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ABSTRACT

This study proposes a foundation for developing a real-time image fusion system for multi-
sensor optoelectronic systems applied in defense and security, aiming to enhance target detection
by combining images from thermal imaging and low-light channels. The VIP Board Big V3.8 with
Cyclone 1V FPGA, a custom FPGA development board, which integrates key peripherals such as
SDRAM, VGA, HDMI, and image sensors, is utilized. The main hardware modules have been
designed, including global clock management (PLL), UART communication, FIFO buffers, LCD
display control, and image fusion. The image fusion module employs an algorithm that
decomposes images into two layers, the base layer and the detail layer, enabling efficient data
fusion from two input images to generate a high-quality output image. Experimental results
demonstrate that the system operates stably, meeting speed and low-latency requirements, paving
the way for future research on more powerful FPGA platforms.
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1. INTRODUCTION

In modern optoelectronic systems, multi-sensor image fusion plays a critical role in enhancing
situational awareness, target detection, and decision-making processes. Image fusion integrates
data from multiple sensors, such as visible light, infrared (IR), and short-wave infrared (SWIR),
to generate a single, more informative image. Each sensor provides unique advantages—visible
light offers high-resolution details, thermal imaging captures temperature variations, and SWIR
enhances visibility in low-light or obscured environments. By combining these modalities, image
fusion improves contrast, reduces noise, and enhances object recognition, making it highly valuable
in military, surveillance, medical imaging, and autonomous navigation applications. One of the
issues that needs to be addressed in image fusion is the latency in real-time image processing [1-3].

To achieve real-time processing and high efficiency, Field-Programmable Gate Arrays
(FPGAs) have become a preferred hardware platform for implementing image fusion algorithms
[4, 5]. FPGAs offer parallel processing capabilities, low latency, and high-speed computation,
making them well-suited for handling the vast amount of data generated by multiple sensors.
Unlike traditional software-based implementations, FPGA-based image fusion enables real-time
performance while maintaining flexibility for algorithm optimization and system integration.

This paper aims to implement a low-latency image fusion algorithm on FPGA in multi-sensor
optoelectronic devices, highlighting its significance in real-world applications and advancements
in hardware acceleration.

2. IMAGE FUSION METHOD

Image fusion aims to integrate information from multiple sensor images into a single image
that retains the most relevant details from each source. A common and effective approach involves
decomposing input images into base and detail layers, allowing for better separation of structural
and textural information. This method improves contrast, preserves fine details, and enhances the
overall quality of the fused image [6-8].
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Step 1: Input image acquisition
Two or more images from different sensors (e.g., low-light (or visible) and infrared) are

captured. These images may have different characteristics, with the low-light (or visible) image
containing texture details and the infrared image highlighting thermal variations.

Step 2: Image decomposition into base and detail layers
Each input image [; (where i = 1, 2 for two images) is decomposed into:

+ Base layer [; 1: Represents the low-frequency components, capturing the overall intensity and
structural information;

+ Detail layer [; 4: Represents the high-frequency components, preserving fine textures and edges.

A common technique for decomposition is bilateral filtering, guided filtering, or wavelet
decomposition. In this paper, guided filtering has been used for image decomposition.

Step 3: Fusion of base and detail layers

+ Base Layer Fusion: A weighted averaging or max-selection method is used to retain the
most significant structural information

Izb = a)lllb + a)zlzb (1)
where ®1 and o, are fusion weights that can be determined adaptively.

+ Detail Layer Fusion: The detail layers are combined using an energy-based method (e.g.,
Laplacian-based weighting) or absolute maximum selection to preserve the strongest edge details:

Iy, =max (I, + I,) 2)
Step 4: Reconstruction of the fused image
The final fused image s is obtained by summing the fused base and detail layers:
Iy =Iy, +1s, )
3. FPGA IMPLEMENTATION OF IMAGE FUSION

3.1. Description of the FPGA platform

The VIP Board Big V3.8 (figure 1) is an FPGA development platform featuring the Altera
Cyclone IV FPGA, designed for high-performance applications such as image processing and fusion.

The Altera Cyclone IV FPGA series is known for its balance between performance and power
efficiency, making it suitable for real-time image processing tasks. Its key features include [9]:

+ Logic Elements (LEs): Up to 114,480 LEs, providing ample resources for complex
computations;

+ Embedded Memory: Up to 3.9 Mbits of RAM, facilitating efficient data storage and retrieval;

+ DSP Blocks: Up to 266 embedded multipliers for high-speed arithmetic operations, essential
in image processing.

The VIP_Board Big provides all the essential features for FPGA development, including:

e CMOS sensors (such as OV7725, OV5640, MT9V034) that allow for high-quality
image/video capture.

e VGA and HDMI connectivity, supporting video output with 1080p resolution.
¢ LCDI1602 display and controllable LEDs for displaying information and signal testing.

e /O ports and USB interfaces for peripheral device connections and programming
communication.

e JTAG interface for FPGA programming and debugging.
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Figure 1. The VIP Board Big V3.8 with Cyclone IV FPGA and peripheral interfaces.

This board is particularly useful for projects requiring image and video processing, such as face
recognition, real-time video processing, and high-performance embedded systems. With flexible
connectivity and powerful features, the VIP Board Big is an ideal tool for engineers and
researchers in FPGA development.

3.2. The main modules of image fusion
a) The Phase-Locked Loop

In FPGA-based image fusion, a Phase-Locked Loop (PLL) plays a crucial role in clock
generation, synchronization, and timing control. Since image fusion involves real-time processing

of multiple sensor inputs (e.g., visible light, infrared), maintaining precise timing is essential for
accurate data integration and smooth image processing.

Key Functions of PLL in Image Fusion on FPGA are Clock Generation & Frequency Synthesis,
Synchronization of Multiple Sensor Inputs, Reducing Clock Jitter and Enhancing Stability, Pixel
Clock and Frame Timing Control and Multiplexing Different Data Streams.

system_ctrl_pll:u_system_ctrl_pll

clk_cO

clkme— ck clk c1
rst ns—— rstn clk_c2
sys rst n

Figure 2. The Phase-Locked Loop.
A PLL (figure 2) consists of the following components:
e Phase Detector (PD): Compares the phase of the input and output signals.
e Low-Pass Filter (LPF): Filters out high-frequency noise from the phase detector output.

e Voltage-Controlled Oscillator (VCO): Generates an output frequency that adjusts based
on the control signal.

e Frequency Divider (Optional): Used in frequency synthesis to scale the output frequency
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In this paper, a 50 MHz clock signal, generated by a quartz crystal oscillator on the board, is
used as the input signal for the PLL (Phase-Locked Loop) module. The output clock signals from
the PLL module have the following frequencies: clk cO = 100 MHz, used for the write speed of
the SDRAM; clk cl = 100 MHz (with a 90-degree phase shift), used as a synchronization clock
for the SDRAM chip, assigned as the clock signal for the physical SDRAM chip; clk_¢2 =5 MHz,
used as the input for the LCD-controlled module.

b) The FIFO module

In FPGA-based image fusion, a FIFO (First-In, First-Out) buffer plays a crucial role in data
synchronization, temporary storage, and managing data flow between different processing blocks.
Since image fusion involves multiple sensor inputs, each operating at different frame rates and
resolutions, FIFO helps ensure smooth data handling and prevents data loss.

In this paper, two FIFO buffers, fifo 8to24, which facilitates data transfer from the uart _receive
block to the SDRAM block, and fifo 24to8, which facilitates data transfer from the SDRAM block
to the uart_transfer block, are designed. Since the data output format of the uart receiver module
is 8-bit, while the data format written to the SDRAM is 24-bit, a buffer module fifo 8to24 is
required. Similarly, as the data output format of the image fusion module is 24-bit, and the input
data format of the uart_transfer module is 8-bit, a buffer module fifo_24to8 is needed. Since both
FIFO blocks have identical functionality, we will focus on explaining the fifo 8to24 buffer module
(figure 3) in detail.

’_I____
uart_receiveru_uar_receiver Sdram_Control_2Portu_Sdram_Contral_2Port
ck OUT CLK
clken 16bps rxd flag f— RD
st n rxd datal7..001 RD CLK
rxd 0 RD LOAD
REF CLK CAS N
RESET N CKE
Sdram PFingPong EN CS N
Sdram Read Valid RAS N
fifo_8to24:u_fifo_8to24 WR SDR CLK
- WR CLK WEN ——
- . WR LOAD RD DA;:ﬁ?. g: r—
::‘tr :n buf outiZz] WR N ADSRE. 0 BAN.0] f————
buf 701 WR MAX ADDRI21..01 DQr23.01 1
WR LENGTHIS..01
RO NN ADDRI21.01
RD MAX ADDRI21..01
RD LENGTHIE..01

Figure 3. Communication schema of FIFO module.

The fifo_8t024 module is a FIFO buffer with an 8-bit input and a 24-bit output. It is designed
to handle incoming data with a length of 8 bits and output data with a length of 24 bits. This module
utilizes a memory with 64 locations, where each location can store 8-bit data, enabling the
conversion from 8-bit to 24-bit when reading data.

¢) LCD-controlled module

This module is designed to control the GM7123 chip and the VGA port to ensure that the image
is displayed on the screen as intended (with pixels appearing in the correct position and at the right
time) (figure 4).

The module is responsible for generating control signals for the LCD screen, including:

Horizontal synchronization (Icd_hs)
Vertical synchronization (Icd_vs)
Display enable (Icd_en)

Pixel data (Icd_rgb)

Journal of Military Science and Technology, 104 (2025), 130-136 133



Physics & Materials science

The input clock (clk) regulates the synchronization process, and the LCD data is transmitted in
the form of a 24-bit RGB value (Icd_data).

lcd_driver:u_lcd_driver image_fusion:u_image_fusion

led dek f—— REF CLK

k led en |———— RESET N

c
— v r:;du;:'t IMG WIDTHI15..01 FUSIONed data out[23..0]
_ —— IMG HEIGHTT15..01

o e ied vs f——n data in1123..0]

lcd rgbf23.0] f—— data in2/23..0]
Figure 4. LCD-controlled module. Figure 5. Image fusion module.

d) Image fusion module

After the image data is transmitted to the FPGA via the UART module and stored in SDRAM,
the image fusion module retrieves two image data signals from two different address regions in
SDRAM and fuses their pixels using the mentioned above method (figure 5).

Once the fused pixel values are calculated, the module stores the results in SDRAM at the
appropriate addresses and then outputs the image to the LCD screen. Specifically, each pixel is
processed based on the image width and height, its fusion value is computed, and the result is
stored in memory. Table 1 presents the FPGA resources utilized in this image fusion module.

Table 1. FPGA resources utilized in the image fusion module.

Resource Used | Available | % of All
Logic Elements (LEs) 2.789 15.408 18%
Pins (I/0) 96 166 58%
Memory Bits (on-chip) BRAM M9K | 82.328 516.096 16%
DSPs 21 112 19%
PLLs 1 4 25%

In addition to displaying the fused image on the LCD screen, the processed image data can also
be sent back to a PC via the UART module.

Thus, the interface diagram of all the modules can be represented in figure 6.

FUSION

fifo24to8

fifo8to24

fifo8to24

Figure 6. Image fusion schema.
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4. EXPERIMENTAL RESULT AND DISCUSSION

The images from the low-light and thermal imaging channels are transferred from the PC and
stored in SDRAM of VIP Board Big V3.8 (figure 7 and figure 8).

,q"ll U’

Figure 8. The image from the thermal
imaging channel.

Figure 7. The image from the low-light
channel.
Figure 9 shows the fused images obtained on FPGA. It is observed that the fused image shows
a significant improvement in information content, specifically with better contrast, clearer details,
and enhanced target distinction

Figure 9. The fused image obtained on FPGA.

After implementing the image fusion system on the VIP Board Big V3.8, the following results
were achieved:

+ The system successfully combined two different image sources (thermal imaging and low-
light imaging) using an image fusion algorithm implemented on the FPGA.

+ The resulting fused image retains the same resolution as the original images while
incorporating useful information from both channels. It exhibited better contrast, clearer details,
and improved target differentiation compared to the other fusion methods (table 2). All of these
aspects enhance target recognition, especially in low-light and night-time conditions.

Table 2. Objective analysis for different fusion methods.

Max Fusion | Mean Fusion | Guided Filter
SSIM 6,282 6,358 6,529
MI 2,702 2,88 2,945
RMSE 25,828 25,229 23,086
AG 9,142 6,93 12,137
EN 6,964 6,936 7,228

+ The FPGA demonstrated its parallel processing capability, enabling real-time image fusion
(essentially instant) without significant latency. Compared to the processing speed implemented
on a PC, the speed of processing on FPGA is roughly 19 times faster, leading to almost real-time
output of the fused image (table 3).
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Table 3. Speed performance compared to PC implementation.

FPGA Maximum Clock Frequency 100 Mhz
Time consumption on FPGA 0,01s
Time consumption on PC (i7-1165G7 @2.8GHz) | 0,19s

+ The designed hardware modules operated synchronously and accurately, ensuring smooth
system functionality.

5. CONCLUSIONS

In summary, this study proposes a hardware-efficient infrared and low-light image fusion
method based on guided filtering, wherein the input images are decomposed into base and detail
layers. The approach is implemented on an FPGA platform, offering a practical solution for real-
time applications such as video surveillance and military reconnaissance. The resulting fused
image exhibits better contrast, clearer details, and improved target differentiation compared to the
original images. Experimental results demonstrate that the system operates stably, meeting speed
and low-latency requirements, paving the way for future research on more powerful FPGA platforms.
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TOM TAT
Nghién ciru tron dnh bing cach sit dung FPGA trong hé théng quang dién tir da cim bién

Nghién ciru la co so dé phat trién hé thong xur Iy hinh anh thoi gian thuc cho cac h¢
thong quang di¢n tw da kénh ung dung trong quoc phong va an ninh, nham tang cuong kha
ndang phat hién muc tiéu bang cdach két hop hinh anh tir 2 kénh: dnh sang yeu va anh nhiét.
Bo mach VIP Board Big V3.8, dya trén FPGA Cyclone IV, tich hop cdc thiét bi ngoai vi
chinh nhu SDRAM, VGA, HDMI va cam bién hinh anh, dwoc sir dung. Cdc mé- -dun phan
cieng chinh da dwoc thiét ké, bao gom quan ly xung nhip toan cuc (PLL), giao tiép UART,
bé dém FIFO, mé-dun tron dnh, mé-dun diéu khién hién thi LCD. Mo-dun tron anh su dung
thudt toan phan tich hinh anh thanh hai lop: I6p co so va I6p chi tiét, cho phep tron dir liéu
tue hai hinh anh dau vao dé tao ra hinh anh dau ra chat lu’ong tot hon. Ket qua thur nghzem
chu’ng minh rang hé thong hoat déng on dinh, ddp Lrng cdc yéu cau vé toc do va dg tré thap,
mé diong cho cdc nghién ciru trong tirong lai trén cdc nén tang FPGA manh mé hon.

Tir khoa: Hé théng quang dién tir da kénh; FPGA; Tron anh.
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