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Abstract

This paper describes the effectiveness of a high-gain
column double-stage noise canceller for CMOS im-
age sensors. The signal path examined includes a
pixel source follower, a noise-cancelling switched-
capacitor (SC) amplifier, and two sample-and-hold
circuits in each column. It is revealed that the total
read noise consists of two major components of the
SC amplifier. The analysis suggests that a very low-
noise CMOS image sensor can be realized using the
high-gain column double-stage noise-cancelling ar-
chitecture. An experimental CMOS line sensor chip
with the low-noise read circuits is implemented us-
ing 0.25um CMOS technology. Very low-noise level
of 34.2 uVrms is achieved. This corresponds to the
equivalent number of noise electrons of less than 1.

I Introduction

One of the most important factors of CMOS image
sensors is noise performance. Recently, very low-

noise CMOS image sensors have been reported [1,2].
The temporal read noise of the signal path of a
CMOS image sensor including a pixel source fol-
lower, a column noise-cancelling switched-capacitor
(SC) amplifier, and two sample-and-hold (S/H) ca-
pacitors has been analyzed by the authors [3], and it
is shown that the high-gain double-stage noise can-
celler can reduce the read noise effectively. In this
paper, we present results of an implemented exper-
imental CMOS image sensor which has the column
double-stage noise-cancelling architecture. As a re-
sult of the measurement, it is found that the input
referred noise can be reduced to 34.2 uVyms. The
equivalent noise electron of smaller than 1 is ob-
tained using a pixel device with high conversion gain.
This result suggests the possibility of photon count
imaging using CMOS image sensors which have the
proposed double-stage noise-cancelling architecture
without photo-electron multiplication.
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Fig.1. Three-transistor APS and double-stage column noise canceller.
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Fig.2. Switching diagram for double-stage column noise
canceller.

IT Double-stage noise-cancelling
architecture

Figure 1 shows the circuit diagram of the signal chain
of the experimental CMOS image sensor. The timing
diagram is shown in Fig. 2. In order to demonstrate
the low-noise signal readout while using a standard
3 transistor active pixel circuit, a special sensor op-
eration is used for reset noise cancelling. When the
floating diffusion in the pixel is reset, both the first
and the second SC amplifier stages are reset. Then,
the first stage is prepared for the amplification by
turning on the switch controlled by ¢2. The sec-
ond stage samples the output of the first stage by
turning off the switch controlled by ¢4. After that,
the photo diode is illuminated, and the signal level
appears at the second stage output.

IIT Noise analysis of the switched-capacitor
amplifier

There are two major noise components in the first
stage; the noise charge sampled at the charge sum-
mation node of the SC amplifier and transferred to
the capacitor Cy, and the direct noise component
due to the source follower and the noise-cancelling
amplifier sampled directly at the second stage. Our
analysis shows that the direct noise components are
closely related to the SC amplifier gain, and can be
significantly reduced by using a large gain, suggest-
ing the possibility of an extremely low-noise readout
circuit using this double-stage noise-cancelling archi-
tecture.

Figure 3 shows the estimated input-referred noise
of the first SC amplifier including the thermal and
1/ f noise as a function of the gain of the first SC am-
plifier in [3]. In this figure, Ny, L and W of /Ny WL
are the flicker noise coeflicient, the channel length
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Fig.3. Estimated input-referred noise voltage as a func-
tion of column amplifier gain.

Fig.4. Photograph of the CMOS line image sensor.

and the channel width of MOSFETs. At a gain of
16, the total noise can be reduced to less than 40

#Vrms for /NsWL =5uVym.

IV Implementation and measurement of an
experimental CMOS line image sensor

An experimental very low-noise CMOS line image
sensor shown in Fig. 4 is designed and implemented
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Fig.5. Measured input-referred noise voltage as a func-
tion of column amplifier gain.

using 0.25um CMOS image sensor process to in-
vestigate the noise reduction effect of the high-gain
double-stage noise-cancelling architecture. Figure 5
shows the measured input-referred read noise volt-
age as a function of the column amplifier gain in
the case of C3 = Cy4 in Fig. 1. Because the result
of Fig. 5 includes the noise components of the sen-
sor chip and the outside system, the noise level for
small gain is much larger than the result of Fig. 3
which includes only from the pixel source follower
to the first SC amplifier. The input-referred noise
can be reduced to 34.2 uVyms using the high-gain
double-stage noise-cancelling architecture at a gain
of 16, while the single-stage noise canceller has the
noise level of 250 uVrms. Therefore, the double-
stage noise-cancelling architecture can reduce the
read noise to 1/7 of the single-stage architecture.
The conversion gain of the pixel which has a low-
capacitance floating diffusion is 77.0 pV/e~ which
is measured by the shot noise measurement. The
measured input-referred noise in the design with this
high conversion gain pixel is 48.5 4 Vyms, hence the
number of the equivalent noise electron is 0.63.

V Possibility of photon count imaging with
a CMOS image sensor

The possibility of photon count imaging using a
CMOS image sensor is investigated in this section
using the results of above measurements.

The incoming number of photons is fluctuated,
and this fluctuation follows Poisson distribution.
The fluctuation is observed as photon shot noise.
The probability density of Poisson distribution p(z)
is written as
uw

£ exp{—p) 1)

where u is the average of the signal electrons. The

p(z) =
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Fig.7. Probability density when the circuit noise exists.

probability density for ¢ = 1,2,3 and 4 is shown
in Fig. 6. Ideally, the voltage of the image sen-
sor output is discrete if there is no additional noise.
However, if random read noise is superimposed, the
probability density function in the case of 4 = 2 and
o = 0.1 to 0.5 becomes as shown in Fig. 7. It follows

exp {— (y—m)z}‘ (2)
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In the case of ¢ = 0.1, the discrete signal levels
can be clearly discriminated each other, and photon
counting becomes possible. However, for ¢ = 0.5,
there is no signal peak and discrete signal levels can
not be detected.

Discrimination of the signal from the circuit noise
means the quantization by setting the threshold lev-
els at the middle of the discrete signal levels. If the
noise amplitude is small enough, the read noise is
further reduced by the quantization [4]. Let assume
the number of the detected electrons is ¢. Since the
noise disturbs the exact counting of the number of
electrons, it is miscounted to i + 1. The noise power
due to this miscounting is given by
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2
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A is quantization step, and o, is the standard devi-
ation of the circuit noise.

By adding up all the noise components due to mis-
counting to i, the noise power after quantization is

given by
i (r(j)+0.5)A
/r(g) —-0.5)A

j=—o0/(

Py N()r?(j)A%de  (5)
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Fig.8. Normalized noise power as a function of on/A
for p=1,3,5 and 7.

where
s Jz (4 <0)
0 ={5 (50 ©)

On the other hand, the noise power of the circuit,
P,0, before quantization is calculated as follows

P = o2 / N(e)de
ol

(7)

Figure 8 shows the noise power after quantiza-
tion normalized by P as a function of o, /A, which
means the equivalent noise electron number. In this
calculation, the number of signal electrons is as-
sumed to be positive or zero. Hence, the normalized
noise power approaches 0.5 for o, > 1. On the other
hand, from Fig. 8, it is found that the signal detec-
tion without the influence of read noise is possible if
the read noise is less than 0.1 electrons.

Figure 9 shows the probability densities for the
case that the signal electron number is 2 and the
noises are 0.3 and 0.63. If the read noise is reduced
to 0.3 electrons, the signal peaks can be clearly seen.
However, from Fig. 8, the quantization do not have
noise reduction effect in the noise level of 0.3 elec-
trons. On the other hand, in the case of the noise is
0.63 electrons, which is measured a value, the signal
peaks disappear.

Though the realization of the photon counting in
CMOS image sensors is not realistic at the moment,
it will be realized in the near future by the develop-
ment of a higher conversion gain pixel and a further
low-noise readout technology.

VI Conclusion

This paper presented the high-gain column double-
stage noise-cancelling circuit and its analysis and
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Fig.9. Poisson distribution with circuit noise.

measurement. It was confirmed that the effective-
ness of proposed double-stage architecture by the
measurement of an experimental CMOS line sensor
chip. The double-stage noise canceller has 1/7 of the
read noise of the single-stage architecture. A possi-
bility of photon count imaging in CMOS technology
is discussed.
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