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Analysis of Temporal Noise in CMOS Photodiode
Active Pixel Sensor

Hui Tian, Boyd Fowler, and Abbas El Gam&kellow, IEEE

Abstract—Temporal noise sets the fundamental limit on image illumination the dominant source of noise is the photodiode
sensor performance, especially under low illumination and in shot noise. The noise power due to the reset transistor, which is
video applications. In a CCD image sensor, temporal noise is sampled at the end of reset, is often quoted t(QIhE/C)VQ.

primarily due to the photodetector shot noise and the output
amplifier thermal and 1/f noise. CMOS image sensors suffer Several authors [8], [9], however, reported that the measured

from higher noise than CCDs due to the additional pixel and reset noise is significantly smaller thd{’/C. In analyzing
column amplifier transistor thermal and 1/ £ noise. Noise analysis noise due to photodiode shot noise, one typically assumes that

is further complicated by the time-varying circuit models, the the photodiode charge to voltage relation is linear. As supply

fact that the reset_trans_lstor operates in subthreshold durl_ng voltage scales with CMOS technology, this relation, however,
reset, and the nonlinearity of the charge to voltage conversion, . . .
becomes increasingly nonlinear.

which is becoming more pronounced as CMOS technology scales. - . . )
The paper presents a detailed and rigorous analysis of temporal  In this paper, we present a detailed and rigorous analysis
noise due to thermal and shot noise sources in CMOS active pixel of noise due to thermal and shot noise sources in photodiode
sensor (APS) that takes into consideration these complicating APS that takes into consideration these complicating factors.
factors. Performing time-domain analysis, instead of the more We show that during reset the reset transistor operates in
traditional frequency-domain analysis, we find that the reset noise . .

power due to thermal noise is at most half of its commonly quoted subthreshold and steady state_ IS n_ot achleve_d. As aresult, the
kT /C value. This result is corroborated by several published conventional frequency domain noise analysis method cannot
experimental data including data presented in this paper. The be applied. To calculate reset noise power we consider the
lower reset noise, however, comes at the expense of image lag. Wegime-varying reset circuit model and perfortime-domain

find that alternative reset methods such as overdriving the reset noise analysis using the MOS transistor subthreshold noise

transistor gate or using a pMOS transistor can alleviate lag, but at . .
the expense of doubling the reset noise power. We propose a nevx)'nOdeI [10]. We show that reset noise power is at most half

reset method that alleviates lag without increasing reset noise. ~ Of its commonly quotedi7’/C value, which corroborates
. . . the published experimental results. The lower reset noise,
Index Terms—CMOS APS, image sensor, reset noise, shot noise, P P

subthreshold operation, temporal noise, time-domain noise anal- "OWever, comes at the expense of image lag. Since steady
ysis. state is not reached during reset, the final photodiode reset

voltage depends on its initial value. This problem can be
alleviated by overdriving the gate of the reset transistor or
by using a pMOS instead of an nMOS transistor for reset.
EMPORAL noise sets the fundamental limit on imagdhese techniques, however, double the reset noise power.
sensor performance, especially under low illuminatiowe propose a new “pseudo-flash” reset method, which can
and in video applications. In a CCD image sensor, tempowlleviate image lag without increasing reset noise. A similar
noise is primarily due to the photodetector shot noise and ttgghnique was independently developed by Raial. [11]. We
output amplifier thermal antl/ f noise. In a CMOS active pixel then present an analysis of photodiode shot noise that takes
sensor (APS) several additional sources contribute to tempdrdp consideration the nonlinearity of the photodiode charge
noise. These include the pixel reset, follower, and access trém-voltage conversion. We again perform time-domain noise
sistor thermal, shot, antl/ f noise and the column amplifier analysis using a time-varying circuit model. We find that the
thermal and / f noise. Hand analysis of the noise in CCDs andonlinearity actually improves the signal-to-noise ratio (SNR)
CMOS APS have been published by several authors [1]-[Z high illumination. We present experimental results from test
Their analysis shows that at low illumination the dominargtructures fabricated in 0.35-CMOS processes. We find that
source of noise is reset and readout transistors, while at hidjle measured reset noise mean square value is indeed close to
kT /2C, and that the measured SNR value matches well with
our hand analysis.
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Fig. 1. APS circuit and timing diagram.

we use HSPICE to estimate the noise contributions of the fokset, integration, and readout. Noise generated during reset and

lower, access and column amplifier transistors. We find that tirgegration are sampled ontg,, and then transferred to the

contributions of these transistors to the noise is negligible comutput during readout. We do not analyze the effect oflthg

pared to reset and photodiode shot noise. Finally, in Section \iiise due to the photodetector and reset transistor here. We also

we present our experimental results. ignore the fact that the reset noise voltage decays during inte-
We note here that this paper provides a more complete tregitation and before it is sampled.

ment of our results than our earlier conference paper [12]. In

particular, the conference paper did not contain any of the key [1l. NOISE DURING RESET

derivations, included only partial testing results, and did not ad—During reset, the gate of the reset transistor M1 is set to a high

g(r;sésmr:set induced image lag or discuss the pseudo-flash rsgﬁ«tage, typicallyuyy. At the beginning of reset, M1 is either op-

erating in the saturation region or in subthreshold depending on
the photodiode voltage at the end of integration. If the photo-
II. PHOTODIODE APS QRCUIT AND OPERATION diode voltage is low enough, M1 is in saturation at first and for

. o S . a very short amount of time before it goes into subthreshold for
The photodiode APS circuit we analyze in this paper is shovpgue rest of reset.

in Fig. 1. Each pixel compriges a photodiode, a reset trans'is The circuit noise model during reset is shown in Fig. 2. The
M1, a source _foIIc_)Wt_ar transistor M2, aqd an access transisiQr, o sourcd4(t) models the transistor shot noise, while the
M3. Column circuits include a bias transistor M4, which acts as . .
o current source(¢) models the shot noise due to photodiode
the source-follower amplifier current source, and a storage ca- )
) . . . L ark currentiy. and photocurrent,y,. In subthreshold/,(t)
pacitor C,. The operation of the sensor is described in Fig. 4, n be modeled as a white Gaussian noise process with the two-
The sensor is read out one row at a time. At the end of eac% .
p . X ) sided power spectral density (PSD) [10]
row’s integration time, the pixel values are stored in the column
capacitors’,;. The row is then reset and the stored pixel values Si.(f) = qiaA%/Hz 1)
d - ’

are read out via the column multiplexer. Correlated double sam-

pling, which is typically performed to reduce fixed pattern noisghere;,, is the drain current of M1. The photodiode noise source
(FPN), is not shown in the timing diagrams. Its effect on teny. (4 is also mainly due to shot noise and has the PSD
poral noise can be readily analyzed using the results derived in
the paper. SIS (f) = q(iph + idc)AQ/HZ' (2)

We are interested in finding the input-referred rms noise value
in volts. To compute it, we sum up the input-referred noise If the reset time,. is sufficiently greater than the settling time
power contributions of each phase of the APS operation, i.&., i-€., the time at which the transistor subthreshold current
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g equals the photodiode curremy, + i4c, then steady state is
achieved and the average reset noise power is given by
Fig. 3. Reset settling time ... versus photodiode current.

— o9 /)l g c 1
vio [ At S
—oo Wmd T Gmit 1+ <2Wf£> signal voltages,,,(t) we getthaty(t) ~ iq(vpn(t))—g(t) Vo (t),
(gm1 + gmo1) 3) whereg(t) = —(diq/dv,y) is the total transistor transconduc-
whereg,,; andg,,; are the transconductances of M1 in su fance. The noise part of (5) is thus given by
threshold, and the factor of 2 is due to the fact that in steady dv,(t)
stateiy = iy + iqc. Performing the integral we get that L,(t) = Cpn (vpn(t)) T gE)Va(?). (7
VI — q(iph + tdc) ) Note that this is a general first-order linear differential equa-

tion and the solution at the end of reset can be expressed as a
functional of the noise source current

Cph(grnl + grn,bl) '

Since in subthreshold = (k7/¢)(gm1 + gms1), We getv2 = . .
(kKT'/Cpr), which is the same as the often quoted reset noisey,, (¢,) = / Ln(7) exp <_/ 9(70) dm) dr. (8)
value. o Cpu(7) + Cpu(70)

This analysis, however, holds only if steady state is achievedWhen the noise autocorrelation function issafunction
during reset, which can only occur if the settling time is short Ihich is the case for thermal and shot noise. we get that '
than the reset time. To find out whether the circuit is in steady '
state, we need compute the settling tithe.1.. Applying Kirch- o R(r) t g(ro)

exp| —2 drg ) dr
< /r CDh(TO) )
©)

hoff’s current law we get that Vit.) = o 02—(7)
(5) whereR(r) is the PSD of the (white) noise source. For a more
general noise process, a similar formula was derived in [13].

wherel,, (t) = I,(t) + I,(t) andV,,, is the photodiode voltage. It can be readily verified from (9) that the contribution from
Assuming that the signal is much larger than the noise @€ noise above threshold is extremely small, and can thus be
can express the photodiode voltage during reset as the d@rpred. We can also ignore the shot noise associated with
of a signal voltagev,,(t) and a noise voltagd/,(¢), i.e., ph+ %de, since these currents are much smaller than the reset
Vou(t) = vpn(t) + Vi(t), and approximate the capacitancdansistor drain current. With these simplifying assumptions,
Con(Ven(t)) = Cpn(upn(t)). With these approximations, we B(7) = gta(7), andCpu(7) is a constant, which we denote by

can write the signal part of (5) as Chu-
To find V,2(¢,.), we need to evaluate the inner integral in (9).

= — + 6) To calculatey(t), we need to calculate the signal voltagg (¢)
) ' using (28) as detailed in Appendix A. Given thgf, + i <

dt Con (vpn(t))  Cpn (vpn(?))
) _ _ o i i4(t), we can approximate (28) by
Solving this equation, as detailed in Appendix A, we get the

graph in Fig. 3, which shows that the settling timgj. >
1 ms even for very high photocurrents. This settling time is
much larger than the typical reset time, which is typically in the
few microseconds range. Therefore steady state is not achiewd@revy = k7/q, Ko = (W/L)Ioe(*s%/*7), v, is the transi-
during reset and we must analyze the reset noise for a tintien voltage, and = 0 corresponds to the time when the reset
varying circuit using time-domain analysis. We first note thdtansistor enters subthreshold. Weflet (v Cpi/ia(0)) be the
iq is a function of (v, (t) + V,.(t)). Linearizing around the thermal timei.e., the time to charge the photodiode capacitance

ph
dVpn(?t) _ iq(t) + L(t) — ipn — dac
dt Con (Von(1))

dvph(t) iph + idc id (Uph(t))

Kot o
Uph(t) ~ vrln < 0 + e('lq/zm)) (10)

VT Cph
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Fig. 4. Simulated photodiode voltage waveform due to incomplete ngsahdr refer to the end of reset for the first and second frames, respectively.

to vz usingéq(0). Substituting in the—V characteristics of the which in steady state contributes orilf’/2C%,, [14]. Now, if
MOS transistor in subthreshold, we get that reset time is long enough, steady state is eventually reached and,
as mentioned earlier, the noise power becoiEgC,,;,. This

) _vrCpn (11) can be verified using conventional frequency-domain analysis
ta(r) » T8 or time-domain analysis as detailed in Appendix B.
Now evaluating the inner integral in (9) with — ¢; replacing IV. IMAGE LAG DUE TO INCOMPLETERESET

tr, andg(t) = (ia(t)/vr) we get that In the previous section, we found that reset noise power is at

- - most half of its commonly quoted?’/C' value. This reduction
s 1 ™ 1 . . . .
/ g9(70) dro :/ 1 dro = In tr—ti+ 5. in noise, however, comes at the expense of image lag. Since
T Cpu(70) T To+ 6 T+6 steady state is not reached, the final reset voltage can depend
o i (12) onthe photodiode voltage at the beginning of reset resulting in
Substituting into (9)_, we get that the mean square noise voltqg%ge lagt In this section, we explore the image lag problem,
at the end of reset is given by and propose a new reset method, which alleviates lag without
) increasing reset noise.
V2(t,) = 1 kT <1 _ 6 ) ) (13) To analyze image lag, we assume the standard APS circuit
2 Cpu (tr —t1 +6)? and operation described in Section Il. In Fig. 4, we plot the sim-
ulated photodiode voltage waveform for four different frame-to-
Thus the mean square reset noise voltage is lessltftaof the frame illumination conditions assuming integration titag =
often quoted:T/Cy,1, value. Since.. is typically in the few mi- 30 ms, reset time,. = 1 s, dark currenty, = 2.3 fA, and
crosecond range, while < 0.2 ns andé ~ 6 ns for our test bright level photocurrent,;, = 50 fA. The bright condition in
structure circuit, the mean square reset noise voltage value isha figure refers to the case where the photodiode voltage at the
fact very close ta:7/2C,,,. For example, assumin@,, = 22 end of integration is low enough so that at the beginning of the
fF, which is consistent with the circuit in our test structure digiext reset, the reset transistor operates above threshold.
cussed in Section VII, we get an input-referred rms reset noiseAs can be seen, if the first frame is bright, then the final
voltage of 303u:V at room temperature. reset voltages for the two frames are the same. On the other
The intuitive reason for theZ'/2C,, resultis twofold. First, hand, if the first frame is dark, the final reset voltage for the
by inspecting (9) we see that the noise decays exponentiabicond frame is noticeably different from that of the first frame,
while it is being integrated ont6’,,;,. In subthreshold where resulting in image lag. To see why, note that at the beginning
the transistod -V relation is exponential, the decay and inteef reset, following a bright frame, the reset transistor operates
gration balance each other and the circuit is in “virtual” steady, _ o _
. . . - INote that the source of image lag here is different from the source of image
state. The second reason is that in the case we are considefijyG, ccps, whichis very well studied. In CCDs image lag is caused by incom-
shot noise due to the reset transistor drain current dominaig@éte charge transfer. This can be eliminated using a pinned photodiode [15].
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Fig. 5. (a) PMOS and (b) overdriving gate reset methods.

above threshold (fox0.2 ns). Therefore it reaches the transi- Reset dr Vdd

tion voltagew; very quickly and spends almost all of the reset

time in subthreshold. Thus, the final reset voltage is virtually Reset i

independent of the initial photodiode voltage. For example, as _| E

suming a 1us reset time, the final reset voltage can only vary '“—| I:

by at most 5.V as a function of the brightness of the previous —

frame, which is much smaller than the reset noise. Z— )
Reset induced image lag can be eliminated using a pMO: = Word i

reset transistor or by overdriving the reset transistor gate a —_—

shown in Fig. 5. In both cases, the reset transistor operates L Bitj

the linear region during reset. Thus the final reset voltagg.is

independent of the initial photodiode voltage, and lag is elimi-

nated. However, reset noise is significantly increased. First, th . Word i

noise due to the reset transistor is increasédi6C,,;,. Second, Integration Time

noise may be introduced due to the resistive coupling to the I ree I Reset i

supply voltage [9]. Using a pMOS transistor also has the dis

advantage of increased pixel area. _U_ v |_|
To achieve both low reset noise and low lag, we propose the

new reset method shown in Fig. 6. The reset transistor drair]:j& 6. Proposed pseudo-flash reset method.

connected to a signal called Reset_dr instead of directly to the

f; gpllgv\vlo\ltoa}?ae}g‘g' 2 Z fhgor\gﬂrlgltg? g?eu rsé;r?iier:adorflsr:;g{) Fzlt.ah(,jl’-\ss.suming that the noise is much smaller than the signal, we can

“pseudo-flash” operation ensures that the reset transistoralw&ﬁyge the noise part of (5) as

starts above threshold, thus eliminating lag. At the same time,

Reset_dr

reset noise is not increased and is still equélTy2C,,,. L,(t) = I,(t) = Convpn(t)) d‘f;t(t) + 9.V, (t)  (15)
V. NOISE DURING INTEGRATION where g.(t) = —(1/Cpn(vpn(t))) (dCpn(vpn(t))/duvpn(t))

(tpn + i4c) is the varying capacitance induced conductance.
This again is a general first-order linear differential equation
\A?end the mean square value Bf at the end of integration is

During integration, shot noise due to the dark currgpt
and photocurrent,, dominates, with PSI¥;, (f) = ¢(ipn +
ia.) A? /Hz. To analyze noise generated during integration

again consider (5) but with the reset transistor turned off. If waven by
assume that the photodiode capacitance is constant over the in- tine 1
tegration time, it is easy to show that the mean square value 2 (¢;...) = q(ipn + idc) / ——
the noise voltage sampled at the end of integration, i.é;,at o Chnlupu(r))
is given by - exp (—2(iph + tdc)
7974\ (.Z(iph + idC) /tint d(l/Cph(Uph(TO)))
V2(ti) = —5— ting- 14 . d dr. (16
" ( t) C]%h ' ( ) T dvph(TO) 0 ’ ( )

The photodiode capacitance, however, is a function of its reveidete that (14) follows from this more general equation if we as-
bias voltage and can thus change significantly over integratisame that,,;, is constant during integration. To take the depen-
time. So again we need to perform time-domain noise analysiency of the photodiode capacitance on the reverse bias voltage
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Fig. 7. Signal and noise levels as functions of input photocurrent.

into consideration, we make the simplifying assumption of ag,, = 30 ms. These numbers are consistent with the parame-

abrupt pn-junction to get that ters of our test structure circuit and experiments. Fig. 7 plots the
signalv,n(tin:) and the input-referred rms value of the noise as
_ vpn(0) + ¢ a function of the photocurremg;, for both constant and varying
Cpn(vpn(t)) = Cpn(vpn(0)) vonl®) - & (17) " ¢,... Note that the effect of the nonlinearity is only pronounced

for large signal values, and results in reduction of both the
where ¢ is the built-in junction potential, and,;,(0) is the signal and the noise. The SNR, however, improves as we shall
voltage onC,,, at the beginning of integration. Solving thesee later. As technology scales or when employing certain high
signal part of (5) during integration, we find that dynamic range schemes [7], the nonlinearity effects on SNR
cannot be ignored.

i)l—"_i C
vpult) = wp(0) — Lot T ide)

Cpn(vpn(0)) VI. NOISE DURING READOUT
; i \242 . . .
+ (iph + iac)”t . (18) During readout, noise is due to transistors M2, M3, M4, and
462, (vpn(0)) (vpn(0) + ) the column and chip level circuits thermal ahdf noise. Ig-

) . . noring the noise contributions of the column and chip level cir-
The square term in (18) shows that the signal is actually reduc&gts' which are very small, and the'f noise, readout noise

by the nonlinearity. We can now explicitly expréSsn(vph(t))  can be easily computed via the small-signal circuit in Fig. 8. In
as a function ot to get this figure, Iyi2(t), Vars(t), and Iy4(t) are the thermal noise
1 sources associated with M2, M3, and M4, respectivgly, and
n - gma are the transconductances of M2 and M, is the channel
(l’ph + de)t . .
1- 20 (0o (0)) (0n (0) + ) conductance of M3, an€@, is the column storage capacitance
pLATpl pl including the bitline capacitance. Assuming steady state, which

Cph(”ph(t)) = Cph(vph(o))

(19) is well justified here, it can be easily shown that the bitline-re-
Thus we have ferred mean square noise voltages due to M2, M3, and M4 are
given by
d(1/Cpn(vpn(t))) —— 2 kT 1
dvph(t) Vn, M2 — 3 Fo 1 N @ (22)
1 1 9d3
= . : . (20)
Cph(i}ph(())) ?phL + tde — kT 1
2vpn(0) + ¢) — =2~ <€ ¢ y —_rd
( pt ( ) d)) Cph(vph(o)) Vn, M3 CO < 1 1 ) (23)
gaz | —
Substituting (18)—(20) into (16), we get that the mean square gdz  Gm2
noise voltage at the end of integration is given by and o 1T ) )
. . Vn2 M4 — 5 ~ Im4 <_ + ) (24)
V2 () = q(iph + iac) " ' 3 C, gaz  Gm2
nA\tint) — ~9 /A~y Yint
Cgh(vPh(O)) respectively. These equations show that different noise sources
1 i+ dde 2 are associated with different noise bandwidth, and thus have
M 1 - ! tint . (21) i 1t _ H
2(von(0) + &) Cou(vpu(0)) different effects on the bitline-referred noise.

To obtain more accurate results for noise during readout (in-
To demonstrate the effect of varying capacitance durimdudingl/f noise), we use HSPICE. We sweep the IN voltage,
integration, we consider an example with,(0) = 2.1 V, perform dc analysis to determine the circuit bias point for each
Con(vpn(0)) = 22 fF 4. = 2.28 fA, ¢ = 0.7V, and IN voltage value, and then perform ac noise analysis. Using
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—T— TABLE |
64x 64 APS TEST STRUCTURE CHARACTERISTICS
Gma I0) Technology 0.35 pum, 4-layer metal
1-layer poly, nwell CMOS
Number of Pixels 64x64
Pixel Area 14pmx14pm
9a3 Transistors per pixel | 3
Fill Factor 29%
Photodetector nwell/psub diode
Vars(t) Pixel Interconnect Metall and Poly

L 55 ! ! g . ? .
?IM«AU ICO N ) R

Fig. 8. Small-signal model for noise analysis during readout.
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Fig. 10. Simulated versus measured SNR.

the same as the setup we used to perform QE [17] and FPN [18]
measurements. The analog output from our sensor is first am-
: plified using a low noise amplifier (LNA), then digitized using
Viv (V) 22 -2 frequency (Hz, in logo) a 16-bit ADC.

To measure noise, special care is taken to reduce environ-
mental interference, which can be caused by light source fluctu-
ations, temperature fluctuations, electromagnetic interference,

this methodology, we simulated our APS circuit including thgtc. To do so, we housed the setup in a well air-conditioned dark

column and chip level circuits [16]. As expected, the noise COf50om. We used a light source with intensity fluctuations of less

tributions from column and chip level circuits were found to b an 0.5%. Temperature and light intensity were recorded each

very small. To compare the contributions of M2, M3, and Iv'tlme data was taken. We repeated the measurements many times

during readout we plot the simulated output-referred PSD f b that any remaining environmental interference can be aver-

each in Fig. 9. Note that except when the IN voltage is near | éed out.

Irssgtr\t/r?;e{ht:i;g:esfrgﬁnh}l g/l;’n'; I\s/livesralmor;qr?rs Oftg]:gg'r:?r._ In taking the noise measurements we first determined the
W : - Summing up oard level noise, including the LNA noise and ADC quanti-

Fig. 9. Readout noise PSD due to M2, M3, and M4.

) . . ‘noise voltage was found to be 82/, which is comparable to
Using the simulated IN to OUT voliage gain value of 0.51, thlt%e estimated readout stage noise, but much lower than the reset

is equivalent to an input-referred value of #8. . . .
q P i noise. As a result, reset noise can still be accurately measured.
VII. EXPERIMENTAL RESULTS To measure the reset noise, we reset the pixel and sample the
' output voltage twice. Each sample can be expressed as the sum

In this section, we present noise measurement results, afidwo components, the reset noise and other noise. The reset
compare them to the analysis results presented in the previoosse is the same, while the other noise is uncorrelated. By re-
sections. The measurements are obtained fromi4ui64 pixel peating these measurements we estimate both the reset noise
APS test structure [16], which were fabricated in a O,3&an- power and the other noise power accurately. The rms reset noise
dard digital CMOS process. A summary of the main sensor chapltage was estimated to be 26¥, while the other noise was
acteristics are provided in Table I. The characterization setupestimated to be 113V. Using the simulated IN to OUT voltage
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Fig. 11. Measured final reset voltage for five consecutive frames (indicated bpashed lines are the simulated photodiode voltage.

gain of 0.81, we get an estimated input-referred rms reset noseerimental results obtained from test structures that were
voltage of 323.V, which is very close to the 308V given by fabricated in 0.35: CMOS processes, which corroborate the

V KT'/2Cy, and much lower than the/kT/Cy,y, value of 428  results of our theoretical analysis.

V. The experiment was repeated at several reset times ranging

from 1 to 10us and under several low illumination levels. We APPENDIX A

could not perform the noise measurement at steady-state con- RESETSETTLING TIME

dition, since the required reset time exceeded the longest reseltO calculate settling time, we first find the tinte at which

time of one second allowed by our pattern generator. ; »
y P 9 th{e reset transistor transitions from above to below threshold.

We also measured the overall rms noise voltage at differelrhe reset transistor then operates in subthreshold for a period of
signal levels. In Fig. 10 we plot the measured and the calcu- P P

lated SNR versus the output signal. Two calculated SNR cunvds~ beetite — 1 until it reaches steady state, i.e., untilits drain

are given, one assuming constant photodiode capacitance %urrent almost equalgy, + ie.
' hile the reset transistor is operating above threshold, its

the other assuming varying photodiode capacitance as discusc?r%m current is given by
in Section V. Note that the measured SNR curve is very close
to the calculated curve assuming varying capacitance, but that W
the curve assuming constant capacitance becomes slightly lower iqt) = Y Cosctin(Vaa — ven(vpn) — vpn)” (25)
than the others at high illumination levels.

To illustrate the image lag caused by incomplete reset @dere the threshold voltage
described in Section IV, we performed experiments under dark
and bright conditions. In Fig. 11 we plot the measured final reset A
voltagegaveraged over mar?y trials zfnd the simulated photodiode Vi (Uph) = Vino + ( Uph + ¢ \/%) V. (@8
voltage (as indicated by the dashed lines) for five consecutive . . ,
frames. The figure confirms that lag occurs following a darEOr most of the reset time, M1 operates in subthreshold;and
frame. We repeated the bright experiment under several illurie be expressed as [19]
nation levels and did not observe any image lag. We could not test (0g — vp)i (vp — o0)(1 — &)
our pseudo-flash reset method, since in our implementation thg(t) = — I exp <[ S VAN 2 D
drain of the reset transistor was permanently connectegto L vr vr

) (1 _ e—((ruu—m)/w)) 27)
VIII. CONCLUSION . . . .
wherewv, is the gate voltagey, is the drain voltagey,,, is the
We presented a detailed and rigorous analysis of noisesiource voltagey, is the bulk voltage; is the gate efficiency

CMOS photodiode APS. We found that typical reset times afactor,vr = (kT'/q), andl, is a constant that depends on the
not long enough to achieve steady state. Using time-domaiansistor threshold voltage.
analysis, we found that reset noise is very close€f@2C. This The transition between above and below threshold occurs
result, we believe, explains the discrepancy between measundtn the currents calculated using (25) and (27) are equal. As-
reset noise and the commonly quoted/C value. We pro- suming the test structure circuit parameter values, the voltage at
posed a new pseudo-flash reset method that alleviates imagech this transition occurs, i.e., the transition voltagex 2V
lag due to incomplete reset without increasing reset noismdt; is < 0.2 ns even when the photodiode voltagg (0) is
We analyzed noise due to the photodetector shot noise takirgy low.
nonlinearity into consideration and found that nonlinearity To find ¢,, we first setv; = 2 V and assume that the capac-
improves SNR at high illumination. Finally, we presentedtanceCyy,(vpn(t)) = Cpu, i-€., is independent of Defining
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Ko = (W/L) Iyes%/*1) and substituting from (27) into (6)

then solving it, we get that

— Ko+ Koeléet/vrCon) 44 _ev1/vr)
icc(ict/’vTC})l,)

(28)

vpn(t) = vrln

wherei. = ipn + 44, and time is shifted such that= 0 corre-
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The first term of the above equation is derived in the same
way we derived (13). It is due to the reset transistor shot noise
during the nonsteady-state period. Similarly, the second term
is due to the photodiode shot noise during the nonsteady-state
period. Usingi/;, = i4(tsettle) & (vrCpn/(tsettte + ) [SEE
(11) in the main text], we get the(ﬂ/3)(qigtsettle/05h) ~
(1/3)(KT/Cp1). As expected the second term is smaller than

sponds to the time when the reset transistor enters subthreshibiel first, since fort < teic1e ¢; < %q(t). The last term repre-

Combining (28) and (27) we can explicitly writg(t) as a

sents the noise generated durtngt t.ctiie-

function of time. Now assuming that steady state is achievedAs ¢, — oo, ¢~2(¢’/Cen)(tr—teewic) approaches zero and the

for iy(t) = 2i., we find that

_ vr Cp h

K
tQ = In 0

o i) — Ky

(29)

Thus we get the settling timig.;;.. = t1 + t2, which is more
than 1 ms for typical illumination conditions.

APPENDIX B
DERIVATION OF RESETNOISE USING TIME-DOMAIN ANALYSIS

To simplify notation we defing/, = 4,1, + ‘4. The autocor-
relation function of the shot noise is thus given by

t< tsettle

R(t) - { t Z tsettle'

2qi)),

Now definey’ = (gi/,/kT), then fort > ¢eiu1e g(t) = ¢'. Using
(9) we get the mean square noise voltage

tsottle -/
qia(T) + qiy
VnQ(t,,) = / i A 1
0 C}%h
o g(7o0)
- exXp <—2/ - d’r()) dr
T ph
t -t t /
T 2q1y g
+/ exp <—2/ dTo) dr
tscttle C]%h T Cph
1 kT <1 §? )
2 C(ph (tsettle - tl + 6)2
. G_Q(U,/Cph) (t'r’_tscttlc)
1 giy <
o 2 (tsettle - tl + 6)
302,
63
B (tsettle - tl + 6)2>
. 6_2(9,/Cp1|)(tr—tsottlo)
—+ kT (1 — 6_2(9,/01)1')(tr—tsottlo)>
C(ph
~ 1 k_T G_Q(Q,/C})h)(t'r—tscttlc)
2 Cph
1 m C_Q(Q,/Cl)]l)(t’r‘_tsott]o)
3
ph
+ k_T (1 _ C*Q(Q,/Cph)(tr*tscnlc)) . (30)
Cph

first two terms vanish. This confirms that the noise generated
beforet...i1. finally decays to zero. The last term on the other
hand approachésl’/ C,.,, which is the same as the steady-state
result obtained using frequency-domain analysis. We now verify
that the above derivation also leads (f’/2C,,) for ¢ <
teettle- It IS Clear that in this case the third term of (30) does
not exist. The second term can be ignored, sifjces i4(t,.),
(1/3)(qilyt, /C2y) < (1/3)(KT/Cypu). This leaves us with the
first term which is equal to the right-hand side of (13).
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