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Abstract - Image denoising is a very important process in image
processing, the purpose of which is to eliminate noise without
affecting important details of the image. An example of an edge-
preserving denoising filter that is popular and suitable in the
denoising process in that it can preserve sharp edges and minimise
noise is the bilateral filter (BF). Nevertheless, the bilateral filter
has a relatively high cost of computation that restricts its real-time
use especially where the environment has limited resources. This
paper will provide a power-efficient FPGA implementation of a
bilateral filter (denoising of images) in its approximate form. The
given design employs hardware-based approximations to decrease
the complexity of computationally intensive processes involved in
the bilateral filter, namely the range filter part. Using the
paralleling nature of FPGA and optimizing access patterns in
memory we will record great gains in power and processing speed
without compromising image quality. Experimental evidence
shows that the suggested FPGA implementation is more efficient
in power consumption and execution time compared to the
traditional methods based on the CPU and it is therefore
applicable to real-time image processing applications in embedded
systems and mobile devices. Scalability and flexibility are also
made possible by the design as it can be adapted to various levels
of resolution and noise. This strategy opens the avenue towards
viable energy efficient image denoising in hardware based
applications.

Keywords— bilateral filter, Hardware Optimization, Low-Power,
Vivado Simulation, Xilinx Vivado Design Suite Image processing.

LINTRODUCTION

There has been a rising need to use efficient and high-
performance digital systems hence the FPGA (Field-
Programmable Gate Array) technology has been widely utilized
in numerous applications such as image processing,
communication systems, and embedded systems. A bilateral
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filter (BF) is one of the fundamental operations in the image
processing used in large amounts to achieve edge-preserving
denoising.

The bilateral filter is a useful tool because it allows one to
smooth an image and keeps sharp edges intact, thus finding use
in noise reduction, object recognition, and image enhancement
applications. Its computational complexity and huge resource
needs, particularly in real-time processing, however, pose
problems in implementing the filter in hardware platforms such
as FPGA [1][2]. On the FPGA, power consumption is a critical
issue because of the heavy computations that are required to run
the bilateral filter on large data sets of images. In cases where a
lot of real-time high-speed processing is required, such as
FPGA platforms, there is usually a high dynamic power
dissipation, since the logic gates are switched on and off all the
time. This is even aggravated in embedded systems where
power efficiency is critical in extending battery life, minimized
heat production and optimum energy usage efficiency [3].
Therefore, the development of power efficient FPGA
implementations of the bilateral filter is essential in addressing
the high standards of the modern image processing applications
[4]. Clock gating ( Selectively disabling the clock signal to the
inactive parts ) is one of the promising methods to handle the
power consumption, basically, it aims at eliminating the
unnecessary switching activities in the system by turning off the
clock signal to components that are not required [5].

This power-saving method comes in especially handy in FPGA-
based image-processing systems, where the image-processing
system uses large numbers of flip-flops and registers to store the
intermediate results in storage during image filtering operation
[6]. Within the framework of the bilateral filter, these flip-flops
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are continuously switching particularly during real-time
processing thus consuming a lot of power. Clock gating can be
introduced to selectively switch off these flip-flops during other
operations which are not participating in the active operations
and thereby use less power without impacting on the
functionality or accuracy of the bilateral filter [7]. In this paper,
the integration of clock gating in FPGA based bilateral filter
design is researched to achieve power optimization. The
proposed solution is expected to minimize switching traffic and
total power leakage by selectively enabling flip-flops upon the
need to perform active processing. The experiment is a
comparison between the conventional bilateral filter design
based on FPGA and one which implements clock gating to
evaluate the effect of power consumption, processing speed,
and resource utilization [8] [9]. The experimental outcomes are
conducted with the help of Artix-7 FPGA platform that has low
power consumption and high performance that prove that clock
gating may be used successfully to save power without
deteriorating the performance of the bilateral filter. The findings
also point out a correlation to clock gating on the total area of
the FPGA design. Though FPGA devices are not as endowed as
the other devices, the clock gating will ensure that any methods
used to save power are utilized without wasting the resources
[10].

ILRELATED WORK

Image processing systems based on FPGA, and especially
power efficiency, have become a critical field of research in
recent years with the rise in demands of energy-efficient
embedded systems. Numerous researches have been on
different approaches to lower power consumption of FPGA-
based designs, particularly computationally intensive image
processing, such as bilateral filtering [11]. The bilateral filter is
widely applied in the automatic processing of digital images
because it allows removing noise, and the edges of the image
are not distorted. A number of FPGA-based implementations of
bilateral filters have been offered, with the initial efforts being
on optimization of the hardware implementation to enhance the
processing speed and reduce the usage of resources. The designs
use parallelism and pipelining usually to get high throughput
but they fail to put into consideration the very crucial factor of
power consumption. A comparative study of bilateral filter
variants to filter medical imaging where the computational cost
of bilateral filters is very high in medical image enhancement
but power consumption is not explicitly optimized by FPGA
[12].

With the increased adoption of FPGA-based design researchers
started concentrating on the power efficiency versus speed.
Application of fast bilateral filters with arbitrary range and
domain kernels, which offer a solution to the issue of increasing
speed of processing without compromising on performance
[13]. This design however failed to deal with the power
dissipation problems of high-speed operations. FPGA designs
with many flip-flops and many registers to store intermediate
values during filtering operations consume a lot of power
particularly in real-time image processing [14]. Although it was
faster in processing power efficiency was still an issue because
a lot of resources were consumed in such high-performance
designs. Clock gating is one of the most useful methods to lower
power consumption in the FPGA design and it is a technique
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that enables the clock signal to be disenabled to inactive circuit
components [15]. Clock gating greatly minimizes dynamic
power dissipation by eliminating needless switching of flip-
flops and registers. This paper presents the sensitivity of using
a combination of approximate techniques and clock gating to
optimize the bilateral filters of FPGA in terms of power
consumption [16]. Dynamic clock gating application on the
implementation of bilateral filters in FPGA based real time
image processing systems. They proposed an intelligent clock-
gating mechanism that adjusted to the nature of the input signal
of the bilateral filter, where the clock was turned off when the
signal was not needed. This method had the benefit of
consuming a lot less power without affecting the performance
of filtering. Their experiment showed that they could save up to
30 percent of their power consumption, which has made it one
of the possible solutions to real-time image processing
problems where speed and power efficiency are highly
important [17] [18]. A small hardware design of the bilateral
filter that integrates approximate computing with a look up
table. This method resulted in saving of large amounts of power
since the number of active components was reduced when less
computationally intensive tasks were being performed without
reducing the performance of the filter [19].

Their effort demonstrated that clock gating was able to result in
high power savings, particularly in high performance design
where dynamic power dissipation was of interest. The work by
Robertson was a foundation of the future research in the areas
of designing power-efficient FPGA-based solutions, especially
in signal processing such as image filtering [20].

[II.LEXISTING METHOD

Bilateral filter is a non-linear image processing method, which
is popular in edge-saving smoothing and grass removal.
Contrary to the normal linear filters, it is based on the
consideration of the spatial distance between the pixels and the
differences in intensities as well. The filter averages the
intensity value of the neighboring pixels, however, it weighs
them considering their spatial closeness and resemblance to the
central pixel in terms of intensity.

INPUT IMAGE | BILATERAL | OUTPUT IMAGE
‘ FILTER ‘

Fig. 1. Existing Block Diagram

This is the only method that can maintain sharp edges even
though it is also effective in reducing noise levels, hence
especially in those applications where sharp edges are essential,
including medical imaging, computer vision, and graphics.
Mathematically, the bilateral filter implements two Gaussian
functions, one of which uses the distance between pixels, and
the other one uses the difference between the intensity of pixels.
The spatial component makes sure that pixel close to the center
pixel have a greater impact, whereas the range component
makes sure that the pixels with similar intensity have greater
effects on the average. The two-fold consideration of this
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enables the filter to maintain significant features such as edges,
and to eliminate noise in homogeneous parts of the image. The
outcome is that, the details are maintained and noise has been
reduced successfully without distorting the edges.

Fig.3. Base Filter Simulation Waveform

This is expensive in computation, as the filter has to perform
spatial and intensity kernels of each pixel and its neighbors, and
this turns out to be a large number of calculations. Hence,
although bilateral filter is a great tool in activities where an edge
must be maintained in an improved image, it cannot always be
used in real-time processing unless an optimized version is
implemented. Bilateral filter has been highly valued in its ability
to smooth an image and at the same time retain the edges, and
it is a powerful tool used in image enhancement and denoising
tasks. The thing is, that its preserving edge quality is provided
with the help of paying attention to the spatial distance and the
intensity contrast among pixels. Such a property is especially
useful in applications in which sharp edges are important and in
which the aesthetic appearance is essential like in medical
imaging, computer vision, and artistic effects. This makes its
computational cost higher, particularly when large images are
being operated on or in real time uses. In an attempt to reduce
the computational cost, a number of optimized versions of the
bilateral filter have been suggested. Such methods consist of
methods such as fast bilateral filtering which approximates
calculations of the filter by use of less efficient data structures
or simplifying range and spatial kernels. The other optimization
technique is hardware accelerations or GPUs or FPGAs which
can use parallel processing to accelerate the bilateral filtering
process.

IV.PROPOSED METHOD

A. Clock Input and Control

A Clock input is the first towards the system that is
necessary in driving the whole processing unit. The Clock
Gating block (marked in yellow) is very important in the
regulation of the clock signal arrival at specific sections of the
system. Flip-flop clock gating is used to switch off the clock
signal to the inactive flip-flops avoiding unnecessary switching
activity and thus saving dynamic power consumption. The other
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control mechanism is the Enable signal. It also allows the filter
to be turned off when not needed, which also helps in saving
power since it can turn, or can switch off, some components of
the circuit when necessary.

—— Gatedglk

FLIP FLOP
AnD '—I'

crx T ’%%

Fig.4. Proposed Flip — Flop Based Clock Gating

Clock gating with flip-flop design is usually designed to use
more logic, like an AND gate, to make the clock signal and a
control signal, which may be indicative of whether to clock the
flip-flop or the register. The clock is gated when the control
signal is to ensure that the flip-flop is not changing its state (i.e.
when the logic block is not busy), which is important so that
there is no unnecessary switching activity. The method assists
in lowering dynamic power usage that is primarily triggered by
switching of flip-flops and other sequential components in the
circuit. Flip-flop-based clock gating may substantially reduce
power consumption by making sure that these components do
not run at a time when they are not required.
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Fig.5. Proposed Flip Flop Based Clock Gating RTL
Schematic Diagram

The Fig: 5 schematic shows a safe clock-gating scheme that is
done by a flip-flop near the bilateral filter design. The control
signal is then synchronized by first passing the system clock
through a D flip-flop. Such synchronisation prevents
undesirable glitches on the clock line. The flip-flop output is
used to drive an AND gate into the clock. When the control
signal is high, the clock is permitted to flow on. When it is low,
clock activity is halted and it assists in saving power.

Unditied 1

QWG aQL ¥« WMo L]

Fig. 6. Proposed Flip Flop Based Clock Gating Simulation
Waveform

The behaviour of the proposed bilateral filter design flip-flop-
based clock-gating circuit is described by this Fig: 6 simulation
waveform. The enable signal is low and the input clock (clk) is
continuously switching indicating that the gating control is
defined as required. Due to this, the gated clock (gated clk) will
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behave as expected and occurrence of undesired transitions will
not be realised. The registered output (q out) remains constant,
and this proves that the enable signal is safely synchronized by
the flip-flop. Generally, the waveform confirms that the clock
is not propagated when not needed and this proves proper and
glitch free clock gating thereby reduces redundant switching
and power in the bilateral filter.

B.  Pixel and Data Inputs

Pixel block is the input to the FIR filter system, which is
generally an image or signal processing model. The pixel block
data drives the Data Inputs which are the raw data that is going
to be filtered by the filters. This may include the insertion of
values pertaining to an image or signal which can be worked on
by the filter and the noise removed, features bettered or other
filtering functions.

C. Area Detection Logic

The Area Detection Logic block contributes to the significance
of the choice of which part of the filter processing unit is to be
active or not. The area detection is aimed at defining regions of
interest or sections of the signal that should undergo processing.
When this logic has identified the required areas, it invokes the
Case Statement which is the invocation of the selection of the
required filtering operation depending on the area that has been
detected. The area detection and the combination with case
selection will guarantee that the system only focuses on the
relevant sections of the input data, which further minimizes
ineffective computation and power usage.

D. Area Detection Logic

The main subunit of the system is the Filter Processing Unit in
which the actual filtering operations are found. This unit
contains several examples of Filter 1 blocks, each of them
depicting a separate filter stage. The fundamental signal
processing operations, e.g. convolution, smoothing, or noise
removal, are done by these filters. With the help of multiple
filter stages, the system can perform various kinds of filtering
operations consecutively until the required output is achieved.
Digital multipliers and adders generate part products and have
to be summed up and finally added.

CLOCK
GATTING (-
Flop Basad Chock

/' ) \A Filfer Processing Unit
ENABLE
o Case Statement
DETECTION - (Based on Area)
10GIC m— Data Filtered
/ % BREGSTER —»
PIXEL
| FILTER 1 FILTER1  FILTER1
o /
\
Done
l\b DONE LOGIC » — »

Fig.7. Proposed Implemented Algorithm
E.  Done Logic and Output

A Done Logic block is also part of the system and it has the role
of indicating that the filtering operation is done. After the
processing of the input data by the filter, the done signal is
generated, and this shows that the system has completed the
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processing. That filtered data is subsequently published to the
Output Register where the processed data is ultimately output
and the system also has a Done Logic block which has the
responsibility of indicating when the filtering operation is
complete. After the filter has acted upon the input data, the done
in this implementation, we would now like to act upon a noisy
image using a system that runs on our FPGA with an adjusted
flip-flop-based system clock gating bilateral filtering.

FLIP-FLOP BASED CLOCK GATTING

INPIT
JIETES QUTPLT

DIAGE

Fig.8. Proposed Block Diagram

This is broken down into two key phases, image preprocessing
and filtering with Verilog to do the bilateral filter
implementation and finally post-processing to restore the final
image that is denoised. The image made noisy is first turned into
digital form in MATLAB where pixel data is taken out and
worked with on an FPGA board using a Verilog based bilateral
filter. Depending on how the system is designed, the data of the
noisy picture is sent over to the FPGA either using serial
communication of a parallel communication interface. The
hardware description of the bilateral filter in this case is being
done in Verilog. All the filter tap coefficients are preset
according to the required filtering properties. This clock gating
system will make sure that the FPGA will enable the sections of
the filter processing unit that are required to perform the
calculation in question only, thus consuming significantly fewer
power. The bilateral filter is used as follows: the values of the
incoming pixels are processed according to their spatial
distance and contrast with their neighboring pixels. Its modified
flip-flop clock gating also means that only a set of registers and
multipliers are needed at any point at any point in time within a
filter operation, resulting in improved efficiency.

V.EXPERIMENT RESULTS

A synthesis and simulation of the proposed efficient power
FPGA design of bilateral filter of the image denoising process
were performed in the Xilinx Vivado Design Suite 2020.2. The
idea behind the hardware implementation was to use the Xilinx
Artix-7 FPGA (xc7al00t-1csg324) which is a common high-
performance platform characterized by power-efficient digital
systems. The design aimed on maximizing computationally
heavy operations of bilateral filter especially the range filter
aspect to gain energy efficient performance that can be used in
real time application. The paralleling processing of the FPGA
was used to accelerate the functions, and optimization of access
patterns to the memory assisted to minimize power
consumption which made it appropriate to embedded systems
and mobile devices. The results indicated that a great power
savings was achieved at the same time preserving the quality of
the image processing, and hence the filter can be used
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effectively even with large images and in resource-limited
settings. Besides, the design is scalable and flexible, and is
suitable to a wide range of image resolutions and noise levels,
and opens the way to viable, energy efficient image denoising
in hardware-accelerated applications.

TABLE. 1 Comparison Of Existing And Proposed
Work In Parameters
Method Area Delay(ns) Power(W)
Existing 619 8.141 12.24
method
Proposed 620 8.141 8.228
method

It is a table comparing the bilateral filters that are currently used
and the proposed ones based on the area, delay, and power. The
suggested method has 620 area units that is nearly similar to the
current method with 619 units. The delay of both techniques is
identical (8.141ns), and shows no timing deterioration. There is
a major enhancement in power consumption. The suggested
design cuts down power by 12.24 W to 8.228 W.

PSNR:19.5990
SNNR:13.9549

)

PSNR:19.2602
SNR:14.5975

e

Fig. 9. Input Sample Image 1 (B) Output Image 1 (C)
Input Sample Image 2 (D) Output Image

In the initial two images (A — B), there is granular noise that
can be observed all over the surface of the input image. The
result of the bilateral filter (B) has a lot of noise reduction and
retained the edges and object shapes. The filter blurs continuous
areas but does not blur edges and this is clearly visible in the
preserved sharpness of the features of circles and structure. The
performance measures voice PSNR = 19.5990 dB SNR =
13.9549 dB, and show that the signal quality was improved over
the noisy input. A similar effect is witnessed in the second pair
(C—D). The high frequency texture in the input image (C) is
lowered in the output (D) that is filtered. Linear patterns and
detail elements can also be seen and it is seen that the bilateral
filter is effective in balancing noise minimization and edge
conservation. The values of PSNR = 19.2602 dB and SNR =
14.5975 dB reported prove that the filtering process did not
overly smooth the images and it provided an improvement in
the picture quality.

0.000 83|

Fig.10. Simulation waveform
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Fig: 10 image presents the output of the bilateral filter design
simulation waveform in case of functioning verification. Some
of the signals that are found in the waveform are clk, write, start,
pixel input data (pixel [31:0] or data in), and output signals
(done, out, count [31:0]). Based on the timing diagram, the
clock signal is running in an uninterrupted manner and this
implies a synchronous work mode of the filter. The write and
start control signals are asserted to start the process of filtering.
The values on the pixel input are fed one at a time as observed
in the evolving values of the data as time goes by. Following a
processing, the processed signal is stabilized to a filtered signal
(in the waveform 256). The done signal is used to signal the end
of the filtering process, and is used to show that the bilateral
filtering logic was properly implemented.

A

Bonded|0B  BUFGCTRL
(400) (32)

 SliceLUTs  Siice Registers MEZes
(134600)  (269200) )

Name

Bilateral_Fitter 620 9 2 115 1
) (L 1 (fipflop_based_c 0 1 0 0 0
Fig. 11. Area

Fig: 11 indicates resource usage of your Bilateral Filter design
when synthesized in the FPGA hardware. It does not actually
display the filtered image, but instead the amount of FPGA area
that one of your designs occupies, and the type of hardware
blocks that you are using. Your design has 620 Slice LUTs and
that implies that there is middle level of combinational logic
needed. This reasoning is primarily based on comparing pixels,
arithmetic, and making decisions that are required in the
bilateral filter. The use of LUT is an indication that your
implementation is quite efficient and not too complex. The
number of Slice Registers utilized is very low, only 9. This
means that you have a largely combinational design that does
not have much pipelining or storage. This will save space, but
may limit speed since long combinational routes decrease the
highest clock frequency. The design employs 26 F7
multiplexers indicating that conditional choices are present in
the design, e.g. between pixel values or dealing with boundary
conditions in the filter window. Bonded IOBs are 115, and this
implies that numerous input and output pins are utilized. This
tends to occur when pixel information and control signals are
attached directly to the pins of FPGA rather than being stored
and read via internal memory such as BRAM.

Name Slack ™' Levels Routes HighFanout From  To Total Delay
Path 1 © 20 21 33 pixell] data_filtered_reg[0)D 8141
Path 2 ® 20 21 33 pixell2] data_filtered_req[1)D 8.141
Path 3 ® 20 21 33 pixell2] data_filtered_reg[2)D 8141
Path 4 ® 20 21 33 pixel[2) data_filtered_reg[3)D 8.141
Path 5 © 20 2 33 pixell2] data_fitered_regl4)D 8141
Path 6 ® 20 21 33 pixell2) data_filtered_reg[5)D 8141
Path 7 ® 20 21 33 pixell2) data_filtered_reg[6)D 8.141
Path 8 ® 20 21 33 pixell2] data_filtered_req[7)D 8141
Path 9 ® 18 19 33 pixell2] data_filtered_reg[0JCE 7.339
Path 10 © 18 19 33 pixell2] data_filtered_reg[1)CE 7339

Fig.12. Delay
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Fig: 12 overall delay is approximately 8.14ns on the majority of
paths. This implies that the highest safe clock rate is
approximately 120 MHz (1/ 8.14 ns). Any attempt to run the
design even faster than this can result in timing violations. High
value of fanout 33 depicts that many logic blocks are driven by
the signal pixel [2] concurrently. Great fanout upsurges latency
and is typical in picture-processing designs where a single value
of the pixel is utilized in numerous calculations.

forward to more developments

in FPGA-based image

processing systems.
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