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ABSTRACT

and decompression times compared to existing FPGA approaches. The findings include
Error-Rate (BER), Symbol-Error-Rate (SER), and Error-Vector Magnitude (EVM), with a¥
improvements of 37.85%, 24.64%, and 24.56% for fewer RRHs, and 96.10%, 91. > an0gB.72% for more RRHs,
respectively. Additionally, the FICH method demonstrated reduced encogams. a ecoding times, averaging 0.0545
ach also ensures robust and scalable
. These advancements support the

compression, optimizing resource utilization with FPGA-based hardwg
growing data demands of modern wireless networks.

Keywords: Encoding, Decoding, Image Compt, uffman coding, Radio Access Network

1. INTRODUCTION
The growing popularity of technologi
videos has prompted the development of more

cement in wireless technology and online streaming of
pact wireless networks capable of handling the ever-
increasing data rates. Hence, because of this, there een increased Inter-Cell-Interference (ICI) due to the
decreasing range among Remote-RzgaUnits (RRUS) [1]. One promising structure for dealing with the
dominating ICI includes the CI adio-Access-Network (C-RAN), which allows the Central-
Processing-Unit (CPU) to exe ing during downlink transmission along with joint de-coding
during uplink reception [2]. virtualization, C-RAN design is able to manage an unlimited
number of RRUs within the ructure. Figure 1 shows the components of a C-RAN framework,
which includes RRU ngai ol of Base-Band-Units (BBUSs) including a transportation network known
as fronthaul. Every allocation from the shared BBU pool. The BBU is responsible for
managing the comp ources of RRU networks, which links different wireless devices, and it has
powerful stor abilities.

, Including lowering system costs, improving the utilization of energy, increasing
creasing latency [3]. In comparison to the costly and time-consuming Micro Base-Station
ea, and effort required for setting up RRUs using C-RAN is far lower. In addition, it enables
users to save energy by transferring operations that use a lot of power to a neighboring cloud
ition, RRUs associated with the very same cloud can accomplish better spectral effectiveness and
1Ier implementation of synchronized multi-point transmissions [5]. On top of that, C-RAN platforms
imize the latency that comes from doing different kinds of processes. For instance, handovers can be
cuted more quickly within the cloud than among Base-Stations (BS) using Open-RAN (O-RAN) [6].
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Communication between the RRUs and BBUs can take place thre
optical fiber connections, and using other approaches also. Moreover, the op
the low-cost deployment of cellular and millimeter communications. Neverthe they result in increased
latency along with reduced bandwidth [7]. Furthermore, the links between ﬁ @d RRU is called the

millim&@r-wave, or
connection allows for

fronthaul. In order to set up C-RAN, the most important consideration is the necW®s of the fronthaul link.
Among the most extensively researched methods in uplink C-RA amCe, is Quantization-and-Forward
(QF) [8]. Before sending the signal with quantization to a CPU ignited capability fronthaul, every
RRU processes and quantifies it. Finding the best com using limited resources while
minimizing distortion-error is difficult. Also, if there are of ol L@ then the task will become even
more challenging [9]. This issue was formalizeg R only OMe RRU and Wyner-Ziv compressing
approach with specific assumptions, for insta AN channels or signals. But this compression
strategy is difficult to apply in real-world &
latency caused by an indefinite block size cod

Recent years have seen widespread usaSg@Rf Deep-Learning (DL) and Acrtificial-Intelligence (Al) to
address a wide range of practical issues. Some X
for handling recognizing problems ingyarious settin® is Convolutional-Neural-Networks (CNNs) [11].

memory capacity is needed for the process [12]. Given the high-power consumption utilization by
CNN, this presents a comput CPU. On the other hand, hardware acceleration technologies
like Application-Specific gt (ASIC), Graphical-Processing-Unit (GPUs), and Field-
Programmable Gate-Argg ) are being employed to boost CNN throughput [13]. Latency is lowered
and energy usage cg
GPUs remain amon popular processors because they enhance CNN inference and training. The

hat provides great adaptability and throughput with minimal power usage.
ements in FPGA-based hardware acceleration have prompted new developments in methods

object recognition sequence techniques are being designed. These include the You-Only-Look-Once
YOLO) approach [15], Reconfigurable-CNN approaches [16], [17]. Nevertheless, there are limitations when
ing CNN edge-computing given its complexity and demands of additional operations. There has been a lot
of interest in CNN compressing models approaches as a potential solution for these issues. CNN compressing
approach streamlines the design of DL approach by decreasing overall parameters, computation, bits
and storage requirements needed for inference, and reducing overall complexity. The utilization of edge
devices helps in rapid response time, limited memory utilization, and minimal power consumption. Model
compression in DL has the potential to streamline network inference, decrease system storage requirements,
and mitigate system energy usage. By lowering the cost of edge devices, enhancing effectiveness, and
enhancing environmentally friendly sustainability, model compression can boost system competitiveness in



the forthcoming wireless network applications scenarios with significant DL approaches [18]. From all the
above issues presented, the main aim of this work is as follows
e Understand the current FPGA-based image compression approaches for wireless networks and its
application in order to design an approach for fronthaul compression for next-generation wireless
networks.
e Present a FPGA-based image compression using Huffman approach (FICH) which consumes less
time for image compression for next-generation wireless networks (C-RAN).
e Evaluate and compare the proposed work with existing approaches in terms of Bit-Error-Rate (BER

Symbol Error-Rate (SER) and Error-Vector Magnitude (EVM).

The manuscript is organized in the following way. In Section |1, the FPGA-based image compres
approaches are discussed in detail. Further, in Section Ill, a fast FPGA-based image compression appro
using Huffman for C-RAN is presented. In Section 1V, the fast FPGA-based image compression a4
been evaluated and compared with existing approaches. Finally, in Section V, the conclusion of
future work is discussed.

2. LITERATURE SURVEY

In this section, the existing FPGA-based image compression apprg
presented. M. Zhang et al., in [19], presented a compression optimizing appr4
considered the ImageNet dataset for this study. In this compression approach, I
parameters of CNN using AlexNet. Further, they utilized two approaches, i.e., q
for reducing loss and achieving better compression rate. The evaluation w?ne

irele tworks are
s using MPGA. They
ey reduced the overall
ization and peak-pruning

results it was seen that the compression approach compressed an image and ced th¥size of original image
by 3.58%. Y. Barrios et al., in [20], presented a compression apg yperspectral image for sending
images from space. This work utilized High-Level-Synthesis (H gh for increasing the compression
rate. Moreover, this work has presented a reconfigurable-m hmework called as ARTICo3 for
deployment of their compression approach. For evaluatl
found that their approach can reach PSNR of an g
on lossless-data compression where they utj
compression. For encoding and decoding,
that this work achieved 11% higher throughp

edwon etal., in [21], this work focused
ccelerators for deflate decompression and
an, LZ77 and byte packer. Findings show
pcompression in comparison with existing approaches

S. Jang, in [22], presented a fast-processinOQ@N\N which utilizes the acceleration using FPGAs. The
CNN utilizes the parallel and pipeli cess from th€ FPGA for making the compression faster. The work
has been compared with different hes like ResNet-50, MobileNetV/1 and others. Finding show that
the CNN achieved faster comp mparison with existing approaches, i.e., achieved accuracy of
i ches on FPGA where they found that MobileNetV1 achieved
% of accuracy. K. Pranitha, in [23], presented a compression
ransform (DWT) using FPGA. The DWT utilized an entropy encoding
ncy among the wavelet coefficients and compress using de-correlated
This work utilized Binary Arithmetic-Entropy Coder (BAEC) for designing
show that the approach achieved better frequency and throughput for
) ompared the different approaches for making the process of image compression
considered FPGA, CPU and GPUs for making the process faster. They utilized two
e-Invariat Feature-Transform (SIFT), ResNet50 and MobileNetV2. Findings showed
PGA reduced the time for compression and energy.

better accuracy for compre
approach using Discrejasd
approach for reduci
data having hlgher d

, in [25], presented a neural network called as ResBinESPCN for enahcning the image.
|tecture reduced energy consumption at both software and hardware level. Also, the memeory
was reduced. Findings showed that when the ResBinESPCN execution was done on CPU it took
me and utilized more resources. When utilized FPGA, the ResBinESPCN reduced time, reduced
ource and energy consumption. Also, they achieved a Peak-Signal to Noise-Ratio (PSNR) of 27.30. M. B.
tman et al., in [26], they have done a survey on Machine-Learning (ML) approaches which utilized FPGAs
for implementation. This work mainly surveys on the work related to the healthcare technologies. In this article
they came to ac conclusion that by utilizing FPGAs, the image compression, image resolution can be improved.

R. Ghodhbani et al., in [27], presented an approach for compression and decompression of images.
This work mainly utilized FPGA for faster process. They utilized the concept of pipeline pause process for
resolving the problem of coding-errors. Also, a parallel-block compression approach was proposed for



compression and reducing the time. The findings show that it achieves better compression ratio and reduced
the frequency of CPU.

H. Sun et al., in [28], main focus was to utilize the learned image-compression approach and FPGA
for reducing power and achieving faster image compression. They proposed an algorithm where they used
concept of parallelism. They have evaluated their work using Kodak datasets which is open accessible on
Kaggle. The results show that the proposed approach was 1.5 times better in comparison with existing
approaches. From all the above study it is seen that most of the work utilize the FPGA for hardware
acceleration, but very less work has been done for image compression for wireless network. Hence, in thi
work we present a model for image compression for wireless networks. The model is discussed in detail in
next section.

3. METHODOLOGY

This study is mainly focused on providing FPGA-based image compression using Huff
(FICH) for wireless network where the compression of image is faster in comparison with exj
This work utilizes an encoding approach which can effectively detect the errors during
in order to boost the image compression process and provide better reconst
Architecture diagram of the proposed FICH method is as shown in the Figurg

Fronthaul Network
Baseband Unit <
(BBU) Pooll Clou

Compressed
Bitstream

This work utilizes t -RAN"architecture (Figure 1) for efficiently compressing the image using
fronthaul compressio nsider that each RRHs has O antenaas which receive images from various
users.

esented as a, which goes to the 0" antenna, then the image can be represented
is IS represented using Eq. (1)

X jowlp]l + ¥o[pl, whereo € 1,2,...,0,p €0,1,2,... (1)

1), z,, represents frames of Orthogonal-Frequency-Division-Multiplexing (OFDM) as bits
y wt device, j,,, represents the noise which is attained during the transmission from the w*” device
nna, y, represents the gaussian-noise attained when the image is present in ot antenna and (x)
ts the convolution. The overall matrix for the image can be represented using Eq. (2).

a,[0] a,[0] w  agl0] (2)
al‘[l] a2[1] o ao'[l]
P -1 a[0-1] .. ay[P—1]

In Eq. (2), P represents the bits of images where the compression needs to be performed. The
a,,a, ..., a; matrix is defined using Eq. (3).



a = [a[0] a[1] .. alP—1]]" ©)

InEq, (3),,k € {1,2, ..., 0} provide better correlation, hence, 4 is evaluated using low-rank estimation
approach. The estimation approach is done using Eq. (4)

A=A,+G (4)

In Eq. (4), it is considered that after the low-rank estimation, 4, € EP*° belongs to the matrix where
there exists no noise in the image. Also, the low-rank estimation matrix is considered to have data of imag
the form of bits represented as a, behaviour of RRH channel k. In Eq. (4), similar to A,, G is also consid¢e
as G € EP*2 where it defines the gaussian-noise. Using Eq. (4), the bits of image are compressed and
towards BBU using the fronthaul. Fig-3.3 for decompression process, the image is decompreesed i
way how the compression has been done for achieving A at the BBU.

This study mainly aimed at providing faster image compression process for wgsless n -
RAN); hence it is important to decrease the matrix-size utilizing the low-rank a ach. From Eq.
(4), it is known that low-rank matrix 4, € EF*°, hence it can be said that P rom hypothesis,

the A can be reformulated as Eq. (5) and represented as A"'.

A" = argmin ||A - A||H

Rank(A)=N
The Eq. (5) utilizes normailization approach, i.e., Frobelyg gpproach (Il 1H). Also, the A
is represented using Eq. (6).
Where Wy, By, and X,{, are represented usingdi§¥ EJ (8) a g. (9) respectively.
WN = [W1 %) WN] (7)
ﬂN = D[ag[a’l a, . CZN] (8)
X, = x . xy) 9)

ess [29] where A defines A” to conjugate transposed matrix
gnevectors at leftside and wy € EF. In Eq. (8) ay, ay, ..., ay

The A represents decom
(.)). The Eq. (7), wy,wy, ...
represents decomposition v.

presented in Eq. (4), N can be obtained using [30]. By utilizing the
ch obtains N using X7, and then it is multiplied to X} so that the

JJOJON,. d
can be OJ@ained. From this operation, the image bits a; concering O towards the N has
X Hencgthis operation can be formulated using a matrix as Ry which is presented in

transformed matrix
no correlation tg i

(10)

. , Ry is considered as Ry € EF*N and N € {1,2, ...,n}. The Ry represents the matrix which
n with image. Further, the matrix Ry is compressed by utilizing the Huffman approach [31]

and t itted further towards BBU utilizing the fronthaul. Th A” is obtained at BBU can be represented
ing ¥(11).

"= RuXy = WaBu Xy (1)

Further, the overall image bits transmitted to fronthaul of C-RAN wireless network is represented
using Eqg. (112).

T = ON + PN (12)

The total compression for the image bits a,, is evaluated using Eq. (12).




_ OxP (13)
CRp = N[O + P]

4. RESULTS AND DISCUSSION

In the proposed FICH architecture, the Compression Time is evaluated by combining both the
Encoding and Decoding phases. The performance is assessed using metrics such as Bit Error Rate (BER),
Symbol Error Rate (SER), Error Vector Magnitude (EVM), and the number of Remote Radio Heads (RRHSs).
The evaluation is conducted using datasets of varying sizes, including a few vs. many images and vide
sequences, with experiments performed on standard datasets like the Kodak dataset and the Ultra Video Gr
(UVG) dataset [32] [33]. The UVG dataset consists of 16 video sequences having a resolution of 2160p.
the sequences have 600 frames except two having 300 frames.

The duration of each sequence varied from 2.5s to 12s. Also, the frame rate for the sequg
from 120fps (frame-per-second) to 50fps. The contrast of the images were mixed, i.e., high and
the sequences, the bit-depth was set at 8 and 10. Some sequences had complex structure and
structure. For the evaluation of the results, three metrics were considered, i.e., Bit-
Error-Rate (SER) and Error-Vector-Magnitude (EVM). This work was comp
(FCS) approach [28] which evaluated their work on Kodak dataset.

BERN po|-
P odec-System

ere the input image is
ssed image is presented

27/ W igiturk
(c) Decompressed Image
a 2 e = ]

‘; 36 - J._ - Q,!" -

(b) Compressed Image : (c) Decompressed Imag
Figure 2. Sample Output

er of RRHs for transmission. From the results, it is seen that FICH achieved an average better BER
ment rate by 37.85% in comparison with FCS approach. Further, when considering more number of
s, the FICH approach achieved an average better BER improvement rate by 96.10%.



Bit Error Rate for Small RRHs
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Figure 3. BER for less RRHs.

Further, the SER results achieved by the FICH approach are presenteg
respectively. In Figure 5, the SER for considering small number of RRHs for
it was seen that the FICH approach achieved better SER improvement rate,
was evaluated for large number of RRHs where it was seen that the FICF
improvement rate by 91.13%. The FICH approach was also evaluated in te
presented in Figure 7 and Figure 8 for small and large number of RRHSs respectivl
small number of RRH are evaluated where the FICH achieved an average%

24.56%. In Figure 8, the EVM for large number of RRH are evalu e FICH achieved an average
- rror Rate for Large RRHs
—&—FICH
_

better EVM improvement rate of of 48.72%.
Symbol Error Rate for Small RRHs
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Figure 6. EVM for less RRHs.
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Figure 7. EVM for more RRHs.

achieved better SER
EVM. The results are
Figure 7, the EVM for
improvement rate of

The time taken for the execution of both the FICH and FCS approach is presented in Table 1 and
presented graphically in Figure 8, Figure 9 and Figure 10. In this evaluation, we have evaluated 3 sequences
of UVG dataset where encoding time and decoding time were evaluated. The findings from the table show that
the FICH approach achieves faster image compression in comparison with existing FCS approach.



Encoding Time of Video Sequences for FICH and FCS Decoding Time of Video Sequences for FICH and FCS
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Figure 8. Encoding time for 3 sample video Figure 9. Decoding time for 3 s
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Figure 10. Total ti or 3 sample video sequence.

Table 1. Encoding and DEWgling time comparison with FCA.

Images Encoding Time Total Time
Video Sequence FCS FICH FCS
1 0.0027 0.028 0.03
2 0.0522 0.0694 0.125
3 0.0034 0.0662 0.101
AVG 0 0.0361  0.054533333  0.085333333

an FPGA-based image compression method utilizing the Huffman coding
cing the efficiency of wireless networks, specifically focusing on the Cloud-
WP (C-RAN) architecture. The proposed FICH approach effectively utilized the
d Huffman coding techniques to compress image data efficiently, maintaining
and errors. By leveraging FPGA-based hardware acceleration, the FICH approach
f computational resources, ensuring lower power consumption and higher throughput. This
rowing demand for energy-efficient and high-performance solutions in next-generation
s. The FICH method was developed to address the challenges of image compression within
fering faster compression and decompression times compared to existing FPGA approaches. The

or-Vector Magnitude (EVM) when evaluated with both small and large numbers of Remote Radio
ads (RRHs). The method achieved an average BER improvement rate of 37.85% and 96.10% for fewer and
ore RRHs, respectively. Similarly, the SER and EVM improvements were substantial, with SER showing
enhancements of 24.64% and 91.13%, and EVM improving by 24.56% and 48.72% for smaller and larger
RRHSs, respectively. The total execution time, including encoding and decoding processes, was notably reduced
with the FICH approach. The average encoding and decoding times were significantly lower compared to the
FCS approach, making the FICH method a faster alternative for real-time applications in wireless networks.
Specifically, the average total time for image compression using FICH was 0.0545 seconds, compared to
0.0853 seconds for FCS, highlighting a clear improvement in efficiency. The findings of this study pave the



way for more efficient and reliable wireless network infrastructures, supporting the increasing data demands
of modern communication systems. In future work, the compressed image can be enhanced using DL approach.
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