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Abstract–This paper proposes a column-wise two-step Single-

Slope (SS) ADC, which improves the sampling rate while 
maintaining the architecture of the conventional SS-ADC for 
high-speed CIS. To remove the problem of missing code in 
multi-stage structures, occurring on every boundary between 
steps of the coarse ADC, the range of the fine ADC is doubled 
to cover the boundary. The sampling rate of the ADC is 
increased by a factor of 2m+n / (2m + 2n+1) compared to the 
conventional one. A prototype chip was fabricated in 0.35-µm 
CMOS process. The proposed ADC has a 10-bit resolution and 
the sampling rate of 240-kS/s at 25-MHz clock frequency, 
which has been increased by a factor of 10 compared to the 
conventional SS-ADC. QVGA imager using the proposed ADC 
can achieve the theoretical maximum frame rate in excess of 
1000-fps with power increase of about 25%. 

 

I. INTRODUCTION 

 
Recently, applications of CMOS Image Sensor (CIS) 

extend over not only mobile devices but applications 
considered as next-generation format such as digital 
broadcasting using a 2-million-pixel High-Definition 
Television (HDTV) format with satellite and digital  
cinemas being reduced for practical use, a 8-million-pixel 
format [1].  

The Single-Slope (SS) ADCs have been widely used for 
column-wise ADCs in imagers because they provide a 
significant compromise between frame rate, ADC resolution, 
power consumption, and extendibility [2]. However, a 
drawback of the SS-ADC is its conversion time that 
increases exponentially with the number of bits. A multiple-
ramp SS-ADC which improves the conversion time by a 
factor of 3.3 has been reported [3]. However, it requires 
several ramp generators and extra circuitry compared to a 
SS-ADC.  

This paper proposes a compact 10-bit two-step SS-ADC, 
improving the conversion time by about a factor of 10. This 
paper is organized as follows. In Section II, the principle of 
two-step SS-ADC and the technique of error correction are 
described. In section III and IV, experimental results are 
presented, and conclusions are described at the end.  

 

II. PROPOSED TWO-STEP SINGLE-SLOPE ADC 

A. Principle of two-step single-slope ADC 

The two-step SS-ADC consists of an m-bit coarse SS-
ADC and an n-bit fine SS-ADC using the proposed ramp 
signal as shown in Fig. 1. The first ramp signal for 
quantizing m-MSBs has 2m steps in the full-scale range. The 
second ramp signal for quantizing n-LSBs has 2n steps. The 
n-LSBs, however, range only a single step of the coarse 
ADC. The ADC needs only (2m+2n) clocks per sample while 
the conventional requires 2m+n clocks per sample. 

 

 

Fig. 1. Ramp signal of two-step SS-ADC. 
 
The conventional ADC with Correlated Double Sampling 

(CDS) method is composed of a counter, a ramp generator, a 
comparator, switches and capacitors as illustrated in Fig. 
2.(a) [4]. In addition to the conventional ADC, the two-step 
ADC requires only a few extra circuitries: a capacitor CH, 
three-switches (SADC1, SADC2, FBSW) and a SYNC block. A 
ramp signal is coupled via switch FBSW to the positive input 
of the comparator (VCOMP) and via switch SADC2 to the 
capacitor. Switch SADC1 couples the capacitor to reference 
voltage (VREF). VREF is given by  

 
1.0 LSBRAMPREF VVV Δ−=   (1) 

 
where VRAMP0 is the initial value of ramp signal and 
△VLSB.1 is a LSB voltage of the coarse ADC. 
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Fig. 2. Architecture of ADC. (a) Normal SS-ADC. (b) Two-step 
SS-ADC. 

  
As shown in Fig. 3, switch FBSW is on when the ‘coarse 

ADC state’ starts, and during the state, switch SADC1 is also 
on, so that CH can store the ramp signal (VRAMP(t)). The latch 
signal is generated when VRAMP(t) is lower than VIN, then the 
output of the counter becomes the result of the coarse ADC 
(D(1)) and switch FBSW is off by the SYNC block. The 
voltage CH stores after coarse ADC state is given by  

 
)( 1TVVV RAMPREFH −=   (2) 

 
where VRAMP(T1) is the ramp signal at T1 when the latch 
signal is generated. Since VH is the same as the resulting 
analog voltage of the coarse ADC state, there is a merit that 
this architecture needs no DAC to find the range for the next 
‘fine ADC state.’ 

During the fine ADC state, switch SADC2 is on. When 
SADC2 is closed, ramp signal is coupled via capacitor CH to 
the positive input of the comparator (VCOMP), which is given 
by 
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Fig. 3. Timing diagram of two-step SS-ADC. 

 

Since the ramp signal in the state ranges from VRAMP0 to 
(VRAMP0 – △VLSB.1), VCOMP also has the range given by 

 
1.11 )()()( LSBRAMPCOMPRAMP VTVtVTV Δ+≤≤   (4) 

 
Therefore, two inputs of the comparator, VIN and VCOMP, 

are guaranteed to intersect at T2 as illustrated in Fig. 3. At 
that time, the latch signal is generated and the output of 
counter is set to be the result of fine ADC (D(2)). 

Combining two results of ADC, D(1) and D(2), the total 
output code of two-step ADC, Dout, can be calculated as  
(2n•D(1) + D(2)) by adding the n-step shifted D(1) and the 
original D(2). 

 

B. The technique of error correction 

After the execution of the coarse ADC, the voltage VH can 
be disturbed and contain an error (△err) from several 
reasons such as thermal noise, parasitic capacitance, and 
feed-through. Due to an error, the range of VCOMP is shifted 
as shown in (5).  

 
errLSBRAMPCOMPerrRAMP VTVtVTV Δ+Δ+≤≤Δ+ 1.11 )()()(  (5) 

 
In the case, VCOMP and VIN fail to intersect. It causes the 

latch signal not to be generated and makes the problem of 
missing code. This problem is unavoidable on the boundary 
in a multi-step structure [3, 5]. Fig. 4.(a) illustrates the range 
of VCOMP with error and VIN. When VIN is in the shadowed 
region, VIN is not in the range of VCOMP any more and D(2) 
cannot be calculated. Therefore, an error correction 
technique is necessary in multi-step structures. 
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Fig. 4. Error-added ramp signal of two-step ADC. (a) without 
error correction technique. (b) with error correction technique.  

 
To remove the problem of missing code in two-step ADC 

structure, the range of the fine ADC should be doubled to 
cover the boundary between steps of coarse ADC. The ramp 
signal is modified so that the upper boundary and the lower 
boundary are expanded 0.5×△VLSB.1, on both sides.  

 

1.0
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     (6) 

 
The problem of missing code does not occur because the 

range of VCOMP is doubled by (3,6) as shown in (7) and 
includes the VIN. 
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Using the error correction technique, the fine ADC output 

code D(2) is changed to (n+1)-bits due to the expanded range 
of 2×△VLSB.1. The Changed output code, named D(2)

*, has  
a redundant digit. On the other hand, the coarse ADC output 
code D(1) is equal to that of ADC without the error 
correction technique. The sampling rate of the ADC is 
increased by a factor of 2m+n / (2m + 2n+1) compared with the 
conventional SS-ADC. In this principle, the more increased 
the resolution of the ADC is, the more advantageous the 
proposed ADC is. 
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Fig. 5. Calculation of output code. 
 

 
Fig. 6. Chip micrograph. 
 

Combining the redundant digit with D(1) and D(2)
*, the 

total output code of ADC with error correction technique 
Dout can be calculated as (2n•D(1) + D(2)

* - 2n-1) by subtracting 
the redundant digit from the sum of n-step shifted D(1) and 
the original D(2) as shown in Fig. 5. 

III. EXPERIMENTAL RESULTS 

A prototype image sensor shown in Fig. 6 was fabricated 
in 0.35-µm CMOS process. The pixel array has 320 × 240 
pixels, with a pixel pitch of 5.6-µm. Fig. 7 shows measured 
images and histograms of the prototype imager at 80-fps. It 
shows that the missing code problem is perfectly resolved 
using the proposed error correction technique. The 
performance of the prototype imager is summarized in  
Table. I. The two-step SS-ADC was implemented with a 5-
bit coarse SS-ADC and a 6-bit fine SS-ADC. The proposed 
ADC has 10-bit resolution and the sampling rate of 240-kS/s 
at 25-MHz clock frequency. The conversion time of the 
proposed ADC is 4.2-µs, whereas 40-µs is used for a 
conventional SS-ADC. The sampling rate of the proposed 
ADC is increased by a factor of 10 compared with the 
conventional SS-ADC. With the optimized digital circuitry, 
QVGA imager for verifying performance of the ADC is able 
to achieve the theoretical maximum frame rate in excess of 
1000-fps. 

The power consumption of the analog circuitry is 
17.6mW, of which 5.6mW is used by ramp generator and 
12mW is used for column readout. Compared with an 
imager with SS-ADC, the total power consumption is only 
increased about 25%. 
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Fig. 7. Measured images and histograms. (a) image without error correction technique. (b) histogram of (a). (c) image with error correction 
technique. (d) histogram of (c). 

TABLE I. 
PERFORMANCE  SUMMARY. 

Technology 0.35 µm CMOS 2P3M 

Array Format 320 × 240 

Pixel Size 5.6 µm × 5.6 µm 

ADC Resolution 10 bits (coarse 5b, fine 6b) 

Column FPN < 0.0837 % (@dark) 

Sampling Rate 240 kS/s (@25MHz clock frequency)

Maximum Frame Rate >1000 fps  

Power Supply 2.8 V 

Power Consumption 

(Analog Circuitry) 
17.6 mW 

IV. CONCLUSIONS 

In this paper, a two-step single-slope ADC for high-speed 
CIS is proposed. A technique of error correction is also 
presented to remove the problem of missing code in two-
step structure. Compared with the single-slope ADC, it 
improves the sampling rate by a factor of 10 while 
increasing only a quarter of the total power consumption. 
The proposed two-step SS-ADC can be used for high-
resolution, high-speed image sensors with reasonable power 
consumption such as HDTV and scientific measurement 
applications. 
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