograph camera. (c) Spatio-temporal representation of captured positive and
negative events when theinput stimulusisan spiral generated on the oscilloscope at a frequency of 500Hz, (d) and 10K Hz.



