
values are below 0.05%. 
Fig. 8 shows the non-linearity of the IRFPA and ROIC 

of Fig. 7 measured with variable irradiance and 
integration time of 10msec. The values are shown up to 
40% well fill and the corresponding non-linearity is 
approximately 0.05% of the dynamic range. In a 100% 
full scale well fill the non-linearity is below 0.1% of the 
dynamic range. As in the previous figure the symbols 
indicate measured values while the dashed line is an 
arbitrary polynomial fit.  

As previously mentioned, another special laser-based 
function of the ROIC is the AI mode. For this mode fast 
ROIC integration time constant is designed. The 
reduction of the time constant has been determined by 
simulations and is controlled over a specific and 
selectable ROI. Depending on the ROI the time constant 
for AI can be reduced to values below 1µs.  

IV. SUMMARY 
We have presented a multifunctional ROIC, and its 

performance when integrated with an InGaAs IRFPA. 
The ROIC integrates imaging signals at LNIM mode with 
full well capacity of 12ke-, and at SIM mode with full 
well capacity of 0.5Me- and 1Me-. 

 Imaging can be integrated over a selectable ROI and 
with fast AI. The integration is controlled by a global 
shutter and the integrated signal can be read during the 
integration time at the IWR mode. 

Besides imaging capabilities the ROIC is able to detect 
the presence of a laser pulse during the image integration 
by isolating the AC component of the event signal. The 
detection can be made synchronously to the laser pulse or 
asynchronously with a sensitivity of 500 e-.  

Table 1 summarizes the main imager performance 
parameters.  
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Fig. 8. ROIC and InGaAs IRFPA linearity vs. well fill for variable 

irradiance and integration time of 10ms. 

TABLE I 
ROIC MAIN PERFORMANCE 

PARAMETER VALUE 

Resolution Imaging 1280x1024 
Laser detection 640x512 

Well Capacity LNIM 12ke- 
SIM  medium gain IWR 0.5Me- 
SIM low gain ITR 1M e- 

Readout Noise LNIM 35e- 
SIM medium gain 210e- 
SIM low gain 350 e- 

Power dissipation  at 60FPS <150mW 
Laser detection sensitivity  500 e- 
Combined dynamic range 89dB 
Maximum frame rate 160Hz 
Minimum selectable ROI 32 x 32 
Minimum active imaging time constant <1µs 
SIM Residual Non Uniformity <0.05% of DR 
ROIC Non Linearity <0.1% of DR 
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Abstract 

This paper presents a low-noise CMOS image sensor 
that reduces the intrinsic pixel noise using noise-
coupled amplifier. Experimental results show that the 
proposed readout scheme achieves the input-referred 
noise of 75.6μVrms, which is 20% noise reduction 
compared to conventional SF readout with column 
amplifier. Without any process modification, the 
baseline 4T pixel is configured as common-source (CS) 
amplifier with column load and the source node of the 
CS amplifier is coupled with an auxiliary common-gate 
(CG) amplifier. The output difference between CS and 
CG amplifiers providing a signal gain of 10× achieves 
the noise reduction of the intrinsic 1/f noise and an 
improved peak non-linearity of 0.44%. The prototype 
VGA CMOS image sensor with 4μm pixel pitch has 
been fabricated in standard 0.11 μm CIS process.  
 

 I.  Introduction 
 

Due to growing demands for the low noise CMOS image 
sensors, the noise performance of readout chain has been 
optimized. The noise bandwidth can be controlled with a 
column-level amplifier [1], which is widely used for 
reducing the thermal noise of the pixel and the quantization 
noise of its following ADC. After mitigating the thermal 
noise with bandwidth control, the 1/f noise from the pixel 
source follower (SF) becomes dominant noise source. 
Correlated multiple sampling (CMS) can reduce the 1/f 
noise due to the noise-averaging effect, which is 
proportional to its sampling-rate [2]. Although the 1/f noise 
power of the pixel SF is reduced up to 44% when the 
sampling-rate is infinity [4], it was not enough to achieve 
sub-electron noise performance. Therefore, in-pixel 
optimization techniques have been investigated [1]-[3]. A 
buried channel SF with the reduction of sensing capacitor 
achieved the input-referred noise of 0.74e-

rms, but 
associated process optimization is highly necessary. The 
PMOS in-pixel open-loop amplifier shows the input-
referred noise level of 0.86e-rms [3], but this results in a 
reduced DR and higher PRNU. The thin-gate PMOS SF 
with column amplifier achieved the noise level of 0.5e-

rms 
[1], but it reduces its fill factor significantly. To address 
these issues, a noise-coupled readout scheme has been 
explored to achieve the reduced 1/f noise and an improved 
PRNU without sacrificing the fill factor. The paper 
presents a low noise CMOS image sensor that achieves the 
input referred noise of 75.6μVrms without any process 
modification. The baseline 4T pixel is configured with a 
NMOS common-source (CS) amplifier, and its source 
node is coupled with a common-gate (CG) amplifier. The 
output difference between CG and CG amplifiers provides 
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Fig. 1. (a) schematic of the conventional readout chain [1] and 
(b) schematic of in-pixel common source amplifier [3] 

 both reduced 1/f noise and an improved PRNU. The paper 
is organized as follows. Section II reviews the conventional 
noise reduction techniques. Section III describes the 
operating principle of the proposed readout scheme. 
Section IV shows the experimental result. Finally, the 
conclusion is addressed in Section V. 

 
II. Conventional noise reduction techniques 

 
Fig. 1(a) shows the schematic of a conventional readout 

chain, exploiting a column-level amplifier. Its noise 
density can be expressed as  

 

 

where gmCS = gm of current bias. With the help of 
column-level amplifier, the thermal noise can be mitigated 
with its bandwidth control. After CDS, the noise level is 
determined by the 1/f and RTS noise of in-pixel SF and the 
1/f noise of SF’s current bias. To deal with the 1/f noise of 
current bias, the current density can be reduced, but this 
causes settling time penalty, degrading the CDS effect [6]. 
Fig. 1(b) shows the schematic of in-pixel CS amplifier [3]. 
The 1/f noise is mitigated by the use of PMOS input 
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transistor, but its fill factor, especially for small pixel pitch 
(<5μm), can be drastically reduced when compared to the 
NMOS SF configuration. For the noise of current source, 
its noise contribution is reduced with the gain of CS 
amplifier. However, the PRNU is highly impaired up to a 
few percent due to the open-loop configuration of CS 
amplifier. Since the voltage gain with respect to input range 
is not well defined, it suffers gain variations as well.  

 
III. Proposed readout scheme 

 
Fig. 2 shows the simplified schematic of the proposed 

readout scheme. The left branch features CS amplifier with 
a NMOS input MCS and a column load resistor R, offering 
moderate voltage gain of 5×. At the same time, the source 
voltage of MCS is coupled with an auxiliary CG amplifier 
implemented in the column-level, and it provides the same 
voltage gain as CS amplifier with reverse polarity. The 
output difference between CS and CG amplifiers provides 
a voltage gain of 10×. Assuming the signal range of each 
amplifier is the same, the output signal range is doubled by 
subtracting one output from the other.  

Here, it should be noted that the size of input transistor 
MCG of CG amplifier is set to be much larger than the MCS 
to minimize excess 1/f and thermal noise. When MCG = 
200MCS, for instance, the 1/f noise power of 97% is caused 
by the MCS. Since the source voltage of the CS amplifier is 
formed by the bias voltage VG of the CG amplifier, the 1/f 
noise of MCS can be suppressed with respect to VG as shown 
in Fig. 3. Compared to SF configuration, 1/f noise 
reduction of 38.3% can be achieved in this work. Although 
the excess noise of current bias is quite severe in SF 
readout, it can be mitigated with the differential output of 
the composite amplifiers.  

Fig. 4 shows the peak non-linearity comparison. The 
proposed composite amplifier provides 3.8× improvement 
on the peak non-linearity compared to conventional open-
loop CS amplifier. This can be further improved with a 
composite load, which is implemented with a PMOS 
transistor parallel with a load resistor (1MΩ) in Fig. 2. As 
a result, the peak non-linearity of 0.44% has been achieved 
over an output range of 1V with a signal gain of 10×. Fig. 
5 shows the block diagram of the column readout circuit. 
A column-parallel single-slope (SS) ADC has been used 
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 for A/D conversion at the output of the proposed pixel. 
The pixel output can be reconfigured with SF mode by 
adding a switch around the load resistor, and this provides 
dual gain configurations, i.e. 1 and 10×. The CG output is 
sampled at one capacitor when the auto-zeroing (AZ) phase. 
At the same time, the reference signal is sampled at the 
other capacitor. During comparison phase, the CS output is 
sampled at the AZ capacitor, so the subtracted value VCG -
VCS is sampled and then converted via 11bit SS ADC. 

  
IV. Experimental result 

 
The prototype chip has been fabricated in a standard 

0.11μm CIS process. Fig. 6 shows the chip 
microphotograph occupying an active area of 6.5×4.5mm2. 
The VGA pixel array with 4μm pixel pitch is implemented. 
Fig. 7 shows the layout comparison between baseline 4T 
pixel and the proposed pixel. A vertical line is used to 
connect the drain output of the row selection transistor with 
load resistor in the proposed pixel, resulting in a small 
reduction of the fill factor about 3.4%. The proposed pixel 
shows fill factor of 65%. Fig. 8 shows noise comparison 
with conventional techniques employing the same 
equivalent noise bandwidth and excess noise factor from 
CDS. The proposed readout scheme achieves the input-
referred noise of 75.6μVrms, which is 67% lower than that 
of SF readout. This work also achieves about 20% 
reduction compared to the SF readout with column-level 
amplifier, assuming the thermal noise of the amplifier is 
 

TG
RST

RS
Proposed 
4-T pixel

VG

FD

MCG
Large
W&LMCS

Small 
W&L

Left branch Right branch

VCS
11 bit

SS ADC

R RVbR

Composite
TR

IBIAS

VCG

CS configuration CG configuration

Fig. 2. Simplified schematic of the proposed readout scheme 
(10 gain mode is shown) 

− 204−



P40 

VCG         

VCS         

VSF         

VREF         

VRAMP         

ΦAZ

ΦAZ

ΦCG

ΦREF

CLK

11b         

COUNTER

VCG         

VCS         

VSF         

VREF         

VRAMP         

ΦAZ

ΦAZ

CLK

11b         

COUNTER

ΦRAMP

ΦCS

Auto-zeroing phase

Comparison phase

Fig. 5. Block diagram of the column readout circuit (10 gain 
mode is shown) 

Proposed 4T pixel array
with two output lines

640(H) × 480(V)

Ve
rti

ca
l s

ca
nn

er

Ramp
Gen.

Proposed amplifier(Bot)

Column ADCs (Bot)

Column scanner & Logic 

Proposed amplifier (Top)

Column ADCs (Top)

Column scanner & Logic 

 
Fig. 6. Die photo of the prototype imager 

equivalent to the pixel. The noise breakdown is also 
presented. The noise contribution of the 1/f noise is 62%. 
For the thermal noise, the noise from the MCS is about 20%. 
The noise contributions of MCG and load resistors are only 
7% and 8%, respectively. 

 
V. Conclusion 

 
In this paper, a low-noise CMOS image sensor is 

presented with revised 4T pixel and noise coupled gain 
amplifier using 0.11 μm CIS process. The proposed 
amplifier presents 38.3% reduction of 1/f noise power 
compared to SF readout without any process modification. 
Total input referred noise is reduced to 75.6μVrms, and peak 
non-linearity of 0.44% is also achieved without sacrificing 
fill factor.  
 
 

4μm 4μm

4μ
m

SF 
OUT

SF 
OUT

(a) conventional 4T pixel (b) proposed 4T pixel

RST SF RS

PD

RST SF RS

PD

CS 
OUT

Fig. 7. The layout of the conventional 4T pixel (a) and the 
proposed 4T pixel (b) 

MCS

MCG
Load 

SF
w/ col. amp

MCS1/f

thermal

Proposed readout 
scheme

94

75.6

0

25

50

75

100

Inp
ut

 re
fer

re
d N

ois
e 

[μ
V r

ms
]

250

SF
w/o col. amp

230

Fig. 8. Noise comparison with conventional technique and 
proposed readout scheme 

 
References 

 
[1]  A. Boukhayma, A. Peizerat, C. Enz, "A Sub-0.5 electron read 

noise VGA image sensor in a standard CMOS process," 
IEEE J. Solid State Circuits, vol. 51, no. 9, pp. 2180-2191, 
Sep. 2016. 

[2] Y. Chen, Y. Xu, Y. Chae, A. Mierop, X. Wang, and A. 
Theuwissen,“A 0.7 e¬rms temporal-readout-noise CMOS 
image sensor for low-lightlevel imaging,” IEEE Int. Solid-
State Circuits Conf. Dig. Tech. Papers (ISSCC), pp. 384–
386, Feb. 2012. 

[3] C. Lotto, P. Seitz, and T. Baechler, “A sub-electron readout 
noise CMOS image sensor with pixel-level open-loop 
voltage amplification,” IEEE Int. Solid-State Circuits Conf. 
Dig. Tech. Papers (ISSCC), pp. 402–404, Feb. 2011. 

[4] N. Kawai, and S. Kawahito, “Effectiveness of a correlated 
multiple sampling differential averager for reducing 1/f 
noise,” IEICE Express Lett, Vol. 2, no. 13, pp. 379-383, Feb. 
2005. 

[5] A. Boukhayma, A. Peizerat, A. Dupret, and C. Enz, 
“Comparison of two optimized readout chains for low light 
CIS,” Proc. SPIE, vol. 9022, pp. 90220H-1–90220H-11, 
Mar. 2014. 

[6] S. Suh, S. Itoh, S. Aoyama, and S. Kawahito, “Column-
parallel correlated multiple sampling circuits for CMOS 
image sensors and their noise reduction effects,” Sensors, 
vol. 10, no. 10, pp. 9139–9154, 2010. 

− 205−


