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Abstract: This paper presents a simple and effective way for reducing capacitor nonlinearity and capacitor 
mismatch in charge integral type ramp generator without increasing the chip area. On the basis of detailed 
analysis integral type ramp generator, deduced the relationship between input voltage and capacitor mismatch in 
the integral type ramp generator. The proposed ramp generator architecture is mainly applied to single slope 
ADC, which is used for CMOS image sensor. At the power supply voltage of 1.8 V, 10-bit resolution and 
10 MHz sampling frequency, through Monte-Carlo simulation, we compare the influence of different input 
voltages on Vout voltage, DNL and INL of ramp generator. The result indicates that reduces the input voltage can 
effectively improve linearity and capacitor mismatch of the ramp generator. Copyright © 2013 IFSA. 
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1. Introduction 

 
With the development of technology, CMOS 

image sensor (CIS) is more and more widely applied 
in the field of video image [1]. Pixel level ADC has 
greatly limited by the smaller pixel pitch and Fill 
factor. Chip level ADC has limited by continue 
expand pixel array within the same frame time. Due 
to the good scalability and Fill factor, column-
parallel ADC has become increasingly popular. 
Several column-parallel ADC architectures have been 
reported up to now. Single slope (SS) ADC is widely 
applied to large pixel array CMOS image sensor, 
which has high accuracy of inner and high column 
uniformity by the simple column circuit. Fig. 1 shows 
a block diagram of single slope ADC, which mainly 
includes the ramp generator, low pass filter, 

comparator, trigger, counter and register. Fig. 2 
shows a block diagram of traditional CMOS image 
sensor architecture. In the CIS, each column shared a 
comparator and counter and all the columns shared a 
ramp generator. Clearly, the ramp generator is the 
most important factors which decide the accuracy  
of CIS. 

 
 

 
 

Fig. 1. The typical single slope ADC architecture. 
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Fig. 2. Block diagram of the CIS architecture. 
 
 

At present, the resistor string DAC and segmented 
current steering DAC is mainly used to generate 
slope voltage [2-4]. However, with the increase of 
accuracy, the former power consumption and chip 
area are growing exponentially. The latter has large 
power glitch in segmented points and also has large 
power consumption and chip area. 

To solve this problem, a novel and simple 
structure, charge integral ramp generator is  
presented [5]. This structure has intrinsic accuracy 
because of its simple construction. (Non-trimming 
[6], non-tuning [7] non-digital-calibration [8]). And it 
also has the advantages of low power consumption 
and small chip area. However, with the increase of 
resolution, feedback capacitance grows exponentially 
and capacitor mismatch becomes worse and worse. 
On the basis of this paper [5], we propose a simple 
and effective way for reducing capacitor nonlinearity 
and capacitor mismatch in charge integral type ramp 
generator without increasing the chip area. 

 
 

2. Integral Type Ramp Generator  
 
Fig. 3 shows a block diagram of the charge 

integral type ramp structure. This structure consists 
of a high gain amplifier, a sampling capacitor Cs, a 
feedback capacitor Ci and some analog switches.  

 
 

 
 

Fig. 3. Block diagram of integral type ramp generator. 
 
 

There are three phase of charge integral type ramp 
generator. The timing diagram of the charge integral 
type ramp circuit shows in Fig. 4. 

 
 

Fig. 4. Timing diagram of integral type ramp generator. 
 
 

In the first sample stage: S1 S3 turn on, S2 S4 turn 
off, capacitor charged by VL  and VH , the storage of 
the charge on Cs: 

 

( )CsQ VH VL Cs   (1) 

 
In the second integral stage: S2 S4 turn open, S1 S3 

turn off, capacitor charged by VL  and Vout , the 
storage of the charge on Ci is: 

 

( )C iQ V out V L C i   (2) 

 
This process to meet Conservation law, so 
 

C i C sQ Q , (3) 

 

 
 

Fig. 4. Timing diagram of integral type ramp generator. 
 
 
Putting formula (1) (2) and (3) together, the Vout  

can be calculated, 
 

_ ( )
Cs

Vout ideal VL VH VL
Ci

    (4) 

 
Repeat the previous two states, charge accumulate 

on Vout , after nth integral again, the Vout  is  
given by  
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_ ( )
Cs

Vout ideal VL n VH VL
Ci

    (5) 

 

In the third reset stage: S5 open, the ramp circuit 
resets and waits for the next work cycle. 

Through the equations (4) and (5), VL  is ramp 
initial voltage, and the resolution is decided by 

/Cs Ci  and ( )VH VL . On the one hand the 

sampling capacitor Cs  should be as low as possible 
so that the area of Ci  is not too large in high 
accuracy and sampling frequency is not too slow in 
high speed ramp generator. In fact, Ci  area 
accounted for 70 % of the whole chip area. On the 
other hand, in order to reduce the influence of 
thermal noise, the sampling capacitance should as 
large as possible. This needs to be taken into account. 
So in fact using the maximum output voltage as VH  
is not the best choice. Reducing VH  and increasing 
sampling capacitor Cs can reduce thermal noise and 
capacitor mismatch without change resolution and 
chip area. In the later chapter, the influence of 
different VH is analyzed detailed. 
 
 

3. Nonlinear Capacitor 
 

The equation (5) shows the iterative formula of Vout. 
However, this is not considered the influence of 
capacitor nonlinearity. Considering the capacitor to 
input voltage dependence, quantity of electric charge 
Q and capacitance C have changed. 

 
2

1 2(1 .. )n
ndQ C V V V dV      , (6) 

 

where 1  to n  are the coefficient of each 

component. 
In the first sampling stage: 
 

VH

cs sVL
Q C dV   (7) 

 
In the second integral stage: 

 

1n

Vout

ci sV
Q C dV



   (8) 

 
According to the above derivation, we can get the 

new iterative formula (9) of Vout  with capacitor 
nonlinear. (Ignore the higher-order influence). 

 

1
2

_

( )

(1 ) ( )
2

Vout nonlinear

Cs
VL n VH VL

Ci
Cs

Cs Ci VH VL
Ci





   

  

 
(9) 

 
Contrast to the equation (4) and (9) expressions, 

Vout  of capacitor nonlinear error is: 

1
1

[( ) ]
2 2n n

Vref Vref
Vout VH VL


    , (10) 

 
where Vref  and n  represent the maximum Vout  

swing and resolution, respectively.  
Form this formula (10), the capacitor nonlinear 

error is decided by first-order ( )VH VL  under the 

same resolution. 
So we can improve capacitor linearity through 

reducing VH . However, in fact the consequences of 
reducing VH  is increased the charge injection and 
clock feed-through which is caused by analog switch. 
Normally, the charge injection and clock feed-
through should be suppressed through reasonable 
timing control and appropriate switch structure, such 
as CMOS complementary switch, Virtual switch and 
the bottom sampling technology [9]. 
 
 
4. Capacitor Mismatch 
 

Through the analysis of before, reducing VH can 
improve capacitor linearity. Another advantage of 
reducing VH and increasing sampling capacitance Cs 
is that reduces the capacitor mismatch and the 
thermal noise.  

The mismatch ratio of the unit-capacitance can be 
modeled as the Gaussian distribution as follow: 

 
2
0~ (0, )

C
N

C u
 , (11) 

 
where C  and Cu represent the absolute 
capacitance error and the unit-capacitance, 

respectively. The 2
0  represent the variance of the 

unit-capacitor Cu. The unit-capacitance Cu can be 
modeled as: 

 
2~ ( , )C u N C u C u  (12) 

 
For the statistical analysis of mismatch effects, 

the K times unit-capacitors is: 
 

2
0

1

~ ( , )
k

K
i

C C u N K C u K C u


   (13) 

 
So, for the statistical analysis of mismatch effects, 

the new formula of Vout, is 
 

1

1

_ ( )

m

i
n

i

Cu
Vout mismatch VL VH VL

Cu





  



 (14) 

 
Form this formula (14), it is observed that Vout  is 

decided by the relative standard deviation 

( )C s C i   . It is defined as: 
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( )

( )
C s C i

F

F
  


 , (15) 

 

where F  and F are standard deviations. 
 

( ) ( )

( ) ( )i sC C
i s

F F

C C
 

    
   

      (16) 

 

1

1

m

i
n

i

C u
F

C u









, (17) 

 

where 
iC  and 

sC  represent the relative standard 

deviation of iC

C u
 and sC

Cu
. 

From formula (13) and (14), the variance of F is: 
 

2
2 2 2

0 02 2 4 2

1
( )

m
F m Cu n Cu

n Cu n Cu
     (18) 

 

So the relative standard deviation of F is   
 

0
( )

1 1
C s C i m n C u

      (19) 

 

Through the equation (19), if VH  decreases  
4 times and sampling capacitor Cs  increases 4 times, 
the relative standard deviation will nearly decrease  
2 times in the same resolution. So reducing VH  and 
increasing sampling capacitance Cs can reduces the 
capacitor mismatch effectively. In addition, given 

meet the accuracy requirement: 
 

21
( )

2s

KT LSB

C 
 , (20) 

 
where 1/   is the proportion of capacitor thermal 

noise to the total noise. So increasing sampling 
capacitance Cs can also reduce capacitor  
thermal noise. 

 
 

5. Simulation Results 
 
At the power supply voltage of 1.8 V, 10-bit 

resolution and 10 MHz sampling frequency, 
implemented in the GSMC 180 nm 2P4M CMOS 
process, the ramp generator layouts of different VH  

and /Cs Ci  in the same chip area and accuracy 
show in Fig. 5 and Fig. 6. Each chip area is 
450x380  m2. In order to better compare the ramp 

generator static characteristics of different sampling 
capacitance Cs, on the one hand places unit virtual 
capacitor around the sampling capacitor and 
Feedback capacitor. On the other hand, two ramp 
generator layouts are consistent except sampling 
capacitor Cs. Through Monte-Carlo simulation, we 
compare the influence of those two ramp generators. 
Table 1 shows the Vout  mean value and standard 
deviation of two different ramp generators. Table 2 
shows main static performances of the ramp 
generator. This result agrees with the discussion in 
the previous chapter. 

 
 

 
Fig. 5. 100 fF Cs ramp generator layout.

 
Fig. 6. 400 fF Cs ramp generator layout. 
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Table 1. Transient simulation of 500 Monte-Carlo. 
 

Sampling cap 
 
 

VL-VH 
500 Monte-Carlo 

Time 

100 fF 400 fF 
0.5 V-1.5 V 0.5 V-0.75 V 

Mean Standard deviation Mean standard deviation 

25 us 0.7379 1.56E-3 0.7381 4.32E-4 
50 us 0.9819 3.17E-3 0.9821 8.73E-4 
75 us 1.2258 4.77E-3 1.2262 1.30E-3 

100 us 1.4696 6.37E-3 1.4702 1.74E-3 
 
 

Table 2. Main static performances of 100 Monte-Carlo simulation. 
 

Supply Voltage  1.8 V 
Power Consumption 3.5 mW 
Resolution 10 bit 
Clock Cycle 10 MHz 
Vout Swing  1 V (0.5 V-1.5 V) 

Static Performances  
(100 Monte Carlo) 

 
 

Peak |DNL| (LSB) Peak |INL| (LSB) 

Mean 
Standard 
deviation 

Mean 
Standard 
deviation 

100 fF 0.5 V-1.5 V 0.31 0.424 0.495 0.706 
400 fF 0.5 V-0.75 V 0.14 0.138 0.21 0.204 

 
 

6. Conclusions 
 

This paper presents a simple and effective way 
for reducing capacitor nonlinearity and mismatch in 
the charge integral type ramp generator without 
increasing the chip area. At the power supply voltage 
of 1.8 V, 10-bit resolution and 10 MHz sampling 
frequency, through Monte-Carlo simulation, we 
compare the influence of different input voltages to 
ramp generator. The result indicates that reduces the 
input voltage reasonably can improve the linearity 
and the capacitor mismatch in the same resolution. 
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