
 

 

 

 

 

 
 

 
 

Citation Ha Le-Thai, Adi Xhakoni, Georges Gielen (2013), 

A Gain-Adaptive Column Amplifier for Wide-Dynamic-Range CMOS 

Image Sensors 

IEEE Transactions on Electron Devices, vol. 60, issue 10, pp. 3601-3604. 

Archived version Author manuscript: the content is identical to the content of the published 

paper, but without the final typesetting by the publisher 

Published version http://dx.doi.org/10.1109/TED.2013.2279238  

Journal homepage http://eds.ieee.org/t-ed.html 

Author contact hlethai@esat.kuleuven.be 

Tel. +3216321145 

  

 

(article begins on next page) 

http://dx.doi.org/10.1109/TED.2013.2279238


 

Abstract—A robust gain-adaptive column amplifier scheme 

which is friendly to the digital correlated multiple sampling 

(DCMS) A/D conversion is proposed to extend the dynamic range 

of CMOS image sensors. It lowers the noise at low light levels and 

relaxes the gain to prevent saturation at high light levels, while a 

low-noise readout circuit is not necessary because of the 

dominance of photon shot noise. Since the difference between the 

reset and the signal levels at a 4T pixel output is compared with 

reference voltages to detect the suitable gain values, the fixed 

pattern noise (FPN) caused by this gain detection scheme is 

estimated to be 20 times lower than that of the work in which 

only the pixel signal level is compared. Operation analysis and 

Monte-Carlo simulations show the immunity of the circuit to 

unwanted offsets. Noise analysis and SNR calculation show that 

the FPN by the gain-detection scheme is more suppressed with 

either more gain options or the DCMS conversion applied at the 

amplifier output. A column-level design with a size of 

9µm×500µm and a current consumption of 12µA is discussed to 

demonstrate the feasibility of the idea. 

 

Index Terms—Gain-adaptive amplifier, CDS comparison, 

digital correlated multiple sampling, wide dynamic range image 

sensors, fixed pattern noise. 

 

I. INTRODUCTION 

N CMOS image sensors, many extended dynamic range 

(DR) techniques have been proposed in order to reach the 

human eye limit, which exceeds 90dB of dynamic range [3]. 

Some pixel-level DR extension techniques [3] widen the upper 

limit for high illuminations by increasing the maximum pixel 

current. However, all of these techniques have a pixel 

complication disadvantage associated with the pixel-level 

processing. Therefore, these pixels tend to be larger and 

noisier than conventional ones. Fig. 1 shows a column-level 

DR extension principle based on the adaptive readout noise 

characteristic, in which the gain is adaptively changed among 

the low, medium and high values according to the illumination 

ranges. Since, at the high illumination range, the noise is 

dominated by photon shot noise [1], which is proportional to 

the square root of the light intensity, a low-noise readout is not 

needed, and the gain can be relaxed to prevent the circuits 

from saturation. As a result, the DR is extended towards the 

low illumination range, where a high gain is applied. A similar 

technique but with an adaptive quantization noise approach 

was discussed by Theuwissen [2]. 

A gain-adaptive column amplifier [4] has been proposed to 

extend the dynamic range based on the adaptive read noise 
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behavior in Fig. 1. In this method, where the gain assessment 

is made prior to the actual amplification [4], there is a 

disadvantage that the comparator detects the gain level in the 

signal-level readout phase, which contains both the reset noise 

level and the offsets of the pixel. Therefore, the comparison 

introduces errors to cause a fixed pattern noise (FPN) within 

the threshold voltage border range, in which, for the same 

pixel output level, the gains are differently set to high or low 

among columns. This gain-uncertainty range is mainly 

contributed by the un-cancelled pixel offset in the gain 

detection phase. In addition, the threshold voltage has to be 

adjusted a little lower than the expected value to prevent 

saturation by such unpredictable offsets. Furthermore, this 

scheme is not appropriate for high-gain detection applications, 

where small input ranges are detected and highly accurate 

comparisons are required.  
 

E
le

ct
ro

n
s

Input Photons

1

10

100

1,000

10,000

100,000

10 100 1,000 10,000 100,000

Adaptive Read Noise

Si
gnal

Max SNR

Dynamic Range

High Gain

Medium Gain

Low Gain

Tota
l N

oise

Extended DR

Photo
n Shot N

oise

 
Fig. 1.  Photon conversion characteristics: the gain and hence the readout 

noise floor is adaptively changed over the illumination range. 

 

In this paper, a robust gain-adaptive amplifier is proposed in 

Section II, which solves the problems of the above amplifier. 

Section III presents the noise analysis and practical issues of a 

4T pixel gain-adaptive column readout chain. 

II. THE PROPOSED GAIN-ADAPTIVE AMPLIFIER 

Fig. 2 (a) shows the schematic of the proposed gain-

adaptive column amplifier. The work is based on the 

correlated double sampling (CDS) readout operation, in which 

the pixel is read out twice, once right after the pixel reset 

(called the reset-level readout phase), and secondly after the 

end of the pixel integration (called the signal-level readout 

phase) [3]. This CDS operation helps to remove the fixed 

pattern noise (FPN) and the reset noise of the pixel. The node 

INPUT represents the CDS behavior for the output of a 4T 

pixel. Fig. 2(b) shows the timing diagram of the circuit in Fig. 

2 (a) in one complete CDS pixel readout period. For the sake 
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of illustration, a two-gain option of 1 and 8 is shown. This 

principle, however, can be extended to more gain levels as 

shown in Fig. 1 by adding extra reference levels and D-

flipflops to store the comparison results. Then, more latch 

periods are needed, but the extra time can be minimized by 

designing a fast comparator. In this work, the amplifier is 

designed as a closed-loop capacitive structure which works in 

three operating phases: the reset-level readout phase, the gain 

detection phase, and the signal-level readout phase. Therefore, 

this scheme is very friendly to the digital correlated multiple 

sampling (DCMS) conversion [7], [8], in which not only is the 

vertical fixed pattern noise (VFPN) among columns cancelled, 

but the readout thermal noise is also suppressed. In Fig. 2 (a), 

there is an additional switch SX at the input capacitor C1 to 

isolate the node INPUT and the amplifier input during the gain 

detection phase [4]. Firstly, both the amplifier and the 

comparator are reset. Then, when the reset switch RST 

disconnects, the amplifier works in the reset-level readout 

phase with the default maximum gain value Gmax. As a 

consequence and shown in Fig. 2 (b), this RST discharging 

operation causes an offset voltage VRST_offset at the amplifier 

output AMP_OUT. This offset voltage stays there for the 

whole readout period and is finally cancelled by the CDS. 
 

C1

C2

C3

RST

VREF CL1

A (f)
a

SX

Gain1

Gain1

RST

Ac 

L
A

T
C

H

RST

RST

VREF1

VREF2

S1

S2

SXINPUT AMP_OUT
C

C+

C-

CV

SF
FD

RST
TX

RS

 
(a) 

 

ADCrst ADCsig

INPUT

RST

SX

S1

S2

LATCH

AMP_OUT

VREF

RST offset SX offset

=Gx(Vrst-Vsig)+Offset

=Vrst-Vsig

COMP OUT Gain Decision Level 0 =High Gain

1 =Low Gain

0 =High Gain

1 =Low Gain

Gain1

Gain Sel

TX

RS

 
(b) 

Fig. 2. (a) Schematic of the proposed gain-adaptive column amplifier; (b) 

timing diagram of the 4T pixel and the proposed amplifier. 

 

When the reset-level readout phase is finished, the amplifier 

changes to the gain detection phase by disconnecting the 

switch SX. Then, the CDS input level (Vrst-Vsig) at the 

capacitor C+ is compared with the shifted reference level 

(VREF1-VREF2) at the capacitor C-, and the gain value is 

detected right after the LATCH rising edge. Then, shortly after 

that, SX re-connects, and the amplifier is changed into the 

signal-level readout phase, when the pixel output has been 

shifted from Vrst to Vsig. Ideally, the amplifier output 

AMP_OUT is accordingly changed by an amount of G (Vrst-

Vsig), where G is the detected gain. In this example, G is 1 or 8. 

However, the SX switching-off action at the beginning of 

the gain detection phase injects an offset VSX_injected onto the 

amplifier capacitor C1, and the amplifier output is shifted by 

an amount of VSX_offset=-8 VSX_injected because the gain is set to 

the default value of 8 at the moment. This offset value VSX_offset 

stays there for the whole CDS operation. In the signal-level 

readout phase when the switch SX is reconnected, there is a 

change from (Vrst+ VSX_injected) to Vsig at the amplifier input, 

thus the amplifier output is then shifted from the value in the 

reset-level readout phase by an amount of         

     G(Vrst-Vsig)+(G-8)VSX_injected           (1). 

 From (1), it can be realized that, for the gain of 8, there is 

no residual offset, while for a gain of 1, the offset value is                . Thus, only the large input signal is affected 

by this offset, whose value and variation decrease as the size 

of the input capacitor C1 increases. On the other hand, since 

the offset voltage can be subtracted afterwards, only the offset 

variation causes the FPN among columns. However, the 

Monte-Carlo simulation result indicates that the standard 

variation of the offset value is 400µV for the gain options of 1 

and 8. Such a value is 8 times lower than the photon shot noise 

at the input signal of 125mV (assume that the full input swing 

is 1V and the pixel conversion gain is 80µV/e
-
). When the gain 

increases, the threshold voltage decreases accordingly; 

however, the input capacitor C1 of the amplifier is 

proportionally sized up. As a result, such an offset variation is 

suppressed and its impact on the performance remains little. 
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Fig.3 SNR drop point variations in the threshold border range. 

 

As shown in Fig. 3, because of the gain-adaptive behavior, 

there is a SNR drop when the input level moves from the 

lower to the higher range of the threshold voltage. Ideally, 

such a SNR shift happens only at the threshold voltage. 

However, due to the pixel and the comparator offset, the SNR 

drop point varies from column to column, especially in the 

technique proposed by Sakakibara [4], in which only the Vsig 

level of the node INPUT is compared with the threshold 

voltage to detect the gain value. This scheme suffers from the 

reset noise and especially from the pixel offset caused by the 

temperature and process variations. As a result, the range of 

the SNR uncertainty, which raises the FPN issue, is dominated 

by the variation of the level Vsig. However, with the proposed 

technique, since the CDS input level (Vrst-Vsig) is compared 

with the reference levels (VREF1-VREF2), this FPN range is 

mainly contributed by the comparator offset, which can reach 

to lower 1mV range by auto-zeroing operation instead of a 



 

20mV pixel offset range (assume pixel FPN of 2% with a full 

range of 1V). A smaller range of SNR uncertainty means a 

lower probability of FPN, therefore, with the proposed 

technique, the columns are estimated to be 20 times more free 

from the FPN caused by the gain detection phase. The higher 

the values of the input capacitors C+ and C-, and the pre-

amplifier gain Ac, the more precise the comparator is [5]. In 

addition, either of the two references VREF1 and VREF2 can 

reuse the reference voltage VREF of the amplifier because the 

switches S1 and S2 alter just once in the whole readout period. 

III. NOISE ANALYSIS AND PRACTICAL ISSUES 

 

 
Fig. 4 SNR drop over the maximum gain value of the gain-adaptive amplifier 

for three cases: two-gain option, three-gain option, and 50 DCMS samples. 

 

Since the 1/f noise is high-pass filtered out by the CDS 

operation [7], we will now analyze the thermal noise 

performance of a column-level readout chain as described in 

Fig. 2 (a). Based on the thermal noise equations developed by 

Kawahito [6] and Chen [8] for the 4T pixel readout circuit, the 

total thermal input-referred noise at the node INPUT in both 

the reset-level readout phase and the signal-level readout 

phase can be expressed as:                                                                                                                                    (2) 

where kB is Boltzman’s constant, T is the absolute temperature, 

CV is the column parasitic capacitance, C1 and CL1 are 

respectively the input and the output capacitances of the 

amplifier, gma and gmSF are the transconductances of the 

amplifier and the pixel source follower, respectively. FSF and 

SF
  are the noise gain factor and the excess noise factor of the 

source follower [6], [8], 
a

 is the excess noise factor of the 

amplifier, Gmax is the maximum gain of the amplifier, G is the 

detected gain value in the signal-level readout phase.  

Based on equation (2), it can be seen that there is a noise 

shift when the CDS input level (Vrst-Vsig) goes from the lower 

to the higher range of the threshold voltage (VREF1-VREF2). 

The larger such a noise shift is, the more the SNR will drop. 

As a result, the FPN caused by the gain-detection comparison 

described in Fig. 3 increases. Fig. 4 shows the SNR drop 

percentage over the maximum gain value of the proposed 

gain-adaptive amplifier for three cases: two-gain option, three-

gain option, and two-gain option with 50 DCMS samples 

applied at the amplifier output. The calculations are based on 

equation (2) and the value assumptions in Kawahito’s work 
[6] and Chae’work [7]. For the case of two-gain option (1, 

Gmax), SNR is shown to drop more as the maximum gain 

increases. If three gain options are used, the SNR drop is 

reduced but at the cost of the system complication. If the 

DCMS conversion like a 2
nd

-order incremental sigma delta 

(ISD) ADC [7] with 50 samples is applied at the amplifier 

output, the thermal noise is averaged. As the result, the SNR 

drop is strongly suppressed, and hence so be the FPN. 

For the area and power estimations, the full schematic 

design and layout of a gain-adaptive column amplifier are 

done to verify the design feasibility. For the maximum gain of 

8, the gain-adaptive column amplifier occupies a size of 

9µm×500µm and consumes a static current of 12µA, while the 

output settling time at the beginning of the signal-level readout 

phase in Fig. 2 (b) is less than 400ns. In order to drive a large 

load like an ISD ADC, a high current buffer is needed at the 

amplifier output, which increases considerably the size and the 

power of the design, depending on the sampling frequency. 

IV. CONCLUSIONS 

This paper has presented a robust gain-adaptive column 

amplifier for CMOS image sensors. This amplifier detects the 

appropriate gain by implementing the CDS operation at the 

comparator to compare the (Vrst-Vsig) value with the difference 

of the two reference values. This approach shows advantages 

of being fast, accurate, and robust over process and 

temperature variations. Compared to the previous work [4], in 

this design, the FPN by the gain detection comparison is 

reduced from the pixel offset range, which can not be 

controlled, to the comparator offset range, which is strongly 

suppressed by the auto-zeroing operation. Noise analysis has 

shown that the above FPN is more suppressed with either 

more gain options or the DCMS conversion like an ISD ADC 

applied at the amplifier output. Some practical issues have 

been discussed to show the feasibility of the design. 
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