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Abstract— This paper presents a new 2-step SAR ADC
architecture for image sensors in machine vision applications.
This structure effectively improves the structural problems of
the image sensor caused by the area occupied by the ADC,
such as linearity and temporal noise performance. In this
work, we designed a two-step SAR ADC using a 6-bit SAR
ADC and a PGA generating residue and offset. Since the
number of unit capacitors is reduced, the common centroid
method is applied in the capacitor layout to improve the
linearity. As a result, the capacitor mismatch characteristic is
improved, and the differential nonlinearity (DNL) obtained is
+0.36/ —0.28LSB. In addition, the temporal noise is about
530uVrms due to the small bandwidth of the column-parallel
structure in an image sensor. The implemented ADC achieves
250kS/s as a maximum speed. The maximum frame rate of the
sensor is 2500 fps. The power consumption of the sensor,
except for the LVDS interface, is 37.5mW. This sensor is
designed in TowerJazz CIS 180nm process with one poly and
four metal layers. The supply voltage of the analog and digital
domains are 3.3V and 1.8V, respectively.

Keywords—CMOS Image Sensor, SAR ADC, Linearity,
Column-parallel structure

L INTRODUCTION

Machine vision systems using image sensors have
changed our lives. But applications such as autonomous
driving assistant systems (ADAS), can have better work
efficiency when the image sensor has a higher frame rate.
The SAR ADC is an appropriate solution to improve the
frame rate of the image sensor. This ADC has a better
performance in the range from 100kS/s to 10MS/s. As
introduced in previous work [1], the SAR ADC has the best
figure-of-merit (FOM) and requires a slow clock which can
improve the system power efficiency.

However, designing a SAR ADC in an image sensor
brings structural limitations originating from the area
occupied by the SAR ADC. First, the sensor has a worse
temporal noise performance due to the increased bandwidth
of the ADC. As previous research [2-5] described, a SAR
ADC is shared within multiple columns. For this reason, the
required bandwidth of the SAR ADC also increases
proportionally to the area occupied. Second, the mismatch
from column to column inherently degrades the fixed
pattern noise (FPN) performance and the linearity of the
ADC. It takes a lot of effort to improve the mismatch issue
after designing an ADC within the narrow space of 1-pixel
pitch. Therefore, this inevitable mismatch has been studied.
The layout needs to follow the algorithm [7] to enhance the
linearity. However, the number of switches and control lines
complicates the space, leading to a degraded linearity [3-4].

In this work, we present a two-step SAR ADC in a
column-parallel structure to solve the area issue. Since this
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Fig. 1. Sensor block diagram

ADC only uses a 6-bit SAR ADC, the number of switches
and the control lines are reduced. Therefore, this ADC
occupies a smaller area enough to design a column-parallel
structure, and the capacitor DAC array layout is improved
sufficiently to enhance the linearity. This paper reviews the
sensor structure and timing in section 2. In section 3, the
PGA supporting residue generation and the redundancy are
discussed in detail. Finally, this paper discusses the
measurement results in section 4.

II.  SENSOR ARCHITECUTRE

A. Sensor structure overview and timing

Fig. 1 shows the block diagram of this image sensor. It has
a 316x110 pixel array, and the pixel employs the same
structure as the previous work [6]. This sensor uses the top 4
lines and bottom 4 lines as optically black (OB) pixels. This
sensor uses 316 two-step SAR ADCs in a column-parallel
structure, and this two-step SAR ADC consists of a
programmable gain amplifier (PGA) and a 6-bit SAR ADC.
The PGA provides analog gain up to x8. To transmit the data
to the outside world, 12 channel LVDS interface transmits
the data at 1.5Gb/s speed. The power management unit
(PMU) provides the reference voltage and the current for the
in-pixel source follower, PGA, and LVDS interface,
respectively. The row decoder on the left side of the pixel
controls the pixels selected by the vertical domain address
(VDA).

Fig. 2 shows the timing diagram for the pixel readout.
When the sensor starts reading the pixels, the sensor reads
the OB pixel first. The sensor uses the data after readout 2
lines of 4 at the top and bottom, respectively. In particular,
the integration time is set to a minimum during the readout
OB pixel, and this data is used to compensate for the FPN of
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Fig. 3. Two-step SAR ADC circuit block diagram

the image sensor. When the sensor completes reading the OB
pixels, the sensor starts readout the active pixel for actual
data.

B. ADC structure overview and timing

Fig. 3 is a circuit block diagram of the two-step SAR
ADC. The ADC has a capacitor DAC array consisting of
56-unit capacitors at the PGA and the 6-bit SAR ADC,
respectively. Considering the dark level, the ADC outputs
digital code up to 1792. The additional 8-unit capacitors and
0.5-unit capacitors are used for generating offset for the dark
levels and the over-range at PGA. In addition, the feedback
capacitor consisting of 56-unit capacitors controls the
analog gain, and the other 56-unit capacitors are used in
parallel with the capacitor DAC for sampling.

In this ADC structure, the number of control lines and
switches is reduced due to the ADC resolution. Therefore,
the unit capacitors are equally distributed within the entire
capacitor DAC area, as shown in Fig. 5(a). In addition, any
adjacent capacitor doesn't share the same node at its bottom
plate. This layout can improve the linearity of the ADC. As
depicted in Fig. 5(b), metal-insulator-metal (MIM)
capacitors using metal 4 and metal 3 are used, and the
mismatch caused by the parasitic capacitor between the
control line and the bottom plate of the capacitor is
prevented by placing the metal 2 in between.

Fig. 4 is a timing diagram explaining the operation of
ADC and pixel in a single horizontal line time. When the
horizontal line time starts after VDA is transmitted, the pixel
outputs the reset level, Vpix rst, and the ADC starts
sampling. Therefore, the PGA samples the pixel output,
Vrix_rst, and resets itself by simultaneously turning on the
switch S;. In addition, The ADC starts sampling the output
of the PGA, VPGAfRST, by turning on S, STop7N and STopip.
When the reset level sampling is completed, switch S; and
Stop N is sequentially turned off, and the pixel output its
integrated signal, Vpix sig. After signal level sampling, the
ADC turns off the switch Stop p and S, and starts the 6-bit
coarse conversion. After 6 cycles, the PGA controls the
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Fig. 4. ADC timing diagram in 1 horizontal line time

capacitor DAC to generate the residue. The ADC turns on
switch S, and Stop p to sample the residue, Vapc res, at the
positive part of the capacitor DAC. When sampling is
completed, the ADC turns off the Stop p and S, switches
sequentially and starts a 6-bit fine conversion. After the 6-
bit fine conversion is completed, the 12-bit digital code is
generated by the ADC. This final 12-bit digital code is
transmitted to the interface at the rising edge of D DUMP.

III. REDUNDANCY CONTROLLED BY THE PGA

In this work, the PGA performs a critical operation by
controlling the connection between the bottom plate of the
capacitor DAC array and the ADC reference. For instance,
as shown in Fig. 7(a), 8-unit capacitors are controlled to
generate the offset, Vorr park, for the dark level of 256. As
a result, this offset is added to the actual pixel output signal
at Torrser 1 in Fig. 6, when the ADC completes reset level
sampling.

In addition, the PGA supports generating a residue for
the 6-bit fine conversion. After 6 cycles of coarse
conversion, the control logic for PGA captures the coarse
conversion result, Dcoarse, at Torrser 2 in Fig. 6. The
capacitor DAC array of the PGA is controlled by following
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Fig. 5. The layout of the capacitor DAC array: (a) top view, (b)
cross-sectional view
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the captured digital code. However, the final output can be
distorted when the coarse conversion is wrong. For this
reason, this work extends the ADC cover range by adding 1
bit of redundancy, as shown in Fig. 6. To include the
redundancy, the PGA generates the 16LSB offset, VisLss, by
controlling the 0.5-unit capacitor as described in Fig. 7(b).
The offset shifts the original region by 16LSB, as depicted
in Fig. 6. The generated residue has a redundant area of
8LSB above and 16LSB below the original area. One can
calculate the output of the PGA, including all offsets
generated, as follows :
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In this equation, Crg and Cy are the feedback capacitor
and the unit capacitor, respectively. The two-step SAR ADC
has the transfer curve of the red line in Fig. 8 without
distortion at coarse conversion. The minimum output code
at fine conversion is 16 due to the offset, VisLsg. However,
if the coarse decision is wrong, the generated residue
deviates from the red area in Fig. 6. Nevertheless, if the
error is within the over-range marked in blue, it is possible
to compensate for it during the fine conversion. For
example, if the coarse conversion is wrong due to a lack of
the PGA bandwidth, the transfer curve deviates from the red
area, and this curve follows the transfer curve of case 2 in
Fig. 8. Though the coarse conversion result is lower than
expected, accurate conversion is available because the actual
signal Vpga pix is preserved. Therefore, the 1-bit redundancy
covers this deviation and finally leads to the correct result.
In addition, the over-range corresponds to 0.25LSB and
0.5LSB, respectively, in the case of coarse conversion. In
the opposite case, the transfer curve follows the transfer
curve of case 2 in Fig. 8.

IV.  MEASUREMENT RESULT

The fabricated CMOS image sensor is designed in a
TowerJazz 0.18um CIS process technology, and the chip
size is 5.0mmx5.0mm. As shown in Fig. 9, the FPGA uses a
60MHz clock from the oscillator and generates appropriate
clocks to manage each block, including the image sensor.
The image sensor receives a maximum 64MHz clock from
the FPGA, and the FPGA captures the data from the image
sensor at the receiver using a 128MHz clock. In addition,
the camera-link protocol manages the communication
protocol between FPGA and the computer, and the
maximum data transmission speed is 1.5Gb/s.

Fig. 10 shows differential nonlinearity (DNL), integral
nonlinearity (INL), and transfer curves of the readout chain
designed for this sensor. In particular, the readout chain
includes pixels and two source followers. In this
measurement, 100 images are taken by adjusting the
integration time. In the meantime, the intensity of the light
source is set to 0.2 lux.

As described in Fig. 10, The DNL is +0.36/ —0.28LSB,
and the INL is +0/ —12.46LSB. Table 1 compares the
performance of the sensor designed in this study and
previous studies. The linearity measurement result shows
that the DNL result is improved compared to previous
research [3-5]. However, the INL performance is not
optimum. Especially the amount of current consumed inside
the pixel is varied up to 2.5% depending on the signal scale
output from the pixel. The deviation of the load current
leads to worse linearity performance of the source follower
and affects the linearity performance of the readout chain.
Including the nonlinearity, the measured transfer curve is
compared with the ideal one in Fig. 10(c). The graph shows
that the transfer curve gradually deviates from the ideal line
as the code increase. As a result, the deviation is about
1.02% at the mid code, but this deviation increases to 1.91%
and 3.22% until it reaches the maximum code.

The RMS value of the measured temporal noise under
dark conditions is 530UV . The RMS value of the temporal
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Fig. 10. Linearity measurement result: (a) DNL, (b) INL and (c) transfer
curve

noise originating from the ADC, including the PGA, is
about 260.1uV. These measurement results shows that the
performance has been improved compared to [6]. Table 1
shows a performance comparison of image sensors designed
using SAR ADCs. As shown in Table 1, [3] has a SAR ADC
structure with the 4T-type pixel. Though the 4T-type pixel
theoretically contributes less to the temporal noise than the
3T-type pixel, this design has a similar temporal noise level
as [3]. The main reason is that the ADC design in [3] has a
more than 70 times faster sampling rate. In addition, [5]
designed SAR ADC with noise shaping technique. However,
the comparator decision of [5] is about 10 times faster than
this design, and the temporal noise level is similar to the
temporal noise of this design without pixels.

V. CONCLUSION

An image sensor using a two-step SAR ADC has been
implemented as a solution to improve the linearity. This
structure effectively reduces the area occupied by the ADC
and the number of switches and control lines that control the
capacitor DAC. To implement this ADC, the PGA supports
the generating residue. As a result, the ADC is implemented
in a column-parallel structure, and the layout of the capacitor
DAC array is improved by following [7] to effectively solve
the systematic error. Therefore, the RMS value of the
temporal noise performance is measured at about 530UV,
and the measured DNL is +0.36/ —0.28LSB.

B c Year 2023 2015 2012 2018 2022
2 Ref This work [3] [4] [5] [6]
= 180nm 180nm 180nm 90nm 180nm
. s Technology | 1pam 1PaM 1PGM 1P5M 1P4M
@ 3 Pixelarray | 316x110 | 1548846776 | 920x256 | 1920x1440 316x110
T ez Pixel type 3T 4T 4T 4T 3T
o S @ = Frame rate 2500fps 60fps 9fps 50fps 3000fps
a T o
gwn |8
T- | & Power 37.5mW 11W - 64mW 78.5mW
Er |T consumption
° O an n
s |O CO”S;’;;S“’“ 46.4uVie- | 58.24uVle- | 52uVie- ; 58.24pV/e-
Full wel 14008e- | 10005e- | 4994e- NA 8042-
capacity
. . Analog gain x1-x8 x1-x18 - - x1-x8
Fig. 9. The block diagram of the measurement set-up Temporal 530uVims | 6144Vims | 5300uVms | 2736uVms | 712.8uVims
noise (=11.4e-) (=7.68e-) (=61.5e-) (=12.2e-)
_ +0.36L5B/-0.28LSB 0f " +OLSB/-12.46LSB VFPN 0.036% 05% 0.23% 0.03%
= 05 P ADC
= 9 Saturation 0.65V 0.8v 0.26V 0.7v 0.5V
2 10 level
g Dynamic
¥ 15 4 61.7dB 62.3dB 73dB 66.5dB 56.3dB
0 200 400 oood 800 1000 0 200 400 600 800 1000 r:ggga
Output Code Output Code
(a) (b) resolution 10 12 ° 10 10
ADC
1200 T T T Sampling | 0.25MS/s | 17.95MS/s | 33.3kS/s | 12MS/s 0.5MS/s
— 1000} Deviation : 3.22% @ 1024 ] rate
2
a i Deviation : 1.91% @ 768 1 +0.36/ +6/ +1.2/ +0.77/ :
g™ Deviation : 1.02% @ 512 i 528 - = o5t
B goofDeviation :1.02% @ 1 INL [LSB] +0/ ] 4] +0.81/ ]
bt 12.46 4 05
g- 400 4
3 — Ideal Transfer Curve ] ACKNOWLEDGMENT

This work was supported by the Mantis project, sponsored
by the Dutch government and the EU. The authors would
like to thank TowerJazz for their support in fabricating the
silicon dies.

(1]

(3]

(4]

496

REFERENCES

P. Harpe, "Low-Power SAR ADCs: Basic Techniques and Trends," in
IEEE Open Journal of the Solid-State Circuits Society, vol. 2, pp. 73-
81,2022, doi: 10.1109/0JSSCS.2022.3211482.

S. Huang, et al., "A 2.5 inch, 33Mpixel, 60fps CMOS Image Sensor
for UHDTV Application" IEEE int. Image Sensor Workshop, pp.
308-311, June 2009.

R. Funatsu, et al., "6.2 133Mpixel 60fps CMOS image sensor with
32-column shared high-speed column-parallel SAR ADCs," 2015
IEEE International Solid-State Circuits Conference - (ISSCC) Digest
of Technical Papers, San Francisco, CA, USA, 2015, pp. 1-3, doi:
10.1109/ISSCC.2015.7062951.

D. Chen, et al., "A 64 fl/step 9-bit SAR ADC Array With Forward
Error Correction and Mixed-Signal CDS for CMOS Image Sensors,"
in IEEE Transactions on Circuits and Systems I: Regular Papers, vol.
61, no. 11, pp. 3085-3093, Nov. 2014, doi:
10.1109/TCS1.2014.2334852.

S. Hwang et al., "A 2.7-M Pixels 64-mW CMOS Image Sensor With
Multicolumn-Parallel  Noise-Shaping SAR ADCs," in IEEE
Transactions on Electron Devices, vol. 65, no. 3, pp. 1119-1126,
March 2018, doi: 10.1109/TED.2018.2795005.

J. Lee, et al,, "An offset calibration technique for CIS column-
parallel SAR ADCs using memory" in Proc. IS&amp;T Int’l. Symp.
on Electronic Imaging: Imaging Sensors and Systems, 2022, pp 155-1
- 155-6, https://doi.org/10.2352/E1.2022.34.7.1SS-155

C. Lin, et al., “Common-centroid capacitor placement considering
systematic and random mismatches in analog integrated circuits,"
2011 48th ACM/EDAC/IEEE Design Automation Conference
(DAC), San Diego, CA, USA, 2011, pp. 528-533.

Authorized licensed use limited to: Albert Theuwissen. Downloaded on August 28,2024 at 14:27:07 UTC from IEEE Xplore. Restrictions apply.





 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move up by 12.60 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20170126085122
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     12.6000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     3
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 5.40 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     322
     Fixed
     Up
     5.4000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     4
     0
     1
      

   1
  

 HistoryList_V1
 qi2base



