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Abstract 
In this paper we propose a low power consumption high 

speed analog correlated multiple sampling (CMS) technique with 
high density switched capacitors for low noise CMOS image 
sensors. A CIS with 256 analog memories per pixel using high 
density trench capacitors was employed in order to verify the noise 
reduction effect dependent on operation timings. The noise 
characteristics were measured at sampling numbers of M=1~64 
with various CMS sampling period of 10ns to 1µs and time interval 
between reset and signal samplings, thanks to the high flexibility 
owing to the proposed analog CMS technique. The measurement 
results agree well with the theoretical calculation results, showing 
that conducting CMS with highly correlated signals is effective in 
noise reduction. 

Introduction 
Recently, low noise performance of CMOS image sensors 

(CIS) is required in order to obtain high SNR clear image in both 
consumer and scientific usage. As noise reduction techniques, 
reduction of source follower (SF) low frequency noise [1-2], 
reduction of floating diffusion (FD) capacitance to increase 
conversion gain (CG) [2-4], the optimization of pixel source 
follower and column readout circuit have been extensively studied 
[4-7]. 

Correlated multiple sampling (CMS) technique has been 
reported to be effective in reduction of low frequency noise of in-
pixel source follower, which is one of the main noise sources in 
CIS [8]. As for the types of CMS, digital CMS using column 
parallel ADC and analog CMS using switched capacitor integrators 
have been proposed [9]. Using single slope ADC [10], sampling 
period of CMS is limited by the conversion time of ADC, thus a 
higher clock rate is necessary in order to shorten the CMS 
sampling period. To improve the effective speed of ADC operation, 
differential slope ADC that can operate twice faster than 
conventional single slope ADC was reported to be useful [11]. 
Conditional CMS scheme has also been proposed to effectively 
achieve high speed operation [12]. In addition, parallel CMS using 
multiple number of ADCs per column enabled by 3D stacking 
technology has been proposed to optimize CMS sampling period 
[13]. For analog CMS using switched capacitor integrators, signal 
range has a tradeoff between the number of sampling. Folding 
integration/cyclic cascade ADC has been reported to be useful to 
solve this issue and to achieve both high speed and low noise 
performances [14]. In these methods generally, in order to shorten 
CMS period for a larger number of multiple sampling, higher 
circuit speed is required for ADC and/or amplifiers, which tends to 
results in a larger power consumption. For parallel CMS scheme, 
circuit operation speed per ADC can be suppressed compared to 
the serial CMS counterpart, however it requires multiple ADC 
circuits per column, leading to a restriction of number of multiple 
sampling.  

Another way to achieve analog CMS operation is to introduce 
multiple number of sample/hold switches and capacitors as analog 

memories in parallel and operate signal sampling in each analog 
memory. Here placing multiple number of analog memories per 
column has been proposed for signal processing function such as 
binning with neighbor pixels or a high framerate imaging with on-
chip signal storage [15-16]. Here the multiple sampling can be 
controlled by simple sample/hold switches as to be explained later 
and this operation does not require high speed circuits or multiple 
number of ADCs. However, the capacitor area increases as number 
of sampling raises. A method of reducing the number of switched 
capacitors to n for 2n sampling has been reported to be useful for 
suppressing the total number of capacitors for CMS [17]. Yet, 
suppressing the capacitor area has been a challenge for this scheme.  
Recently high-density capacitors such as high-k MIM capacitor 
and deep Si trench capacitor have been developed and utilized for 
in-pixel or on-chip passive circuit elements for CIS [18]-[25]. By 
these capacitors, the area of switched capacitors can be reduced, so 
that the number of CMS can be increased. This makes the analog 
CMS with multiple switched capacitors an attractive method for 
low power consumption and low noise signal readout for CIS.  

This work proposes an analog CMS with charge sharing 
function using multiple switched capacitors formed by high density 
capacitors. As a feasibility study, the effect of analog CMS is to be 
verified using a global shutter CIS with 256 high density trench 
capacitor analog memories placed adjacent to each pixel, and the 
optimization of operation timing is conducted through both 
theoretical calculation and experimental results. 

Summary of CMS theory and proposed analog 
CMS circuit 

CMS is a technique that can reduce low frequency noise 
including 1/f noise of in-pixel source follower and column 
amplifier noise at the previous stage of CMS circuit, by taking a 
difference between the average of reset level voltage and the 
average of signal level voltage, both sampled multiple times. 
The output voltage of CMS circuit Vo is expressed as  

𝑉ை =
1

𝑀
෍{𝑉ோ(𝑖) − 𝑉ௌ(𝑖)}

ெ

௜ୀଵ

(1) 

where VR(i) and VS(i) are the reset and signal level voltage of pixel 
output which are sampled M times [8]. Figure 1 shows the timing 
diagram of CMS; where M, T0 and N are the number of sampling, 
sampling period and the multiples of T0 for time interval between 
reset level and signal level samplings. 

 
Figure 1. Timing diagram of the correlated multiple sampling. 
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The transfer function of CMS obtained by z-transformation which 
represents the time delay of sampling is given by 

𝐻(𝑧) =
1
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when 𝑍=𝑒𝑗𝜔𝑇0, |H(ω)|2 can be written as  
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Using equation (3), the noise power generated by the readout 
circuit Pnoise is calculated as  
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where Snp(f) is the noise power spectrum in the previous stage of 
CMS circuit and fc is the cut-off frequency of the readout circuit. 
These equations show readout noise can be reduced by increasing 
sampling number M and shortening sampling interval between 
reset level to signal level sampling NT0. 
 The proposed analog CMS circuit structure is presented in 
Figure 2. By shifting the sampling timing of each switched 
capacitors, multiple sampling is conducted and different voltages 
are held in switched capacitors. Using high density capacitors can 
suppress the area penalty in spite of increasing the number of 
multiple sampling. For example, by using Si trench capacitors, 
more than 5 times as much capacitance density as that of MOS 
capacitors can be achieved [23]. Although the efficiency of area 
usage by Si trench capacitors is remarkable, there is a few things to 
consider. Si trench capacitors require additional manufacturing 
processes. The threshold voltage of the Si trench capacitors needs 
to be sufficiently low in order to achieve constant capacitance 
across a signal range. In addition, the leakage current must be low 
in order to hold analog voltage signal. In order to achieve above 
mentioned requirements, the impurity profile around Si trench was 
optimized, and high integrity SiO2 with controlled thickness was 
utilized [23]. In this circuit, analog CMS is conducted by 
subtracting the charge-shared signal level voltage from that of reset 
level voltage. The increase in capacitance value of switched 
capacitor can reduce thermal noise and the gain loss from parasitic 
capacitance. In addition, the signal voltage range does not increase 
as the number of sampling increases so that the number of multiple 
sampling is scalable in the proposed method as long as the 
capacitor’s area is allowed.  

Furthermore, this analog CMS circuit can operate at high 
speed without increasing power consumption because each 
sampling is conducted only by shifting the turning off timings of 
the analog switches.                       

 

 
Figure 2. Column parallel analog CMS circuit with high density capacitors. 

Experimental results and discussion 
Figure 3 shows the micrograph of the fabricated chip with 

80H×81V effective pixels employed for measurement in this work. 
This sensor has been originally designed for global shutter ultra-
high speed imaging application [26]. The chip was fabricated by 
using a 0.18 μm 1-Poly-Si 5-Metal layer CMOS sensor technology. 
The size of square pixel is 48 μm by 48 μm each, and in-pixel 256 
analog memories with a capacitance of 50 fF were used. The 
analog memories are composed of Si trench capacitors with the 
capacitance density of 30fF/μm2 [23]. The design specification is 
summarized in Table1. Consequently, an analog memory array is 
prepared for each pixel with a limited capacitance value. Thus, to 
reduce the thermal noise generated in the CMS circuit, the 
capacitance of each switched capacitor is preferred to be 1pF or 
more, which is to be placed as column parallel manner. Figure 4 
shows pixel circuit diagram of the chip used for measurement in 
this work; figure 5 shows its CMS operation timing. The in-pixel 
CDS circuit was not used in the CMS operation for the 
measurement so that the individual reset and signal level voltages 
were sampled and held in in-pixel 256 analog memories at each 
sampling period. Here, the sampling period used for the 
measurements was 50 ns, unless otherwise specified. Each signal 
was output from the MEM_OUT node and the output buffer to 
outside of the chip, and averaged to prove the CMS effect. Here, 
signal readout from the CMS circuit to the chip output was carried 
out much slower than the CMS period, the noise arising latter stage 
of the CMS circuit will be suppressed by the square root of the 
sampling number M. In order to analyze the CMS effect toward the 
noise arising at the previous stage of the CMS circuit, total noise 
and noise after CMS circuit were measured, and the noise 
characteristics before the CMS circuit were extracted. Note that the 
measured noise values hereafter are in the form of input referred 
noise voltage at the floating diffusion.  

The measured noise characteristics before and after memory 
array are shown in figure 6. The total input referred noise at the 
sampling number M = 1 was 1.61 mVrms and it was suppressed to 
262 μVrms at M = 64, in addition, the CDS noise was 1.60 mVrms; 
this measurement result confirmed the noise reduction effect of 
CMS. Figure 7 shows the noise source estimation of measured 
input referred noise before memory array. The estimation is based 
on fitting calculated noise from equation (4) to measured noise by 
separating Snp(f) into 1/f noise and random noise which includes 
thermal noise. The results indicates that the main noise source 
changed from random noise to 1/f noise as the number of sampling 
increases and the noise reduction effect was different from the 
frequency response of each noise.  
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Figure 8 shows the influence of multiples of sampling period 
between reset level to signal level sampling N to the noise 
reduction effect of CMS operation. In this measurement, the CMS 
operation from N = 7 to N = 100 was effectively available by 
selecting data from 256 memories. The calculated noise was 
estimated from equation (4) and the average of measured noise at 
M = 1 from N = 7 to N = 100. This figure shows that the effect of 
reducing sampling period between reset level to signal level 
sampling NT0 became more prominent as the number of sampling 
increases. This indicates, considering also from figure 7, 
shortening sampling period between reset level to signal level 
sampling NT0 is efficient to 1/f noise reduction.  

Although there is some remained noise before and after the 
memory array, the latter can be reduced by optimizing the signal 
readout circuit. About the former, thermal noise at analog 
memories is one of the main noise component so that to increase 
capacitance of each analog memory is to be effective for further 
noise reduction. 
 Figure 9 represents the total input referred noise from T0 = 
10ns to T0 = 1us. 100MHz sampling was conducted at T0 = 10ns 
which confirmed CMS was also effective for the very short 
sampling period. At T0 = 1µs and M =56, 64, the characteristic of 
CMS noise reduction was slightly offset which might be caused by 
the increase in sampling time and relatively uncorrelated signals 
were sampled. 
 The sensor used in this work is originally designed for global 
shutter high-speed imaging, not aiming to achieve photon counting. 
Thus, signal readout noise needs to be suppressed for photon 
counting usage. To achieve photon counting, a CIS dedicated to 
the proposed analog CMS with multiple switched capacitors in 
column is to be evaluated as a future work. The sensor is expected 
to achieve photon counting level sensitivity by reducing the FD 
capacitance to achieve high CG, and by using high-gain column 
amplifier to reduce the noise in the subsequent circuit, in addition 
to the CMS noise reduction technique proposed here. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Micrograph of the fabricated chip 

 

 

 

 

Table 1. Design specifications of the developed CIS. 

 

  

 

 
 

    
 
Figure 4. Pixel circuit diagram of the CMOS image sensor used for 
measurement in this work. 

  
Figure 5. Timing diagram of CMS operation.  
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Figure 6. Measured input referred noise as a function of the number of 
sampling M. 

 

 

 

 

 

 

Figure 7. Noise source estimation of Measured input referred noise before 
memory array 

 
Figure 8. Measured input referred noise before memory array as a function of 
the multiple of sampling period between reset and signal level sampling.  

 
Figure 9. Measured input referred total noise as a function of the number of 
sampling M and sampling period T0 

Conclusion 
In this work, a fast and low power consumption analog CMS 

circuit with high-density capacitors was proposed. The theoretical 
and experimental results confirmed that the noise could be 
effectively reduced by shortening sampling period and acquiring 
the highly correlated signals. In addition to the conventional noise 
reduction techniques, by using the proposed analog CMS circuit 
and optimizing the operation timing, a low noise image sensor with 
photon counting level sensitivity would be achieved. 
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