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Abstract: This paper discusses the noise reduction effect of multiple-sampling-based signal readout
circuits for implementing ultra-low-noise image sensors. The correlated multiple sampling (CMS)
technique has recently become an important technology for high-gain column readout circuits in
low-noise CMOS image sensors (CISs). This paper reveals how the column CMS circuits, together
with a pixel having a high-conversion-gain charge detector and low-noise transistor, realizes deep
sub-electron read noise levels based on the analysis of noise components in the signal readout chain
from a pixel to the column analog-to-digital converter (ADC). The noise measurement results of
experimental CISs are compared with the noise analysis and the effect of noise reduction to the
sampling number is discussed at the deep sub-electron level. Images taken with three CMS gains of
two, 16, and 128 show distinct advantage of image contrast for the gain of 128 (noise(median):
0.29 e ms) when compared with the CMS gain of two (2.4 ems), or 16 (1.1 e7ms).

Keywords: ultra low noise; multiple correlated double sampling; correlated multiple sampling;
correlated double sampling; differential averager; CMOS image sensor; readout noise; 1/fnoise; RTS
noise; noise analysis

1. Introduction

Since the introduction of the concept of active-pixel CMOS image sensors (CISs) using in-pixel
charge transfer [1,2], CISs have been recognized as image sensors suitable for low-light level imaging,
and the introduction of pinned photodiodes in four-transistor (4T) active-pixel CISs has enabled
overall image quality control for low-light-level imaging, including those for low dark current, fewer
white defects, and no image lag [3-5]. Since the read noise performance of CISs is determined by
many factors which are controlled by process, device, and circuit technologies, the read noise of CISs
with pinned photodiodes is gradually reduced in the past twenty years as new techniques and
technologies are introduced. In the CIS with pinned photodiodes reported in 2001, the read noise was
13.5 e~ [6]. Several CISs with sub-electron [7-9] and deep sub-electron noise [10-12] levels have been
reported recently, and the best noise level has reached below 0.3 e [13-15]. In an active pixel device
called DEPFET with non-destructive multiple readouts of the pixel output, very low noise level of
0.25 e~ [16] and 0.18 e~ [17] have been attained. Roughly speaking, the read noise of CISs is reduced
down to one-fiftieth in the past 15 years. High conversion gain is definitely the most important factor
for realizing the low read noise. However, a deep sub-electron noise level is not realized without the
help of readout-circuit techniques with a high noise reduction capability. For instance, a column
high-gain pre-amplifier before an analog serial readout or a column analog-to-digital conversion
(ADC) is an effective technique for low-noise CISs [18-20]. A very low noise level of 1.5 ems is
demonstrated in a pinned-photodiode CIS using a high-gain (gain = 32) column amplifier [18]. For
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further efficient noise reduction, high-gain pre-amplification using multiple sampling of the pixel
output is becoming another important technique for low-noise CISs. A multiple sampling technique
known as Fowler sampling is used for reading, non-destructively, the outputs of infrared light image
sensors [21], and a technique called multiple correlated double sampling (MCDS) [22], or correlated
multiple sampling (CMS), is used for a pixel detector for high-energy particles [22] and column
readout circuits for low-noise CISs [23-25]. The authors have recently applied this technique to an
experimental image sensor using high-conversion gain pixels and a large sampling number of 128,
and deep sub-electron noise level of 0.27 ems has been attained [15].

In this paper, to reveal how the column CMS circuits, together with high-conversion-gain pixels
and low-noise transistors, realizes deep sub-electron read noise levels in our previous
implementation [15], the read noise of signal readout chain from the pixel to column ADC is analyzed
and the noise components of the pixel and column amplifiers as a function of the sampling number
(=gain) are examined to clarify the dominant noise component at high gain. The noise measurement
results of the experimental CIS chip are compared with the noise analysis and the noise reduction
effect to the sampling number is discussed. The noise reduction effect as a function of the sampling
number is also evaluated by images taken by different CMS gains, and the advantage of image quality
with the deep sub-electron noise level is demonstrated.

2. Signal Readout Architecture for Ultra-Low-Noise CISs

2.1. Active Pixel Sensors for High-Conversion Gain

Two types of active pixel sensors (APSs), as shown in Figure 1, are used here for realizing
ultra-low-noise CISs together with high-gain column readout circuits. One (Figure la) is the
well-known APS with four transistors for a source follower (M), pixel selection (M2), charge transfer
(Ms), and charge resetting (M4). The other (Figure 1b) is a special type of APS for higher conversion
gain with three transistors and a reset-gateless (RGL) charge resetting technique [15,26]. Both pixels
use a pinned photodiode for low dark current and signal readout with perfect charge transfer. In
Figure 1a, the size of transistors, wiring, and size of floating diffusion (FD) are carefully designed to
minimize the parasitic capacitance of the floating diffusion node and maximize the conversion gain.
In Figure 1b, a very high conversion gain is expected because of small parasitic capacitance at the FD
node not only by optimizing transistor size and wiring, but also by using a structure to reduce
parasitic capacitance due to transistors. To reduce the capacitance from the gate of Ms to FD, a
depleted potential saddle is created between the transfer gate and the FD [25]. To eliminate the
capacitance of the reset transistor, the reset transistor is removed and the resetting of charge in the
FD is done by pulling the drain junction to a very high level.
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Figure 1. High conversion gain pixels. (a) 4T pixel with a pinned photodiode; and (b) an RGL high
conversion gain pixel.
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2.2. Column Readout and ADC Circuits Using Multiple Sampling

A column readout circuit using multiple sampling is shown in Figure 2. The column correlated
multiple sampling (CMS) is implemented with a switched-capacitor (5C) integrator. The operation
phase diagram and timing diagram of the column CMS circuits are shown in Figures 3 and 4,
respectively. At the beginning, the capacitor Cz of the integrator is reset by turning the on switch
controlled by ¢r as shown in Figure 3a, while the RT in the pixel in the case of the 4T pixel is set to
high for resetting the FD node of the pixel. Then, for multiple sampling of the reset level, the pixel
output is sampled by the capacitor C1 with switches controlled by ¢1 and ¢4 as shown in Figure 3b
and the charge in Ci is transferred to Cz2as shown in Figure 3c by turning switches controlled by ¢
and ¢rd on. By repeating this operation of Figure 3b,c M times, the M samples of the reset level are
integrated over in the integrator. The resulting output of the integrator after M-time sampling is given

by G, xM x V,

reset /

where \E is the average of the reset level of the pixel output and G, =C,/C,

is the gain of the integration in one cycle. This integrator output is sampled by a
sample-and-hold capacitor and converted to an n-bit digital code by the n-bit column ADC. Similarly,
after the charge transfer from the photodiode (PD) to FD by opening the charge transfer (TX) gate,
the photo-signal level of the pixel output is sampled M times and the M samples are integrated over

in the integrator. The resulting output after M-time sampling is given by G, x M XVignal # where
m is the average of the photo-signal level of the pixel output. This integrator output is also
sampled by a sample-and-hold capacitor and converted to an n-bit digital code by the n-bit column
ADC. After the A/D conversion of the integrator output for the reset and photo-signal levels, the
difference of those stored in two n-bit memories for reset and signal levels is taken in the digital
domain to perform the correlated double sampling (CDS) for cancelling the pixel fixed pattern noise
(FPN) and reset noise. This CMS processing, which is a combination of M-time sampling and
integration in the analog domain, and the CDS in digital domain, has high suppression effects of
thermal and 1/f noise and a strong effect of cancelling vertical FPN (VFPN) of CISs, which is caused
by the offset deviation of the column readout circuits. The sampling number of the readout circuits
based on the CMS technique should be carefully chosen by their applications, e.g., the sensor
operations can be determined by following the desired capabilities for applications: (1) high
sensitivity with a relatively low frame rate; and (2) high operation speed with an allowable

noise level.
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Figure 2. Schematic diagram of the column readout circuits using multiple sampling for low-noise
readout.
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Figure 3. Phase diagram of the column CMS readout circuits.
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Figure 4. Timing diagram of the CMS.
3. Noise Analysis of Readout Circuits with Multiple Sampling

3.1. Modeling of Noise Sources: Pixel Source Follower and Column Amplifier

An equivalent circuit of the active pixel for the noise modeling is shown in Figure 5. The pixels
with high conversion gain shown in Figure 1a,b can use the same equivalent circuit of Figure 5. The
conversion gain of the pixel using a source follower amplifier, Gesr, is given by:

4G

Gesr = (1)
o CFDO+(1_GSF)CGS

where Gsr is the source follower gain, Ccs is the gate-to-source capacitance of the in-pixel transistor
M, Crpo is the capacitance at the floating diffusion node other than the term due to Css and g is the
elementary charge. The source follower DC gain Gsr is given by:

ngF
Gy = —>1 2
> goSF + ngF ( )

where gusr is the transconductance of M1 and gosr is the output conductance of the source follower,
which includes the equivalent conductance component due to the body bias effect of M1 and the
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output conductance of Mi and the current-source load M. The gain of the source follower is typically
0.8-0.9. The noise power (squared current) spectrum density Swsr measured at the source follower
output [27], including the thermal and 1/f (flicker) noise sources, is expressed as:

Kise 2
Sisr = 4KgT e O + T Sse Omsk 3)

where ks is the Boltzmann constant, T is the absolute temperature, fis the frequency. &r is the excess
thermal noise factor of the source follower given by:

§SF = fp + Incs fcs 4)

mSF

where &r and &cs are the excess noise factor of M1 and My, respectively. &sr is the flicker noise factor
to include the influence of the current-source load given by:

2
Kies [g csj
G =14+ 1| Zmes 5)
* Kise \Imse

where Kssr and Kfes are the flicker noise coefficients of M1 and My, respectively.
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Figure 5. Equivalent circuit of the pixel source follower for noise analysis.

As for an operational amplifier (op-amp) used in the integrator, a high-gain single-pole op-amp
using telescopic cascode or folded cascode topology can be used. Figure 6a,b show a telescopic
cascode op-amp used in the column readout circuits of this CIS design and its equivalent circuit for
noise analysis. In the telescopic cascode op-amp of Figure 6a, the noise of transistors MP5, MP3, MP4,
MN4, and MN3 is ignored in the equivalent circuit of Figure 6b. Then the equivalent noise power
spectrum Sma measured at the source follower output, including the thermal and 1/f (flicker) noise
sources, is expressed as:

KfA 2

Sima =4KgTE,00n +6a ¢ Oma (6)

where & is the excess thermal noise factor of the op-amp, which includes the influence of all of the
transistors given by:

é:A = 2£§PA + %mNA é:NAj (7)

mA

where &ra and &cs are the excess noise factors of MP1 (MP2) and MN1 (MNz2), respectively. ¢a is the
flicker noise factor to include the influence of all the transistors given by:
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fPA g mA

2
K
gA=2 1+ﬂ(MJ (8)

where Kssr and Kyces are the flicker noise coefficient of M1 and Mg, respectively, and the gma and gmna
are the transconductances of MP1 (MP2) and MN:1 (MN?2), respectively.
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Figure 6. Operational amplifier used in the integrator and its equivalent circuits for noise calculation.
(a) Circuit schematic; and (b) the equivalent circuit for noise analysis.

3.2. Analysis of Noise Components of Readout Circuits

During the signal readout process from the pixel output sampling to A/D conversion, the
readout circuits’ noise is superimposed on the photo signal at each phase of operation of the CMS

readout circuits. The equivalent circuits for noise calculation at each phase of Figure 3 are shown in
Figure 7.

insw 2

Ci=7 -, C—=7
% 9ma % 9ma
(0) (d)

Figure 7. Equivalent circuits for noise calculation at four phases of Figure 3. (a) Integrator resetting
(Figure 3a); (b) input signal sampling (Figure 3b); (c) signal charge transfer (Figure 3c); and (d)
integrator output sampling for ADC (Figure 3d).
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3.2.1. Reset Noise of the Integrator

During the resetting phase of the integrator, the thermal noise of the switch by ¢r is sampled in
the capacitor C2 and appears at the integrator output. The noise due to the operational amplifier and
the influence of input capacitance of the amplifier Ci can be neglected in this phase. Then this noise
power component denoted by Purrt is approximately given by:

KgT
P. =2t 9
nT,rst C2 ( )

Due to the digital CDS operation for the output of the integrator, the resetting is done two times
for the pixel reset level and signal level, and the reset noise power is increased by a factor of two, as
in Equation (9).

3.2.2. Thermal and 1/f Noise in the Input Signal Sampling Phase

The equivalent circuit in the input sampling phase of the integrator is shown in Figure 7b. The
major noise component in this phase is the thermal and 1/f noise of the pixel source follower and
these noises are influenced by the noise-power transfer function of the source follower. Using the
equivalent circuits of Figure 5, the noise-power transfer function denoted by |H . (@) [ is given by:

2
GnSF

H =
[Flie ()] 1+(a)/wcSF)2

(10)

where Gisr is the noise gain factor of the source follower based on the fact that the noise current due
to M1 and Ms (current source load) is amplified by the positive feedback effect of Ccs of the source
follower and is expressed as [28]:

GSF (CFDO + CGS)

nSE — 11
> CFD0+(1_GSF)CGS ( )

and wesr is the cutoff angular frequency of the source follower with the load capacitance of C. and
sampling capacitance of Ci1 which is given by:

ngF

Osk = <7~  ~~
G (C, +C)

Due to the positive feedback effect caused by Ces, the actual transconductance of the source
follower is reduced by the same factor of the noise gain Gusr.

In the phase diagram of the CMS readout circuits (Figure 3b), the noise of the pixel source
follower is sampled in the capacitor Ci, and then the sampled noise is transferred to Cz. This operation
is done M times for both reset and signal levels, and the difference of the integrator output after A/D
conversion is taken for the digital CDS. As a result, the noise in this phase, which is finally contained
in the digital-domain signal is calculated with the transfer functions of the CMS and the source
follower. The noise components in this phase, the thermal (Pursmi) and the 1/f (Pur, smt) noises, are
expressed as:

(12)

)
I:)T,smpl + P = I ILSF2|HnSF (a))|2 |HCMS (a))|2 df (13)

_wngF

where |Hgys(@)[ is the power transfer function of the CMS given by [29,30]:
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4sin*(M wT, / 2)sin*((M + Mg —D)aT, / 2)

H 2_
[Hews (@) sin? (T, /2)

(14)

For the thermal noise component of Equation (13), a sampled noise of one cycle is calculated by
the noise power spectrum and transfer function of the source follower. After the CMS operation, the
noise power sampled and accumulated with 2M times in the integrator is given by:

KgT 2G,’MG KgT
PnT,smpI =26, ZMGnSF2§SF 2 WOsp = I e s Ko (15)
Imsk C +C
For the 1/f noise component, Equation (13) can be written as:
e (@) [Hews (@)
P smpt = G, ‘M 2G‘nSF 2§5F Kisr _([ | SFG n5||: 2| MCZM: | df (16)

The integral in Equation (16) is a noise reduction factor of the CMS to 1/f noise and is defined by:

T 4sin*(Mx/ 2)sin’((M + Mg —1)x/ 2)

Fows (M, Mg, X;) = : 17)
‘ l‘ M2x(L+(x/ x,)?)sin*(x/2)
with the definition of X = wl, and X, = @, T, . Then Equation (16) can be expressed as:

Poesmpt = G, *M 2GnSF 2§SF Kise Fons (M, Mg, a0 T) (18)

The factor of the 1/f noise reduction for the CMS for a large M becomes almost the same as that
for the case of the noise reduction technique called the differential averager using continuous
integration [31]. The ratio of Mc to M is denoted by R, i.e., R; = M / M . Then the noise reduction

factor of the CMS can be approximated by a noise reduction factor of the differential averager Fpa,
which is a function of Rc only and is given by [31]:

Foulfe) - 2R7InR, +2 (24 R N2+ R) - (W+R)IN@HR,) (19

For R; <<1, it is approximated as F,(R;)/2=2In(2) =1.386. Equation (19) is a useful

equation for calculating the 1/f noise after the CMS operation without numerical calculation of the
integration, as is done in Equation (17). For a large M, Fcms can be exactly approximated by Fpa.
However, for a small M, Fcus become larger than Fpa. Figure 8 shows the noise reduction factor of the
CMS, Feums, and the differential averager, Fpas, as a function of Mg, for the multiple sampling number
(M) of two, eight, 32, and 128. xc of 30 is assumed. For efficient noise reduction of the 1/f noise, the
ratio of Mc to M or Rc must be kept as small as possible and, from Figure 8, the noise increase is less
than 5% if Mc is less than 10% of M. In case that Mc is much larger than M, it must be noted that the
noise reduction effect of the CMS becomes considerably worse than the ideal factor of

21n(2) =1.386.
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Figure 8. Noise reduction factor of the CMS, Fcus, and differential averager, Fpa, as a function of Mc
and M.

3.2.3. Thermal and 1/f Noise in the Signal Charge Transfer Phase

In charge transfer phase of Figure 3c, the signal charge sampled in Ci is transferred to Cz, and
then Ci is disconnected from the input of the op-amp. At this instance, a noise charge caused by the
noise of the op-amp used in the SC integrator is sampled in Ci. The sampled noise charge in C1 is lost
in the next input sampling phase. As a result, a noise charge, which is the same amount but opposite
polarity as the noise charge in Ci, remains in C2 of the SC integrator. This noise component is
generated in every cycle of the multiple-sampled integration, and the final noise component as a
result of the CMS operation is calculated with the noise power transfer function of the SC integrator
and CMS using the equivalent circuit of Figure 7c. The power transfer function |H,_,(w)[ of the

SC integrator to the noise source including the load and sampling capacitances is given by:

1 1

H (o) [= 20
I nA | ﬂAZ 1+ (w/ a)CA)Z ( )
where fa is the feedback factor of the SC integrator expressed as:
C,
=== < 21
Pt icc, @b
and wea is the cutoff angular frequency of the SC integrator given by:
gmAﬂA
Op =~ (22)
CL,trns
where Cits is the load capacitance of the SC integrator in charge transfer phase given by:
C,(C,+C)
CL,trns =—+——1=+C c (23)
C,+C, +C

In Equation (23), C. is the additional capacitance at the output for bandwidth limitation of the
SC integrator. The noise components in this phase, the thermal (Purtris) and the 1/f (Pur, tms) noises, are
calculated by:

©S
—_ N2 InA
PnT,trns + PnF,tms - :BS I 2
gmA

—00

Hoa (@) [Hoys (@) df 24)

where [ is the noise charge re-sampling factor when the capacitor Ci is disconnected from the

charge summation node of Vs, which is given by:
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C,
==~ ~ 25
fe=tic,ic *
The thermal noise component after the CMS operation is calculated as:
KT S5° g
Pirims =2M&, 2= "% @, = 2G,*M &k T 4 (26)
mA /~A L.trns
For the 1/f noise component, Equation (24) can be written as
2pg 2
Peims = G "M ¢, K Fous (M, Mg, @,,T,) 27)

using Equation (17).

3.2.4. Sampled Noise of the Integrator Output for A/D Conversion.

The last component is the sampled noise at the sample-and-hold circuit connected at the
integrator. Equivalent circuit in this phase corresponding to the Figure 3d is shown in Figure 7d. This
sample-and-hold circuit is used for column A/D conversion. If the 1/fnoise, due to the amplifier used
for the ADC, is ignored because of the low-noise design of the amplifier using relatively large
transistor sizes, the thermal noise component (Px1, anc) in the A/D conversion of the integrator output
is calculated by:

©S
PnT,ADC = J. ﬁ|HnA2 (a))|2|HCDS (a))|2 df (28)

—00

where |H . (@) [f=4sin*(wl /2) is the power transfer function of the CDS operation and

[H_ (@) [ is the noise power transfer function of the amplifier given by:

1 1
|Hou(e) = 29
" B’ 1+ (0] @) *)
where 4 is the feedback factor of the SC integrator in the output sampling phase expressed as:
C,
= 30
Pu=tic G0
and wea is the cutoff angular frequency of the SC integrator given by:
InalB
W =0 (31)
L,ADC
The thermal noise and 1/f noise components are calculated as:
_ _26akeT )
nT,ADC
CLaocBu
where Crapc is the load capacitance in this phase given by:
C,C,
C =—21_4C 33
L,ADC C,+C s (33)

The factor of two in Equation (32) is based on the fact that the CDS operation doubles the thermal
noise power. This noise component generated during the A/D conversion of the integrator output
depends on the type of the A/D converter used.
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3.2.5. Total Noise

The total noise power referred at the output of the integrator Pncmsuwt, if all of the noise
components are uncorrelated from each other, is given by:

PnCMS,totaI = Pn,rst + I:)nT ,smpl + IDnF,smpI + I:)nT trns + I:)nF,tms + I:)nT,ADC (34)
Since the gain from the charge to the integrator output is given by G, x M x G, the input

referred noise is expressed as:

_ \/PnCMS,total _ \/Pn,rst + PnT,smpI + PnF,smpI + PnT trns + PnF,trns + I:,nT,ADC
nCMS total — -
GI MGCSF GI MGCSF

N

(35)

To explicitly show the contribution of the noise components as noise-equivalent charge, the total
input referred noise is expressed as:

NnCMS,totaI = \/Nn,rst2 + NnT,smpI2 + NnF,smpI2 + NnT,trns2 + NnF,trns2 + NnT,ADC2 (36)
where:
P
Ny =i L 2T (37)
’ GMG G MGy C,
N _ \iPnTysmpl — 1 ZGnSF§SFkBT (38)
e GMGy M Gesr C, +C
I:)nF,sm | Gn
NnF,smpI = G, MGc:F = Gczz x}ZgSFKfSF Fews (39)
P
N i = A = ﬁl 25T (40)
’ GI MGCSF M GcsF CL,trns
’\f I:)nF, m 1
NnF,trns = G| MC;CSSF = GCSF 2gAKfAFCMS (41)
and

_ \/ PnT,ADC _ 1 2§AkBT (42)

N, =
TR G MGy G MG \ BuCianc

There are three-types of noise components in the CIS with the CMS readout circuits. The first
type is the component whose noise amplitude is reduced by a factor of M, as in Equations (37) and
(42). These noise components are effectively reduced by increasing the gain M and the total noise is
almost unaffected for a large gain. The second type is the component whose noise amplitude is
reduced by a factor of /M, as in Equations (38) and (40), and dominates the total noise for the
middle-gain region. The third type are the components which have a weak dependency on M, as in
Equations (39) and (41).

3.3. Noise Calculation for the Designed Ultra-Low-Noise CIS

As described in Section 4, an experimental CIS chip with ultra-low-noise performance is
designed and implemented. Using the device parameters used for the design of the CIS chip, the
noise components of the readout circuits and the resulting total noise are calculated. Figure 9 shows



Sensors 2016, 16, 1867 12 of 20

an example of noise calculation of the CIS using the RGL pixels. The parameters used in this noise
calculation are given in Table 1. Table 1 contains parameters for the RGL pixel and the conventional
4T pixel shown in Figure 1. The capacitances are those used for the design of the CIS chip, and the
excess noise factors are calculated with the well-known characteristics of the excess noise factor as a
function of channel length of nMOS transistor [32]. The 1/f noise parameters for the amplifier design
are calculated with the measured data supplied as the process design kit (PDK) from the CIS foundry.
Since no measurement data on the small-size in-pixel transistors are supplied by the PDK, it is
estimated by the 1/f noise measurement data of the 3.3 V medium threshold voltage (V1) nMOS
devices with a size of 10 pm(W)/0.55 pm(L), and the theoretical model of the 1/f noise parameter (Kj)

of the nMOS transistors given by K, =k, /C_ANL, where kris a constant which is independent of

the dimension of devices, i.e., Kris inversely proportional to the channel area (W x L). The 1/fnoise also
depends on the gate bias condition, and the flicker noise coefficient is increased as the gate bias increases.
With the measurement results of the 1/f noise of the medium Vr device (Kr=1.4 x 101 [V2] @ Id =17 pA)
and the size dependency of the 1/f noise, the flicker noise coefficients of the source follower transistors
in the RGL pixel and 4T pixel are estimated as 1.0 x 10 [V?] and Kr=1.8 x 1010 [V?], respectively. In this
case, the source follower sizes (W/L) for the RGL and 4T pixels are 0.345 pm/0.325 pm and
0.9 pum/0.7 um, respectively. Sometimes the optimized transistor size can lead to an increased
probability that large noise, such as a random telegraph signal (RTS) noise, occurs, but a high
conversion gain with the optimized SF size is more beneficial to achieve the low-noise performance.
Extremely large noise generated by a smaller transistor size can be overcome by the advanced process
technologies and the low-noise transistors [9].
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Figure 9. Noise components as a function of the sampling number in the CMS.

Very high conversion gains of 220 uV/e~ and 135 pV/e- are assumed for the RGL and 4T pixels,
respectively, in order to compare with the experimental results described in Section 4. A Mg of 16 is
assumed. As shown in Figure 9, for the low-gain region (M: 1-4), the read noise is determined by the
ADC noise. This component rapidly decreases by increasing M as a function of 1/M. In the
medium-gain region (M: 4-16), the noise is dominated by the mixture of noise components including
the thermal noise components. For the high-gain region (M: larger than 32), the read noise is
dominated by the 1/f noise of the pixel source follower, and because the 1/f noise component has a
slight dependency on M for a large M, the read noise approaches to the lowest limit of noise reduction.
The achievable noise level for a large M depends on the 1/f noise performance of the pixel source
follower which is determined by the fabrication process technology and the conversion gain. A deep
sub-electron noise level can be realized if a pixel with low 1/fnoise devices and high conversion gain
is available. Figure 10 shows the calculated total read noise as a function of M and for different 1/f
noise parameters of the pixel source follower. If the target noise level is 0.2 ems, a very high CMS
gain (M > 64) and a low 1/f noise transistor (Kf< 0.25 x 10 [V?]) is necessary if the conversion gain is
unchanged for maintaining the signal dynamic range.
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Figure 10. Calculated total read noise as a function of M and for different values of Kj sr.

Table 1. Device and circuit parameters used for noise calculations.

Values (Conventional

Parameters 4T) Values (RGL pixel)
Temperature (K) 263 263
Gese (uV/e-) 135 220
GrsF 222 1.21
Gi 0.5 0.5
G (F) 0.5 x 10712 0.5 x 1012
Cz2 (F) 1.0 x 1012 1.0 x 1012
Cv (F) 0.84 x 1012 0.84 x 1012
Gi(F) 0.15 x 1012 0.15 x 1012
Cs (F) 0.5 x 1012 0.5 x 1012
Cc (F) 0.5 x 1012 0.5 x 1012
Kssr (V?2) 1.8 x 1010 1.0 x 10~
Kia (V?) 0.98 x 101 0.98 x 101
Esr 2.15 2.87
Ea 2.25 2.25
Cse 1.01 1.01
Ca 3.94 3.94

4. Implementation and Results

4.1. Implementation

An experimental CMOS image sensor with 32 (V) x 512 (H) RGL active pixels (Figure 1b) and
110 (V) x 512 (H) 4T active pixels (Figure 1a) has been implemented using Dongbu HiTek (Eumseong,
Korea) 0.11 um CIS technology. The block diagram of the CIS chip is shown in Figure 11. In this
experimental chip, the CMS circuit is implemented as a column ADC, called the folding-integration
ADC [24,25]. This ADC works as a resettable first-order delta-sigma modulator, which is based on
the multiple-sampling based integrator shown in Figure 2, but has a negative feedback loop with a
one-bit sub-ADC and one-bit DAC for an extended dynamic range. For instance, the output of the
conventional multiple-sampling based integrator increases linearly in small input signal region, and
then saturates. In the folding integration, however, the analog signal amplitude is kept to a limited
range by the folding operation, while applying a high analog gain by the integration. After the
folding-integration operation, the integrator output is digitized with another high-resolution ADC,
called a cyclic ADC, which is implemented with the same analog circuits as the folding-integration
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ADC. This column ADC using multiple sampling and the digital CDS has almost the same noise
reduction effect as the CMS circuits described in Section 2.
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Figure 11. Block diagram of the experimental CIS chip.

The noise analysis given in Section 3 is based on a simplified and more general type of the CMS
readout circuits. This simplified analysis is useful for understanding the contribution of noise
components at different gain settings of the CMS. To compare the noise measurement results and the
noise calculated for the readout circuits actually implemented a few modifications to the noise model
are necessary. In the actual implementation, an analog CDS circuit is used in front of the column ADC,
as shown in Figure 12. This is for clamping the pedestal level (or reset level) to a fixed voltage level,
which is close to the bottom reference level of the ADC to maximize the available voltage range. The
reset noise is generated in the analog CDS circuits, but it is cancelled by the final digital CDS operation
in the digital domain [33]. The CMS circuits actually used are implemented as a folding integration
ADC, of which the analog core is also used for the cascaded A/D conversion using the cyclic ADC, as
shown in Figure 12. To include the noise due to the analog CDS circuit, and the influence of the noise
increase due to another sampling capacitor Cuw, the thermal noises in the input sampling phase and
charge transfer phase given by Equations (15) and (26), respectively, are modified as:

Guebse  Sent+1
I::’nT,smpIZ = 2GI ZMkBT [ — + Cé: (43)
o )
where &ca is the excess thermal noise factor of the op-amp for the analog CDS amplifier, and:
ke Bs,” By B
Pt ims2 = 2MQEAB_S_Zza)cA =2M kT S_zzi (44)
mA A2 ﬂAZ CL,trnsZ

where [, is the noise charge re-sampling factor given by:

— 2C,
Fe=ocic,+¢ )
P, is the feedback factor given by:
— C,
Pra=5crc,+C (%0

and C s is the load capacitance:
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_(c+C)C, |

= C
L,trns2 2C1 +C2 +Ci c (47)

of the actually implemented CMS circuits as the floding-integration ADC using Ci.. and Ci1 whose
capacitances are Ci. The input-referred noises of these components are modified from Equations (38)
and (40) as:

\ _ Porsnoz _ 2T \/GnSFajSF L ot us)

TRtz GI MGCSF - N M GCSF C:V Cl

and
NE 2 25,k T
Nt tms2 = G TC; = N é B (49)
| M cSF M GcsF L,trns2
respectively.

Vclamp oo oo
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1 ‘ - -1.5b/1b
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Vin + l__° *Memory(x2)
T Cqypp ‘Logic
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Figure 12. Column analog CDS and ADC circuits.

4.2. Noise Reduction Effect of the CMS

The noise reduction effect of the CMS is experimentally demonstrated in the deep sub-electron
noise region. Figure 13 shows the measured and calculated input-referred noise (noise equivalent
charge) as a function of the multiple-sampling gain(the sampling number) of the CMS. The noise
calculated with the noise model of the CMS circuits is also shown. The timing diagram for reading
one horizontal line of the image signal and the value of M, Mg, and the actual readout time of one
horizontal line used in this measurement is shown in Figure 14 and Table 2, respectively. In order to
reduce the influence of dark current, and to evaluate the noise of readout circuits only, the following
data including those of Figure 13 were measured at —10 °C. Even if the read noise is measured at
room temperature, the result is almost the same as the current noise level, but the total noise
distribution at room temperature is slightly spread by the influence of dark current, particularly from
the FD node.
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Figure 13. Measured noise as a function of the sampling number and the comparison with the noise
calculated with the noise model.

As shown in Figure 15 and Table 2, Mc for low gain (M =2, 4, 8, and 16) is set to large values of
more than 200. This causes a lesser 1/f noise reduction effect, as explained in Equation (17). For high
gain (M =32, 64, and 128), Mc of 16 is used, and a high 1/f noise reduction effect is expected. The CMS
effectively reduces the noise (median) from 3.7 e~ to 0.5 e for the 4T pixel, and 2.3 e~ to 0.29 e~ for the
RGL pixel, respectively, by increasing the gain from two to 128. The noise calculated with the
proposed model does not perfectly explain the experimental results, particularly at the low CMS gain.
Since the 1/f noise suppression capability of the CMS can be degraded by increasing the time from
reset to signal samples, and the noise of the small-size transistors in the pixels does not always take
the exact 1/fnoise spectrum. These can make the difference between the simulation and measurement.
Another possible reason is that the noise of the cyclic ADC is not exactly modeled and other noise
components, such as the noise from power supply lines of the substrate, are not included in the noise
model. Such noises from power lines of the substrate are often generated due to on-chip digital
switching or clocking circuits. Since these noises are not uniform in time, the irregular dependency
of the noise reduction to the sampling number of the CMS, or the difference of the calculation and
measurement results is likely explained. The measurement results show that the read noise can be
further reduced by increasing the CMS gain. This larger dependency of the noise reduction to the
CMS gain at high gain (M =32, 64, and 128) when compared to the theoretical estimation is not clear,
but is possibly due to the influence of the additional thermal noise components, which are not
modeled in the theory, or RTS (random telegraph signal)-like noise of the in-pixel source follower.
The RTS noise or RTS-like noise has a Lorentzian spectrum, or a mixture of Lorentzian spectra and
the noise with such a spectrum can be reduced by band-width reduction using a higher CMS gain.
The noise of the majority of pixels may take the spectrum of RTS-like noise, not that of the 1/fnoise.
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Figure 14. Noise components as a function of the sampling number in the folding-integration ADC.
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Table 2. M, Mc and Th-reap used in the measurements.

M Mg VH_reap (us)
2 268 172
4 264 172
8 256 172
16 240 172
32 16 57.6
64 16 96
128 16 172

In order to demonstrate the noise reduction effect of CMS in the deep sub-electron region,
sample images are taken by three different CMS gains of two, 16, and 128, as shown in Figure 16.
With these three gains of two, 16, and 128, the noise levels (median) of 2.4 e7rms, 1.1 erms, and 0.29 e7rms,
respectively, have been obtained. The character code of “1951” in a part of the USAF (United State
Air Force) test chart is used for this imaging test of three different low-noise levels and small signal
photoelectron number of less than ten. When compared to the image with the noise level of 1.1 e7ms,
which is the best noise level of commercially available very-low-noise CISs, the image with the noise
level of 0.29 e=ms has advantages in image contrast and recognizability of the character code. In the
image with the noise level of 2.4 ems, it is hard to recognize the character code without prior
knowledge that the character code is “1951”.

In Figure 17, the cumulative probability plot of noise for the RGL-pixel CIS and 4T-pixel CIS is
shown. The CMS gain (M) of 128 is used. The transistor size of the in-pixel source follower of the RGL
pixel is 0.325 mm x 0.345 mm, and that of the 4T pixel is 0.7 um x 0.9 um. Due to the small gate area
of the in-pixel source follower transistor of the RGL pixel, the population of noisy pixels with greater
than 1 e is higher than that of the 4T-pixel CIS [34].

15

Figure 16. Low-light-level images with three different CMS gains (M =2, 16, and 128). (a) M = 2, noise
(median): 2.4 ems; (b) M = 16, noise (median): 1.1 ems; and (c) M = 128, noise (median): 0.29 €7rms.
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Figure 17. Cumulative probability plots of noise in the RGL-pixel CIS and 4T-pixel CIS.

5. Conclusions

This paper describes a noise model for explaining the ultra-low noise level of CMOS image
sensors, and the noise reduction effect of the multiple-sampling-based readout circuits used. The use
of very high multiple-sampling gain of correlated multiple sampling (CMS) circuits for signal readout
sufficiently reduces the noise components of readout circuits, other than the 1/f noise of the in-pixel
source follower, and the resulting noise level of CMOS image sensors can be smaller than 0.3 e~ using
a high conversion gain pixel, high CMS gain (> 100), and a low-noise in-pixel transistor. Though the
noise model does not perfectly explain the noise reduction effect of the CMS circuits, it can be used
for theoretically predicting the deep sub-electron noise level in the design of CMOS image sensors by
knowing the circuit and device parameters. A comparison of images taken with read noise levels of
1.1 e~ and 0.29 e~ have shown distinct merit in image contrast by reducing the read noise of the deep
sub-electron noise level.
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The following abbreviations are used in this manuscript:
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MCDS multiple correlated double sampling
References

Fossum, E.R. Active pixel sensors: Are CCDs dinosaurs? Proc. IEEE 1993, 1900, 2-14.
Mendis, S.; Kemeny, S.E.; Fossum, E.R. CMOS active pixel image sensor. I[EEE Trans. Electron Devices 1994,
41, 452-453.

3. Lee, P.RK,; Gee, R.C.; Guidash, RM.; Lee, T.-H.; Fossum, E.R. An active pixel sensor fabricated using
CMOS/CCD process technology. In Proceedings of the IEEE Workshop CCD and Advanced Image Sensors,
Dana Point, CA, USA, 20-22 April 1995; pp.115-119.



Sensors 2016, 16, 1867 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Teranishi, N.; Kohno, A.; Ishihara, Y.; Oda, E.; Arai, K. No image lag photodiode structure in the interline
CCD image sensor. In Proceedings of the IEDM ’98 Technical Digest International Electron Devices
Meeting, San Francisco, CA, USA, 6-9 December 1998; pp. 324-327.

Fossum, E.R.; Hondongwa, D.B. A review of the pinned photodiode for CCD and CMOS image sensors.
IEEE ]. Electron Devices Soc. 2014, 2, 33-43.

Inoue, S.; Sakurai, K.; Ueno, I.; Koizumi, T.; Hiyama, H.; Asaba, T.; Sugawa, S.; Maeda, A.; Higashitani, K.;
Kato, H.; et al. A 3.25-Mpixel APS-C size CMOS image sensor. In Proceedings of the IEEE Workshop on
Charge-Coupled Devices and Advanced Image Sensors, Lake Tahoe, NV, USA, 7-9 June 2001.

Fowler, B.; Liu, C.; Mims, S.; Balicki, J.; Li, W.; Do, H.; Vu, P. Wide dynamic range low-light-level CMOS
image sensor. In Proceedings of the 2009 International Image Sensor Workshop, Bergen, Norway,
26-28 June 2009; pp. 340-343.

Lotto, C.; Seitz, P.; Baechler, T. A sub-electron readout noise CMOS image sensor with pixel-level
open-loop voltage amplification. In Proceedings of the 2011 IEEE International Solid-State Circuits
Conference, San Francisco, CA, USA, 20-24 February 2011; pp. 402—403.

Chen, Y.; Xu, Y.; Mierop, A.; Wang, X.; Theuwissen, A. A 0.7 e~ temporal readout noise CMOS image sensor
for low-light-level imaging. In Proceedings of the 2012 IEEE International Solid-State Circuits Conference,
San Francisco, CA, USA, 19-23 February 2012; pp. 384-385.

Boukhayma, A.; Peizeat, A.; Enz, C. A 0.4 erms temporal readout noise 7.5 um pitch and a 66% fill factor
pixel for low light CMOS image sensors. In Proceedings of the 2015 International Image Sensor Workshop,
Vaals, the Netherlands, 8-11 June 2015; pp. 365-368.

Yao, Q.; Dierickx, B.; Dupont, B.; Rutterns, G. CMOS image sensor reaching 0.34 ems read noise by
inversion-accumulation cycling. In Proceedings of the 2015 International Image Sensor Workshop, Vaals,
the Netherlands, 8-11 June 2015; pp. 369-372.

Wakabayashi, S.; Kusuhara, F.; Kuroda, R.; Sugawa, S. A linear response single exposure CMOS image
sensor with 0.5 e~ readout noise and 76 ke~ full well capacity. In Proceedings of the 2015 Symposium on
VLSI Circuits (VLSI Circuits), Kyoto, Japan, 17-19 June 2015; pp. 88-89.

Ma, J.; Fossum, E. Quanta image sensor jot with sub 0.3 e'ms read noise and photon counting capability.
IEEE Electron Device Lett. 2015, 36, 926-928.

Ma, J.; Starkey, D.; Rao, A.; Odame, K.; Fossum, E.R. Characterization of quanta image sensor pump-gate
jots with deep sub-electron read noise. J. Electron Devices Soc. 2015, 3, 472-480.

Seo, M.W.; Kawahito, S.; Kagawa, K.; Yasutomi, K. A 0.27 ems read noise 220 uV/e~ conversion gain
reset-gate-less CMOS image sensor with 0.11 um CIS process. IEEE Electron Device Lett. 2015, 36, 1344-1347.
Wolfel, S.; Herrmann, S.; Lechner, P.; Lutz, G.; Porro, M.; Richter, R.H.; Struder, L.; Treis, ]. A novel way of
single optical photon detection: Beating 1/f noise limit with ultra-high resolution DEPFET-RNDR devices.
IEEE Trans. Nucl. Sci. 2007, 54, 1311-1318.

Lutz, G; Porro, M.; Aschauer, S.; Wolfel, S.; Struder, L. The DEPFET sensor-amplifier structure: A method
to beat 1/f noise and reach sub-electron noise in pixel detectors. Sensors 2016, 16, 608.

Krymski, A.; Khaliullin, N.; Rhodes, H. A 2 e” noise 1.3-megapixel CMOS sensor. In Proceedings of the
IEEE Workshop on CCD and Advanced Image Sensors, Elmau, Germany, 15-17 May 2003; pp. 1-6.
Kawahito, S.; Sakakibara, M.; Handoko, D.; Nakmura, N.; Satoh, H.; Higashi, M.; Mabuchi, K.; Sumi, H. A
column-based pixel-gain-adaptive CMOS image sensor for low-light-level imaging. In Proceedings of the
2003 IEEE International Solid-State Circuits Conference, San Francisco, CA, USA, 13 February 2003; pp.
224-225.

Sakakibara, M.; Kawahito, S.; Handoko, D.; Nakmura, N.; Satoh, H.; Higashi, M.; Mabuchi, K.; Sumi, H. A
high-sensitivity CMOS image sensor with gain-adaptive column amplifiers. IEEE |. Solid State Circuits 2005,
40, 1147-1156.

Fowler, A.M.; Gatley, 1. Noise reduction strategy for hybrid IR focal plane arrays. Proc. SPIE 1991, 1541,
127-133.

Porro, M,; Fiorini, C.; Studer, L. Theoretical comparison between two different filtering techniques suitable
for VLSI spectroscopic amplifier ROTOR. Nucl. Instrum. Methods Phys. Res. A 2003, 512, 179-190.
Kawahito, S.; Kawai, N. Column parallel signal processing techniques for reducing thermal and RTS noises
in CMOS image sensors. In Proceedings of the IEEE International Image Sensor Workshop, Ogunquit, ME,
USA, 7-10 June 2007; pp. 226-229.



Sensors 2016, 16, 1867 20 of 20

24. Seo, M.\W.; Suh, S.H.; Ilida, T.; Takasawa, T.; Isobe, K.; Watanabe, T.; Itoh, S.; Yasutomi, K.; Kawahito, S. A
low-noise high intrascene dynamic range CMOS image sensor with a 13 to 19b variable-resolution
column-parallel folding-integration/cyclic ADC. IEEE |. Solid State Circuits 2012, 47, 272-283.

25. Seo, M.-W.; Sawamoto, T.; Akahori, T.; Iida, T.; Takasawa, T.; Yasutomi, K.; Kawahito, S. A low noise wide
dynamic range CMOS image sensor with low-noise transistors and 17b column-parallel ADCs. IEEE Sens.
J. 2013, 13, 2922-2929.

26. Guidash, M. Active Pixel Sensor with Punch-through Reset and Cross-Talk Suppression. U.S. Patent
5,872,371, 16 February 1999.

27. Seitz, P.; Theuwissen, A.J.P. Single-Photon Imaging; Springer: Berlin, Germany, 2011; pp. 197-217.

28. Yadid-Pecht, O.; Fossum, E.R.; Pain, B. Optimization of noise and responsivity in CMOS active pixel
sensors for detection of ultra low-light level. Proc. SPIE 1997, 3019, 123-136.

29. Suh, S.G,; Itoh, S.; Aoyama, S.; Kawahito, S. Column parallel correlated multiple sampling circuits for
CMOS image sensors and their noise reduction effect. Sensors 2010, 10, 9139-9154.

30. Kawai, N.; Kawahito, S. Effectiveness of a correlated multiple sampling differential averager for 1/f noise.
IEICE Express Lett. 2005, 2, 379-383.

31. Hopkinson, G.R.; Lumb, D.H. Noise reduction techniques for CCD image sensors. J. Phys. E Sci. Instrum.
1982, 15, 1214-1222.

32. Goo, ].-S.; Choi, C.-H.; Abramo, A.; Ahn, J.-G.; Yu, Z.; Lee, T.-H.; Dutton, R.W. Physical origin of the excess
thermal noise in short channel MOSFETs. IEEE Electron Device Lett. 2001, 22, 101-103.

33. Kawai, N.; Kawahito, S. Noise analysis of high-gain low-noise column readout circuits for CMOS image
sensors. IEEE Trans. Electron Devices 2004, 51, 185-194.

34. Findlater, KM.; Vaillant, ] M.; Baxter, D.J.; Augier, C.; Herault, D.; Henderson, RK.; Hurwitz, J.E.D.;
Grant, L.A.; Volle, ]. M. Source follower noise limitations in CMOS active pixel sensors. Proc. SPIE 2004, 5251,
187-195.

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).



