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Abstract: This paper presents a new implementation of the rank-order filter, which is established on a
parallel-operated array of single-slope (SS) analog-to-digital converters (ADCs). The SS ADCs use an
“on-the-ramp processing” technique, i.e., filtration is performed along with analog-to-digital conver-
sion, so the final states of the converters represent a filtered image. A proof-of-concept 64 x 64 array
of SS ADCs, integrated with MOS photogates, was fabricated using a standard 180 nm CMOS pro-
cess. The measurement results demonstrate the full functionality of the novel filter concept, with
image acquisition in both single-sampling and correlated-double-sampling (CDS) modes (CDS is
digitally performed using ADCs). The experimental, massively parallel rank-order filter can process
650 frames per second with a power consumption of 4.81 mW.

Keywords: CMOS image sensor; global shutter; focal-plane processing; pixel-level processing;
single-slope analog-to-digital converter; vision chip; energy efficient rank-order filter

1. Introduction

Digital pixel sensors (DPSs) are a type of CMOS image sensor in which the pixels
contain not only analog sensors but also digital hardware. With this capability, DPSs are
capable of acquiring and processing images in a fully parallel manner, offering high compu-
tational efficiency [1-3]. A typical DPS pixel contains a photosensor (with associated analog
circuits), an analog-to-digital (AD) converter, and some kind of vision processor. Due to
practical reasons, the physical size of the pixel is limited to a few tens of micrometers, so
only the simple AD converters of the single-slope (SS) type [4-17] and vision processors
with limited resources can be implemented inside the pixels. However, these limited re-
sources are still capable of realizing early-vision algorithms such as convolutional filtration,
erosion, dilatation, and medjian filtering at a speed of thousands of image frames per second
and with energy efficiency that exceeds traditional camera-computer systems [1-3].

Although DPS sensors are computational and energy-efficient, there are still some
limitations related to low-speed SS AD converters that need to be improved. Namely, the
relatively simple task of image digitization performed using the SS AD converters takes a
longer time compared to the more complex operations of image processing realized in the
processors. This problem can be explained as follows.

To digitize an image with N-bit dynamics, SS ADCs need a reference analog ramp
signal with 2N steps and the same number of digital clock pulses. Due to analog limitations
(i.e., the limited bandwidth of analog comparators in ADCs, delay in distributing the ramp
across the entire ADC array), the ramp step cannot be as short as the minimum period of the
digital clock, and in practice, the step is extended, e.g., to 10 minimum digital clock periods.

Thus, an additional digital timing budget is available, allowing the clock frequency
of the digital part of the ADC to be increased. Extra clock periods can be utilized for
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image processing. The only operation that needs to be slowed down (e.g., by performing
every 10th clock cycle) is capturing the state of the analog comparator. Nevertheless, the
combination of two different tasks in one SS ADC comes at the cost of hardware complexity,
but the additional processing capability built into this SS ADC compensates for its poor
performance related to long digitization time. This technique is referred to as “on-the-ramp
processing” since images are processed during digitization in subsequent steps of the
reference ramp.

“On-the-ramp processing” was first introduced by us in [11], where we demonstrated
an array of SS ADCs capable of linear convolutional filtering. In this paper, however, we
propose a new solution suitable for nonlinear rank-order filtering. Since nonlinear filtering
involves some special adaptations of the ADC hardware, we developed a new, with respect
to [11], 9-bit reversible counter for AD conversion and digital CDS, an additional 5-bit down
counter for the rank counting, and a new inter-pixel data exchange procedure. Technical
details and measurement results are presented in the following sections.

2. Materials and Methods

The concept of an SS ADC with a built-in rank-order filter is depicted in Figure 1.
The main counter of the ADC is a 9-bit reversible Pixel Counter. It cooperates with a
5-bit down-counting Rank Counter that is loadable through the RANK_IN input. The
proposed filter uses the state of the comparators to determine the number of pixels in the
neighborhood mask area that have a higher PIX voltage (they are darker) than the current
RAMP signal level. To determine the center pixel value after rank-order filtering, it suffices
to count (using the Rank Counter) whether the number of pixels in the neighborhood mask
that are darker than the current RAMP level has already reached the required rank value
(RANK_IN), and on this basis, the center Pixel Counter is stopped (through RANK_OUT
signal). The Pixel Counter stops at the value representing the brightness level of the pixel
that turned out to be the nth pixel in the filter mask area (where 7 is the rank value) whose
comparator output has changed to a low logical level. Flip-flops storing the current state of
comparators in pixels are interconnected and create a programmable 2D shift register. This
makes it easy to count how many neighboring comparators have already reached a low
logical level.

To the Pixel Counter PIXEL_RST
neighbors RANK_IN y
Rank Counter B
ST\F RST o
PIX [ s\
D Q ROR4 Q4 A\
RAMP N CE @:) CE Qo &
-LLLLLLI- v D A Loap QO E
W E . DIRI—,
> < ’ RANK_OUT UP/
From the A }\ - ;L
neighbors 1S RANK_CLK RANK LOAD  PIXEL_CLK DOWN

Figure 1. Concept of the proposed pixel. The analog signal path is marked in red, the 2D shift register
path is marked in green, and the rank calculation circuit is marked in blue.

The complete implementation of the concept is presented in Figure 2. The rank-order
processing for a given level of the RAMP signal starts with a pulse on the $SELF signal.
Then, $2 and ¢STAT are activated so that the latch, built from G1 and G2 inverters, can
overcome the metastable state. A pulse on the RANK_LOAD signal then loads the initial
Rank Counter value from the data bus. During the processing, the bidirectional data bus
contains the initial value of the Rank Counter. The data bus is driven from outside the
imager and determines the rank level realized by the filter.
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Figure 2. Complete implementation of the proposed pixel. The analog signal path is marked in red,
the 2D shift register path is marked in green, and the rank calculation circuit is marked in blue.

Using the RANK_CLK and ¢2 pulses, the state of the comparator for the center pixel is
counted. Then, a pulse is generated on ¢N, GE, ¢S, or W depending on the shift direction
of the 2D shift register. The state of the adjacent comparator that now appeared in the
register composed of G1 and G2 after the previous 2D shift is counted now. This process
is repeated until the states of all the comparators from the filter neighborhood mask are
counted. The Rank Counter counts the number of adjacent pixels that are darker than the
currently processed RAMP level (low logic level of the comparator) and has a mechanism
that disables it after counting down to zero. Finally, with the RANK_EVAL signal, the
status of the Rank Counter is checked, and if it is zero, the Pixel Counter is blocked. The
signal waveforms for a 3 x 3 neighborhood mask related to this process are shown in
Figure 3.
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Figure 3. Sample waveforms of the presented rank-order filter.

The detailed schematic diagram of the Rank Counter is shown in Figure 4a. Rank
Counter is based on an XNOR Fibonacci linear feedback shift register (LFSR) to reduce the
layout area. The final zero state is detected through dynamic logic and stops the counter.
The initial counter value driven from the RANK_IN bus is encoded in the LFSR code
through external hardware. The counter works with a high clock frequency; therefore,
simple dynamic latches are used. The diagram of these latches is shown in Figure 4b. The
clock is three-phase, formed by the following pulses: $NESW, RANK_CLK, and ¢2. The
cycle of this clock is 50 ns. Nine clock cycles are required to perform the rank calculation
on the 3 x 3 neighborhood mask for a given RAMP level, with one extra clock needed
for the evaluation, which yields the duration of a single RAMP level at approximately
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500 ns. The converter needs 512 levels (i.e., steps) of the RAMP signal, which provides
a processing time of 256 ps. The minimum duration of a RAMP step is about 400 ns
(determined experimentally). Reducing this period causes a significant deterioration in the
conversion quality due to the limited speed of analog circuits, especially the comparators.
In the proposed rank-order 3 x 3 converter, this time is only slightly longer (500 ns) due to
the operation of the Rank Counter.
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Figure 4. Rank Counter: (a) register-level diagram; (b) the register.

All neighborhood mask shapes are possible, but for certain mask shapes (cross-shaped,
for example), it may be necessary to “visit” some pixels several times or to “visit” pixels
that are not in the mask. In such cases, the second phase of the clock (RANK_CLK signal)
is not pulsed to prevent the incorrect position from being included in the rank calculation.

The binary Pixel Counter (Figure 5a) consists of nine identical stages, as shown in
Figure 5b. The signals ¢$2, $STAT, RST, UP, and DOWN are common to all stages. UP
and DOWN signals facilitate counting in both directions, which is important for correlated
double sampling (CDS) operations. The RANK_EVAL signal is used to count the results of
the pixel rank-order filter, while the RANK_BYPASS signal allows for simple conversion
without filtering.

Assuming AD conversion with no filtering, CDS can be digitally implemented by
changing the counting direction of the Pixel Counter. After a pulse on RG, the counter
counts backward, and after a pulse on TG, it counts forward. If a linear operation, e.g.,
convolution, is additionally performed during the AD conversion, digital CDS can still be
performed in this way by changing the sign of the linear operation between conversions
(by reversing the counting direction)—according to the superposition rule [11].
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Figure 5. Pixel Counter: (a) stage-level diagram; (b) the stage.

Rank-order filtering is not a linear operation, and therefore, the principle of super-
position does not apply. So, if digital CDS is performed simultaneously with rank-order
filtering, it will not yield a perfect result. Ideally, CDS should be performed entirely on the
analog side, and then a single AD conversion with rank-order filtering can be performed.
Nevertheless, measurements indicate a satisfactory reduction of fixed-pattern noise (FPN)
through the CDS implemented with simultaneous rank-order filtering, as shown in the
next section.

The presented method of rank-order filtering requires special treatment of signals
passing through the edges of the pixel matrix. However, in our experimental DPS imager,
there is no such mechanism. The edge-crossing outputs are open, and the edge-crossing
inputs are grounded. This makes the 2-dimensional shift operation incomplete (edge data
are lost), and thus, the resulting image is distorted near the borders. The suggested solution
is to use dummy pixels on the edge of the imager with only shift register functionality (only
G1, G2, and switches). Analog circuits, rank, and pixel counters are not needed. The switch
¢SELF in dummy pixels is proposed to be connected to the global signal specifying the
illumination level of dummy pixels (GLOBAL_EDGE_LEVEL). Figure 6 shows a diagram
and waveforms of dummy pixels set to an emulated illumination level. This level is
determined through the level of the RAMP signal at the moment of the falling edge of the
GLOBAL_EDGE_LEVEL signal (in the case of CDS, the additional falling edge determines
the pixel reset level).

In the presented DPS, an off-chip crop edge handling method has been used; hence,
acquired images are smaller (60 x 60) than the full size of the imager (64 x 64).
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Figure 6. Example of edge handling—schematic diagram and waveforms.

3. Results

The proof-of-concept imager chip was fabricated using the standard 0.18 um 1P6M
CMOS process of ams AG (austriamicrosystems). The photo of the chip is presented in
Figure 7a. The pixel size is 55 pm x 55 um. Only part of the pixel area is used in this
work. Utilized modules are named and marked in Figure 7b, while the rest are intended
for other projects.

X

-
=
b
=

T T T T T T EA T T T T A L

A

(a) (b)
Figure 7. Imager: (a) photo; (b) pixel layout (Cadence view).

Figure 8b presents the results of image acquisition with digital CDS using the 3 x 3
rank-order filter, with the rank ranging from 1 to 9, respectively. The result of the median
filter (rank 5) is presented in the central image. For comparison, the original picture
acquired with the rank-order filter disabled is shown in Figure 8a. Figure 8 shows that the
rank-order filter works correctly for all ranks.

Measurements of the imager with variable uniform irradiation were also performed.
The average response of the pixel is presented in Figure 9. The graph shows that the image
sensor is linear when digital CDS is performed. As expected, median filtering (MF) does
not affect the average pixel response.
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Figure 8. Images captured: (a) with the rank-order filter disabled and (b) using a 3 x 3 rank-order
filter for ranks 1-9 (respectively).
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Figure 9. Pixel response measured for image acquisition without CDS (a,b), with CDS (c,d), without
median filtering (a,c), and with median filtering (b,d).
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Figure 10 shows the graph of FPN vs. irradiance. The effect of median filtering is
most noticeable when CDS is turned off. In fact, when CDS is on, most of the dark-signal
non-uniformity (DSNU) noise is already removed by the CDS itself. However, with CDS
enabled, the median filter operation becomes visible again for higher irradiance because ad-
ditional photo-response non-uniformity (PRNU) noise emerges, which is reduced through
the median filter. In addition, FPN was measured for an off-chip software median filter
implementation processing the response of the imager with CDS turned on (e). The graph
shows a slight reduction in noise compared to the median filter integrated with the im-
ager (d). This reduction is due to the previously mentioned imperfection of the digital CDS
performed simultaneously with rank-order filtering. Ideally, the CDS conversion combined
with rank-order filtering should be implemented according to the following formula:

= RankOrder (Imagephoto - Imagereset>. (1)

Il’nageoutput -

However, in the presented imager, this can only be performed according to the follow-
ing formula:

Image

output = RunkOrder(Imagephoto> — RankOrder(Image reset). )

N
(=]

— (a) CDS off, MF off
---(b) CDS off, MF on
(c) CDS on, MF off
------ (d) CDS on, MF on
(e) CDS on, MF off-chip

fury
ul

o

_____

5 .

Fixed pattern noise (LSB)
=
o

0 50 100 150 200 250 300 350

Irradiance (mW/mz)

Figure 10. FPN measured for image acquisition without CDS (a,b), with CDS (c-e), without median
filtering (a,c), with median filtering (b,d), and with off-chip software median filtering (e).

Figure 11 shows the results of different combinations of CDS and median filtering.
The lowest FPN level and the best picture quality are observed in (d), where digital CDS is
enabled simultaneously with the median filter.

Interesting results can be obtained by changing the rank order parameter during image
conversion. Halfway through the ADC processing time (halfway through the ramp signal),
the rank order value (initial value of the rank counter) changes from 1 (minimum filter) to
9 (maximum filter). The effects of such an operation can be observed in Figure 12d. For
comparison, the image without modification (Figure 12a) and images captured with a static
rank (minimum filter in Figure 12b and maximum filter in Figure 12c) are also shown. As
shown in Figure 12d, the effects of minimum and maximum filters were combined in such
a way that the enlargement of the surface of objects (dilation) worked for both dark objects
on a light background and light objects on a dark background. This is impossible for filters
with a fixed rank order (Figure 12b,c). The disadvantage of this technique is lower contrast
and higher image noise.
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(a) (b)

(c) (d)
Figure 11. Images captured: (a) without any processing (raw image), (b) using a 3 x 3 medjian filter,
(c) using digital CDS, and (d) using digital CDS and a 3 x 3 median filter simultaneously.

(@) (b)

() (d)
Figure 12. Images captured: (a) without filtering, (b) using a 3 X 3 minimum filter, (c) usinga 3 x 3
maximum filter, and (d) using a 3 X 3 dynamic rank order filter.
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The measured energy per conversion with CDS for the digital part of a single pixel in
dark condition is as follows: 17.6 p]J for a simple conversion, 82 p]J for the minimum 3 x 3
filter (rank 1), 229 pJ for the median 3 x 3 filter (rank 5), and 404 p]J for the maximum 3 x 3
filter (rank 9). The same measured in bright condition (250 mW/m?, 625 nm) is as follows:
35.2 p] for a simple conversion, 99.6 p]J for the minimum 3 x 3 filter (rank 1), 211 pJ for the
median 3 x 3 filter (rank 5), and 328 pJ for the maximum 3 x 3 filter (rank 9). The analog
circuits consume a constant power of about 220 nW per pixel.

The rank-order neighborhood mask is not limited, but above 3 x 3, it may affect the
maximum frame rate. A 3 x 3 neighborhood requires 10 clock cycles and allows a frame
rate of 650 fps with digital CDS, whereas a 5 x 5 neighborhood needs 26 clock cycles, which
reduces the frame rate to approximately 250 fps with digital CDS. The maximum possible
rank value in our design is 30 and is limited only by the capacity of the Rank Counter. For
example, it is possible to perform 7 x 7 median filtering by setting the initial value of the
Rank Counter to 25, but the 7 x 7 maximum filter is not achievable.

4. Discussion

Table 1 presents the recent proof-of-concept DPS imagers with built-in pixel-level
processing. The DPSs [7,8] are smart sensors that offer various algorithms (thresholding,
convolution, edge detection, histogram, etc.) thanks to the pixel-level processors with a
general-purpose-type architecture (ALUs, registers, etc.). In turn, in [9,11] and in this work,
the imagers do not use processors but SS AD converters adapted for image processing.
These modified converters are capable of performing one selected algorithm, but this
algorithm is performed on the ramp during the AD conversion procedure, which saves
the overall system operation time. In terms of energy, the on-the-ramp solutions [9,11]
and this work show an energy figure (pJ/pix/frame) that is better than [7,8]. The best
figure is achieved through the sensor [9], but its converters perform a relatively simple
pixel gain-correction algorithm (through the clock-stopping mechanism that additionally
reduces energy consumption). The proposed on-the-ramp data processing technique can
also be adapted for implementation in image sensors with SS ADCs operating in time
or hybrid mode [10,18,19]. For proper operation in time or hybrid mode, ADC linearity
must be assured (e.g., using a variable ADC clock frequency). There are also similar image
processing solutions in column-parallel SS AD converters [20-22].

Table 1. Recent DPSs with pixel-level processing.

A\ MOST

Ref. [7] Schmitz Ref. [8] Millet Ref. [9] Klosowski Ref. [11] This Work
2017 2019 2017 Klosowski 2023 s o
pixel gain . :
Vision algorithms many many correction (PRNU cor}volptlon all . nklorder
. filtering filtering
compensation)
Vision Drocessors 8-bit neighborhood 8-bit processing 9-bit modified 9-bit modified 9-bit modified
P processors (NPs) elements (PEs) SS ADCs SS ADCs SS ADCs
CMOS process 0.13 FSI 0.13BSI 3D 0.18 FSI 0.18 FSI 0.18 FSI
Supply, V 25/1.2 1.2 1.8/1.2 1.8/1.2 1.8/1.2
Pixel array 80 x 64 1024 x 768 128 x 128 64 x 64 64 x 64
Grayscale 8b 9-11b 9b 9b 9b
Dynamic range, dB - 54 48 49 49
Max. FPS with CDS 1000 5500 () 3500 1000 650
Power, mW 36 720 D 28 6.75 (2.3 @) 4.81 (1.9 @)
pJ/pix/frame 7000 2618 486 1647 (557 @) 1807 (704 @)
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Table 1. Cont.
Ref. [7] Schmitz Ref. [8] Millet Ref. [9] Klosowski Ref. [11] This Work
2017 2019 2017 Klosowski 2023 15 wvor
Pixel pitch, pym 39.6 12 21 55 55
Fill factor, % 12 75 5.5 10.9 109

() At 0.05 Mpix, 9 bits. @ Array core.

An interesting extension of the presented technique is the imager in which the CDS is
implemented entirely in the analog domain, i.e., prior to AD conversion. In this case, there
is no problem with the imperfect operation of the CDS mechanism working simultaneously
with the rank-order filter, and there is the possibility of repeating the processing of the
same image many times with different rank values and/or neighborhood masks. It is also
possible to implement a dynamic rank mechanism by quickly changing the value on the
RANK_IN bus during processing.

5. Conclusions

The proposed solution of a two-dimensional rank-order filter integrated with an array
of single-slope AD converters allows for performing a filtering operation during the AD
conversion without a significant impact on the duration of this conversion. If this filter
were implemented outside the ADC array as an additional circuit, it would take additional
time for processing, so the proposed solution reduces latency. Moreover, the filtering
operation performed during SS-type AD conversion allows access to information about
the pixel brightness in the form of pulse duration. In the time domain, the pixel brightness
comparison operation can be implemented using a simple logic gate. Therefore, the chip
area and power consumption are smaller than if a rank-order filtering operation were
performed on binary data, where complex digital comparators are required. The practical
significance of the proposed solution covers all low-power 2D sensors whose results are, in
the first stage, subject to rank-order filtering. As a direction for further research, an attempt
can be made to create a filter integrated with the AD converter, allowing for subsequent
filtration operations to be performed on an already filtered image (e.g., this would enable
morphological opening and closing operations).

The proposed in-ADC solution of the rank-order filter can be used in single-chip and
layered CMOS image sensors with a global shutter, especially when low power consump-
tion, high image sensor integration, and low latency are required. Moreover, it can be
applied in various types of intelligent image sensors, where it is essential, for example, to
denoise the image before further processing. These types of sensors are used in monitoring
and security systems [23]. Low-power devices such as IoT can also take advantage of the
presented solution [24]. Furthermore, it can be used to precondition images before being
processed using a deep neural network [25-27].
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