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Abstract 
This article presents a novel architecture of a single slope 

single ramp column analogue-to-digital converter (ADC) for CMOS 

image sensors (CIS). The outlined ADC uses a global single slope 

ramp (SSR) with two comparators and two counters per column, one 

for the pixel reset level and one for the pixel signal level. A common 

reference level is used to start the conversion, while the reset and 

signal levels are used to terminate the respective conversion.  With 

this architecture, the pixel reset, and signal levels are converted 

within a single conversion cycle. When the counter results are 

ready, a digital correlated double sampling (CDS) output is 

achieved by subtracting the reset counter value from the signal 

counter value with a digital subtractor. This architecture provides 

speed, offset compensation, and input swing adjustment through the 

reference level. Furthermore, the implementation is less vulnerable 

to temporal row noise, which is then suitable for low-noise 

applications. A 12-bit column ADC was designed and implemented 

in a 1920 x 1080 resolution CIS demonstrator, using a 0.18 μm CIS 

process. With 200 MHz counter operation, the readout operation 

results in 25 frames per second. 

Introduction and Background Context 
Modern CMOS Image Sensors (CIS) rely on column-level 

analog-to-digital converters (ADCs) based on a ramp slope as a 

reference for comparison. A parallel conversion of multiple columns 

permits the achievement of higher speed and compact size. 

The architecture design is based on the column-parallel single 

slope ramp (CPSSR) ADC for high-speed CMOS Image Sensors 

[1].  

The single slope ramp ADC relies on 3 main blocks: the ramp 

generator, the column-level comparator, and the counter. For 

pipelined or interleaved operation two additional blocks may be 

used: a sample and hold block that captures the data to be converted 

and an SRAM block that stores the conversion result to be 

afterwards read during the data readout.  In standard ramp ADCs, 

the conversion starts with the counter and the ramp value in the reset 

position. Then the analog input of the ADC is compared against the 

ramp whilst the counter is clocked. Once the difference between the 

ramp and the ADC column input is smaller than the comparator 

input offset, the comparator toggles, and the digital counter is stored 

in the memory. As each column has a counter and a comparator, the 

respective column input analogue value is compared, converted to a 

digital value and stored in the column SRAM. This method provides 

a compact and fast conversion method of the row pixel output values 

in one single conversion period. 

Additionally, pixels of CMOS image sensors are the source of 

many noise components due to the complex operation of signal 

conversion and amplification. The same applies to the electronic 

readout and as in any electronic application, the noise impact should 

be minimized to improve output quality. To reduce noise from the 

pixel readout, correlated double sampling or CDS [2] [3] [4] [5] [6] 

is used. But even after CDS, readout electronics noise may also 

cause visible row and/or column patterns that are quite noticeable, 

especially in low light conditions which are therefore not acceptable. 

A source of this may be a noisy column amplifier reference or ramp 

reset level, which causes a large temporal variation of the row offset 

level (row noise). Another visible artefact may be excessive 

temporal noise in a column amplifier, resulting in a very noisy 

column. According to [3], systematic column and row offsets or 

other deviations should be 20 dB or more below the pixel noise to 

not be noticeable, thus schemes to reduce row and column noise 

must be in place when designing CMOS image sensors. 

CDS operation can effectively reduce row and column noise by 

reducing the effects of reset noise of the floating diffusion (kTC 

noise), the flicker noise of the source follower (1/f noise) and the 

offset signal originating from the source follower. 

CDS operation can be done in the analogue domain, the digital 

domain or even both combined. There are various SSR ADC designs 

with CDS feature implemented, being the most used column-level 

ADC architectures with digital CDS, present in recent designs that 

rely on two successive conversions [7] [8]. 

 
Figure 1. ADC conversion principle presented by [8] 

Figure 1 presents its principle of operation: the pixel reset level 

conversion is followed by pixel signal level conversion. Both 

conversions rely on a separate ramp signal and an up-down counter 

performing the summation/subtraction. However, the ramp signal 

needs to be reset accurately to its original level in between both 

conversions - levels  and  - since any noise on the ramp reset 

will be seen as temporal row noise in the image. Another SSR ADC 

with a CDS proposal [5] suggests that both the signal and the reset 

levels are converted within a single ramp cycle. Figure 2 presents 

the ADC operation of this proposal.  

 
Figure 2. ADC conversion principle presented by [5] 
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For this, two reference voltages are used to start and stop the 

counters according to a 4-state complex structure: the first counter 

counts from Vref1 until Vreset, holding the value until Vsignal and 

resuming counting from Vsignal until Vref2. This counting range is C1; 

the second counter, therefore, counts from Vreset until Vsignal, being 

this counting range C2.  

The final signal value is given by the relationship (1) [5]: 

𝐹𝑖𝑛𝑎𝑙 𝑠𝑖𝑔𝑛𝑎𝑙 ~ 
𝐶2

𝐶1+𝐶2
 ~ 

𝑉𝑠𝑖𝑔𝑛𝑎𝑙−𝑉𝑟𝑒𝑠𝑒𝑡

𝑉𝑟𝑒𝑓2−𝑉𝑟𝑒𝑓1
 (1) 

Although this solution offers speed and implements CDS as 

expected, the final value (1) requires the adoption of a digital 

division per column, which adds complexity, area and power 

consumption. 

Novel SSR ADC Architecture 
The proposed scheme in this article uses, a single slope ramp 

for both the pixel reset and pixel signal levels conversion. Similar to 

other architectures [5], it converts both the pixel signal and pixel 

reset values during one ADC cycle, but, in this case, with simplicity, 

symmetry and power consumption saving in mind. A faster 

conversion is achieved and temporal row noise is drastically 

reduced. Digital CDS is applied with this architecture by subtracting 

the digital reset value from the digital signal value, which also 

cancels the comparator input offset. Figure 3 shows the operation 

diagram of this solution.  

The presence of the VRef signal acts as a starting point reference 

to start the counting operation allowing a perfect adjustment of the 

ADC input ranges. The entire counter operation depends only on the 

VRef value and the input analogue values VRes and VSig. 

In comparison with the traditional ADC with CDS, this scheme 

requires full duplication of the comparator and counters. This 

scheme requires more area to accommodate two comparators, two 

counters, and a subtraction block. Therefore, a slight increase in 

power consumption is expected since the two counters are running 

in parallel at the beginning of the conversion operation until the reset 

level comparison is completed. However, the power penalty is 

compensated by the slower clock frequency that is required for its 

operation when compared with the classical schemes [7] [8]. 

Operation description 
The conversion process starts with the ramp and the counters 

in the reset state. Regarding the ramp voltage level, since it uses a 

negative slope it represents that the reset level is a voltage level close 

to the supply level (for example 2.8V for a 3.3V supply). The 

comparison starts with the ramp reset release and the ramp starts to 

descend linearly with time. With the ramp reset release, both 

comparators from reset and signal paths are armed comparing the 

VRef signal against the ramp slope. When the difference between the 

VRamp and the VRef signal is smaller than the comparator input offset, 

the comparator toggles, triggering the start of the reset path and the 

signal path counters. Then the comparators are reset and armed 

again to compare the input signal against the VRamp: the input reset 

voltage VRes for the reset path comparator and the input signal 

voltage VSig for the signal path comparator. It's important to note 

that a good understanding of the speed, stability and bandwidth of 

the comparators needs to be in place once for the reset path, some 

time is required to rearm the comparator for the second comparison. 

If VRef level is too close to the VRes level, there is a chance that the 

comparator is not ready yet and misses the second comparison, 

leading to an incorrect (saturating) reset counter result. This 

counting scheme does cancel also comparator offset and delay 

variations. 

Once the reset counter stops, the comparator remains in the 

toggle position and waits until the next row time. 

 
Figure 3. Operation Diagram of the proposed SSDCR ADC 

Meanwhile, the signal path comparator tracks the VSig signal 

and compares it with the VRamp value. In the same way, when the 

difference between the VRamp and VSig is smaller than the comparator 

input offset, the comparator toggles, stopping the signal path 

counter. Then the two digital counter values are subtracted and the 

result is stored in the column SRAM block. The conversion ends 

when the ramp reaches the minimum value, being the ramp reset to 

the initial value. 

It is important to mention that for this conversion with CDS, 

the ADC operation depends on the sampling and hold (storage) of 

the pixel reset and pixel signal values. This is achieved by the use 

of two sample and hold (S&H) blocks that capture the respective 

pixel reset and pixel signal values when the pixel output is set to the 

corresponding output level. Figure 4 shows the generic block 

diagram that presents the two signal and reset paths and where the 

two S&H, two comparators and two counter blocks are depicted. 

The use of the 4T pixel is shown as a reference however other pixel 

topologies are also possible. In low-noise applications, the S&H can 

also be an active stage whose gain is greater than unity. 

When comparing this architecture with [5] [7] and [8], we can 

stress the improvements that this new architecture brings.  

 
Figure 4. Bock Diagram of the SSR ADC 

Speed: the speed that the A/D conversion can achieve is an 

important factor to allow faster sensor operations. Either in full 

sequential or pipeline operation, if the A/D conversion is slow, it 
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will limit the fastest acquisition and therefore the frame rate that can 

be acquired by the image sensor. In [7] and [8] the operation requires 

2 ramps for the reset and signal conversions, meaning that the reset 

is initially converted with a counting range, then the ramp is reset 

and then the signal is also converted, with either up/down counting 

or with the addition of the 2 conversions. This sequential process is 

an important limitation for high-speed designs, and, adopting this 

new architecture or the architecture presented in [5] can perform the 

ADC faster. 

Row noise: the use of the CDS, as already explained is 

important to keep the row and column noise low enough when 

compared with the pixel noise. Both [7] and [8] propose CDS 

operation, but the need to have a ramp reset in between the two 

comparison operations can lead to additional row noise that is not 

cancelled by the CDS operation. Besides the fact that a 2-ramp setup 

can introduce gain error, the ramp reset level for the signal 

conversion needs to be precisely tuned to the ramp reset level for the 

reset conversion, otherwise, it will result in row noise. This requires 

an accurate design for the ramp reset driver leading to additional 

complexity and appropriate time for ramp reset settling, impacting 

the overall A/D conversion speed. This design as well as the 

architecture presented in [5] use a single ramp for either conversion 

of the signal and the reset levels, resulting in a significant row and 

column noise reduction to suppression, since both conversions see 

the same reference regarding the ramp reset and ramp gain concerns. 

Power: the power consumption in image sensors is a crucial 

aspect since multiple thermal noise components increase 

significantly with self-heating leading to a significant impact on the 

image sensor quality performance. The dark current is sensitive to 

temperature variation [9], thus a low-power device will lead to a 

lower dark current, and therefore less dark current shot noise and 

better performance. The current work, likewise described in the 

architectures [7] and [8], proposes power-efficient designs where 

the ADC complexity is kept low and the essential blocks can be 

designed to be power-efficient. In the case of [7] and [8] as the 

conversions of reset and signal values are done sequentially, the 

power required is split over time. Also the most power-consuming 

block – the counter – is operated only the time required to have a 

conversion. This time is  short for the reset level and may be longer 

for the signal conversion. In the case of the outlined design, in spite 

that the two counters and comparators operate in parallel at the start 

of the conversion cycle, the power does not increase since the reset 

counters operate for a small time period and both conversions are 

made in a single ramp time. Additionally, a better trade-off between 

speed and power consumption is achieved since the counters can 

operate at a lower frequency than other architectures. For the case 

of [5], as the design includes a complex counting scheme as well as 

a column-level oscillator and digital division block, it is more 

power-hungry.  

Complexity: Following the previous explanation, one can 

conclude that either the current design or the solutions presented in 

[7] and [8] show a relatively simple and straightforward 

implementation of the ramp ADC with CDS. In opposition, the 

solution proposed in [5], requires a fast comparator, two reference 

voltages, a state machine that controls a complex counting scheme, 

a column-level oscillator and a digital division block. When 

compared to classic ramp ADC designs with CDS, it clearly shows 

a more complex structure to accomplish the proposed conversion.    

Prototype Implementation  
To validate the presented architecture, a circuit-level 

demonstrator was developed, implementing the key elements that 

are presented in Figure 4. The image sensor prototype is a 

1920x1080 matrix size (FHD), has a 12-bit SSR ADC and is 

designed in columns of 10 μm pitch and two readout sides of 960 

columns each. Figure 5 shows the floor planning of the column-level 

implementation for this prototype.  

 
Figure 5. Floorplan of the column-level implementation (*180nm Technology) 

The technology node is a 180nm CIS process. In terms of 
operation, the prototype can produce up to 25 frames per 
second in FHD mode and 12-bit ADC resolution. With this 
operation, the counters can operate up to 200MHz clock 
frequency. 

The implementation follows the proposed diagram from Figure 

4, where two exact copies of the S&H, comparator, decision logic 

and counter are placed per column, in this case designed in a pitch 

of 5 μm. 

Another aspect to highlight is the ramp generator block: the 

base current for this block is located in the periphery of the readout 

block and a current is provided to a distributed capacitor placed 

across the columns of the readout block. The large distributed 

capacitance with wide metals delivers a stable ramp reference to all 

columns, reducing mismatch and propagation delay. 

Layout considerations 
As referred, the layout design is in general straightforward with 

basically block duplication within the column readout. However 

concerning the operation, since the ADC comparators toggle almost 

simultaneously for VRef capture, a significant kickback on the ramp 

may occur. To avoid this, buffers were introduced in between the 

ramp reference and the input of the comparators. A buffer is placed 

every 64 columns uniformly distributed across the readout block. 

Another important aspect is the comparator design. For the 

specific design, a trade-off between speed, stability, mismatch and 

propagation delay was considered. The key elements to be 

considered crucial are mismatch and stability over a wide input 
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range, meaning that the propagation delay was on purpose longer 

than most of the designs. The specific of this design was to allow 

around 500ns propagation delay in a line time of 32 μs. In high-

speed designs, this can be problematic. In this architecture, as the 

comparator is used to start and stop the respective counter operation, 

it can be accepted since the delay is removed by operation and the 

ramp slope and counter operation can accommodate the time 

reduction, as long as the delay does not vary significantly with the 

input voltage. The input devices of the comparator were designed 

with a relatively large W and L, to reduce mismatch. 

The reference clock of the counters is the same for both 

reducing the jitter and phase delay addition to the conversion. 

Another consideration is the addition/subtractor block. To keep 

this block simple an intentional offset voltage was added to the 

sample and hold block. In this way, one can keep the signal value 

always a bit higher than the reset value when the exposure is 

performed in absolute darkness, resulting in a positive digital output 

from the subtraction operation, simplifying the subtraction logic.  

 

Results 
Preliminary results have been obtained from the recently 

received prototypes of the device. Figure 6 shows the first 

measurements of the INL and DNL of the ADC when operating in 

10-bit mode. 

 
Figure 6. INL and DNL first results of the prototype with the proposed ADC at 
10-bit mode. 

The DNL figure is quite good with levels lower than 0.5LSB 

when the DN code is higher than 30DN. The reason for high DNL 

at very low light values is still unclear but the team believed that was 

a measurement setup fault since other measurements at dark and low 

light conditions do not show non-linearities. 

The INL is yet larger than originally expected, however, we are 

in the early stage of the evaluation missing the settings optimization 

of the sensor and ADC operation. On the other hand for imaging 

applications the INL has a lower impact compared to other 

applications since the source follower is present in the pixels also 

has a non-linear response, making the ADC INL less relevant 

regarding the overall image quality. 

Figure 7 shows crop and tiled images of the sensor being 

illuminated with uniform illumination and in different exposure 

settings. It is clear that the row noise is not visible in those sample 

images, meaning that the ADC with CDS operation is performing 

the noise reduction as expected. 

 
Figure 7. Example image captures with uniform illumination and various 
exposure settings. 

At the moment of the publication of this article, a proper device 

characterization is being performed on the prototype device and a 

settings optimization is yet to be carried out. However, the proposed 

ADC design is performing as expected, delivering the row and 

column noise reduction according to the project expectations. 

Conclusions 
The proposed ADC architecture can deliver speed, good power 

efficiency, simple implementation and good row noise reduction 

compared to other solutions presented. 

This ADC architecture was successfully designed and 

implemented in a device prototype with a significant matrix size to 

validate the implementation.  

Thanks to the CDS operation, the readout noise reduction is 

effectively made. 

The preliminary results show to be promising but a proper 

optimization needs to be carried out to fully understand the 

limitations and performance of this architecture in this specific 

design. 
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